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ABSTRACT
Electrochemical energy storage is one of the important strategies to address the
strong demand for clean energy. Rechargeable lithium ion batteries (LIBs) are one of the
typical electrochemical devices and have been used in a great number of areas. Now, the
challenge for the LIB research is to make the batteries carry higher energy density so as
to fulfill the demand of the emerging markets, particularly, electric vehicles and portable
smart electronics. In this regard, the present commercial anode material can not meet
this requirement. Much effort is being made toward either exploring new morphologies
of carbon materials or searching for new materials that possess high theoretical lithium
ion storage capacities. Among these, graphene and silicon have been receiving rapidly
increasing interest.
As such, this Ph D research focused on two topics: (1) developing graphenebased free-standing materials used as anodes for LIBs, which will find potential
applications in flexible LIBs; (2) developing cost-effective processes for mass
production of low-dimensional nanostructured silicon with controlled morphologies
from low-cost materials.
The free-standing anodes include graphene papers, graphene-carbon nanotubes
papers, graphene-MoS2 papers and graphene-Si nanowires papers. They exhibited very
high mechanical strength. Their battery performances were highly dependent on the
composites of the papers and the ratios of graphene to the guest component (e.g., Si),
and graphene-Si nanowires papers exhibited the highest lithium-storage capacities of
>1000 mA h g-1. The materials have high potential for use as freestanding anodes for
LIBs. The related results are organized in Chapter 3-6 in this thesis.
A catalyst-free etching process was developed to produce 1D silicon nanostructures
(nanobelts and nanowires) from low-cost and metallurgical ferrosilicon alloys with
relatively high yields. When used as an anode material, the 1D nanostructured silicon
demonstrated reversible lithium storage capacity of 2600 mA h g-1, high rate capability
and relatively stable cyclic performances in lab made Li-ion cells. This invention offers
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a method that is highly potential for low cost, mass production of 1D nanostructured
silicon. The related results are organized in Chapter 7 in this thesis.
Challenges and future research opportunities in the two areas were suggested.
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Chapter 1 Introduction

This chapter systematically introduces (a) the fundamentals of lithium ion batteries
(LIBs), their perspective and challenges; (b) the chemical routes for functionalizing
graphene and advances in the applications of the functionalized graphene in
electrochemical energy conversion and storage, including fuel cells,

LIBs, and

supercapacitors; (c) the advances in flexible LIBs research, with focus on the
development of flexible electrodes; and (d) the recent research and development in
nanostructured Si anode materials. Besides these, the research objectives and the thesis
organization are also clearly highlighted.

1-1 Lithium ion batteries
1.1.1 Fundamentals of lithium ion batteries
Rechargeable lithium ion batteries (LIBs) are one of the typical electrochemical
energy storage devices, which convert chemical energy into electric energy and store it.
The first commercial LIBs were released by Sony in the second year of 1990s. The three
major electrochemically active components of a LIB are anode, electrolyte and cathode.
A schematic diagram of LIB is shown in Figure 1-1 [1]. The anode and cathode are
separated with a non-conductive polymer membrane which only allows Li ions to flow
across. The battery works with Li ions transferring between anode and cathode through
the electrolyte and with electrons flowing in the external circuit. For example, when
discharging, the Li ions stored in anode (e.g., LixC) will transfer across the separator to
be intercalated into cathode (e.g., LiCoO2). The equations (1) and (2) express the
reactions taking place on the electrodes of LIBs with carbon as an anode and LiCoO2 as
a cathode.
Cathode: LiCoO2Li1-n+CoO2+Li++ne-1

1

(1)

Anode: nLi++ne-1+CLiyC

(2)

Figure 1-1 A schematic diagram of the structure of a traditional LIB (J. Mater. Chem.
A, 2014, 2, 9433).

Figure 1-2 A schematic diagram of the structure of LiFePO4 (ref. 2)
Intrinsically, the interactions of Li ions with electrode materials are intercalation in
the commercial LIBs. Both anode (mainly graphite) and cathode (LiCoO2,
LiNi1/3Mn1/3Co1/3O2 and LiFePO4) are materials with layered structures. Shown in
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Figure 1-2 is the structure of LiFePO4 [2]. In the LiFePO4 framework, there are FeO6octahedra and PO4-tetrahedra. The FeO6-octahedra and PO4-tetrahedra are attached to
each other by sharing oxygen vertices in b-c plane. The FeO6-octahedra also shares an
edge with another PO4-tetrahedra. All the PO4-tetrahedra are separated from each other,
i.e., no atoms sharing. The FeO6-octahedra and PO4-tetrahedra form layered structure
and between the layers, lithium atoms are situated in the interstitial voids of the
framework, forming infinite chains along the c-axis in an alternate a-c plane.
The lithium storage capacity (expressed as The Maximum Theoretical Specific
Capacity (MTSE) of an electrode material is calculated by the equation (3) [3].
For an electrode reaction xA+R=AxR

MTSE= (xE/Wt)F (3)

Here x is in equivalent per mole, E is in volts, Wt is in g mol-1 and F is Faraday constant,
i.e., 96500 Coulombs per equivalent, respectively. Experimentally, the capacity of an
electrode material is measured at a constant current, i.e., current (A) multiplying the
elapse time of charge (or discharge) gives rise to charge (or) discharge capacity. Figure
1-3 shows a typical charge-discharge profile for a graphene based anode material.
In addition to the lithium in storage capacity, another important parameter for
evaluating a battery system is the operating voltage. This can also be expressed in term
of open voltage. Depending on the output voltage, LIBs can be classified as [3]:
High quality energy

(3.5-5.5 V)

Medium quality energy

(1.5-3.5 V)

Low quality energy

(0-1.5 V)

1.1.2 Perspective and challenges for lithium ion batteries
Electrochemical energy conversion and storage has been considered one of the most
important strategies to address the strong demand for clean energy supply. Being a
typical electrochemical device, LIBs have drawn extensive research interest. Figure 1-4
shows the general Ragone plots (power density vs. energy density) for comparing the
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three major rechargeable battery systems [4]: lead acid, Ni-MH and Li-ion batteries.
Obviously, LIBs possess the highest energy density. After 20 years of extensive research
and development, many types of advanced LIBs are commercially available and are
being used in a wide spectrum of fields. The future global market for rechargeable is
huge; however, the challenges for the future research are also very big.
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density (ref. 4)
1) The first challenge is to improve the energy capacities of LIBs so as to fulfill the
demand of the emerging markets, particularly, electric vehicles, large-scale
stationary electric energy storage and portable smart electronics, etc. So far, the
widely used electrode materials for LIBs are graphite (anode) and LiCoO2,
LiNiMnCoO2 and LiFePO4 (cathode). Their theoretical lithium storage capacities
are 372, 272 (140 when cycled between 3 and 4.2 V), 150 (3.5-5V) and 170 mA h g1

(2.5-4.2V), respectively [4], which are too low to meet the energy capacity

requirement of the new market. Therefore, it is highly necessary to seek alternative
materials that possess higher theoretical capacities. Figure 1-5 also lists the
theoretical specific capacities of various electrode materials. It can be seen that the
cathode materials only offer limited capacities, i.e., <200 mA h g-1 ; while Sn, Si and
Si-C composites can offer specific capacities higher than 1000 mAh g-1. Evidently,
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they possess the high potential to be used in the future LIBs. Of course, for cathode
materials, it is still attractive to increase the electrode potential so as to improve the
energy quality, as explained in section 1.1.1.

Figure 1-5 Voltage versus capacity for positive- and negative-electrode materials
presently used or under serious considerations for the next generation of
rechargeable (ref. 4)
2) The second big challenge is to increase the life of the LIBs to at least 10 years. The
truth is that a LIB starts dying upon it leaves the factory. Even though the actual
lifespan of an unused LIB can vary based on its internal charge as well as the
external temperature, it is inevitable that the battery irreversibly loses 20% of its
charge capacity a year from its original date of manufacture. The solution to this
problem is strongly dependent on development of materials, optimizing battery
design and good control of the electrochemistry taking place in the battery.
3) Reducing the cost for electrode materials production is also a challenge. With the
advance in research and development, the cost for fabricating LIBs is declining
steadily. Today, the international LIB coat is $680 per kWh, which is still 4 times
the cost of Lead Acid battery [5]. This greatly diminishes the competence of LIBs in
some markets.
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4) Reduce cobalt and nickel material use, as both metals are highly costly and toxic to
the environment.
On the other hand, these challenges offer some opportunities for future LIBs research,
which in turn, will bring some breakthroughs toward the development of LIBs. As
compared to other types of rechargeable batteries, LIBs technologies are still younger,
and there are a lot of unknown. Future research should focus on the following aspects:
I) Understand the battery chemistry and optimize the cell engineering. For example,
one of the most difficult problems with utilizing the high-voltage cathodes (high
energy quality) is the instability of the organic electrolytes and the consequent side
reactions. With the selective use of the existing and new materials as anode, cathode
and electrolyte, special effort should be made to optimize the combination of anodeelectrolyte-cathode so as to minimize detrimental reactions associated with the
electrode-electrolyte interface, resulting in improved energy capacities and
increased lifespan.
II) Understand and improve the performances of the potential high-capacity electrode
materials, and put them into practical applications. Being different from the Ligraphite interaction (intercalation), the interactions between the potential materials
(Si and Sn) and Li are mainly an alloying process, i.e., forming Li based alloys. This
reaction allows to store more than one Li ion per single transition metal atom (e.g.,
Li4.4Si), a new strategy for anodes with a high capacity. In practice, incorporating
these materials into commercial electrodes is yet realized. First, the huge volume
change of the metal/metal oxides occurs during the charge/discharge process,
leading electrode materials to be separated from each other and consequently the
loss of electrical connectivity among particles. The cycle life is poor. Table 1-1
tabulates some properties of the potential anode materials including volume change
[6,7]. It can be seen that the volume changes for Sn and Si are 260% and 320%,
respectively. Second, insulating Li2O (for SnO2) generated during the conversion
reaction steadily forms a barrier for electron transfer. This is a severe problem for
the electrode composed of µm-sized materials (Li can not diffuse into the bulk. The
utility of the electrode material is low and hence, the real lithium storage capacities

6

that are delivered are low). Moreover, unlike the intercalation reaction, in which the
host structure is maintained, the conversion reaction requires complete structural
reorganization of lattices during electrochemical reaction. This causes large
polarization and can seriously affect the rate capability. This problem is expected to
be mitigated or solved by reducing the size of the materials so that the volume
change becomes relatively smaller and is easier to be accommodated by a suitable
substrate. In this regard, nanosized materials are considered one of the feasible
solutions.
III) Explore advanced materials characterization tools and methodologies and couple
them with computational modeling and simulation. LIBs are a complicated system
and all the battery processes are covered from our eyes, making it difficult to study
using the conventional characterization tools. In situ technologies are highly needed
for this research. Recently, computational modeling and simulation also exhibits its
power in anticipating some chemical processes that are not able to track using the
experimental approaches [8].
Table 1-1 Comparison of various anode materials (all the capacity numbers are based on
materials in the delithiated state except lithium metal, ref. 7).

1-2 The solutions with nanomaterials
Nanomaterial research is one of the fastest growing areas in materials science and
engineering. Ever since the concept of nano was introduced in the beginning of 1990s,
nanomaterials and nanotechnology have been penetrating almost every single field of
science and technology, particularly in the development of energy storage devices.
Nanomaterials are the structures with at least one dimension in the range of 1-100 nm.
According to their dimensions, nanomaterials can be categorized into zero-dimensional
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(0D) (nanoparticles, quantum dots and fullerene), one-dimensional (1D) (nanotubes,
nanowires, nanorod, nanofibers and nanobelts) and two-dimensional (2D) (nanofilms,
nanowalls and graphene). Nanomaterials exhibit distinctly different physical and
chemical properties from those of a single atom (molecule) and bulk materials with the
same chemical composition.
For LIBs applications, the nanomaterials offer many evident advantages, as
summarized by Jean-Marie Tarascon [1], including:
1) In the nanometer scale, some electrode reactions, which cannot take place to the
materials with particle sizes beyond micrometers, will proceed effectively. But, it
should be mentioned that not all the reactions are positive.
2) The nanosized electrode materials provide shorter paths for lithium ion transport
within them and hence, significantly increase the rate of lithium intercalation and
decalation. This improves the rate capability of the battery.
3) The nanometer-sized particles also facilitate electron transportation within the
particles, improving the rate capability of the battery.
4) The nanosized materials usually possess relatively higher surface areas, enabling
an most effective electrolyte-electrode contact and hence, a high lithium-ion flux
across the interface. But, it should be mentioned that this may also induce some
negative side reactions.
5) For nanosized particles, the chemical potentials for lithium ions and electrons
may be modified, resulting in a change in electrode potential.
6) The nanoparticles allow formation of extensive range of solid state compositions,
and the strain associated with lithium ion intercalation is often better
accommodated.
As such, nanomaterials for LIBs are one of the hottest topics in electrochemical
energy conversion and storage.
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1-3 Introduction to graphene in electrochemical energy conversion and
storage (EECS)*
Graphene is a one-atom-thick planar sheet consisting of sp2 carbon atoms that are
densely packed in a honeycomb crystal lattice [9], as shown in Figure 1-6. Graphene has
many unique properties such as high surface area, high electronic conductivity, high
Young’s modulus, highthermal conductivity and high optical transmittance [10,11].
Thus, graphene is considered a versatile building material for fabrication of
electrochemical devices. Ever since the mechanical exfoliation of single-layer graphene
from graphite succeeded in 2004, graphene has been receiving extensive research
interest in EECS. The introduction of graphene brings some innovative properties to the
electrochemical devices. Many review papers have focused on this topic [10,12,13].
Pristine graphene, which is composed of only sp2 atoms, is a zero-gap
semiconductor, and its Fermi level exactly crosses the Dirac point. For practical
application, an energy gap is essential and thus, it is necessary and crucial to develop
new methods to precisely control the carrier type and concentration in graphene for
further development of graphene-based devices. Normally, graphene has two oxidation
states: graphene oxide (GO) and reduced graphene oxide (RGO). GO is water soluble
with low electronic conductivity, while RGO reveals good conductivity but poor
solubility in water. The excellent solubility of GO in aqueous solution is primarily due to
its rich oxygen-containing and hydrophilic groups, such as hydroxyl, epoxide, carboxyl
and carboxylic. Upon reduction, most of the oxygen-containing groups, in particular the
hydroxyl, epoxide and carboxyl, will be completely removed. Thus, GO will then be
converted to -conjugation-rich graphene, i.e., RGO. The -conjugation in graphene
sheets (GNS) can restore the conductivity of graphene but reduces its solubility in water
and other organic solvents. The decline in solubility may inevitably reduce
processability of graphene and therefore limit its applications. All these render
functionalization of graphene highly desirable.
* This part was pusblished as a book chapter in the book of "Advances in Graphene
Science", ISBN 980-953-307-981-8.
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Functionalization of graphene is one of the key topics in graphene research. Generally,
there are two main categories of functionalization: chemical and nonchemical. Chemical
functionalization is realized through the formation of new covalent bonds between the
atoms native to RGO/GO and the guest functional groups; in contrast, nonchemical
functionalization is mainly based on  interaction between guest molecules and
RGO/GO, i.e., mainly a physical interaction. Both types of functionalization can induce
some property changes for graphene, but the chemical routes are more effective. So far,
various chemical routes have proposed, which successfully incorporate a large number
of different atoms/organic group into graphene, including heterogeneous atoms doping,
diazonium coupling, amidation, silanization, esterization, substitution, cycloaddition,
etc. Research results also demonstrated that the size of graphene (particularly the
thickness of the ribbons) strongly affects the reactivity of graphene and the application
of the functionalized graphene [14,15]. The thinner, the more reactive the sheets are.
Moreover, it is also confirmed that carbon atoms on the ribbon edge are more reactive
than those in the middle of the ribbon [14,15]. The chemical functionalization greatly
alters the electric conductivity of graphene and introduces some defect sites,
significantly affecting the application of the functionalized graphene in EECS
applications. So far, heterogeneous atoms doping evidently improves the electric
conductivity of graphene and hence, the resulting functionalized graphene is widely
investigated [16,17]; on the other hand, incorporation of organic groups into graphene
reduces the electric conductivity, preventing its electrochemical applications.

Figure 1-6 Schematic diagrams of
graphene and graphene-based 0D, 1D
and 3D structured carbon (Nature
Materials 2007; 6(3) 183-191.)
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In this part, the chemical routes for functionalizing graphene and the advances in the
applications of the functionalized graphene in EECS, including FCs, LIBs and
supercapacitors are summarized. Noticeably, chemical functionalization of graphene is a
big field that involves organic chemistry/polymer chemistry, and various kinds of
organic molecules have been chemically anchored onto graphene. This part addresses
this in term of what kind of typical organic reaction is adopted for the functionalization.
The organic reactions are easy to understand and follow. For each reaction, the most
original and representative studies are introduced. Moreover, a large number of
references are involved in this topic, which can not be listed totally due to the page limit.
Hence, only the references that are strictly about functionalized graphene and their
applications are provided here. Finally, research in this field is advancing quickly, thus, I
just introduce some original studies and some new results might not be addressed.
1-3-1 Chemical functionalization of graphene
Generally, the functionalization is realized in two ways. The first is to dope
heterogeneous atoms onto the basal plane (form covalent bond directly with C atoms of
graphene), mainly tuning the electronic structure and introducing defect sites; the second
is to establish covalent bond between the functional group native to GO and the guest
functional group. Various kinds of functional groups have been chemically anchored
onto graphene, giving rise to a diversity of graphene based nanocomposites that were
widely investigated in various applications. In this part, I will provide a comprehensive
picture for this subject in term of how the covalent bonds are formed.
1.3.1.1 Characterization of the functionalized graphene
Chemical functionalization is a chemical (or electrochemical) process that proceeds
at an atomic/molecular level. Raman, Infra red spectroscopy (IR), X-ray photoemission
spectrometry (XPS), High resolution transmission electric microscopy (HRTEM),
Atomic force microscopy (AFM),

and Cyclic voltammetry (CV)

are the typical

instruments that are widely employed for understanding the properties resulting from the
functionalization. Raman and IR are sensitive to the formation and change of chemical
bonds, helping to determine whether chemical functionalization is successful. Moreover,
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they also allow semi-quantity analysis. XPS is the powerful instrument for
functionalized graphene characterization in terms of both qualification and quantization.
For example, XPS can provide decisive information on how many N atoms are doped
into graphene and the types of the doped N atoms. HRTEM can tell how the morphology
and structure changes following chemical functionalization. AFM can show the
thickness and the morphology of graphene. CV measurement is a direct electrochemical
method for understanding the electrochemical properties resulting from the
functionalization, a topic of the focus in this chapter.
Table 1-2 A summary of the chemical routes for functionalization of graphene by
heterogeneous atoms doping
Guest functional

Chemical process

References

CVD

[21-24]

N-plasma or N+-ion irradiation

[25,26]

Arc discharge

[27,28]

Electrothermal reactions

[30]

Chemical synthesis

[31-33]

B atoms

CVD

[28,34]

S atoms

Chemical synthesis

[35]

Pyrolysis

[36,75]

Arc discharge

[37]

group

N atoms

F atoms

1.3.1.2 Heterogeneous atoms doping
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Heterogeneous-atom doping is one of the most important approaches to chemically
functionalize graphene, and such an approach mainly alters the electric properties of
graphene. Understanding the electric properties of the doped graphene is a hot topic in
physics and semiconductors, for which the studies usually take a combination of
experimental measurement and computer simulation. As a typical example, Novoselov
and Geim, the two Nobel Prize laureates in 2010 because of graphene, did some pioneer
research on this topic. In 2008, they chose the NO2 system providing both open-shell
single molecules and closed-shell dimers N2O4 to study the doping due to adsorbates by
combining ab initio theory with transport measurements [18]. A general relation
between the doping strength and whether adsorbates are open- or closed-shell systems is
demonstrated with the NO2 system: The single, open shell NO2 molecule is a strong
acceptor (attracts electrons from graphene), whereas its closed shell dimer N2O4 causes
only weak doping. This effect is pronounced by graphene's peculiar density of states
(DOS), which provides an ideal situation for model studies of doping effects in
semiconductors.
Strictly speaking, GO, which contains a variety of heterogeneous atoms or groups
such as -O, -COOH, and -OH, is a typical functionalized graphene. But due to the low
electronic conductivity, their application in EECS is limited and hence, there are few
studies focusing on GO in this field. Nevertheless, these functional groups play
important roles in the chemical functionalization of gaphene. Considering these, I take
GO as graphene. Doping atoms, such as N, B, P and S and chlorides, into graphene is
highly desired because the doping effectively converts graphene from gapless structure
to semiconductor. The resultant functionalized graphenes are either p-type or n-type,
depending on the electronic structure of the guest atoms. Moreover, the doping also
induced more defect sites that facilitate deposition of other electrochemically functional
components (e.g., growth of Pt on graphene) and stabilize them. Theoretically, all these
atoms can be covalently bonded to graphene. However, in practice, doping N is much
easier than doping other elements, and has received more extensive attention. Success in
B, S and F doping is reported recently. To make this part more understandable, Table 12 summarizes the most typical chemical approaches adopted in the existing studies.
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N-doped graphene
N doping gives rise to n-type (negative) graphene. The well-bonded nitrogen atoms
improve the electronic conductivity and offer more active sites (defects). Nitrogen
doping has proved to be an effective method to improve both the microstructure and the
electrochemical properties of graphene. So far, many chemical routes have been
developed for synthesis of N-doped graphene (N-graphene), including chemical vapour
deposition (CVD), N-plasma treatment, arc discharge, electrothermal reaction,
eletrochemical reaction, chemical synthesis, etc. Now, CVD and chemical synthesis are
more widely adopted for relatively larger-scale production.
I CVD method
Chemical incorporation of nitrogen atoms into graphite by CVD method was first
reported by Johansson, et al., in 1990s. Now, CVD has become one of the important
methods for synthesizing carbon based nanomaterials including the graphene and Ngraphene. A typical CVD process involves three key components, i.e., catalyst, reactants
and high temperature. The mechanism can be expressed as following [19-21]: (I) at high
temperature (e.g., >800 C) the catalyst (transition metals) is liquidized, acting as the
catalytic sites for absorption and dissociation of the gas reactants including N-containing
reactant (mainly NH3), (II) the catalyst becomes saturated with the atoms/fragments
from the dissociation of the reactants and hence; (III) solid graphitic carbon (graphene
layers) grows from the saturated catalyst by means of precipitation, with the adsorbed N
atoms precipitating into the graphitic lattice, giving rise to N-doped carbon. The CVD
synthesis of N-graphene succeeded in 2009 [21]. In principle, a Cu film grown on a Si
substrate was employed as the catalyst. The substrate was placed in a quartz tube with a
flow of hydrogen and argon. When the center of the furnace reached 800 °C, CH4 and
NH3 were introduced into the flow as the carbon source and nitrogen source
respectively, and then the substrate was rapidly moved to the high temperature region.
After 10 min of growth, the sample was cooled to room temperature under H2 ambient.
Most of the products are few-layer graphene, and single-layer graphene can be
occasionally found. The doped N atoms are localized in three different sites, i.e., the
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well-known graphitic N, pyridinic N and pyrrolic N, respectively. Their configurations
are schematically described in Figure 1-7. The typical TEM images are shown in Figure
1-8. Atomic percentage of N in the sample is about 8.9 %. Following this pioneer work,
many modified CVD methods have been developed, of which, annealing graphene in
NH3 stream is relatively easier to achieve [22-24].
II Nitrogen plasma or N+-ion irradiation
Nitrogen plasma is another important method for the N doping in the earlier period of
N-graphene research. Typically, graphene was first synthesized on Si substrate using
CH4/N2 plasma at 800 W on microwave plasma enhanced CVD (MPECVD) system
[25]. Further N2 plasma treatment of the as-synthesized graphene was carried out using
in situ electron cyclotron resonance (ECR) plasma at a low-pressure and roomtemperature. For N doping, a working pressure of ~0.025 Pa and a microwave power of
150 W were applied for 5 min. N content varies from approximately 0.7 at% to nearly
6.3 at% (following ECR plasma treatment). N+-ion irradiation synthesis involves N+ions bombardment of graphene and subsequently annealing of the bombarded graphene
in NH3 [26].
To achieve this goal, N+-ion irradiation
(30 KeV) was first carried out on the
mechanically

exfoliated

single-layer

graphene grown on a 300 nm SiO2/Si
substrate at room temperature in a vacuum
chamber. The bombardment introduces
defects into the plane of the graphene. The
defect-possessing

graphene

was

then

Figure 1-7 Schematic diagram of the

annealed in NH3 atmosphere at 1100 °C

three types of doped N atoms in N-

for 30s, resulting in restoration of some

graphene (Nano Letters 2008;9(5)

defect sites and N doped into the plane. N

1752-1758.)

atoms exist mainly as graphitic N.
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Figure 1-8 TEM images of N-doped graphene on copper foils: Left, with a single
graphitic N dopant; right, with 14 graphitic N dopants and strong intervalley
scattering tails. (Science 2011; 333, 999-1003.)

III Arc discharge
The most typical study focusing on fabrication of N-graphene by arc discharge was
reported by Li, et al., a method that allows large-scale synthesis of N-doped multilayered (2-6 layers) sheets [27]. In detail, direct current (DC) arc-discharge was carried
out in a water-cooled stainless steel chamber. Two electrodes were both 8 mm pure
graphite rod. The current was held at 120 A. As the rods were brought close together,
discharge occurred resulting in the formation of plasma. The anode was vaporized in He
and NH3 mixing atmosphere of 760 Torr. As the anode was consumed, the rods were
kept at a constant distance of about 1 mm by rotating the cathode. When the discharge
ended, the soot generated was collected under ambient conditions. The condition that is
favorable for obtaining N-doped multi-layer graphene is the high proportion of NH3
(above 50%, by volume). However, no information on how many N atoms can be
incorporated into the plane was provided. Rao et al., [28] modified this method using
H2+pyridine or H2+ammonia as starting materials, making use of the fact that in the
presence of hydrogen, GNS do not readily roll into nanotubes. The result N-graphene
only contains about 1 at% of N. It should be mentioned that there is a major drawback in
using arc discharge for carbon materials synthesis (including graphene). This process
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gives rise to a large amount of unwanted products; in other word, the selectivity is lower.
As a result, the process requires complicated and well controlled purification steps [29].
IV Electrothermal reactions
Electrothermal reaction is relatively more complicated and of higher cost. It was
developed in Dai's lab [30]. This method involves high-power electrical joule heating of
GNS in ammonia gas. To achieve this goal, they first fabricated a field emission like
device using graphene nanoribbons. The graphene nanoribbon device was then eannealed in a ~1 torr NH3/Ar environment with carefully designed sequences and control
experiments. In NH3, they applied similar e-annealing sequences as in vacuum. After eannealing, the chamber was pumped down to base pressure to fully remove physisorbed
NH3 molecules. It is proposed that chemical reactions between graphene nanoribbons
and NH3 lead to nitrogen functionalization, most likely take place at the more reactive
edge carbon atoms.
V Chemical synthesis
Irrespective of the progress made on N-graphene synthesis, continuous pursuing in
this area is still highly demanded. Future applications of N-graphene rely on easy-tooperate methods, which can deliver products in a reasonably large quantity and at
obviously reduced cost. On this aspect, chemical synthesis has drawn much attention.
The first attempt for this is the synthesis using embedded carbon and nitrogen sources in
metal [31]. First, boron and nickel layers were sequentially deposited on SiO2/Si
substrate by electron beam evaporation, where a trace amount of nitrogen species were
incorporated

into

the

boron

layer

spontaneously.

Then,

the

sandwiched

Ni(C)/B(N)/SiO2/Si substrate was vacuum annealed at a desired temperature (800-1100
°C) at a slow rate of 15-20 °C min-1. The samples were maintained at a desired
temperature for 0-60 min with a pressure of 10-3-10-4 Pa, and then cooled down to room
temperature at a rate of 2-50 °C min-1. Typically, the N/C atomic ratios, estimated by
XPS, range from 0.3 to 2.9 at%. Later, a novel method was developed for one-pot direct
synthesis by the hydrothermal reaction of lithium nitride with tetrachloromethane under
mild conditions (in a stainless steel autoclave in nitrogen with temperatures below 350
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C), allowing fabrication in gram scale [32]. The nitrogen content varies in the range of
4.5-16.4 at% with the aid of cyanuric chloride. This method also allows adjusting the
ratio of nitrogen species (graphitic N, pyrrolic N and pyridinic N). Except the high cost
of the starting material (Li3 N), this method is indeed suitable for massive N-graphene
synthesis. Recently, N-graphene with the nitrogen level as high as 10.13 at% was
synthesized via a simple hydrothermal reaction of graphene oxide (GO) and urea [33].
N-doping and reduction of GO were achieved simultaneously under the hydrothermal
reaction. In the fabrication, the nitrogen-enriched urea plays a pivotal role in forming the
N-graphene nanosheets with a high nitrogen level. During the hydrothermal process, the
N-doped urea could release NH3 in a sustained manner, accompanied by the released
NH3 reacting with the oxygen functional groups of the GO and then the nitrogen atoms
doped into graphene skeleton, leading to the formation of N-graphene. The nitrogen
level and species could be conveniently controlled by tuning the experimental
parameters, including the mass ratio between urea and GO and the hydrothermal
temperature.
B-doped graphene
B doping gives rise to P-type (positive) graphene. As compared to N doping, B
doping is harder to achieve. So far, to my knowledge, there are only a couple of research
groups reporting successful synthesis of B-graphene. Rao et al., are the first group that
succeeded [28]. Typically, they used two methods for the synthesis. For the first, Bgraphene was prepared by performing the arc discharge of graphite electrodes in the
presence of hydrogen, helium, and diborane (B2H6). B2H6 vapor was generated by the
addition of BF3-diethyl etherate to sodium borohydride in tetraglyme. B2H6 vapor was
carried to the arc chamber by flowing hydrogen and subsequently He through the B2H6
generator. For the second, B-graphene was prepared by carrying out the arc discharge
using boron-packed graphite electrodes (3 at% B) in the presence of H2 and He. XPS
results indicated that B content could be 3.1 at%. Wang, et al., [34] explored a more
novel method. B-graphene was prepared by reacting CCl4, K and BBr3 at 160 °C for 20
h in a sealed teflon-lined stainless steel autoclave, i.e., a typical solvent thermal process.
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The content of boron was determined to be 1.1 at% based on the XPS intensity
measurement.
S-doped graphene
For S doping, the S atoms exist either as thiophene S (One S atom bonded to two C
atoms of graphene) and SOx. Sulfur doped graphene (S-graphene) was reported
successful only recently [35]. The doping proceeds through thermal treatment of GO and
benzyl disulfide (BDS) in Ar. In detail, GO and BDS were first ultrasonically dispersed
in ethanol for about 30 min. The resulting suspension was spread onto an evaporating
dish and dried, forming a uniform solid mixture. The mixtures were placed into a quartz
tube in Ar atmosphere and were annealed at 600-1050 °C. The contents and bonding
configurations of sulfur in the resultant S-graphene can be adjusted by adjusting the
mass ratio of GO and BDS as well as the annealing temperatures. This approach gives
rise to a highest S content of ~1.53 wt%. Another typical method involves pyrolysis of
sulphur-containing liquid precursor [36]. Sulfur powder was dissolved in hexane under
ultrasound to form a transparent liquid, which was used as the growth precursor. Cu foil
was placed in a quartz tube, and the whole system was pumped down to 10-2 Torr. The
substrate was heated up with a flow of hydrogen and argon mixture. When the
temperature reached 950 °C, the H2-Ar flow was shut off and S-hexane mixture vapor
was introduced into the reaction chamber. After 2.5 min of growth, the sample was
rapidly cooled down to 800 °C, and then the whole system was cooled down to room
temperature within the hydrogen and Ar atmosphere. The doping is about 0.6 at% as
estimated by XPS.
Fluorine doped graphene
Fluorine-doped GNS (F-graphene) were synthesized by arc discharge [37]. The arcdischarge process for preparing GNS was carried out in a water-cooled chamber and
graphite rods with purity of 99.99% were used as the cathode and anode. After the
pressure in the chamber reached 1 Pa, the chamber was filled by H2 and He. During the
discharge, the current was maintained at 140 A. For preparing F-graphene, a hollow
graphite rod filled with powdery graphite fluoride (fluorine content is 60 wt%) was used
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as the anode. The as-obtained powders were collected only in the inner and top wall of
the chamber in order to exclude relatively heavy products (such as unexfoliated graphite
or graphite fluoride) dropped to the bottom of the chamber during the arc discharge
process. The functionalized GNS contain about 10 wt% F and are highly hydrophobic.

1.3.1.3 Chemical functionalization of graphene with organic groups
As compared to element doping, the functionalization with more complicated
organic groups is an easier procedure. The functionalization usually takes advantage of
some typical organic reactions, through which a wide spectrum of functional groups has
been chemically anchored onto graphene. Besides the evidently different electrical
properties from undoped graphene, such kind of functionalization also brings about
some other intriguing properties, such as thermal stability, mechanical strength, high
processability, etc, and makes a platform for fabricating 3D materials. There are a huge
number of papers published. In this section, I will review the related studies in this area
in detail. Considering the major diversity of the organic groups, the review is run in term
of how the covalent bonds are formed between graphene/GO and the functional groups,
including diazonium coupling, amidation, silanization, esterization, substitution,
cycloaddition, etc. The organic molecules that chemically bonded to graphene are listed
in Table 1-3.
Electrochemical reaction
Electrochemical reaction is a powerful method to functionalize graphene with inert
precursors, e.g., H2. In 2009, Zhang's group reported direct electrochemical reduction of
single-layer graphene oxide (GO) and subsequent functionalization with glucose oxidase
[38]. This approach involves several key steps (as shown in Figure 1-9), i.e., adsorption
of graphene on the surface of a glassy carbon electrode (GCE), formation and reduction
of GCE-APTES-GO (APTES stands for 3-aminopropyltriethoxysilane), electrografting
of N-Succinimidyl Acrylate (NSA) on the surface of GCE-APTES-rGO, and anchoring
glucose oxidase (GOx) on the surface of GCE-APTES-rGO-pNSA. Most recently,
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Daniels, et al., reported electrochemical graphene functionalization and its substrate
dependence [39]. For this purpose, nanocrystalline graphene layers grown on non-polar
faces of SiC were used as control samples for the functionalized graphene on Si-face.
Atomic hydrogen was generated using a home-built electrochemical setup, with current
applied through a 10% H2SO4 acid solution. A 99.6% Pt wire and exposed graphene
(approximately a 4 mm diameter circular area) were used as the anode and cathode,
respectively. With this setup, under applied voltage, H+ cations are attracted to the
negatively charged graphene cathode electrostatically where they can be reduced by
addition of an electron, leading to current flow. Oxidation occurs at the Pt anode during
this process. A voltage <1.2 V was used to prevent the splitting of H2O which causes the
formation of H2 bubbles.
Figure 1-9 A schematic diagram
for the direct electrochemical
reduction

of

graphene

oxide

subsequent

single-layer
(GO)

and

functionalization

with glucose oxidase (J. Phys.
Chem. C 2009, 113, 1407114073.)
Diazonium coupling
The reduction of diazonium salts has been widely employed for grafting aryl groups
to the surface of sp2-hybridized carbon materials including glassy carbon, HOPG, and
carbon nanotubes. The sp2 atoms of graphene are prone to react with diazonium salts.
Recently, this type of chemistry has also been applied to chemically functionalize
graphene in several research groups, who also investigated the generated unique
properties [40-44]. Haddon, et al., are one of the several groups early reporting success
in this study [40]. The surface modification with nitrophenyl groups was achieved
through the spontaneous reaction of the diazonium salt (4-nitrophenyl diazonium
tetrafluoroborate, denoted as 4-NPD) with the graphene layer, as illustrated in Figure 1-
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10. Intrinsically, the reaction is a result of spontaneous electron transfer from the
graphene layer and its substrate to the diazonium salt. The functionalization changes the
electronic structure and transport properties of the epitaxial graphene from near-metallic
to semiconducting. Following this work, later, the same group [41] further proved that
aryl-radical functionalization of epitaxial graphene not only changes the electronic
properties but leads to disordered magnetism in the sheet, which consists of a mixture of
ferromagnetic (ferromagnetic), superparamagnetic, and antiferromagnetic regions.
The diazonium coupling reaction of graphene is strongly dependent on graphene
layers. Strano, et al., found that single GNS are almost 10 times more reactive than bi- or
multilayers of graphene [14]. More interestingly, the reactivity of edges is at least two
times higher than the reactivity of the bulk single GNS. This suggestion is supported by
the research by Lim [15] and Sinitskii, et al [42].
Besides the aryl groups, through the diazonium reduction chemistry, more
complicated organic groups, e.g., polymers, were also reported to be chemically
anchored onto graphene, a strategy for fabricating graphene based polymer
nanocomposites. Nutt, et al., reported grafting of polystyrene chain on a single-layer
GNS [43]. Grafting density and polystyrene chain lengths are controlled by modulating
the concentrations of diazonium compound and the monomer of target polymer during
the grafting reaction of the initiator and the succeeding atomic transfer radical
polymerization. Polystyrene chains grafted on the surface of single-layer GNS exhibited
remarkably confined relaxation behavior. An increase in the glass transition temperature
(Tg) of up to 18 °C is observed for high grafting density, low molecular weight polymergrafted graphene samples. The low grafting density, high molecular weight sample
shows an increase in Tg of ~9 °C, which is attributed to superior heat conduction
efficiency. The measured thermal conductivity for the polystyrene composite film with
2.0 wt% single-layer GNS increase by a factor of 2.6 compared to that of the pure
polystyrene.
For practical uses, an easy-access approach was developed to functionalize
individually dispersed, highly soluble, and conductive GNS by diazonium reduction
chemistry [44]. Typically, requisite amounts of GO and NMP were placed in a flask
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fitted with a condenser. The mixture was treated within an ultrasonic bath for 1 h and
then placed on a magnetic stirrer with an oil bath. After the mixture was bubbled with
nitrogen, a given amount of azide compounds (e.g., Az-OH, Az-COOH, Az-NH2, Az-Br,
Az-C16, Az-PEG, Az-PS) was added. The reaction mixture was then heated and
maintained around 160 °C in a nitrogen atmosphere under constant stirring. After being
cooled to room temperature, the mixture was separated by repeated centrifugation and
washed, affording the final product of functionalized graphenes.
1.3.1.4 Chemical functionalization of GO
Compared to graphene, there are many heterogeneous atoms or atom groups on GO,
such as OH, O, O-O, COOH, etc, which are covalently bonded to the C atoms (sp3) of
graphene. These groups are relatively more reactive than C atoms of GNS and therefore,
are considered the predominating sites to which the functional groups are bonded. In this
section, I will summarize the research aiming at chemically functionalizing GO.
Noticeably, no matter how complicated a functional group is, the functionalization
generally takes place through typical organic reactions, such as silanization, amidation,
esterization, substitution, cycloaddition, etc. This part also follows this line. Such an
approach may not be able to comprise all the papers but is effective enough for the
readers to understand the chemistry and therefore to explore new methods for the
functionalization of graphene.

Figure 1-10 Schematic diagram for the functionalization of graphene using diazonium
reduction reaction (JACS 2009;131(4) 1336-1337)
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Figure 1-11 Schematic diagram for
the functionalization of graphene
using silanization reaction (J. Phys.
Chem. C 2009;114 (35), 14915Silanization

14921)

R-O-Si bond in silane is very reactive toward protic group, i.e., OH. This chemistry
has been widely applied to anchor silane groups onto carbon surface. Introduction of
silane into GO has also succeeded. In 2010, Hou, et al., reported chemical
functionalization of GNS with N-(trimethoxysilylpropyl) ethylenediamine triacetic acid
(EDTA) [45]. As described in Figure 1-11, the reaction is assumed to proceed through
two steps: (1) hydrolysis of the trialkoxy groups of silane generates -Si-OH groups; and
(2) the reaction between Si-OH and C-OH of graphene links EDTA to the graphene
surface through Si-O-C bond. One CH4 is released. The silanized GO sheets were further
reduced with hydrazine to produce graphene derivatives (EDTA-graphene). The EDTAgraphene showed improved dispersion in water. A relatively simpler method was
developed with quaterthiophene molecules (T4-Si) functionalizing using microwaves
[46]. GO dispersed in dimethylformamide (DMF) were introduced in a microwave
oven reactor and irradiated at 80 °C (100 W) for 40 min. The chemical tethering to GO
hinders T4-T4 electronic interactions and aggregation.
Amidation
On GO, amidation proceeds mainly through the reaction between the -COOH group
native to GO and the -NH2 group of the functional molecule, or vice versa. Amidation is
a most effective way to chemically functionalize graphene, and is more widely
employed than other methods. Various -NH2 terminated functional groups have been
anchored onto graphene [47-52]. The most typical example is Xu’s study in 2009 [47].
They synthesized porphyrin-graphene nanohybrid through 5-4 (aminophenyl)-10, 15,
20-triphenyl porphyrin (TPP) functionalization of GO. The synthesis procedure is shown
in Figure 1-12. TPP-NH2, as the reaction precursor, was first synthesized. GO was
refluxed in SOCl2 in the presence of DMF at 70 C for 24 h under Ar atmosphere. In the
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presence of triethylamine (Et3N), the above product was allowed to react with TPP-NH2
in DMF at 130 C for 72 h under Ar. The product was isolated by filtration and washed
thoroughly. Attachment of TPP-NH2 significantly improves the solubility and dispersion
stability of the graphene-based material in organic solvents. In this donor-acceptor
nanohybrid, the fluorescence of photoexcited TPP-NH2 is effectively quenched by a
possible electron-transfer process.
Esterization
The presence of -COOH groups native to graphene renders functionalization of GO
with CH2OH-terminated functional groups feasible, i.e., esterization. There are a number
of studies addressing this process [53,54]. As a typical molecule that possess CH2OHterminated group, poly(3-hexylthiophene) (P3HT) has been employed to chemically
modify GO [53]. End-functionalized regioregular P3HT with methylene hydroxy groups
was first synthesized. In a typical experiment for the synthesis of the P3HT-grafted
graphene, dried GO sample was refluxed in thionyl chloride for 24 h, followed by the
removal of excess thionyl chloride under vacuum. CH2OH-terminated P3HT in THF
was then added through a syringe to the thionyl chloride treated GO under stirring,
followed by the addition of triethylamine in nitrogen atmosphere. After sonication, the
reaction mixture was vigorously stirred, leading to a dark suspension. The solid in the
suspension was removed by centrifuging, and the solvent in the clear solution thus
prepared was partially removed by evaporation. It was further purified by precipitating
in methanol, filtering, and solvent-washing thoroughly to remove the excess
triethylamine.
This reaction also allows fabrication of more complicated graphene based
nanocomposites. Pham, et al., explored a facile strategy for covalent functionalization of
GO with polyglycerol and used the resultant composites as templates for anchoring
magnetic nanoparticles [54]. Pristine graphite was firstly oxidized to obtain GO with
hydroxyl functional groups. Then, the covalent grafting of polyglycerol onto the surface
of GO was carried out based on in situ ring-opening polymerization of glycidol. For the
construction of novel hybrid nanostructure, Fe-core/Au-shell nanoparticles were
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functionalized using 4-mercaptophenylboronic acid through the well-developed Au-S
chemistry. Subsequently, magnetic nanoparticles were anchored on the surface of
polyglycerol-grafted graphene nanosheets via boroester bonds. The synthesized novel
hybrid nanostructures could be stably dispersed in water over 3 months.

Figure 1-12 Chemical functionalization Figure 1-13 Chemical functionalization of
of graphene using amidation reaction graphene
(Adv. Maters. 2009;21(4) 1275-1279.)

using

cycloaddition

reaction

(ACS Nano 2010;4(6) 3527-3533.)

Substitution
Chloride atoms, either bonded to graphene or to functional group, can be substituted
by OH group, a reaction that is an alternative route for chemical functionalization. Shen,
et al., report a scalable, fast, and easy method for preparation of organophilic chemically
functionalized GNS [55]. The basic strategy involved the complete exfoliation of
graphite oxide into GO sheets, followed by reacting with 1-bromobutane. The resulting
organic dispersions are homogeneous, exhibit long-term stability, and are made up of
graphene sheets a few hundred nanometers large. Pramoda, et al., describes a new route
to chemically bonded polymer-graphene nanocomposites and the subsequent
enhancement in thermal and mechanical properties [56]. At first, the graphite oxide is
functionalized with octadecylamine (ODA). The ODA functionalized graphite oxides
are reacted with methacryloyl chloride to incorporate polymerizable -C=C- functionality
at the nanographene platelet surfaces, which were subsequently employed in in situ
polymerization of methylmethacrylate to obtain covalently bonded poly(methyl
methacrylate) (PMMA)-graphene nanocomposites. The obtained nanocomposites show
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significant enhancement in thermal and mechanical properties compared with neat
PMMA. Even with 0.5 wt % graphene nanosheets, the Tg increased from 119 °C for neat
PMMA to 131 °C for PMMA-graphene nanocomposite, and the respective storage
modulus increased from 1.29 to 2 GPa.
Cycloaddition
Arynes are recognized as useful reactive intermediates during nucleophilic aromatic
substitution in organic synthesis and are frequently used in a variety of reactions. To
date, quite a few attempts at aryne cycloaddition have been performed for carbon
nanomaterials, demonstrating that fullerenes and derivatives can be successfully
functionalized. Recently, chemical modification of graphene by aryne cycloaddition has
been reported by several groups. Zhong, et al., developed a novel and convenient
approach to chemically functionalize graphene by this reaction with benzene precursors
[57]. Commercial GNS from the arc-discharge method were used. 2-(Trimethylsilyl)
phenyl triate was employed as the functional group. A typical procedure for preparing
aryne-modified graphene sheets is given in Figure 1-13. On the basis of weight loss, it is
estimated that the degree of functionalization is approximately over 1 functional group
per 17 carbon atoms. The resultant graphene shows remarkable solubility and thermal
stability. The functionalized graphene is stable at temperature high to 500 C. With the
similar reaction, chemical functionalizations using the 1,3-dipolar cycloaddition of
azomethine ylides and cyclopropanated malonate also succeeded[58,59].
Table 1-3 A summary of the chemical functionalization of graphene with organic
groups
Chemical process

Diazonium

Organic group

References

Nitrophenyl

[14,15, 40-42]

Polystyrene chain

[43]

C16H34, Polyethylene glycol

[44]

coupling
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Silanization

Amidation

EDTA

[45]

Quaterthiophene

[46]

Porphyrin

[47]

Zinc phthalocyanine

[49]

Oligothiophene

[48]

Poly(N-vinylcarbazole)

[50]

2-amino-4,6-didodecylamino-

[52]

1,3,5-Triazine

Etherization

Substitution

Cycloaddition

Chitosan

[51]

poly(3-hexylthiophene) (P3HT)

[53]

Polyglycerol

[54]

1-bromobutane

[55]

Methacryloyl chloride

[56]

2-(Trimethylsilyl) phenyl triate

[57]

Azomethine ylides

[58]

Cyclopropanated malonate

[59]

1-3-2 Chemically functionalized graphene for electrochemical energy conversion and
storage
Although a wide spectrum of functional groups (from single atoms to polymers) has
been chemically grown onto graphene, it is a fact that for EECS, only element doped
graphene has been widely investigated on EECS devices including FCs [24, 25, 37, 60-
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69], LIBs [22, 70-75] and supercapacitors [35, 76, 77]. The related studies are tabulated
in Table 1-3. This is because the covalent bonding with most of the organic groups
frequently damages the inherent properties of graphene, especially the electronic
conductivity significantly, resulting in decline in the electron transfer and hence decay of
electrochemical performances. In this section, we will comprehensively outline all the
characteristic research in this area, emphasizing on FCs, LIBs and then supercapacitors.
1.3.2.1 Fuel cells
A major impediment to the commercialization of proton exchange membrane fuel
cells (PEMFC) is the high cost and the stability of Pt-based electrocatalysts (Pt/C).
Much effort is focusing on seeking either new support materials to improve the
distribution of Pt and hence to lower its loading or non-noble metal electrocatalysts to
decrease the cost. Nitrogen doped carbon material is recognized as a good support for Pt
based catalyst. The doped nitrogen atoms not only provide the anchoring sites for the
metal particles, but also act as chemically active sites for catalytic reactions. Moreover,
recent intense research has found that nitrogen-doped carbon materials (especially,
vertically aligned nitrogen-containing carbon nanotubes, nitrogen doped ordered
mesoporous graphitic carbon and silk-derived carbon (0.8% nitrogen in the carbon
network) could act as effective non-noble metal-free electrocatalysts. The real active
sites of nitrogen-doped carbon materials in such applications remain unclear, but the
doped nitrogen atoms are believed to (such as graphite-like, pyridine-like, pyrrole-like,
and quaternary nitrogen atoms, see Figure 1-7) play a crucial role for oxygen reduction
reaction (hereafter denoted as ORR). Usually, the greater the extent of graphitization of
the carbon material, the longer the durability is. The existing data prove that N-graphene
exhibit high electrocatalytic activity and long-term operation stability for the ORR.
Besides N doping, S-graphene is also investigated for FCs application. The related
research is reviewed in two separate parts here.

Chemically functionalized graphene as a catalyst support
Wu, et al., reported identification of the nitrogen species on N-graphene layers and the
performance of Pt/NG (Pt/N-graphene) composite catalyst in direct methanol fuel cells
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(DMFC) [24]. The N-graphene was synthesized through thermal-treatment of GO in
ammonia stream at various temperatures, offering various distributions of nitrogen
species. In electrochemical tests, Pt/NG, Pt/graphene and Pt/CB (carbon black, Vulcan
XC 72) composites were investigated in anodic half-cell reaction in DMFC. A Pt/NG800 composite, for which the graphene was treated in NH3 flow at 800 C, exhibits
outstanding electrocatalytic activity for methanol oxidation. The mass specific oxidation
current for Pt/NG-300, Pt/G-300 and Pt/G-800 is 40, 41 and 34 mA mg−1, respectively.
In sharp contrast, the methanol oxidation current of Pt/NG-800 (135 mA mg−1) is three
times higher than the other three composites and the commercial Pt/CB (27 mA mg−1).
The higher methanol oxidation activity from Pt/NG-800 is assumed to be associated
with (1) the high dispersion state of the Pt nanoparticles facilitated by the pyridinic
nitrogen doped in the carbon network; and (2) higher conductivity as a result of reduced
defect sites by the higher temperature treatment. Ramaprabhu compared the activities of
Pt nanoparticles supported on graphene nanoplatelets and N-graphene nanoplatelets,
respectively, as catalysts for ORR in PEMFC [60]. Nitrogen plasma treatment created
pyrrolic nitrogen defects, which act as good anchoring sites for the deposition of
platinum nanoparticles. Pt was dispersed over these support materials using the
conventional chemical reduction technique. A maximum power density of 440 mW cm-2
was obtained with the Pt loaded N-graphene, and 390 mW cm-2 for the Pt loaded
graphene nanoplatelets, respectively. The improved performance of FCs with Ngraphene as catalyst supports was attributed to the increased electrical conductivity and
the enhanced carbon-catalyst binding.
Enhanced electrochemical sensitivity of bimetal PtRh electrodes coated with Ngraphene (PtRh@N-graphene) was reported by Wang, et al [61]. Deposition of Ngraphene onto the surface of a metal electrode (PtRh alloy mesh) was performed by
dipping the mesh into the dispersion and withdrawing. The suspended GNS was thus
deposited onto the surface of the PtRh alloy mesh. The coating effectively improves the
electron transfer kinetics. Nanoflower-like N-graphene with pure sp2 hybridized carbon
and designed nitrogen types was synthesized by a low temperature solvothermal process
[62]. The product consists of many N-graphene sheets with about 6-10 graphitic layers.
The sheets are rich of pyridine-like and quaternary nitrogen atoms, possess high
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graphitized structure and ultra-micropores. As such, electrochemical test showed that Ngraphene has a much higher durability as a Pt support for FCs than commercial carbon
black (Vulcan XC-72).
A MnCo2O4/N-graphene hybrid material was developed as highly efficient ORR
electrocatalyst in alkaline conditions [63]. The covalent coupling between MnCo 2O4
nanoparticles and N-graphene sheets affords much higher activity and stronger
durability than the physical mixture of both components. At a same mass loading, the
MnCo2O4/N-graphene hybrid can outperform Pt/C in ORR current density at potential
<0.75 V vs RHE. The stability is also superior to that of the Pt/C. Semi-quantitatively,
an optimum range of MnCo2O4 content between 65 and 80 wt% was found to afford
similarly high ORR performance from carbon fiber paper measurements. Out of this
range, too low a MnCo2O4 content could lead to fewer ORR active sites in the hybrids,
while too high a MnCo2O4 content could result in aggregation of nanoparticles and even
free growth, which were less active than nanoparticles directly grown on GNS.
Functionalized graphene as a catalyst
I Nitrogen-doped graphene
N-graphene as metal-free electrocatalyst for FCs is drawing rapidly increasing
attention. Plausible electrocatalytic activities were observed. Dai, et al., are the first
group reporting the use of N-graphene as metal-free catalysts for ORR [64]. N-graphene
was synthesized by CVD of methane in the presence of ammonia. For comparison,
electrocatalytic selectivities of the N-graphene electrode were tested against the electrooxidation of various commonly used fuel molecules, including hydrogen gas, glucose
and methanol. The N-graphene electrode demonstrated a stronger and more stable
amperometric response from the ORR than the Pt/C catalyst does. The current remained
unchanged after the addition of hydrogen gas, glucose, and methanol. They ascribed the
high selectivity of the N-graphene electrode and remarkably good tolerance to crossover
effect to the much lower ORR potential than that required for oxidation of the fuel
molecules. Moreover, the N-graphene electrode was insensitive to CO, but the Pt/C
electrode was rapidly poisoned under the same conditions. Continuous potential cycling
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test indicated that for the N-graphene electrode, no obvious decrease in current was
observed after 200000 continuous cycles between -1.0 and 0 V in air-saturated 0.1 M
KOH. Shao, et al., synthesized N-graphene by exposing graphene to nitrogen plasma
and carried out detailed studies on its electrochemical activities [25]. The N-graphene
exhibits much higher electrocatalytic activity toward ORR and H2O2 reduction than
graphene does, and much higher durability and selectivity than the Pt/C.

Figure 1-14 TEM image of nitrogen doped graphene and its electrochemical
performance as a metal free catalyst for ORR. (Energy & Environmental Science
2011;4(3) 760-764.)
The ORR kinetic currents for graphene, N-graphene and Pt/C (ETek, 20 wt%) at -0.03 V
(Hg/HgO) are ~1, 65 and 255 μA, respectively. The ORR over-potential is greatly
decreased on the N-graphene in comparison with graphene. After accelerated
degradation test, the N-graphene exhibits a slight increase in ORR activity; however,
Pt/C degraded by ~85%. Moreover, when performing in O2-saturated 0.1 M KOH, no
changes in surface chemistry of the N-graphene were observed. The ORR on Ngraphene is not influenced by the fuel molecules (e.g., methanol). Geng, et al., reported
high ORR activity and durability of N-graphene synthesized by the thermal treatment of
graphene with ammonia at different temperatures [65]. 2.8 at% nitrogen was introduced
for the N-graphene (900 C), which also exhibits a highest ORR activity in alkaline
solution. The onset potentials for ORR (EORR) of graphene, N-graphene (800), Ngraphene (900), and N-graphene (1000) were 0.046, 0.184, 0.308, and 0.204 V,
respectively. N-graphene (900) catalyst was assumed to effectively promote the desired
4e− ORR activity in alkaline solution. Only quaternary type nitrogen species plays the
most important role for the ORR. In comparison to the commercial Pt/C catalyst (4.85
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µgPt cm−2), the electrochemical performance of the N-graphene (900) catalyst is also
better, as shown in Figure 1-14. Besides the higher onset potential (0.308 V), oxygenreduction half-wave potential is 43 mV more positive on the N-graphene catalysts.
Almost no change in the voltammetric charge was found after 5000 cycles of the
potential sweep for the N-graphene, however, the current density for Pt/C dropped
dramatically.
ORR on N-graphene was also tested in acid media [66]. The mass activity of the Ngraphene catalyst (1234 mA g-1catal) is about 35 times higher than that of the Vulcan
carbon (35 mA g-1 catal). This activity is about 50% lower than that of Pt/C catalysts
(2791 mA g-1catal). High electric conductivity, high surface area, large amount of edge
sites and pyridinic N site in reduced graphene sheets are assumed to make major
contribution to the high ORR activity. Lee, synthesized N-doped carbon nanosheets
from pyrolysis of collagen at 800 °C, which possesses a surface area of 695 m2 g-1 and
nitrogen content of ~1% [67]. With the contribution of N-doped structures, the carbon
nanosheets showed a specific capacitance of 102 F g-1 at 25 mV s−1, and 80%
capacitance retention in 0.5 M H2SO4 at 1000 mV s−1. In comparison with a commercial
electrocatalyst, 20% Pt on Vulcan XC-72, the carbon nanosheets display a positive shift
in the onset potential and superior electrocatalytic activity toward the ORR. The onset
potential of the ORR for the N-doped carbon nanosheets is 0.95 V (the commercial Pt
electrocatalyst is 0.83 V). The significant catalytic activity toward the ORR of the Ndoped carbon nanosheets is assumed to mainly come from the contribution of pyridinicN and quaternary-N, which change the adsorption of the oxygen molecule on carbon
materials from end-on to side-on type, thus weakening the O-O bond to facilitate the
ORR. On the other hand, Luo, et al., was focused on exploring the contribution of
different doped N atoms to the ORR reaction of the N-graphene [68]. For this purpose,
single layer graphene doped with pure pyridinic N was synthesized by CVD of hydrogen
and ethylene on Cu foils in the presence of ammonia. By adjusting the flow rate of
ammonia, the atomic ratio of N and C can be modulated from 0 to 16%. The pyridinic N
efficiently changes the valence band structure of graphene, including the increase in the
density of π states near the Fermi level and the reduction of work function. Interestingly,
on the base of the 2e reduction mechanism of ORR on the resultant CNx graphene
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revealed by rotating disk electrode voltammetry, they suggested that the pyridinic N may
not be an effective promoter for the ORR activity of carbon materials as previously
expected. Obviously, this question remains open for further investigation.
II S-doped graphene
S-graphene as catalysts for PEMFC was first reported by Mullen’s group [69]. The Sgraphene was synthesized by annealing graphene in H2S at temperatures from 500 to
1000 °C. S exists as thiophene like S and oxidized S. A highest S content is obtained in
the sample doped at 900 C (1.7 %). The electrocatalytic activity was investigated via
RRDE linear sweep voltammetry at a scan rate of 100 mV s-1 in O2 and Ar-saturated 0.1
M KOH solution as well as O2-saturated 0.1 M KOH solution with 3M methanol. The Sgraphene sheets exhibit good electrocatalytic activity, long durability and high
selectivity when employed as metal-free catalysts for ORR, depending on the annealing
temperature. As the annealing temperature increases from 500 to 900 °C, the electron
transfer number of S-graphene slightly decreases from 3.5 to 3.2, a result of the
reduction of the amount of sulfur (from 1.7% to 1.2%), because the S-C bonds play a
key role to affect the catalytic process of S-graphene for the ORR. Moreover, the Sgraphene and commercial Pt/C were further compared by separately introducing O2 and
fuel molecules (e.g., methanol) into the electrolyte to examine their possible selectivity
and crossover effects via chronoamperometric measurements. The S-graphene also
outperforms the commercial Pt/C. Similarly, it was reported that S-graphene through
thermal treatment of graphene oxide (GO) and benzyl disulfide (BDS) in Ar showed
higher electrocatalytic activity than Pt/C catalysts do [45].
1.3.2.2 Lithium ion batteries
The research on the application of chemically functionalized graphene to LIBs is also
developing rapidly. For LIBs, the functionalized graphene is used both as anode
materials and as doping composite. In both cases, improved lithium storage capacities
were observed.
N-doped graphene as anode materials
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In 2010, Reddy, et al., published the first paper about N-graphene for LIB application
[70]. Few layers of graphene and N-doped graphene films on Cu substrate were
synthesized by CVD technique using hexane and acetonitrile precursors, respectively.
For the half cell measurements, an electrochemical test cell was assembled using the
graphene/N-dgraphene as working electrode, lithium metal foil as the counter/reference
electrode and 1 M solution of LiPF6 in 1:1 (v/v) mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) as electrolyte. Through introduction of surface defects and
pyridinic N atoms into the graphene structure, intercalation of Li-ion in N-graphene
electrode was obviously enhanced. Reversible discharge capacity of N-graphene remains
beyond 0.6 mAh cm-1 after 50 cycles, whole that of pristine graphene is ~0.48 mAh cm1

. Cho, et al., deposited N-graphitic layers on silicon nanowires by CVD for LIB anode

[71]. Graphite-like and pyridine-like structures were selectively chosen for 3 and 10% N
doping, respectively. Increasing the thickness of the undoped graphitic layers from 20 to
50 nm led to an increase in the charge capacity from 800 to 1040 mAh g-1 after 45
cycles. Graphite-like 3% N-doping in the 50 nm-thick shell increases the charge capacity
by 21% (i.e., to 1260 mAh g-1), while pyridine-like 10% N-doping in the 20 nm-thick
shell increases it by 36% (i.e., to 1090 mAh g -1). This suggests that both pyridine- and
graphite-like structures can be effective for lithium intercalation.
Powder based N-graphene with excellent lithium storage was also reported by Cui
and Li respectively [22, 72]. In Cui’s research, the N-graphene nanosheets were
prepared by heat treatment of graphite oxide under an ammonia atmosphere at 800 °C
for 2 h. The doping level is about 2% nitrogen, where the N binding configuration of the
graphene includes 57.4% pyridinic, 35.0% pyrrolic and 7.6% graphitic N atoms. The Ngraphene nanosheets exhibited a high reversible capacity (900 mAh g -1 at 42 mA g-1),
excellent rate performance (250 mAh g-1 at a current density of 2.1 A g-1), and
significantly enhanced cycling stability. The doped graphene in Li’s study was obtained
by high-temperature annealing graphene in NH3. Interestingly, the specific capacity of
the doped graphene evidently increases with charge/discharge cycles. As shown in
Figure 1-15, after 100 charge-discharge cycles, the specific capacity was ~480 mAh g -1
for the N-graphene, while only 290 mAh g-1 for the undoped graphene. The obtained
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significant improvement is attributed to the incorporated nitrogen to graphene planes
with a result of more structural defects during cycling, as indicated by Raman analysis.
N-graphene also indicates excellent performances when used as cathode for Li air
batteries. Sun’s research group fabricated nonaqueous lithium-oxygen battery with Ngraphene nanosheets as cathode materials, which delivered a discharge capacity of
11660 mAh g-1, as shown in Figure 1-16 [73]. This capacity is about 40% higher than
that with the pristine GNS. The excellent electrochemical performance of N-graphene is
attributed to the defects and functional groups as active sites introduced by nitrogen
doping.
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N-doped graphene as an electrode composite
Wang, et al., synthesized N-graphene-SnO2 sandwich papers as anode for LIBs
through a complicated procedure [74]. The materials show excellent electrochemical
performances. The N-doped G-SnO2 paper delivered an initial reversible capacity of 918
mAh g−1, which is higher than those obtained for both pure SnO2 nanoparticles (881
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mAh g−1) and GP (548 mAh g−1). Moreover, the N-doped G-SnO2 papers also exhibited
much enhanced rate capacities. The specific capacity was maintained at values as high
as 683 mAh g

−1

and 619 mAh g−1 after the current density was increased to 1000 mA

g−1 and 2000 mA g−1, respectively. Even at a current density of 5000 mA g−1, the
material still delivered a capacity of 504 mAh g−1.
S-doped graphene as cathode for lithium oxygen batteries
Recently, Sun’s research group reported the use of S-graphene as cathode for lithium
oxygen batteries [75]. The S-doped graphene was obtained through pyrolysis of ptoluenesulfonic acid. The initial discharge capacity of S-graphene electrode is about
4300 mAh g-1, which is lower than that of the pristine graphene electrode (~8700 mAh
g-1). However, the initial charge capacity of the S-graphene electrode is about 4100 mAh
g-1, but it is only ~170 mAh g -1 for the undoped graphene electrode. Moreover, the
discharge capacities in the second cycle of the S-graphene and undoped graphene
electrodes are 3500 and 220 mAh g -1, respectively. Importantly, S-doping in grpahene
results in morphological change of reaction products from nanoparticles to nanorod-like.
Table 1-4 A summary of the functionalized graphene applied to EECS.
Guest functional

Electrochemical devices

References

Fuel cells

[24,25,60-68]

Lithium ion batteries

[22,60-74]

Supercapacitors

[35,76,77]

Fuel cells

[78]

Fuel cells

[37,69]

Lithium ion batteries

[75]

group

N atoms

B atoms

S atoms
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1.3.2.3 Supercapacitors
Although various carbon nanomaterials including activated carbon, carbon nanotubes
and graphene have demonstrated high-performance for supercapacitors, the capacitances
they can hold are still much lower than the demanded. It is a challenge to research and
development of qualified materials for high-performance supercapacitors. Application of
N-graphene in supercapacitors slightly falls behind FCs and LIBs [35,76,77]. The first
report concerning N-graphene for supercapacitor appeared in May 2011 by Hyung, et
al., [76]. The N-graphene was produced by a simple plasma process of graphene. The Ngraphene supercapacitors gave rise to a highest capacitance of ~280 F/gelectrode, which is
about 4 times larger than those of undoped graphene based counterparts. Moreover, the
supercacapacitors also demonstrated excellent cycle life (>200000), high power
capability (a power density up to ~8 ×105 W kg-1 and an energy density up to ~48 Wh
kg-1), and compatibility with flexible substrates. In the same study, using local Nconfiguration mappings during plasma treatment along with side binding energy
calculated by density functional theory, they also articulated that the origin of the
improved capacitance is a certain N-configuration at basal planes. N-graphene
nanosheets with the nitrogen level as high as 10.13 at% were synthesized from GO and
urea in a hydrothermal process [35]. The N-graphene has a large surface area of 593 m2
g-1, and exhibits excellent capacitive behaviors (326 F g -1, 0.2 A g-1), superior cycling
stability (maintaining initial capacity even) and high coulombic efficiency (99.58%)
after 2000 cycles. An energy density of 25.02 Wh kg -1 could be achieved at power
density of 7980 W kg-1 by a two-electrode symmetric capacitor test. Both the N-content
and the N-type are very significant for the capacitive behaviors. In more detail, the
pyridinic-N and pyrrolic-N play main roles for improving pseudo-capacitance by the
redox reaction, while quaternary-N could enhance the conductivity of the materials
which is favorable to the transport of electrons during the charge/discharge process.

1-4 Introduction to flexbile lithium ion batteries*
* This part was published a review paper in Journal of Materials Chemistry A 2013, 2,
10712-10738.
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The unique features that make flexible batteries a greatly attractive powering system
include high flexibility, high specific power and energy density, remarkable rate
capability, lightweight, and ease of portability, etc. The rapid development of soft
portable electronic devices, such as rollup displays, wearable devices, radio-frequency
identification tags, and integrated circuit smart cards, etc., has stimulated the research
and development of flexible batteries that are able to be embedded into these devices
and power them [79,80]. So far, many different types of flexible batteries have been
invented, including flexible alkaline batteries, plastic batteries (or all-polymer batteries),
polymer lithium-metal batteries, and flexible rechargeable lithium ion batteries (LIBs),
etc. Generally, irrespective of the composites and hence the principle of a flexible
battery, optimal match among the electrode materials, electrolytes, and soft and
mechanically strong current collectors should be achieved. Thus, the batteries can
maintain high capacity, high rate capability and cycling stability, good conductivity and
robust flexibility. It has been one of the biggest challenges to optimize match among the
electrode materials, electrolytes, and soft and current collectors in flexible batteries
research and development.
Flexible batteries have a history of almost 100 years. Earlier studies focused on
flexible alkaline batteries [81-84] and all-polymer batteries (or plastic batteries) [85-89].
Later, polymer lithium-metal batteries began to gain more interest [90-93]. Recent
research interest is being intensively concentrated on flexible LIBs [94-96]. Compared
to other types ofbatteries, flexible LIBs possess higher energy density, higher output
voltage, longer life and environmentally benign operation, etc [97]. Flexible LIBs share
the same principles and concepts of “conventional” LIBs, which have been described in
many papers [96,97]. So far, not only has great progress been made in the development
of the core battery composites: electrode materials, shape-conformable solid electrolytes,
and soft and mechanically strong current collectors, significant advances have also been
achieved in the battery design. Many novel technologies and processes were invented to
make flexible electrodes and to fabricate full batteries with high performance. The
material development has been considerably spurred by the advances in nanoscience and
nanotechnology, which offer many different kinds of novel one-dimensional (1D) and
two-dimensional (2D) nanosized materials such as nanostructured carbon (nanotubes,

39

carbon fibers, and graphene), nanostructured silicon (nanoparticles (NPs) and nanowires
(NWs)), nanostructured metal oxides, and nanostructured conventional cathode
materials, etc [98-112]. The invention/introduction of conventional or new technologies
and processes such as self-assembly, sputtering, deposition, painting, printing, in turn,
brings advances in the electrode materials research and development [113-118].
Nevertheless, the challenges for flexible LIBs research are still huge.
(1) Current batteries are unable to sustain stable power and energy supply and cyclic
stability for uses under frequent mechanical strains, such as bending, twisting or
other deformations. This mostly results from the facts: (a) the flexibility and
strength of the electrodes is not high enough because intrinsically inflexible
materials are used; (b) the contact among battery constituent materials are poor,
particularly the active materials-substrate contact; (c) operation at deformed states
leads to severe degradation of the electrochemical and mechanical properties; and
(d) electrolyte leakage happens under certain circumstances, and thus,
(2) The development of mechanically strong flexible electrodes is required. This may
be achieved by growing/embedding active electrode materials on fully flexible
conductive substrates without the use of conductive additives or binders.
(3) Flexible polymer solid electrolytes with optimal mechanical properties and ionic
conductivity still need to be developed.
(4) Optimization of battery production and packaging in order to increase productivity
and reduce cost, for which, advanced process technologies should be introduced
and adopted.
In this part, I will systematically summarize the advances in flexible LIBs research,
with an emphasis on the development of flexible electrodes. It is important to notice, the
design of materials and electrodes is highly dependent on (to some extent, is determined
by) a workable fabrication process. Thus, the summary proceeds in terms of the
processes for making electrodes and for full LIB cells assembly as well as the electrolyte
selection. I also briefly summarize the development of the shape-conformable solid
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electrolytes. Fundamental understanding and simulation of the performances of fully
flexible batteries is also addressed as they reliably anticipate and describe the battery
performances that are not easy to be explored experimentally using the present state-ofart technologies. The summary concludes with a detailed perspective according to my
(also my supervisor’s) experience in the related field, and the potential application of
printing process is specially discussed.
It is worth mentioning that in the literature, flexible batteries are also expressed as
stretchable batteries [119,120] foldable/bendable batteries [121, 122], cable batteries
[95,123], and plastic batteries etc [124-128]. In this thesis, all the related studies are
addressed as "flexible" batteries. Moreover, there are a huge number of papers in this
field, which involve many different kinds of systems (e.g., electrode materials,
electrolyte, and packaging, etc.); hence, it is impossible for me to list all of them.
Instead, for each sub-topic, I select several representative papers that effectively
demonstrate the materials and the state-of-art process technologies, particularly
concerning the full cell assembly and electrochemical property evaluation. These papers
are presented with an emphasis on critically analyzing electrode materials, electrode
preparation, electrolyte selection, cell assembly (particularly full cell packaging),
electrochemical performance, and the advantage and disadvantage, so that the review
can be beneficial to the readers to a biggest extent.
1-4-1 Flexible electrodes
Flexible rechargeable LIBs share the same core battery components and working
principle with the conventional LIBs. However, for flexible LIBs, both kinds of
electrodes (anode and cathode) materials must be combined with a suitable medium to
achieve high flexibility and mechanical strength. For example, for a workable flexible
electrode, the active materials should remain integrated with underlying current collector
when a battery is folded, bent or even twisted. The configuration of flexible electrodes,
to some extent, determines a full battery design. Usually, two approaches are used
toward designing flexible electrodes. The first one is to cast (or deposit) active materials
on a flexible substrate embedded with a current collector (Type-I). The other method
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involves blending active materials with a second electrochemically stable, electrically
conductive, and mechanically strong composite (usually 1D or 2D nanostructured
carbon) to achieve freestanding electrode (Type-II). Flexible substrate as a backing
composite is not needed in this type of electrode. These two approaches possess their
own advantages and disadvantages. For the Type-I electrodes, the presence of a flexible
substrate, e.g., polymer films, offers mechanical strength toward the electrode. However,
binder (usually electrically non-conductive) is required to hold the active materials on
the substrate. The use of an electrically non-conductive binder combined with the
substrate that usually has no contribution to lithium storage but accounts for some
weight of the electrode, decreases the overall energy density of the full battery [96,
129,130]. Furthermore, the substrate usually has limited surface area and thus, there is a
limitation for the active materials-current collector contact. Consequently, the active
materials are easy to detach from the electrode when the battery is deformed. The
majority of the Type-II electrodes are currently being investigated at the laboratorial
scale, due to their limited mechanical strength, although they possess relatively higher
energy density as a result of their lack of binder and substrate. Low efficiency of
fabricating such electrodes is another issue that limits their practical application.
In this part, the research and development of the two types of flexible electrodes will
be reviewed in detail. To best demonstrate the entire scope, the Type-I flexible
electrodes are categorized as flexible cathodes and flexible anodes, which, on the base of
the used substrate, are further categorized as flexible electrodes on conductive substrates
and non-conductive substrates, respectively. The Type-II electrodes are categorized as
flexible cathodes and flexible anodes, and the flexible anodes are further categorized as
carbon in 2D and 3D assemblies and assembly of carbon and high-capacity
nanomaterials, respectively.
1.4.1.1 Flexible substrate supported electrodes (Type-I)
For such a kind of flexible electrodes, their flexibility and mechanical strength are
dependent on the used substrate. The substrate can be electrically conductive (also works
as a current collector) or non-conductive. The conductive substrates include metal foil
and carbon-based films and membranes, while the typical non-conductive substrates
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include polycellulose, plastic films, kapton, silicone sheet, and paper, etc. On the other
hand, the properties of the flexible substrate determine whether a current collector is
necessary to be fabricated in electrode preparation. For example, a conductive substrate
can also work as a current collector, while the use of a non-conductive substrate requires
an additional conductive composite to be deposited or embedded into the substrate,
working as a current collector. The substrate also determines the electrode preparation
process. When metal foil, plastic or paper is used as the substrate, printing or painting
can be used for electrode preparation, a process that can be readily scaled up for mass
production. In this part, the flexible substrate and current collector will be emphasized in
each selected example.
Metal foils, in terms of mechanical strength and flexibility (when thin enough), are
one type of the optimal substrate for flexible LIBs. However, there are a number of
drawbacks to using metal foils as a flexible substrate. First, the metal foils (e.g., copper
and iron for anodes and aluminum for cathodes) usually have densities relatively higher
than other potential substrates. Using these foils would reduce the overall energy
densities of a full LIB as the substrate would account for over 15% of the total mass of
the electrode with no contribution to lithium storage [96, 129,130]. Second, the metal
foils have low surface areas, thus exhibit weak adhesion and limited contact to the active
material. As such, gaps may be formed at the electrode/metal interface resulting from
volumetric change of the active materials during the charge and discharge processes at
higher rates. Thus, battery performances may undergo degradation both in capacity and
cyclic stability. Such a problem becomes more concerning when preparing flexible
batteries, as continuous deformation is more likely to result in detachment of active
materials from the metal foils. Moreover, metal foils may not be chemically stable in
electrochemical processes, and are susceptible to corrosion, leading to increased internal
impedance, passivation of active materials and resulting in diminished capacity and rate
capability [131-133] As a result, limited research has been conducted on the use of metal
foils as flexible substrates; in contrast, carbon-based films and membranes are gaining
research momentum.
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Theoretically, carbon based materials are optimal substrates for flexible electrode as
they can act as both current collector and active materials support. So far, many novel
carbon 2D and 3D structures have been successfully fabricated, and some of them
exhibit high flexibility and mechanical strength and have been studied as
substrates/current collectors for flexible LIBs in lab scale. These include graphene paper,
graphene foam, CNTs films, carbon cloth, and porous carbon films, etc [122.131.134146]. Another kind of approach is to embed 1D nanostructured carbon (e.g., CNTs) into
polymer based films to produce a current collector and holds high potential for practical
application [147-156]. In this part, we will first summarize the Type-I flexible electrodes
in term of carbon assembly in the current collectors.
Flexible Cathodes
Fabrication of flexible cathodes has been one of the major challenges in flexible LIBs
research and development. One of the reasons is that the commonly used cathode
materials, such as LiCoO2, LiMn2O4, and LiFePO4, are generally synthesized in hightemperature environments (>500 C). Most flexible substrates or materials used to make
flexible substrates are chemically unstable at these elevated temperatures. For example,
although carbon is able to remain stable at temperatures higher than 1000 C, it may
react with cathode materials (e.g., LiCoO2 and LiMn2O4), leading to failure in obtaining
optimal crystallinity, degradation of the cathode materials, and consequently lower
battery performances. Typically the preparation of flexible cathode materials relies on
deposition methods such as sputtering and laser ablation, where nanosized cathode
materials can be successfully produced [118,157,158] However, these processes are high
cost and low efficiency. Therefore, inventing new processes for preparing flexible
cathodes remains an important research topic.
I Conductive substrates
For conductive substrate supported flexible cathodes, CNTs thin films, carbon
fibers thin films and graphene paper have been attempted for use as current collectors.
Cui’s research group did some pioneering studies [134,135, 156]. In 2010, they reported
a new structure of full flexible LIBs using Xerox paper as a separator and free-standing
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CNTs thin films as cathode and anode current collectors [134]. The whole process is
outlined in Figure 3-1. The Xerox paper functioned as both a mechanically strong
substrate and a separator membrane with lower impedance than commercial separators.
For preparing the CNTs films, aqueous CNTs ink was prepared by dispersing
commercial, arc-discharged CNTs in water with sodium dodecylbenzenesulfonate
(SDBS) as a surfactant. The CNTs ink was then blade-casted onto a stainless steel (SS)
substrate. The films have a low sheet resistance of ~5 Ohm sq -1, a weight of ~0.2 mg cm2

, and excellent flexibility. Slurries of battery materials, Li4Ti5O12 and LiCoO2 were

prepared by mixing 70 wt % active materials, 20 wt % Super P carbon, and 10 wt %
polyvinylidene fluoride (PVDF) binder in N-methyl-2-pyrrolidone (NMP) as the solvent.
The slurries with a thickness of ~125 μm were blade-coated on top of the previously
prepared CNTs films that are still on the SS substrates and dried. The double layer
Li4Ti5O12/CNTs or LiCoO2/CNTs films were formed on SS substrates. The double layer
films easily delaminated from the SS substrate when gently shook in water. For a full
cell assembly, the Li4Ti5O12/CNTs or LiCoO2/CNTs films were laminated onto the two
sides of a Xerox paper. The whole assembly was subsequently sealed with a 10 μm
Polydimethylsiloxane (PDMS) film in an Ar-filled glove box using LiPF6 in Ethyl
Carbonates/Diethyl carbonate (EC/DEC) as an electrolyte. The full battery assembly was
measured to be ~300 μm thick. The anode and cathode mass loadings were calculated to
be 7.2 and 7.4 mg cm-2, respectively. After packaging, the battery exhibited robust
mechanical flexibility (capable of bending down to <6 mm) and an energy density of
108 mWh g-1 full battery when cycling between 1.6 and 2.6 V. Initial Coulombic
efficiency was measured to be 85%. Following the first cycle, Coulombic efficiency was
calculated to be between 94 and 97%. The discharge retention was 93% after 20 cycles,
as shown in Figure 1-17.
In 2011, Baughman’s group fabricated CNT biscrolled yarns and used them as a
substrate for preparing cathodes containing LiFePO4 contents of over 95 wt% [135]. The
LiFePO4 @MWNTs biscrolled yarns cathodes were produced by filtration-based guest
deposition and twist insertion in a liquid bath. Isopropanol was used as the liquid
medium for the dispersion of the LiFePO4 before filtration. Before electrochemical
characterization, some samples of the obtained cathodes were thermally annealed at 600
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°C for 6 hours in argon flow. As-prepared 1 to 2.5 cm long cathode fibers were
employed as a complete cathode, without the need for the aluminum substrates and
polymer binder. The electrochemical performance of the LiFePO4 biscrolled yarns as a
Li ion cathode was evaluated inside an argon-filled glove box using a three-electrode
cell, which consisted of a LiFePO4 @MWNT4,6 yarn cathode, a graphite anode, and a
lithium foil reference electrode. The electrolyte was 1 M LiPF6 in PC:EC:DMC (1:2:3
v/v). The full batteries were cycled between 2.5 and 4.2 V at different rates. For a 100mm-diameter biscrolled yarn containing 95 wt % LiFePO4 guest, which is weavable and
knottable, the reversible charge storage capabilities based on total electrode weight are
115 mAh g-1 at C/3 rate and 99 mAh g-1 at 1C (1C=170 mAh g-1).

Figure 1-17 (I) A schematic
diagram of the fabrication process
for free-standing LiCoO2/CNTs or

(I)

Li4Ti5O12/CNTs double layer thin
films and full battery assembly;
and

(II)

Electrochemical

performance of a full battery
tested between 1.6 and 2.6 V.
Reproduced from Ref. [134] with

(II)

permission.

Copyright

2010

American Chemical Society.

Recent publications utilizing CNTs thin films as a substrate have focused on halfcell flexible LIBs, and used lithium sheet as a counter electrode. Wang, et al., fabricated
super-aligned CNTs films (SACNTs) as current collectors [131] The SACNTs arrays
with a tube diameter of 20-30 nm and a height of 300 μm were synthesized on silicon
wafers by chemical vapor deposition (CVD) with iron as the catalyst and acetylene as
the precursor. 20 layers of the SACNTs films were first cross-stacked onto a glass
substrate for use as a current collector. An electrode slurry was prepared by mixing
graphite or LiCoO2, carbon black, and PVDF in NMP solvent at a weight ratio of 8:1:1.

46

The electrode slurry was coated on top of the SACNTs current collector. After drying,
the flexible and free-standing graphite-CNTs electrodes or LiCoO2-CNTs electrodes
were separated from the glass substrate. These electrode sheets were punched into
circular discs with a diameter of 10 mm. The weights of graphite and LiCoO2 in each
disc were around 3-4.5 mg and 4.5-6.0 mg, respectively. CR 2016 half-cells were
assembled with the graphite-CNTs, graphite-Cu, LiCoO2-CNTs, or LiCoO2-Al discs as
the working electrodes, and Li metal as the reference electrode. A porous polymer film
(Celgard 2400) was used as the separator. A 1 M LiPF6 in 1:1 EC and DEC solution was
used as the electrolyte. The comparative study indicated that the LiCoO2-CNTs cathode
had the highest capacity. With a LiCoO2 layer thickness of 57 μm, an energy density of
~478 W h kg−1 (normalized to cathode) was achieved when cycled between 3 and 4.3 V,
displaying a 53% improvement over the LiCoO2-Al electrode (312 W h kg−1). Jia, et al.,
reported a direct-growth method to produce high-performance flexible LiMn2O4-CNTs
cathodes [137]. The group started with a flexible CNTs network that was mildly preoxidized. Spontaneous redox reactions between the CNTs and KMnO4 generated layers
of MnO2 wrapping the CNTs. Subsequent hydrothermal treatment in the presence of
LiOH converted the MnO2/CNTs composites into LiMn2O4/CNTs composites. Vacuum
filtration of the composites created free-standing cathodes that are binder-free and
flexible. The produced electrodes had a thickness of 30-40 μm, with a LiMn2O4 weight
ratio of 89% and nanocrystallite sizes between 50 and 100 nm. The electrical energy
storage capability of the composite electrodes was examined in a coin-type half cell
using lithium as both counter and reference electrodes. At a relatively high current
density of 550 mA g−1 with cut-off voltages of 3.2-4.3 V, the composite material still
delivered a discharge capacity of 50 mA h g−1 cathode.
Kercher, et al., reported carbon fibers paper based cathodes [138] Industrial carbonbonded polyacrylonitrile (PAN) carbon fiber papers were used. The PAN fibers
possessed excellent mechanical integrity, electrical and thermal conductivity. Coating
slurries were created by mixing N-vinyl-2-pyrrolidone, AR mesophase pitch, and
LiFePO4 powder. During processing development, the pitch-to-powder ratio was kept
constant (0.034), the weight percent of LiFePO4 in the slurry being varied from 15 to 58
wt%. Swagelok cells were constructed with each carbon fibers paper cathode for battery
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testing with 26 and 41 wt% LiFePO4, respectively. A cell was composed of lithium
metal anode, a Celgard 2325 separator, a carbon fibers paper cathode, and approximately
2 mL of electrolyte solution containing 15 wt% LiPF6, 25.5wt% EC, and 59.5 wt%
EMC. Constant current discharge tests were used to measure the discharge behavior
(down to 2.5 or 2.8V) and capacity (reported for discharge only to 2.8V) as a function of
discharge current. The cathodes demonstrated capacities of ~170 mAh g-1 (~100% of
theoretical capacity), when the crystallinity and size of LiFePO4, the thickness of the
substrate, and the loading of active materials matched well.
On the other hand, more full flexible LIBs were invented when graphene paper was
successfully fabricated and was introduced into the LIBs. Due to the 2D assembly,
graphene paper exhibits much higher mechanical strength than the 1D assembly of
CNTs or carbon fibers does. Gwon, et al., were the first reporting a new approach to
make a full, flexible LIB based on free-standing graphene papers [122]. The battery was
composed of cathode with V2O5 deposited on graphene paper, polymer separator
(Celgard 2400), and anode with lithiated graphene paper, as shown in Figure 1-18.
Freestanding graphene papers of choice have a thickness of ~2 μm and a conductivity of
~8000 S m−1. The cathode material V2O5 was grown on graphene paper by pulsed laser
deposition (PLD) using a target prepared by cold pressing from a V2O5 powder and
sintering at 600 °C in air. The thin films were deposited at room temperature in the
presence of oxygen. To eliminate the undesired lithium uptake in the assembled cell
from the first

cycle irreversible reaction, the graphene paper anode was

electrochemically lithiated to a potential of 0.02 V vs. Li prior to cell integration. For the
full battery assembly, the V2O5/graphene paper cathode and the lithiated graphene paper
anode were separated by a separator dipped in liquid electrolyte 1 M LiPF6 in EC/DMC
(1:1 by volume) and served as the electrolyte. The charge-discharge cycles of the
assembled battery were measured between 3.8 and 1.7 V, at a constant current of 10 μA
cm−2. The battery performance shows the typical charge-discharge behavior of the
amorphous V2O5 cathode. The first charge and discharge capacity were ~15 μAh cm−2,
with a negligible initial irreversible capacity.
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Another type of graphene-based flexible battery design was recently demonstrated
by Cheng's research group. The design consisted of Li4Ti5O12 as the anode and LiFePO4
as the cathode and exhibited ultrafast charge and discharge rates [139]. The battery
assembly is schematically shown in Figure 1-19. Graphene foam (GF) was used as
current collectors, which consisted of a 3D interconnected network of high-quality
CVD-grown graphene, and had an electrical conductivity of ~1000 S m-1. The solid
conductivity of the few-layer graphene itself within the GF is evaluated to be ~1.36x106
S m-1. The GF was also extremely light (~0.1 mg cm-2 with a thickness of ~100 μm) and
flexible. It possessed a high porosity of ~99.7% and a very high specific surface area and
could be bent to arbitrary shapes without breaking. Chemical processing was used for
electrode preparation. For the cathode, LiFePO4 was synthesized from the hydrothermal
reactions among CH3COOLi.2H2O, Fe(NO3)30.9H2O, and NH4H2PO4 in the presence of
GF. The as-prepared sample was heated at 720 °C under a hydrogen and argon
atmosphere. For the anode, Li4Ti5O12 was synthesized from the hydrothermal reactions
among H2O2, LiOH, and Ti-(OC3H7)4 in the presence of GF. The as-prepared sample
was heated at 550 °C in argon. The graphene content in the Li4Ti5O12/GF and
LiFePO4/GF electrodes was estimated to be ~12 wt%.

Figure

An assembled

1-18

flexible

battery

V2O5/graphene

paper

using
as

a

cathode and a lithiated graphene
paper as an anode. Reproduced
from

Ref.

permission.

[122]
Copyright

with
2011

Royal Society of Chemistry.

To complete the battery assembly, the free-standing Li4Ti5O12/GF and LiFePO4/GF
electrodes, with a thickness of ~100 μm, respectively, were first laminated onto both
sides of a polypropylene separator and then sealed with ~250-μm-thick PDMS in an Ar-
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filled glove box using LiPF6 in EC-DMC as the electrolyte. The total thickness of this
flexible full battery was less than 800 μm. The flexible battery exhibited a chargedischarge plateau of ~1.9 V and an initial discharge capacity of ∼143 mAh g-1 (full
battery) with a Coulombic efficiency of 98% at a 0.2 C rate. Moreover, after 20 bends to
a radius of 5 mm, only a negligible overpotential was observed, with a decrease of less
than 1% compared to the original flat battery. The flexible battery showed capacity
retention of ~97% after the first 15 cycles under a flat state, and ~95% after another 15
cycles under a bent state (a bend radius of 5 mm). This flexible full battery was also
operated at a 10 C rate and obtained a capacity of 117 mAh g-1. Furthermore, the flexible
full battery can be cycled over 100 cycles at a high rate of 10 C with only 4% capacity
loss. The related performances are shown in Figure 1-19. This approach has a high
potential for practical application if mass production of graphene foam is achieved.
Figure 1-19 (I) A schematic
diagram of a flexible battery

(I)

containing a LiFePO4 cathode
and a Li4Ti5O12 anode made from
3D

interconnected

graphene

foam; and (II) Electrochemical
performances of a full battery

(II)

before and after

deformation

tested between 1.0 and 2.6 V.
Reproduced from ref [139] with
permission.

Copyright

2012

National Academy of Science.
Kwon, et al., reported cable-type flexible full LIBs based on hollow multi-helix
electrodes [123]. The battery design, shown in Figure 1-20, comprised several electrode
(generally anode) strands coiled into a hollow-spiral (helical) core and surrounded by a
tubular outer electrode (cathode). With this architecture, the contact area between the
anode and cathode is large and at the same time, the cell capacity and capacity balance
between two electrodes can be tuned by adjusting the number of anode strands and the
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thickness of cathode composite. The battery fabrication had two major steps: i)
formation of the hollow-helix anode and ii) assembly of other components of the cable
battery. First, Ni-Sn active material was electrodeposited on a 150-μm-diameter Cu wire.
A twisted bundle was prepared with three strands of Ni-Sn-coated wire by a method that
is usually used for producing yarn to achieve a certain degree of stiffness and maintain
the hollow frame. Then the hollow-helix anode was fabricated by winding four of the
twisted wire bundles around a circular rod and pulling axially so that the outer diameter
of the anode was about 1.2 mm. After that, a modified poly(ethylene terephthalate)
(PET) nonwoven support (separator) and an aluminum wire (cathode current collector)
were wound in order around the hollow-helix anode. The slurry of the cathode was
prepared by mixing LiCoO2, acetylene black, and PVDF binder in an 8:1:1 mass ratio in
NMP. The prepared anode/separator/Al wire assembly was coated with the slurry by
drawing it through a coating bath followed by drying. A positive tab consisting of an Al
plate and insulating tube was integrated at the end of the positive electrode. Then the
electrode assembly was inserted into a heat-shrinkable tube and heated with a heat gun
to shrink the tube so that the shrunken packaging insulator closely adhered to the outer
surface of the electrode assembly. Finally, a liquid organic electrolyte, 1 M LiPF6 in EC
and PC (1:1 by volume) containing 3 wt% vinylene carbonate, was injected into the
hollow space at the center of the electrode assembly and a negative tab comprising a Ni
plate and insulating tube was attached to the end of the negative electrode. The
capacities and cycle performances of the prepared cable batteries were examined by the
following sequence: i) The cable battery was charged to 4.2 V at a rate of 0.1C (0.1 mA
cm−1) under constant current (CC) conditions and then maintained at a constant voltage
(CV) of 4.2 V. CV charging was terminated when the current dropped below 0.05 mA
cm−1. ii) The cable battery was discharged to 2.5 V at a rate of 0.1 C under CC
conditions. The cable battery with the hollow anode reversibly charged and discharged
with stable capacity retention close to its designed cell capacity (per unit length of cable
battery) of 1 mAh cm−1. This is a complex battery design.
II Non-conductive substrate
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When non-conductive substrates are used, a conductive layer must be embedded so
as to work as a current collector. The current collectors are fabricated mainly by metal
deposition and CNTs impregnation. Koo, et al., developed a full flexible LIB based on
all-solid-state materials under polymer sheet wrapping [147]. For the battery fabrication,
a universal transfer approach based on sacrificial mica substrates was used. In detail, a
Ni-based alloy was sputtered on layered mica and used as a current collector. A LiCoO2
layer is consecutively stacked under argon gas on the current collector material as a
cathode electrode by radio frequency (RF) magnetron sputtering with a LiCoO2 sintered
target, followed by HT treatment (700 ºC) using a rapid thermal annealing (RTA)
system.
Figure 1-20 A schematic
diagram of the process for
fabricating cable battery.
Reproduced from ref. [123]
with permission. Copyright
2012 WILEY-VCH Verlag
GmbH

&

Co.

KGaA,

Weinheim.

The deposition of a LiPON electrolyte film was carried out by RF magnetron sputtering
with a Li3PO4 sintered target under pure nitrogen gas, and then Li metal, acting as an
anode/current collector, was deposited by thermal evaporation in a glove box. The final
fabrication step on the mica substrate involved the encapsulation process. The upper
protective encapsulation layer prevented exposure of the LiPON solid electrolyte and Li
anode materials to moisture or oxygen, which would accelerate the degradation of the
battery performance. The mica substrate of the thin-film LIB was peeled off by physical
delamination using sticky tapes. After substrate delamination, the flexible LIB was
transferred onto a PDMS polymer substrate. Finally, the flexible thin-film LIB was
wrapped with another PDMS sheet to enhance the mechanical stability. The structure of
the flexible LIB is shown in Figure 1-21. The LIB properties as a function of the
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bending radius (Rc) showed suitability for a high-performance flexible energy source.
The flexible LIB was capable of a maximum 4.2 V charging voltage and delivered a
capacity of 106 μAh cm-2. This process is high cost and low efficiency.
Nojan reported flexible paper based current collector fabricated from wood
microfibers that were coated with CNTs through an electrostatic layer-by-layer nanoassembly process [148]. The pulp was made from beaten, bleached Kraft softwood
microfibers (less than 1% lignin and 99% cellulose), that were press-dried, and shipped
in bundles of sheets. These hollow microfibers are 2-3 mm in length and 35-50 μm in
diameter.

An

aqueous

dispersion

of

poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT-PSS) conductive polymer and CNTs was used as the
anionic

component,

while

poly(ethyleneimine)

(PEI)

was

used

as

cationic

polyelectrolyte component for the layer-by-layer coating of the wood microfibers.
Coating microfibers with two bilayers of PEI/CNTs in alternate with one bilayer of
PEI/PEDOT-PSS achieved the desired conductivity. The CNTs mass loading was 10.1
μg cm-2. Following CNTs-coating, the wood microfibers were assembled into flexible
paper sheets for use as current collectors. Pastes of the electrode materials were prepared
using 85 wt% of the active materials (Li4Ti5O12 or LiCoO2), 10 wt% Super P carbon,
and 5 wt% PVDF. The electrode materials were then coated on the current collectors by
a spray coating method followed by vacuum-drying. For electrochemical test, the CNTsmicrofiber paper, coated with Li4Ti5 O12 and LiCoO2, were cut in circular samples with
diameter of 0.58 cm, which formed the anode and cathode of the developed battery. A
Celgard separator was used. The outer surfaces of the CNTs-microfiber current
collectors were connected to the output of the battery. The battery assembly was soaked
in 1M LiPF6 in an EC/DEC electrolyte solution (1:1 by volume), pressed, and
encapsulated in a coin cell. The Li4Ti5 O12 and LiCoO2 half-cells with CNT-microfiber
paper current collectors were tested between 0.5 and 1.8 V and 3.5 to 4.3 V,
respectively. The full-cells with Li4Ti5O12 and LiCoO2 electrodes on CNT-microfiber
paper current collectors were tested for charging/discharging performance between 1.2
V and 2.7 V. The capacities of the batteries made with the current collectors were 150
mAh g-1 for the LiCoO2 half-cell, 158 mAh g-1 for the Li4Ti5O12 half-cell, and 126 mAh
g-1 for the Li4Ti5O12/LiCoO2 full-cell.
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Figure 1-21 A schematic diagram of the
process for fabricating a fully flexible LIB
based on all-solid-state materials (LiCoO2 as
a cathode, LiPON as an electrolyte, and Li
film as an anode, respectively) under
polymer

sheet

(PDMS)

wrapping.

Reproduced from ref. [147] with permission.
Copyright 2012 American Chemical Society.

One of the most recent related researches was reported by Petrov's group, who
provided a very complex design of flexible batteries [149]. As shown in Figure 1-22, the
device was arrays of small-scale LIBs that were connected by conducting frameworks
with extraordinary stretchable characteristics. The current collectors consisted of
photolithographically patterned circular disks of Al (600 nm thick) and Cu (600 nm
thick). The overall construct consisted of a square array of 100 electrode disks,
electrically connected in parallel. Experimental detail is shown in ref. [149]. Moulded
pads of slurries based on LiCoO2 and Li4Ti5O12 served as active materials at the cathode
and anode. The slurry materials were composed of LiCoO2 or Li4Ti5O12, acetylene black
and polyvinylidene fluoride, mixed in a weight ratio of 8:1:1 in a solvent of NMP for the
cathode and anode, respectively. The mixture was mechanically scraped across the
etched surface of the silicon wafer, so that the cylindrical wells in the wafer was filled
with slurry. The two sheets laminated together in a way that involved spatial offsets
between the active materials to avoid electrical shorts between them and to eliminate the
need for a separator. A spacer, made of the same silicone elastomer and applied around
the periphery of the system, prevented direct contact of the top and bottom sheets. A gel
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electrolyte injected into the gap provides media for ionic transport. Thin encapsulating
layers of an acryloxy perfluoropolyether elastomer bonded to the outer surfaces helped
to prevent moisture from diffusing into the battery and solvents in the gel from leaking
out.
Figure 1-22 A schematic diagram of
the process for fabricating the devices
with arrays of small-scale LIBs (with
LiCoO2 and Li4Ti5O12 as cathode and
anode materials, respectively) that are
connected by conducting frameworks.
Reproduced from ref. [149] with
permission. Copyright 2013 Nature
Publishing Group.

The as-fabricated and stretched battery electrodes and the cycling behaviour of the
full, integrated battery were tested at a cut-off voltage of 2.5-1.6 V at room temperature.
The result enabled reversible levels of stretchability up to 300%, while maintaining
capacity densities of ~1.1 mA h cm−2.
Flexible anodes
As compared to cathodes, much more research has focused on flexible anodes. This
is probably due to (1) the ease of materials handling, and (2) the configuration
effectively accommodating the large volumetric expansion of Si and Sn. The studies,
according to the substrate/current collector, can also be categorized as flexible anode
with active materials deposited on conductive substrates (carbon films or metal strips)
and flexible anode with active materials deposited on non-conductive substrates. It is
worth mentioning (1) some studies reviewed in the forementioned flexible cathodes also
made novel design of various such type of anodes [134, 139, 147-149]. To avoid
repetition, in this part, I will select several other representative anode systems to
demonstrate the science and technology; and (2) the carbon based substrate may also
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contribute to lithium storage. This issue is not specially addressed in the existing studies
on electrode materials evaluation.
I Conductive substrates
Liu, et al., reported the synthesis of a hierarchical silicon NWs-carbon textiles matrix
as a novel flexible anode for LIBs [140]. Silicon NWs were synthesized via a CVD
process and were dispersed in ethanol by sonication to form a homogeneous slurry.
Cleaned carbon textiles were subsequently coated with prepared Si NWs slurry with a
loading density of 2.4-3.5 mg cm2. Finally, 3D Si NWs-carbon textiles matrix was
achieved by a facile spray-coating approach. Full flexible LIB was assembled using the
prepared Si NWs-carbon textiles anode, commercial LiCoO2 cathode, Celgard 2400
separator, and LiPF6-based electrolyte. For the full batteries, the capacities of cathode
(LiCoO2) and anode (Si) were approximately 10~12 and 2.1~3.4 mAh, and thus these
LiCoO2 cathodes just worked as a counter electrode and the as-assembled full batteries
are anode-limited units. The full battery demonstrated specific capacities of ~1580 mAh
g-1 at 0.2 C (1C=4200 mAh g-1) when cycled at 2.5-4.0 V, a good repeatability/rate
capability (~950 mA h g-1 at 5 C), a long cycling life, and an excellent stability in
various external conditions (curvature, temperature, and humidity), as shown in Figure
1-23.
Figure 1-23 (a) A full flexible Li-ion
battery composed of Si NWs-carbon
textiles anode, commercial LiCoO2
cathode, Celgard 2400 separator, and
LiPF6-based electrolyte, (b) and (c)
cyclic stability and rate capability.
Reproduced from Ref. [140] with
permission. Copyright 2013 Nature
Publishing Group.

Using carbon cloth as templates, Liu, et al., fabricated hierarchical ZnCo2O4 nanowire
arrays/carbon cloth anodes by two-step hydrothermal treatments [141]. ZnCo2O4 NWs
were produced using Zn(NO3)2·6H2O, Co(NO3)2·6H2O, NH4F, and CO(NH2)2 as
precursors. The reactant solution, along with carbon cloth, was transferred into a Teflon-
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lined stainless steel autoclave. The loading density of ZnCo 2O4 was calculated to be
0.3~0.6 mg cm-2. The final flexible battery consisted of produced ZnCo 2O4/carbon cloth
as the anode and commercial LiCoO2 as the cathode. Aluminum and nickel were used as
current collectors and attached to the cathode and anode electrode, respectively. An
aqueous solution of 1.05 mol L-1 LiPF6 in a mixture of EC and DMC (v/v=1:1) served as
the electrolyte along with a Celgard 2400 membrane separator. The final assembly was
produced using an edge bonding machine with flexible plastic bags, as schematically
shown in Figure 1-24. The ZnCo2O4 NWs arrays/carbon cloth anodes exhibit high
reversible capacities and excellent cycling ability. The cycling performance of a
ZnCo2O4/LiCoO2 battery was tested between 2.2 and 3.7 V at a current density of 200
mAh g–1. The reversible capacity of the flexible device maintained a nearly constant
value of approximately 1300 mAh g–1(anode) and still kept about 96% of the initial
capacity even after 40 cycles. In addition, Coulombic efficiency for this device sustained
a constant value of 97-99% throughout cycling.
Some similar studies focused on testing the anodes in half-cell batteries. Liu, et al.,
reported 3D conductive network anode electrodes based on commercial nickel foam
current collector supported Si NWs with carbon coating [142]. A cleaned Ni foam was
completely immersed in Si NWs solution to obtain a piece of Ni foam with fully
absorbed Si NWs. The silicon loading could reach 5 mg cm-2, with no use of binders.
For carbon coating, the pressed Si NWs-Ni foam was completely immersed in a
saturated glucose solution followed by annealing under a H2-Ar atmosphere. For
electrochemical testing, standard CR2032 coin cells were assembled with the pressed Si
NWs-Ni-C foam as the working electrode and Li foil as the counter electrode. 1.0 M
LiPF6 in solution of 1:1 (w/w) EC:DEC was used as electrolyte. The cyclic performance
was tested between 0.01 and 2 V. The resultant anode exhibited an initial capacity of
~2486 mAh g-1 (anode). A reversible capacity of 1500 mAh g-1 was still retained even
after 50 cycles.
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Figure 1-24 A schematic diagram of the process for a full flexible LIB with hierarchical
ZnCo2O4 nanowire arrays/carbon cloth as an anode and LiCoO2 as a cathode.
Reproduced from ref. [141] with permission. Copyright 2012 American Chemical
Society.
Choi, et al., fabricated patterning of electrodes for mechanically robust and bendable
LIBs. 3D nanostructured CuO nanoflakes were grown on the patterned Cu foils via a
simple solution immersion process [143]. Silicon nanoparticles were filled into the
patterned Cu current collectors. The strong anchoring of the nanostructured CuO
materials to the patterned Cu foils remained unchanged even after 100 bending cycles,
resulting in high electrochemical performances, including a high reversible capacity
(~550 mAh g−1 anode after 100 cycles) and a high rate capability (220 mAh g−1 at a rate
of 10 C at cut-off voltages of 0.005-3 V). Liu, et al., prepared flexible anodes with
silicon NPs supported in CNTs paper by low energy ion implantation [145]. Total dose
of Si was ~1x1020 atoms cm-3. The cells were tested at 25 mA g-1 between 0.01 and 2 V
with Li foil as a counter electrode and 1 M LiPF6 in EC and DEC (1:2 v/v) as an
electrolyte, respectively. The implanted Si can improve the specific capacity and the
reversible capacity of CNTs paper. After 50 cycles, the specific capacity of Si-implanted
CNTs paper was 30% higher than the pristine CNTs.
Bradford’s research group reported aligned CNTs-Si sheets as a novel nanoarchitecture for flexible LIBs electrodes [144]. CNTs forests were grown on a quartz
substrate using iron chloride (FeCl2) as the catalyst and C2H2, Ar, and Cl2 as the reaction
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gases. A 10-layer CNTs sheet (2 mg cm-3) was placed onto a quartz substrate for CVD
deposition of silicon. The silicon coated CNTs sheet was further coated with carbon by a
CVD process. Working electrodes were prepared by punching the as-prepared films
directly into disks with a diameter of 0.5 inch. Neither binder nor current collector was
used for preparing the electrodes. Typical electrode mass was 0.4-0.5 mg. The counter
electrode was lithium ribbon. The electrolyte was 1 M LiPF6/EC+DMC+DEC (1:1:1 by
volume). 2032 coin cells were assembled in an Ar-filled glove box. All cells were tested
with cut-off potentials between 0.01 and 1.0 V. At 100 mA g−1, the CNTs-Si-C sheet
anodes exhibited charge capacity of 1494 mAh g−1 (anode) after 45 cycles with a
capacity retention of over 94%. The Coulombic efficiency for each cycle was stabilized
above 98%. At higher rates, i.e., 200, 400, and 800 mA g-1, the capacities were
maintained at ~1500, 1250, and 1000 mA h g−1 with a slight decrease in Coulombic
efficiency as the current density increased.
II Non-conductive substrates
Cheng, et al., reported folding paper-based LIBs for higher areal energy [150].
Laboratory Kimwipes were used as substrates due to their thin and porous nature, which
allowed for the CNTs ink to diffuse easily both inside and outside of the wipe. The
Kimwipes was soaked in the CNTs ink solution to ensure that the CNTs would be
distributed uniformly on the surface and within the paper pores. After soaking the
Kimwipes with CNTs ink solution, the substrate was heated with a heat gun. The
soaking and drying process was repeated several times followed by washing to obtain a
sheet resistivity of ~5 Ω sq-1. Another kind of CNTs-PVDF coated papers was also
prepared in a similar process. Full cells were prepared using Li4Ti5O12 and LiCoO2
powders deposited onto the CNTs coated papers. The slurries were prepared by mixing
the active materials, carbon black and PVDF binder with a ratio of 8:1:1.3 by weight.
The slurry was uniformly coated on the CNTs-coated paper using doctor blading, and
was followed by drying. A piece of Cu or Al foil was used as metal backing layer to
supplement the CNTs/PVDF-coated paper current collector. The full battery was
composed of Li4Ti5O12/CNTs/PVDF-coated paper as anode, monolayer polypropylene
(Celgard 2500) as a separator, and LiCoO2/CNTs/PVDF-coated paper as cathode. Cu
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and Al foils were used as additional current collectors and the cells were sealed in
aluminized polyethylene (PE) bags as pouch cells. The full batteries were cycled
between 1.0 and 2.7 V. Folded cells showed higher areal capacities compared to the
planar versions with a 5x5 cell folded using the Miura-ori pattern displaying a 14X
increase in areal energy density, i.e., 1.4 mA h cm-2 vs. 0.1 mAh cm-2, as shown in
Figure 1-25.

Figure 1-25 A schematic diagram of folding paper-based LIBs consisting of Li4Ti5O12
and LiCoO2 powders deposited onto the CNTs coated papers and the performances of
folded and unfolded cell. Reproduced from ref. [150] with permission. Copyright 2013
American Chemical Society.
Earlier, Wang, et al., reported flexible and highly conductive SWCNTs/polycellulose
papers (SWCNTs/PPs) developed for use as current collectors by a similar process
[151]. PP were cut to desired sizes and dipped into CNTs ink followed by drying. This
process was repeated 10 times to ensure that the polycellulose paper has been
completely saturated with CNTs. Slurries of electrode materials, Li4Ti5O12, LiFePO4 and
anatase TiO2 nanosheets, were prepared by mixing 70 wt% active materials, 20 wt%
Super P Carbon and 10 wt% PVDF binder in NMP as solvent. The conductive
SWCNTs/PPs were immersed into the electrode slurries and immediately taken out after
soaking. CR 2016 coin full cells were made using Li4Ti5O12 and LiFePO4 electrodes
based on SWCNTs/PPs, Celgard 2400 as the separator and an electrolyte consisting of
1.0 M LiPF6 in 1:1 w/w EC-DEC. The charge and discharge measurement of full cells
using Li4Ti5O12 and LiFePO4 electrodes based on SWCNTs/PP conductors was carried
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out in a potential range from 1.4 to 2.6 V (versus Li) at different rates. They showed a
first discharge capacity of 153.5 mA h g−1 with Coulombic efficiencies of 90.6% at
0.1 C and discharge capacity of 102.6 mA h g−1 at high rate (10 C).
Choi, et al., reported silicon nanofibrils on a flexible current collector for bendable
LIB anodes [152]. The flexible current collector was prepared using a Celgard 2400
separator as a substrate. The surface of the separator was treated with O2 plasma to
enhance roughness and adhesion of the copper layer. Copper and silicon were
consecutively sputtered onto the treated substrate by RF-magnetron sputtering to form
the flexible current collector and flexible silicon anode, respectively. The surface
resistance of the copper layer was found to be inversely proportional to the layer
thickness. When the copper layer thickness exceeded 230 nm, a surface resistance of less
than 1 Ω sq-1 was obtained. For battery assembly, lithium metal was used as a counter
electrode with 1 M LiPF6 in 1:1 (v/v) EC: DEC as an electrolyte solution. The
polyethylene separator was soaked in electrolyte prior to cell assembly. The cells were
sealed in aluminized polyethylene laminate bags. The charge-discharge cycling
properties were measured in a voltage region of 0.005-1.5 V under a constant current
condition. The electrode exhibited energy capacities over 2000 mAh g−1 (normalized to
Si) during 30 charge-discharge cycles at C/2. In addition, the Coulombic efficiency
remained over 99% after the third cycle.
In 2013, Vlad, et al., reported roll up nanowire battery from silicon chips [153]. In this
approach, both electrode preparation and full battery assembly are complex and costly.
The full battery is schematically shown in Figure 1-26. Vertically aligned Si NWs
etched from recycled silicon wafers were captured in a polymer matrix that operated as
Li+ gel-electrolyte and electrode separator and peeled off to make multiple battery
devices out of a single wafer. Porous, electrically interconnected copper nanoshells were
conformally deposited around the silicon NWs to stabilize the electrodes over extended
cycles and provided efficient current collection. For full cell measurements, the cathode
was made of LiCoO2, carbon black and PVDF binder in a weight ratio of 85:10:5. The
slurry was prepared by stirring the above mixture of LiCoO2, carbon black and PVDF in
NMP thoroughly, followed by casting onto a LIPOSIL composite film. After vacuum
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drying the resultant structures, an Al thin film was coated by sputtering to serve as a
cathode current collector. The full cells were soaked in 1 M solution of LiPF6 in 1:1
(v/v) mixture of EC and DMC for 1 h prior to the electrochemical studies. When
galvanostatically cycled between 2.8 and 4 V, the cell delivered an initial capacity of
155 mAh g-1 at a current rate of C/20 (C-rate defined as 1C=1 h to discharge). The
battery operated at an average voltage of 3.4 V with little capacity decay for the first 30
cycles. The first cycle Coulombic efficiency was ~80% and following cycles around
90%.

Figure 1-26

A schematic

diagram and SEM images of
the roll-up nanowire battery
from

silicon

chips.

Reproduced from ref [153]
with permission. Copyright
2012 National Academy of
Science.

1.4.1.2 Free-standing electrodes (Type-II)
Free-standing flexible electrodes are generally assemblies of 1D and 2D
nanostructured active materials involving nanostructured carbon (such as graphene,
CNTs, carbon fibers), Si NWs and NPs, metal oxide NWs and NPs, etc. Most of the
assemblies are achieved via a filtration process. Low efficiency is a biggest drawback
that may prevent the practical application of such flexible electrodes. Their relatively
lower mechanical strength is also a concern. As such, such flexible electrodes are still in
laboratorial study and there are few full battery constructions.
Free-standing cathodes
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Lukman developed bendable LIBs with paper-like free-standing V2O5-polypyrrole as
cathodes. The flexible cathodes were prepared by vacuum filtration [159]. A modified
hydrothermal method was used to control the length of V2O5 NWs for the preparation of
free-standing films. The V2O5-PPy composite was prepared by polymerization of pyrrole
monomer in the presence of V2O5 NWs. To ensure the production of a uniform film, the
V2O5-PPy material was dispersed into Triton X-100 surfactant by ultrasonication. The
as-prepared suspension was filtered under vacuum. The resultant mat with its PVDF
membrane was washed by ethanol and dried and then the membrane was peeled off. For
full battery assembly, a gel electrolyte was synthesized from Poly(vinylidenefluoride-cohexafluorpropylene) P(VDF-HFP), NMP and 30 nm Al2O3 powders. The gel electrolyte
slurry was casted onto the surface of the freestanding V2O5-PPy electrode and dried
under vacuum. After evaporation of the NMP, the electrode with gel electrolyte
precursor was soaked in a conventional electrolyte solution of LiPF6/EC-DMC. The
electrode with gel electrolyte was fabricated into flexible bendable cells with lithium foil
as the counter-electrode. Flexible and soft aluminium laminated pack materials were
used to assemble the bendable cells. Figure 1-27 contains a schematic diagram of a
typical flexible and bendable cell. The battery performance of the repeatedly bent cell
was similar to that of the conventional cell. The V2O5-PPy film delivered a significantly
higher reversible capacity than the pristine V2O5 film and an excellent cycling stability
(187 mAh g−1 cathode when cycled between 1.5 and 4.0 V at a constant current of 40
mA g−1 after 100 cycles). Similarly, Qian, et al., prepared free-standing, flexible V2O5graphene composite films by simple filtration of aqueous dispersions of V2O5 NWs and
graphene sheets [160]. V2O5 NWs were preferentially oriented along the plane of the
film as they were sandwiched between stacked graphene sheets in the composite film.
The V2O5 content in the composites was adjusted simply by varying the relative amount
of the dispersions. Thermal annealing at 300 °C increased the conductivity of the
composite films. Electrochemical cycling was conducted in a voltage range from 2.1 V
to 4.0 V (vs. Li/Li+) and a rest time of 5 min before each discharge and charge step. In
binder-free, sandwich-type LIB cells, a composite film containing 75.8 wt% V2O5
delivered discharge capacities of 283 mAh g−1 and 252 mAh g−1 cathode at a current
density of 50 mA g−1 during the first and 50th cycles, respectively. A composite film
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containing 42.8 wt% V2O5 delivered a discharge capacity of 189 mAh g−1 at 750 mA g−1
because of the presence of more graphene and hence the higher electrical conductivity.
Ding, et al., reported 3D graphene/LiFePO4 nanostructures (GLFP) used as cathode
materials for flexible LIBs [161]. The flexible GLFP electrodes were fabricated by a
facile solvent evaporation process. In a typical procedure, 90% GLFP composites and
10 wt% PVdF were mixed together in a beaker with NMP as a solvent and subsequently
dried under vacuum. Flexible electrodes were prepared by peeling off from the bottom
of the beaker. The electrode thickness was kept constant at 200 μm. Prior to cell
assembly, the flexible electrodes were bent symmetrically with a bending angle of 45°,
90° and 120° and repeated for 100 times, respectively. Test cells were assembled with
the flexible GLFP as cathode, lithium metal as anode and Celgard 2300 film as a
separator. An electrolyte of 1 M LiPF6 dissolved in EC+DMC (1:1, v/v) was used.
Charge/discharge experiments were performed at 25 °C in the voltage range of 2.4-4.2
V. The graphene/LiFePO4 nanostructures showed high electrochemical properties and
significant flexibility. The composites with low graphene content exhibited a high
capacity of 163.7 mAh g−1 at 0.1 C and 114 mAh g−1 at 5 C with no addition of
conductive agents.
Figure

1-27

A

schematic

diagram of a full flexible LIB
with paper-like free-standing
V2O5-polypyrrole as a cathode
and a lithium foil as an anode.
Reproduced from Ref. [159]
with
2012

permission.
Royal
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Free-standing anodes
Free-standing anode electrodes have attracted a great deal of attention in the field of
advanced materials research due to their ease of fabrication and wide variety of
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nanostructures of potential anode materials. Furthermore, most of these nanostructures
typically employ an alloying process during lithiation as opposed to an intercalation
mechanism. According to the composition, the free-standing anodes can be categorized
as anodes with carbon in 2D or 3D assembly and hybrid anodes from assembly of
carbon and high-capacity nanomaterials.
Anodes with carbon in 2D or 3D assembly
Besides use as current collectors in flexible electrodes, the 2D and 3D carbon
assembly, e.g., graphene paper, CNTs films, or graphene-CNTs composites, are tested
directly as flexible anodes for LIBs [162-178]. Landi, in 2008, studied the lithium ion
storage capacity of SWCNTs paper electrodes. Treated SWCNTs was filtered to form a
free-standing SWCNTs paper [181]. These SWCNTs papers (each with a mass of ~1
mg) were assembled into a two-electrode electrochemical cell and tested in an Ar glove
box. Lithium ribbon was applied on the opposite stainless steel electrode from the
SWCNTs paper with an electrolyte-soaked Celgard 2325 spacer in between. An
electrolyte was freshly prepared by using 1 M LiPF6 in a solvent mixture containing a
combination of EC, PC, and DMC. The free-standing SWCNTs electrode with this
electrolyte combination demonstrates enhanced cyclic stability, retaining >95% of the
initial capacity after 10 cycles. Galvanostatic cycling was performed at room
temperature from 3 V to 0.005 V (vs Li/Li+). At a current of 372 mA g-1, the purified
SWCNTs papers exhibit reversible lithium ion capacities between 250 and 300 mAh g -1
anode. Later, Liu’s group studied the electrochemical performances of CNTs paper
made from three different types of commercial CNTs, i.e., single-walled, double-walled,
and multi-walled [165]. The conductive CNTs films were prepared by adding the CNTs
to the starting dispersion of carbon black and Triton X-100, followed by vacuum
filtration. Test electrochemical cells were assembled using the free-standing CNTs films
as the working electrode and Li metal as both the counter and reference electrode. The
electrodes were separated by a 1 mm thick glass-fiber separator saturated with 500 μL of
electrolyte solution, 1 M LiPF6 in EC: DMC in 1:1 mass ratio. The cells were
galvanostatically charged and discharged between 0.01-2.00 V vs. Li/Li+, at a constant
specific current of 25 mA g−1. The films based on multi-wall CNTs (MWCNTs)
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displayed much better electrochemical performance (175 mAh g−1 at a rate of 10 C (1 Crate is defined as 300 mA g−1)) compared to films produced using single-wall and
double-wall CNTs. Recently, Sun's research group developed a novel flexible
nanoporous CNTs film that was used as flexible anode for LIBs, as shown in Figure1-28
[172]. The CNTs film was prepared by a vacuum filtration method on Celgard 3500
polypropylene separator. A coin-type electrochemical half-cell included a prepared
electrode as the working electrode and a lithium foil as the counter electrode. The
electrolyte was composed of 1M LiPF6 salt dissolved in EC: DEC: EMC in a 1:1:1
volume ratio. Electrochemical testing indicated that the assembled cell could reach a
specific capacity up to 378 mA h g-1 when cycled between 0.01 and 3 V.
Wang, et al., first reported chemically prepared graphene paper exhibiting
distinguishable electrochemical properties [162]. The graphene papers from vacuum
filtration were mechanically strong and electrically conductive with Young’s modulus of
41.8 GPa, tensile strength of 293.3 MPa, and conductivity of 351 S cm−1. The first
discharge for this electrode exhibited a consistent flat plateau and a discharge capacity of
528 mA h g−1 with a cutoff voltage of 2.0 V. The midpoint of the discharge plateau was
2.20 V (vs Li/Li+), offering a specific energy density of 1162 W h kg−1. These initial
results indicated that a battery composed of a graphene paper cathode and a lithium foil
anode may have potential practical application as a power source. Nevertheless, the
specific capacities of the papers in this study and the followings are not higher than the
theoretical capacity of graphite, which diminishes their potential of practical application.
Sun’s research group designed specific experiments to explain the lower battery
performances of the graphene papers [173]. For this purpose, three types of graphene
papers, with thickness of ~1.5, 3 and 10 μm, respectively, were fabricated by vacuumassisted filtration of reduced graphene nanosheets suspended in water. These papers
delivered contrasting lithium storage capacities, with thinner papers consistently
outperforming thicker ones. When cycled in a range of 0.01-3V, the 1.5 μm paper gave
rise to initial reversible specific capacities (the first 10 cycles) of ~200 mAh g−1 at a
current density of 100 mA g−1, while the 10 μm paper only presented ~80 mAh g−1 at a
current density of 50 mA g−1. After 100 cycles, a specific capacity of ~180 mAh g−1 was
retained for the 1.5 μm paper; in contrast, only ~65 mAh g−1 remained for the 10 μm
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paper. The capacity decline with the paper thickness was explained by the dense
restacking of graphene nanosheets and a large aspect ratio of the paper. The effective Li+
diffusion distance in graphene paper is mainly controlled by the thickness of the paper,
and the diffusion proceeds mainly in in-plane direction, cross plane diffusion is
restrained. As such, the effective contact of graphene nanosheets with electrolyte is
limited and the efficiency of carbon utilization is very low in the thick papers.
To support this explanation and suggest a potential way to improve the storage
capacity of the flexible anode, they prepared free-standing hybrid papers by the vacuumassisted filtration of graphene nanosheets (GNS) and CNTs both suspended in water, an
approach that is environmentally benign [184]. The CNTs are randomly dispersed
between the GNS and hence, the hybrid papers exhibit high mechanical strength and
flexibility even after being annealed at 800 C. The hybrid paper exhibited initial
reversible specific capacities of ~375 mA h g -1 at 100 mA g-1. The capacities remain
above 330 mAh g-1 after 100 cycles, which are about 100 mAh g-1 higher than those of
the graphene paper with nearly the same mass. The improved capacities were attributed
to the contribution of the CNTs, which prevent restacking of the GNS, increase crossplane electric conductivity of the paper and simultaneously, store Li ions. The related
results are shown in Figure 1-28.
(a)

(b)

Figure

Schematic

1-28

diagrams and SEM images of
the free-standing papers made
from
(c)

CNTs

graphene

(d)

(a
and

and

b),
their

hybridization (c and d). (refs.
172, 173, 174).
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There are also some other studies aiming at improving the capacities of graphene
based flexible anodes. Liu, et al., reported a novel method to fabricate graphene paper
with folded structured graphene sheets [175]. Graphene oxide (GO) dispersion in water
was first transferred into a Petri dish and frozen at -50 °C. The GO aerogel was formed
by freeze-drying of the ice solid under vacuum. The GO aerogel could be converted into
a graphene aerogel by directly heating. Graphene paper was obtained by pressing the
graphene aerogel at 10 MPa. The density of the pressed aerogel was about 3 mg cm-3,
and had an electronic conductivity of 18 S cm-1. For LIB tests, a small piece of graphene
paper was used exclusively as the working electrode. CR2025 coin cells were fabricated
using lithium metal as the counter electrode, Celgard 2400 as the separator, and 1 M
LiPF6 in EC/DMC/DEC (1:1:1 vol%) as the electrolyte. Charge-discharge tests were
performed in a potential range 0.01-3.5 V vs. Li/Li+. At current densities of 200, 500,
1000, and 1500 mA g−1, the corresponding reversible specific capacities of the asprepared graphene paper can reach 557, 268, 169, and 141 mAhg−1 anode, respectively.
After 100 cycles, the reversible capacity was still maintained at 568 mA h g−1 at 100 mA
g−1. Zhao, et al., reported flexible holey graphene paper electrodes with enhanced rate
capability [176]. To create porous graphene sheets, aqueous GO suspension was treated
by concentrated HNO3. The resulting holey GO papers were obtained by vacuum
filtration. The rHGO working electrodes were typically 0.2-0.3 mg cm–2 and ~5 μm
thick. Electrochemical measurements were carried out on rHGO papers using twoelectrode coin cells with Li metal as the counter electrode. A microporous glass-fiber
membrane was used as separator, and a Cu foil was employed to connect the rHGO
papers to external leads. The electrolyte consisted of 1 M LiPF6 in EC/DMC (1:1, v/v).
Galvanostatic measurements were conducted at various current densities, typically in a
voltage range 0.02-1.5 V vs Li/Li+. The maximum specific capacity of over 400 mAh g -1
anode and capacity retention of >30% at 5.4 C (1C equals a theoretical capacity of 372
mAh g-1) were observed in the paper with an optimal in-plane pore size of 20-70 nm.
Hybrid anodes from assembly of carbon and high-capacity nanomaterials
The capacities of full-carbon based flexible anodes are limited due to the limited
capacity of graphite, i.e., 372 mAh g -1, a typical structure of carbon that is suitable for
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use as anode materials. The existing studies only conceptually provide some systems
that show increased capacities. These systems are too brittle to be practically used [176].
Hence, much more studies have focused on incorporating high-capacity materials into
the flexible paper and for this, nanostructured Si, nanostructured Sn, and nanostructured
transition metal oxides were extensively investigated [179-192]. Yue, et al., fabricated a
nano-Si/MWCNTs free-standing paper electrode by a simple filtration and post sintering
process [179].The filtration method used sodium carboxymethyl cellulose (CMC) as a
dispersing/binding agent. The nanosized Si particles were dispersed homogeneously and
intertwined by the MWCNTs throughout the whole paper electrode. The cells were
charged and discharged galvanostatically in a fixed potential window from 0.01 V to 1.5
V. After thermal sintering, the Si/MWCNTs paper electrode exhibited a significantly
improved flexibility with a Si content of 35.6 wt% as compared with before sintering,
and retained a specific capacity of 942 mAh g−1 after 30 cycles with a capacity fade of
0.46% per cycle. Cui’s research group reported a novel anode structure by integrating a
flexible, conductive CNTs network into a Si anode [180]. In the composite film, the
infiltrated CNTs network functioned as both mechanical support and electrical
conductor and Si as a high capacity anode material. Stainless steel mesh supported
CNTs film, free-standing CNTs film, or free-standing CNTs-SiNP films were loaded
into a chemical-vapor-deposition (CVD) tube furnace with silane as the silicon source.
Such a free-standing film had a low sheet resistance of ~30 Ohm sq -1. To test the battery
performance of the various free-standing films, pouch type half cells were made using
free-standing films as the working electrode, a Celgard 2250 separator, and a Li metal
foil as a counter electrode. The used electrolyte was 1.0 M LiPF6 in 1:1 w/w EC/DEC.
The C-Si NW electrodes were cycled between 1 and 0.01 V. A film of 1 m shows a
high specific charge storage capacity (~2000 mAh g-1 Si) and a good cycling life.
Lee, et al., fabricated Si NP-graphene paper composites in air [181]. Less than 30 nm
Si nanoparticles were transferred from storage into a vial and exposed to air overnight to
ensure formation of a surface layer of silicon oxide in order to facilitate dispersion in
water. First, they were dispersed in a small amount of de-ionized water using sonication.
Then, the GO suspension was added. The mixture was sonicated and then suction
filtered. Composites of Si nanoparticles highly dispersed between graphene sheets, and

69

supported by a 3D network of graphite formed by reconstituting regions of graphene
stacks exhibited high Li ion storage capacities and cycling stability. The cells were
cycled at a 100 mA g−1 constant current mode (2-0.02 V). The lithium storage capacities
were >2200 mA h g−1 Si after 50 cycles and >1500 mA h g−1 Si after 200 cycles. Tao, et
al., reported self-supporting Si/RGO nanocomposite films prepared by thermal reduction
of Si/graphene oxide nanocomposite, which was fabricated by dispersing silicon
nanoparticles into an aqueous suspension of graphene oxide nanosheets [182]. The Si
nanoparticles were well encapsulated in a RGO matrix and the Si/RGO composite had
much higher reversible discharge capacity and a better cycle stability than pure
nanosized Si particles and the RGO. The cells were charged and discharged
galvanostatically in a fixed voltage window from 0.01 V to 1.5 V at 25 °C. The Si/RGO
nanocomposite film delivered a reversible specific capacity of 1040 mAh g− 1 in the first
cycle, with an initial Coulombic efficiency of 63%. After 30 cycles, the capacity
retention was 94% (about 977 mAh g− 1). Wang, et al., reported 1D/2D hybridization for
self-supported binder-free SiNWs-graphene paper based LIB anodes by a filtration
method [183]. The SiNW-RGO electrode delivered a significantly high specific capacity
of about 3350 mA h g−1 at 0.2 C (840 mA g−1), which remained relatively constant over
more than 20 cycles and exhibited a slow decay afterwards. The rate performance
revealed that the galvanostatic charge-discharge profiles of SiNW-RGO were very
similar at various rates from 0.1 C to 2 C. More importantly, under fast (2 C) and deep
(2.0-0.002 V) discharge-charge cycling, a high specific capacity of ca. 1200 mA h g−1,
was obtained.
SnO2 based flexible anodes are also receiving extensive research interest. Wang, et
al., developed a new facile route to fabricate N-doped graphene-SnO2 sandwich papers
[184].

A

homogeneous

graphene

oxide

suspension

prepared

in

H2O/N,N-

dimethylformamide (DMF) solvent was by reduction by hydrazine monohydrate. A
freshly prepared green 7,7,8,8-tetracyanoquinodimethane anion (TCNQ−) acetonitrile
solution was introduced to the above graphene suspension, after which a certain amount
of SnCl2 was quickly added to the solution. The obtained precipitate was washed and
dried under vacuum. The paper-like samples were thermally treated to give final
product. For testing, the working electrode was prepared by directly pressing a piece of
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sample paper onto the Cu mesh current collector. A Li metal foil was selected as the
reference and counter electrode. The electrolyte was 1 M LiClO4 in EC and DEC (1:1 in
v/v). Galvanostatic discharge/charge measurements were performed over a potential
range of 3 V-0.05 V vs. Li+/Li. At the second discharge, the N-doped G-SnO2 paper
delivered a capacity of 918 mAh g−1 (the total weight of the N-doped G-SnO2 paper was
used to calculate the capacity values). More importantly, the N-doped G-SnO2 papers
exhibited high rate capacities. The specific capacity was maintained at values as high as
683 mAh g−1 and 619 mAh g−1 after the current density was increased to 1000 mA g−1
and 2000 mA g−1, respectively. Even at a current density of 5000 mA g−1, the material
still delivered a capacity of 504 mAh g−1. Liang, et al., reported a flexible free-standing
graphene/SnO2 nanocomposites paper (63 wt% SnO2 and 37 wt% graphene) by coupling
a simple filtration method and a thermal reduction together [185]. Compared with the
pure SnO2 nanoparticles (50-150 nm), the composite paper exhibited a better cycling
stability. This is due to the graphene’s high mechanical strength and elasticity which acts
as a buffer minimizing the volume expansion and contraction of SnO2 nanoparticles
during the Li+ insertion/extraction process. Charge-discharge measurements were carried
out galvanostatically at a current density of 100 mA g-1 in a voltage range of 0.005
V~1.5 V. The specific capacity of the paper drastically increased during the initial 25
cycles as the wetting improved and then reached a high specific capacity of 526 mAh g-1
anode. After 50 cycles, the discharge capacity still remained 438.5 mAh g -1,
demonstrating about 83.4% retention of the reversible capacity of the 25th.
Lukman, et al., reported free-standing SWCNTs/SnO2 anode papers created via
vacuum filtration of SWCNTs/SnO2 hybrid material which was synthesized by the
polyol method [186]. In a typical procedure, SWCNTs/SnO2 hybrid material was
dispersed into Triton X-100 surfactant. The suspension was then ultrasonically agitated.
The as-prepared suspension was vacuum filtered. The resultant mat was then washed,
dried, and then peeled off from the filter. To obtain highly crystalline SnO2, the paper
was heated at 300 °C. The CNTs form a 3D nanoporous network, in which ultra-fine
SnO2 nanoparticles, which had crystallite sizes of less than 5 nm, were distributed,
predominately as groups of nanoparticles on the surfaces of single walled CNTs bundles.
For flexible cells, porous electrolyte film was prepared by the liquid-liquid extraction
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process containing P(VDF-HFP), NMP and nanoscale Al2O3 powders, and LiPF6
solution in EC and DEC in a 1:2 ratio (v/v). The resulting electrolyte slurry was cast on
the surface of the SWCNTs/SnO2 anode paper and dried. It was then soaked in the 1
mol/L solution of LiPF6/EC-DEC (volume 1:1) to make the porous polymer electrolyte.
After the excrescent solution at the surface of the electrode was absorbed with filler
paper, a flexible cell was fabricated from the SWCNTs/SnO2 anode with the gel
electrolyte, a lithium foil as counter and reference electrode, and a porous polypropylene
film as a separator, using an aluminum laminated pouch as the casing. To test the
electrochemical performance, charge-discharge capacity measurements were carried out
in a voltage range of 0.01-2 V at a constant current density of 25 mA g−1. It was
demonstrated that an anode paper with 34 wt% SnO2 had excellent cyclic retention, with
the high specific capacity of 454 mAh g−1 beyond 100 cycles. The SWCNTs/SnO2
flexible electrodes can be bent to extremely small radii of curvature and still function
well, despite a marginal decrease in the conductivity of the cell. The electrochemical
response was maintained in the initial and further cycling process.
Besides the two highly desired materials, Si and Sn, some other nanostructured metal
oxides were also investigated. Yang, et al., reported graphene-coated Co3O4 fibers for
high-performance LIBs [187]. To integrate graphene sheets and Co 3O4 fibers into an
assembly, the Co3O4 fibers were first modified by 3-Aminopropyltrimethoxysilane
(APS). The prepared GO suspensions were dispersed in water by a sonication process.
Both the GO solution and the modified Co3O4 fibers were first mixed at pH 8. The
GNS/Co3O4 composite papers were fabricated by filtering the above mixed solution
through membrane filters followed by hydrazine reduction. For the testing of
GNS/Co3O4 composite paper, the working electrode was prepared by directly pressing a
piece of sample paper onto the Cu current collector. Electrochemical measurements
were performed using Swagelok-type cells with lithium foil as the counter/reference
electrode, Celgard 2400 membrane as the separator. The electrolyte was a 1 M LiPF6
solution in a 1: 1 (w: w) mixture of EC and DMC. Galvanostatic cycling test was
performed in a voltage window of 0.01-3.00 V at a current density of 100 mA g–1. The
composite anodes exhibited reversible capacities of ~840 mA h g-1 after 40 cycles,
excellent cyclic stability and good rate capacity. Wang, et al., reported flexible free-
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standing hollow Fe3O4/graphene (H-Fe3O4/GS) films through vacuum filtration and
thermal reduction processes, in which graphene formed a 3D conductive network, with
hollow and porous Fe3O4 spindles captured and distributed homogeneously [188]. The
electrochemical properties of the H-Fe3O4/GS composites as the negative electrode were
characterized at room temperature. Li foil was used as the counter electrode. The
electrolyte was 1 M LiPF6 in a 1:1 w/w mixture of EC and DMC. Cyclic performances
were performed in a voltage range 0-3.0 V. The H-Fe3O4/GS with 39.6 wt% graphene
exhibited a high specific capacity (1555 mA h g−1 at 100 mA g−1 based on the total mass
of the composites), enhanced rate capability and excellent cyclic stability (940 and 660
mA h g−1 at 200 and 500 mA g−1 after 50 cycles, respectively). Zhou, reported an
Fe2O3/single-walled carbon nanotube (Fe2O3/SWCNTs) membrane with high Fe2O3
loading (88 wt%) prepared by oxidizing a flow-assembled Fe/SWCNTs membrane
[189]. The Fe2O3/SWCNTs membrane shows a high reversible capacity of 1243 mA h
g−1 at a current density of 50 mA g−1 and an excellent cyclic stability over 90 cycles at
500 mA g−1.
Zhang, et al., reported free-standing and bendable CNTs/TiO2 nanofibres composite
electrodes [190]. Chemically treated CNTs and TiO2 nanofibres were dispersed evenly
in distilled water and Triton X100 solution at a desired weight ratio followed by
filtration. The free-standing films were cut to 10.0 mm x 10.0 mm pieces and assembled
into CR2032 coin cells. The free-standing films weighed about 1 mg. In these cells,
lithium foils acted as the counter electrode, and the electrolyte was 1 M LiPF6 in
EC:DMC (1:1 ratio). When tested in a range of 1.0-3.0 V vs. Li/Li+ reference, the
composite papers delivered about 35 and 25 mAh g−1 at 835 mA g-1 and 1670 mA g-1
rates, respectively at a CNTs/TiO2 weight ratio of 1. Another type of freestanding
graphene-TiO2 paper was reported by Zhao, which is composed of mesoporous rutile
TiO2/C nanofibers with low carbon content (<15 wt.%) prepared by electrospinning
[191]. Big size (10 cm × 4 cm), flexible thin film is obtained after heat treatment under
H2-Ar. After optimization, the diameter of fibers can reach as small as ~110 nm, and the
as-prepared rutile TiO2 films show high initial electrochemical activity with the first
discharge capacity as high as 388 mA h g−1 in a range of 1.0 and 3.0 V at room
temperature. Moreover, very stable reversible capacities of ~122, 92, and 70 mA h g−1
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are achieved respectively at 1, 5 and 10 C rates with negligible decay rate within 100
cycles.
Yun, et al., reported free-standing heterogeneous hybrid papers based on mesoporous
γ-MnO2 particles and acid-treated SWCNTs for LIB anodes [192]. The a-SWCNTs and
mesoporous γ-MnO2 particles were dispersed separately in distilled water by ultrasound
treatment. The two dispersions were mixed and were then vacuum filtered. The high
surface area mesoporous γ-MnO2 particles are well dispersed throughout the nanoporous
a-SWCNTs networks. These anodes exhibit a high electrical conductivity of 2.5×102 S
cm−1 with high flexibility. The electrochemical performances of the composite papers
were evaluated in a CR2016-type coin cell, employing a composite electrode with
metallic lithium foil and 1 M LiPF6 dissolved in a solution of EC/DMC/DEC (1:2:1 v/v)
as the electrolyte. The cells were galvanostatically cycled between 0.01 and 3.0 V vs.
Li/Li+ at various current densities. For 50 wt% mesoporous γ-MnO2 particle-loaded
anodes, a high reversible capacity of 934 mA h g−1 anode was maintained after 150
cycles. Chen, et al., reported “free-standing” ACNTs/PEDOT/PVDF membrane
electrode [166], which was lightweight, flexible, highly conductive, and mechanically
robust. In a typical experiment, following production of the aligned CNTs on a quartz
plate, a PEDOT film (100 nm) was deposited onto the CNTs array by chemical vapor
phase polymerization. A thin film of ferric p-toluenesulfonate (Fe(III) tosylate) was
coated on the aligned CNTs (ACNTs) array. The Fe(III) tosylate coated ACNTs array
was then exposed to 3,4-ethylenedioxythiophene (EDOT) monomer vapor in the vaporphase polymerization (VPP) chamber. Following air-drying, the PEDOT-coated ACNTs
array was washed and dried. The ACNTs/PEDOT/PVDF membrane electrode had an
electronic conductivity over 200 S cm-1. The lithium-ion testing cell was assembled by
stacking a porous polypropylene separator containing liquid electrolyte between the
ACNTs/PEDOT/PVDF electrode and a lithium-foil counter electrode. The electrolyte
was 1.0 M LiPF6 in a 1:1 (v/v) mixture of EC and DMC. The capacity of the
ACNTs/PEDOT/PVDF electrode was 50% higher than that observed for free-standing
SWCNT paper. The cell was cycled at room temperature between 0 and 2.0 V at a
constant current density of 0.1 mA cm-2 for the time required to reach the potential limit.
The flexible electrode delivered a stable discharge capacity of 265 mA h g -1 after 50
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cycles, which was significantly higher than the value obtained previously for SWCNT
paper (173 mA h g-1) under identical working conditions.

1-4-2 Electrolytes
For LIBs, the electrolyte is an electronic insulator working mainly as a medium that
allows Li+ to diffuse between anode and cathode. The selection of electrolyte can even
determine the battery design, e.g., when an optimal, flexible solid state electrolyte (SSE)
is used. However, from the summaries of the flexible electrodes in the last part, it can be
seen most of the existing studies used LiPF6 based liquid electrolyte. This is a big safety
concern because a large extent of mechanical deformation that is commonly exerted on
flexible batteries is likely to induce internal short-circuit failures between electrodes,
resulting in fire or explosion of the cells. As such, it is highly desirable to develop a
flexible SSE for practical flexible LIBs applications.
For flexible LIBs, besides providing Li+ diffusion channels and inhibiting electron
transfer, a SSE can also work as a substrate that holds the electrode materials,
functioning as a backing composite for the electrode. For such a configuration, the
electrode materials slurries are usually pasted onto the SSE [175]. An optimal SSE must
possess high ionic conductivity, good mechanical properties, no electrolyte leakage, low
flammability, and low toxicity. In fact, most of the existing polymer electrolytes exhibit
poor ionic conductivity, which is typically less than 10−4 S cm−1 in comparison to LiPF6
based liquid electrolyte with a conductivity of 10−2 S cm−1 scale. Improving ion
conductivity of SSE has been one of the key topics in polymer science and LIB research
(including flexible LIBs). Many different strategies have been proposed, which can be
found in several review paper [193-212]. One of the potential solutions is to explore low
melting point ionic conductors such as plastic crystal electrolytes (PCEs), which are
composed of lithium salts and plastic crystals bearing excellent solvating capability
[197,203, 207-212]. The ionic conductivity of such electrolytes can be in 10−3 S cm−1
scale. Nevertheless, they suffer deterioration of mechanical properties when delivering
high ionic conductivity. To bring mechanical strength to the SSE, plastic crystal
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composite electrolytes (PCCEs) were developed, which use a polymer matrix as a
mechanically reinforcing framework [209-212]. However, such an approach brings in
another challenge, i.e., an optimal composition ratio of the polymer matrix/PCE must be
achieved to balance the mechanical properties and electrochemical performance. A large
concentration of PCE in the PCCEs does deliver high ionic conductivity but reduce the
mechanical properties; on the other hand, too much polymer addition will reduce the
ionic conductivity of the SSE. It remains a big challenge to maintain high mechanical
properties and ionic conductivity for the PCEs.
Figure 1-29 A schematic diagram
illustrating the UV-curing process
and photographs depicting the
physical appearance of solid state
electrolytes.

Reproduced
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Copyright 2012 Royal Society of
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Some work has advanced SSE research. The most recent studies on this topic were
carried out by Lee's research group, who developed a facile approach to fabricate a
highly bendable PCCE [209]. Figure 1-29 presents a schematic diagram illustrating the
UV-curing process and photographs depicting the physical appearance of solid state
electrolytes PCE, X-PCCE, and S-PCCE. This is based on integration of a semiinterpenetrating polymer network (semi-IPN) matrix with a PCE and 1 M lithium bistrifluoromethanesulfonimide (LiTFSI) in succinonitrile (SN). Both S-PCCE and XPCCE provide excellent ionic conductivities of higher than 10 -3 S cm−1 at room
temperature. For evaluation of cell performance, the PCCE was fabricated directly onto
a LiCoO2 cathode/PVdF/Super-P in order to both impregnate the PCCE into the porous
cathode and create a PCCE film onto the cathode. In this the PCCE serves both as an
ion-conductive separator membrane and also as a solid electrolyte inside the cathode. A
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2032 coin cell was assembled by sandwiching the PCCE-integrated cathode with a Li
metal anode. The discharge capacities, discharge C-rate capability, and cyclability of the
cells were estimated using a cycle tester. The discharge current densities were varied
from 0.1 C (=0.02 mA cm−2) to 1.0 C at a constant charge current density of 0.1 C under
a voltage range between 3.0 and 4.2 V. The initial discharge capacity (at a discharge
current density of 0.1 C) of the integrated cathode was ~138 mAh g−1. Furthermore, the
same group invented new imprintable polymer electrolytes for flexible LIBs [211]. The
material consisted of a UV-cured polymer matrix, high-boiling point liquid electrolyte,
and Al2O3 nanoparticles. The ionic conductivity of the c-GPE was higher than 10-3 S cm1

at room temperature, which improved with increasing temperature. Cycling

performance of the cell (LiCoO2 cathode/c-GPE/lithium metal anode) was examined
using a flat c-GPE film, where the cell was cycled between 3.0 and 4.2 V at a rate of 0.5
C. The capacity remained at ~130 mAh g -1 over 50 cycles. The cycling performance of
the cell (Si anode/c-GPE/Li metal) using inversely-replicated c-GPE as an electrolyte
was conducted with cycling from 0.01 and 1.5 V at a rate of 0.5 C. The initial charge
was found to be 2680 mAh g−1, but declined gradually afterwards as a result of the
volume change in Si during cycling.
Lin, et al., reported a wider operating SSE consisting of polysiloxane, PVDF, and
LiTFSI [212]. The SSE shows a relatively high decomposition temperature of 275 C.
With 30 wt% LiTFSI, the ionic conductivities were 7.9x10 -5 S cm−1 at 25 C and 8.7x104

S cm−1 at 80 C, respectively. The electrolyte was tested up to 5.17 V at 25 C and 5.05

V at 60 C, which were higher than currently used liquid organic electrolytes. Batteries
employing LiFePO4 as a cathode, a lithium foil as an anode and the SPE thin film as an
electrolyte were assembled. At 25 C, the initial discharge capacity at 0.2 C (the
theoretical specific capacity of LiFePO4 is 174 mAh g−1, i.e., 1 C) was 144 mA h g-1 and
98% of the capacity was retained after 100 cycles; the discharge capacity was 115 mA h
g-1 after 100 cycles at 1 C and there was no significant decay after 200 cycles.
Furthermore, the battery reached the discharge capacity of 144 mA h g-1 at the 100th
cycle at 60 C and 1 C.

1-4-3 Fundamental understanding and simulation of flexible batteries
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LIBs only have less than 30 years of history, and there are many fundamental
problems which remain unsolved. More challenging problems also exist in the flexible
LIB systems, and some of them are currently not experimentally explorable.
Mathematical modeling and computer simulations have proven to be powerful tools for
gaining some important information in electrochemical energy conversion and storage
[213-221]. For flexible LIBs, the simulations, when combined with experimental data,
have provided some satisfactory description of the battery system, and several
conclusions regarding battery performance and rate limitations have been made. In 2000,
in order to model lithium-ion polymer cells with higher active material loadings and
with energy densities and specific energies close to those of liquid LIBs, Arora, et al.,
compared computer simulations with experimental data for Bellcore PLION® cells
[219]. The Bellcore plastic lithium-ion cells consisted of porous composite positive and
negative electrodes and a plasticized electrolyte, which was composed of 1 M LiPF6 in
2:1 v/v mixture of EC/DMC and silanized fumed silica-filled p(VdF-HFP) copolymer
matrix. The composite electrodes were a mixture of MCMB 2528 or LiMn2O4, polymer
binder, nonaqueous electrolyte, and conductive filler additive. The current collectors
were expanded metal mesh made of aluminum or copper. Cells with different electrode
thickness, initial salt concentrations, and higher active material loadings were examined
using the mathematical model to understand the transport processes in the plasticized
polymer electrolyte system. Agreement between the simulations and experimental data
were obtained by using the contact resistance at the current collector/electrode interface
as an adjustable parameter for different cells, with values vary from 20 to 35 Ω cm-2
based on separator area. The contact resistance was assumed to originate at the mesh
current collector interfaces. Reducing the salt diffusion coefficient by a factor of two or
more at the higher discharge rates was necessary to obtain better agreement with the
experimental data. Based on the experimental data and model predictions, the authors
concluded that the solution-phase diffusion limitations are the major limiting factor
during high-rate discharges.
Wang, et al., did mesoscale modeling of a Li-ion polymer cell by constructing finite
element models of a 3D, porous cathode and analyzed them with a COMSOL
multiphysics package [220]. Four types of cathode active material particles, arranged in
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both regular and random arrays, were modeled. Experimental studies of a Li/PEOLiClO4/Li1+x Mn2O4 (where 0<x<1) cell were used to validate the simulation results.
Two parameters, Li ion diffusivity into Li1+x Mn2 O4 particles, and contact resistance at
the interface between cathode particles and the current collector, were obtained by
curve-fitting discharge curves of regular array models simulation results with
experimental results. The average size of the Li1+x Mn2O4 particles is ~3.6 μm.
Diffusivities of Li ions were found to be 4×10−13, 6×10−13, 1×10 −12, and 5×10−12 cm 2 s1

for the Li1+x Mn2O4 particles sintered at 800, 600, 500, and 450 °C, respectively.

Contact resistances were found to be 3.5 Ω cm-2 for the Li1+x Mn2O4 particles prepared
at 600 and 800 °C, and 10.5 Ω cm-2 for particles prepared at 450 and 500 °C. Regular
arrays were shown to increase achievable capacity from 5 to 50% of the theoretical
capacity, compared with random arrays, at C/10 for samples sintered at 500 °C. Smaller
particle sizes of active material particles were also shown to be beneficial for high power
density applications and for low diffusivity active materials.
Kim, et al., reported a modeling approach for scaling-up a lithium-ion polymer battery
(LIPB) [221]. A LIPB consisting of a Li[NiCoMn]O2 positive electrode, a graphite
negative electrode and a plasticized electrolyte was modeled. A cell, which is composed
of two parallel plate electrodes of the battery, was chosen because the actual battery
consists of the same repeating units of positive and negative electrode plates, polymer
electrolytes and separators. The 2D potential and current-density distribution on the
electrodes of a LIPB were predicted as a function of the discharge time using the finite
element method. By comparing the experimental discharge curves of 10 and 26 Ah
LIPBs with the modeling results at discharge rates ranging from 0.5 to 5 C, it was
confirmed that the parameters tuned for the electrodes of a small-scale battery can be
applied for the electrodes of a large-scale battery provided the materials and
compositions of the electrodes as well as the manufacturing processes are the same.
Moreover, based on the modeling results of the potential and current-density
distributions, the heat generation rate as a function of the discharge time and position on
the electrodes was calculated. The 2D temperature distributions from the experiment and
model were in good agreement. This modeling methodology provides important
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guidance for scaling-up manufacturing of the LIPB and modification of the electrode
configuration.
Koo, et al., developed a flexible LIB consisting of a LiCoO2 layer, a LiPON
electrolyte film, and Li metal wrapped in a PDMS sheet to enhance the mechanical
stability [147]. To interpret the correlation between substrate conditions and stress from
molar volume change during 100 cycles of charge and discharge, finite element analysis
(FEA) simulation was carried out. The calculation showed that the capacities of LIBs
transferred onto the PDMS substrates can be increased due to the prompt release of
stresses by the molar volume change, which directly relates to the all-inclusive charge
transfer resistance of Li ions. In addition, the reduction of induced stresses due to the
transfer onto the PDMS substrate occurs at x-axis (along the substrate) positions. The
compressive stress due to molar volume change changes to tensile stress at a certain
degree of bending deformation along with increasing bending force. It is expected that
the point of the compressive to tensile transition may be the most stable state for flexible
LIB operation. Therefore, it was concluded that LIBs on flexible substrates can have
higher stability and hence higher performance than those on brittle substrates.

1-4-4 Perspective
Although research and development of flexible LIB is still nascent, significant
progress has been made in recent years, particularly in new electrode material
development and in the processes for electrode preparation and for full cell assembly.
Now, many novel nanomaterials have been incorporated into the flexible electrodes,
either as lithium storage composites or as backing composites enhancing electrode
strength (e.g., current collector or substrates), such as nanostructured carbon (CNTs,
fibers, and graphene), silicon NPs and NWs, nanostructured tin, nanostructured metal
oxides, and nanostructured cathode materials, etc., greatly improving the performances
of the flexible electrodes. The invention and introduction of the nanosized materials not
only triggered the invention of novel processes for electrode preparation and full battery
assembly, but also opens windows for adopting the conventional process technologies in
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this field showing potential for mass production, e.g., painting and printing technologies.
Nevertheless, much more work is required before the new kinds of materials and
processes are used for practical LIB design and full flexible LIBs are achieved with
optimal match among the core components, i.e., nanostructured electrode materials,
shape-conformable solid electrolytes, and soft current collectors. Future effort should be
made toward improving the electrode materials yield, optimizing flexible electrode
design, and developing advanced processes for flexible electrodes preparation and full
cell design.
1.4.4.1 Electrode materials and flexible electrodes
It is a fact that most of the existing studies on flexible LIB electrodes have focused on
nanomaterial assemblies involving nanostructured carbon, nanostructured silicon,
nanostructured tin, nanostructured metal oxides, and nanostructured cathode materials,
etc. Among these, nanostructured carbon is an indispensible component. The presence of
carbon effectively improves the electric conductivity of electrode (particularly
cathodes); however, the mechanical strength of the carbon based composite electrode is
not high enough for practical application, particularly when a flexible substrate is
omitted. Hence, the existing studies on free-standing flexible electrode are still in lab
scale, and the efficiency does not strongly support scaling up to mass production (to be
addressed in detail in next part). As such, future work on flexible electrodes should
focus on the following three aspects:
(1) Improve the mechanical strength of the flexible electrodes. In the present studies,
most of the flexible electrodes are usually punched into circles with diameters ≤1 cm
and are tested in half cells (with lithium foil as a counter electrode). Metal foils are
used as a current collector and backing substrate, resulting in reduced flexibility of
the electrodes. In practical applications, a non-metal flexible substrate is
indispensable in providing with extra mechanical strength to the free-standing
electrode for which development of a suitable binder is also necessary.
(2) Increase the active material loading and hence the overall battery capacities. So far,
little attention has been paid to this parameter when designing and studying flexible
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LIBs, but for practical application, this should be addressed because higher
capacities are highly desired. In this aspect, although there is no criterion, a balance
between the high mass loading and electrical conductivity of the electrode should be
systematically investigated and established. At higher mass loading, not only the
gravimetric energy density and volumetric energy density of a full battery are
affected, the process of electrode and full-cell preparation may also be modified to
enhance the mechanical strength of the electrode.
(3) Improve the efficiency and reduce the cost of flexible electrodes preparation. The
introduction of novel nanomaterials does bring some breakthroughs in flexible LIBs
research and development; however, high cost and low efficiency of the
nanomaterial production is one of the biggest challenges when commercializing the
batteries.
1.4.4.2 Full battery design
A majority of the existing studies have focused on half-cell flexible batteries, i.e.,
the batteries use lithium foil as a counter electrode. These are suitable model systems
allowing for evaluation of flexible electrodes and the active materials. However,
practical full batteries are much more complicated as they require integrating and
packaging each battery component into a single device. Therefore, to obtain a workable
full flexible battery, besides optimizing the three core composites, other battery
composites and processes must also be optimized, such as packaging materials and strain
management. These have not been addressed in most of the existing research [94]. For
example, in the present fully flexible battery research, the typical packaging material is
an aluminum (Al) pouch, composed of multiple polymer films and an Al layer. Full
flexibility is not achieved from such a material. As a result, continuous bending or
folding may lead to some wrinkling on the surface of the packaging, causing problems
such as restricted mechanical deformability, increased internal resistance, and
consequently reduced safety, etc. Obviously, in order to avoid deteriorating the
performance of flexible LIB, it is necessary to introduce suitable packaging materials
that are mechanically flexible and stretchable to the same extent as the individual
components. To address these issues, systematic study on the mechanical and
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electrochemical properties of fully flexible batteries should be one of the most important
topics in future research, and more in-depth analysis combined with mechanical studies
is necessary. It is also important to combine fully flexible LIBs with electronic devices
and study the mechanical behavior of the integrated device.
Future full battery design should also focus on finding effective process
technologies to reduce cost and increase production. The approaches in the existing
studies have not met this criterion. A potential solution is to fabricate composite
electrodes by adopting hybridization technologies including printing and painting,
coating, and spraying, etc.
Finally, a universal measurement standard for the mechanical properties of
deformable LIBs should be established. The existing studies evaluate the mechanical
properties of flexible batteries by repeatedly bending the batteries to certain angles and
compare the electrochemical performances with the flat batteries (with no bending). This
standard should comprise of cell size, form factors, and types of deformation.
1.4.4.3 Potential processes for flexible electrodes preparation and full cell design
In the existing studies, the flexible electrodes are usually prepared through processes
like vacuum assisted filtration, CVD, sputtering, blade casting, or even more complex
nanofabrication [123,149]. These processes are feasible in lab-scale studies, but they are
insufficient for scaling up to mass production. Thus, some high-efficiency processes
should be brought into this field, among which, printing and painting technologies have
some evident advantages. First, the electrodes can be constructed rapidly. Second, the
printing process allows for the combination of different electrode materials for the
battery systems in which both high energy density components and high power density
components are able to be embedded. Third, the processes are cost effective and
therefore are highly potential for scaling up. They have already been considered a viable
technique for large-scale fabrication of electronic devices (circuits, photovoltaics,
displays, etc.) on many different types of substrate [222-229]. In future applications,
these processes have the potential to be integrated into the production of more complete
active devices. Consequently, there is huge interest in developing a fully paintable
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energy storage technology [230,231]. Several research groups have reported using
printing and painting technologies to prepare LIBs electrodes and even full batteries
[232-240]. To better demonstrate the technologies, here, we list several representative
studies.
Zhao, et al., developed a novel and facile route of ink-jet printing a thin film SnO2
anode for rechargeable LIBs [237]. The nano-sized electrochemically active SnO2 was
prepared via sol-gel method. SnO2 nanoparticles were dispersed in polymeric hyper
dispersant CH10B in mixture solvent (distilled water/absolute ethanol/diethylene
glycol/triethanolamine/iso-propylalcohol) followed by ball-milling. Finally, the stable
suspension SnO2 and the stable acetylene black suspension were mixed by the volume
ratio 1:1 and followed by addition of water-soluble sodium of carboxymethyl cellulose
(CMC) as a binder. The as-prepared SnO2 ink was transferred into a cleaned black
Canon BC-03 cartridge and then ink-jet printed onto the commercial Cu foil. Thin film
electrode was employed in a 2016-type coin cell. In order to achieve enough capacity for
subsequent electrochemical measurements, a thicker electrode was prepared by printing
10 layers of SnO2. Constant current charge-discharge measurements were performed in a
potential range of 0.05-1.2 V. A high initial discharge capacity of 812.7 mAh g-1 anode
was obtained at a constant discharge current density of 33 μA cm-2 over a potential range
of 0.05-1.2 V.
Park, et al., evaluated the electrochemical performances of printed LiCoO2 cathodes
with PVDF-HFP gel electrolyte for lithium ion microbatteries [238]. LiCoO2 powder
with an average size of 5.34 μm was used as a cathode material. The pastes were
prepared by mixing LiCoO2 powder and Emphos PS-21A that contained a mixture of
long-chain phosphate esters of ethoxylated C8-C12 alcohols as a dispersant and various
vehicle compositions. Surface modification of the LiCoO2 powder was performed via
pyrolysis of resorcinol. A thick film was screen printed onto a platinum current
collector/SiO2/Si wafer using a stainless 400-mesh screen. The Pt current collector with
an area of 1 cm × 1 cm was deposited by DC magnetron sputtering at a thickness of
300 nm. In 2012, Singh reported full LIBs consisting LiCoO2 and Li4Ti5O12 by a
paintable process [239]. The paints were prepared as followed: for positive current
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collector paint, a mixture of purified Hipco SWNTs and 20% w/w SP Carbon was
dispersed in NMP; for the cathode paint, a 85:5:3 (by wt.) mixture of LiCoO2, SP carbon
and UFG was dispersed in a 4% w/v PVDF binder solution in NMP to a total solid
content of 60% w/v; for the polymer separator paint, a 27:9:4 (by wt.) mixture of
Kynarflex®-2801, PMMA and fumed SiO2 was dispersed in a binary solvent mixture of
acetone and DMF; for the anode paint, an 80:10 (by wt.) mixture of Li4Ti5O12 and UFG
was dispersed in a 7% w/v PVDF binder solution in NMP to a total solid content of 67%
and for the negative current collector paint, commercially available copper conductive
paint was diluted with ethanol. Full LIB cells were fabricated by sequentially spraying
the component paints on a desired surface using an airbrush. The paints can be sprayed
through a set of masks made according to desired device geometry. Cu and Al metal tabs
were attached to the negative and positive current collectors respectively. The finished
cell was transferred to argon filled glove box and activated by soaking in an electrolyte
consisting of 1 M LiPF6 solution in 1:1 (v/v) mixture of EC and DMC. The battery
assembly is shown in Figure 1-30. The spray painted full cell (LiCoO2/MGE/Li4Ti5O12)
was cycled at a rate of C/8 between 2.7-1.5 V, where C is the current required to fully
charge or discharge a cell in 1 h. 9 fabricated cells were connected in parallel and they
could store a total energy of ~0.65 Wh, equivalent to 6 Wh m-2.

Figure 1-30 A schematic diagram illustrating the process for making paintable batteries.
Reproduced from Ref. [239] with permission. Copyright 2012 Nature Publishing Group.
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Most recently, Sun, et al., reported 3D printing of an interdigitated Li-Ion
microbattery consisting of Li4Ti5O12 (40 nm) and LiFePO4 (<200 nm) [240]. Highly
concentrated Li4Ti5O12 (57 wt% solids) and LiFePO4 (60 wt% solids) inks were
prepared by first dispersing the particles in ethylene glycol (EG) water solution. These
suspensions were then ball milled followed by a two-step centrifugation process. The
collected nanoparticles were re-dispersed with appropriate addition of glycerol and
aqueous hydroxypropyl cellulose (HPC) solution, and aqueous hydroxyethyl cellulose
(HEC) solution. The resultant homogenized Li4Ti5 O12 mixture was composed of 27 wt%
Glycerol, 20-30 wt% EG, 9 wt% HPC, 1 wt% HEC, and DI water; whereas the LiFePO4
contained 20 wt% glycerol, 20-30 wt% EG, 8 wt% HPC, 2 wt% HEC, and DI water.
Before printing, interdigitated gold current collector patterns were patterned on a glass
substrate by a combination of lithographic patterning and e-beam deposition. The inks
were printed using a 3-axis micropositioning stage. The LiFePO4 and Li4Ti5O12 inks
were housed separately and attached by luer-lok to a borosilicate micronozzle. After
printing, the structures are annealed at 600 ° C in argon gas using a tube furnace. A thinwalled poly(methyl methacrylate) (PMMA) preform is laser cut and placed around the
microbattery and sealed with PDMS gel, cured at 150 °C. The assembly was filled with
liquid electrolyte and sealed with a small glass cover using additional PDMS. The 3D
full microbattery (Figure 1-31) was cycled between 1.0 and 2.5 V, and demonstrated a
high areal energy density of 9.7 J cm-2 and a power density of 2.7 mW cm-2.
Obviously, from these examples, it can be seen that the application of painting and
printing technologies in LIBs fabrication is attractive and highly potential. However, one
of the leading technical challenges is the preparation of suitable electrode ink [237]. Ball
milling is a versatile process to enable homogeneous mix of the electrode components in
the ink; however, the relatively lower yield of nanosized electrode materials might be a
limiting factor, as mentioned in 1.4.4.1.
Finally, for being complete an overview of the challenges in the materials and
process technologies for future flexible lithium ion battery research is summarized in
Figure 1-32.
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Figure 1-31 (I) A schematic
diagram illustrating 3D printing

(I)

of
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microbattery architectures; and
(II) performance of a full battery
consisting of a Li4Ti5O12 anode
and a LiFePO4 cathode tested
between
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V.

Reproduced from ref. [240] with
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Low mechanical strength of
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Few studies combining full batteries
with electronic devices and exploring
the mechanical and electrochemical
properties of full flexible batteries
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Figure 1-32 An overview of the challenges in the materials and process technologies for
future flexible lithium ion battery research. (The schematic diagrams used in this figure
were copied from the references (134, 139, 140,147) cited in this review).

87

1-5 Introduction to nanostructured Si as anodes for lithium ion
batteries
Due to its highest theoretical lithium storage capacity, i.e., 4200 mA h g-1, silicon is
a most desired alternative anode material for rechargeable lithium ion batteries (LIBs).
In practical application, silicon based anode materials can deliver lithium storage
capacities very close to the theoretical capacity. However, their cyclic stability is very
poor because of the severe capacity fading resulting from the enormous volume change
of Si (~320%) [241]. As such, commercialization of Si in LIBs has yet been achieved.
To solve this problem, great research effort has been made toward maintaining the cyclic
performances of Si, of which, reducing the size of Si is considered feasible. In
nanometer scale, the volume change becomes relatively smaller and hence, is easy to be
accommodated by a suitable conductive substrate [241,242]. Therefore, there is a rapid
increase in research and development of nanostructured Si used as anode materials for
LIBs in the past decade. On the base of their morphologies, the nanostructured Si can be
categorized as Si nanoparticles (NPs), Si nanowires (NWs), Si nanotubes (NTs), Si thin
films (TF) and porous Si, etc. SEM images of these Si nanostructures are shown in
Figure 1-33.
As compared to those on graphite anodes, the research on nanostructured Si based
anode is relatively nascent and many questions remained entangled. Fabrication and
electrochemical test of Si based nanomaterials are one of the key topics in LIBs
research. In detail, the research can be subcategorized into the following subjects: (1)
synthesis and fabrication of various types of nanostructured Si, (2) fabrication of Sicarbon nanostructures, (3) fabrication of Si-metal nanocomposites, (4) exploration of the
influence of binders on Si performances, (5) investigation of the solid electrolyte
interphases (SEI), (6) manipulation of solid electrolyte interface (SEI) to improve the
LIB performances of nanostructured Si based materials and (7) understanding the Li-Si
interaction and the resultant changes happening to Si during battery performance. In this
part, I will briefly summarize some typical research focusing on these subjects.
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Nano tubes

Nano wires

Porous Si
Figure 1-33 SEM images of some
typical nanostructured Si (Adv. Energy
Maters. 2012, 2, 878-83; Nano Today
2012, 7, 414-429; Energy Environ. Sci.,
2011, 4, 56-72).

1-5-1 Synthesize/fabricate nanostructured Si
Synthesis and fabrication of nanostructured Si has been a key subject in Si based
anodes research and practical applications. So far, various kinds of physical and
chemical processes have been developed to synthesize (a bottom-up process) and
fabricate (a top-down process) nanostructured Si. In this section, I will summarize some
typical processes, focusing on the ones that are relatively easier to access. For simplicity,
each process will be given one example. Noticeably, (1) in most studies, the
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nanostructured Si forms nanocomposites with a second component (mainly carbon) so as
to maintain cyclic performance of Si. These studies will be addressed in detail in Part 4
of this review; (2) thin film is actually composed of Si NPs; therefore in this part, I will
only address Si NPs; and (3) for simplicity, from now on, synthesis and fabrication of
nanostructured Si will be expressed as fabrication of nanostructured Si.
1.5.1.1 Fabricate Si nanoparticles
Si NPs are a typical 0D Si nanostructure. Many processes have been developed to
fabricate Si NPs, including physical vapour deposition (PVD), chemical vapour
deposition (CVD), pyrolysis of silane (SiH4 or Si2 H6), etc.
Physical vapor deposition
PVD is a physical process, which has proved to be effective to produced high pure Si
NPs in a massive yield. In principle, Si fragments are generated by thermally annealing
Si, laser ablation of Si, electron beam annealing Si, sputtering Si, etc [243-245]. As a
typical example, Gerhard Wilde reported fabrication of Si NPs using a PVD process on
an electron beam (EB) evaporation system [245]. Silicon chips were placed in a graphite
crucible in an electron beam chamber. A silicon wafer was placed in the holder centred
above the EB source. The chamber that was cooled by liquid nitrogen was evacuated to
a base pressure of (2x10-6 mbar). The process of Si NPs preparation takes 8-12 h,
depending on the deposition rate. The fabricated Si NPs were with thickness ranging
between 40 to 50 nm and an average diameter of 80 nm.
Chemical vapor deposition
CVD process involves cracking of silane (SiH4), i.e., a typical chemical process. The
reactions usually proceed under an ultrahigh vacuum (UHV) condition to avoid SiOx
byproducts [246]. In detail, a UHV system with a base pressure of 3×10-10 Torr was
employed. Disilane (Si2H6, 4% in helium) was used as the silicon precursor. Cracking
disilane was performance using a hot filament in front of a substrate with a typical
distance of 5 cm. A deposition rate was 0.6 ML/min at a disilane pressure of 1.2×10 -6
Torr. The Si deposition rate was proportional to the disilane pressure over the range of
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2×10-6 to 2×10-9 Torr. Most Si NPs have a size of 4-6 nm, showing good size
uniformity. A very small number of Si NPs have a large size of about 8-9 nm. Obviously,
the yield is too low. More importantly, most of the injected silane gas leaves the reaction
system unreacted, a big waste and a threat to the environment.
Atomic layer epitaxy
Atomic layer epitaxy is a process that is similar to a CVD process [247], but is
performed in an ultra-clean rf-heated, cold-wall low-pressure CVD system. It also uses
SiH4 as the Si precursor. For Si NPs growth, a substrate was set into the load-lock
chamber and transported into the reactor under ultraclean Ar purge and evacuation.
During the evacuation, Ar gas was flowing continuously to avoid contamination from
the exhaust line. While heating the substrate, SiH 4 gas was introduced into the reactor
and then SiH4 molecules adsorbed at the surface were decomposed by Xe flash-lamp
light shots (duration about 1 ms, 20 J/cm). The lamp light shots were incident
perpendicularly upon the substrate at shot-to-shot intervals of a few tens of seconds.
Here, the moisture levels of Ar and SiH4 gases at the reactor inlet were 10 ppb or lower.
Obviously, this is a complicated and expensive process with low yield.
Pyrolysis of silane
Pyrolysis of silane is a popular method for synthesis of Si NPs. This process, to some
extent, is similar to a CVD process. Laser irradiation and thermal annealing are two
important approaches to trigger the pyrolysis. In a typical thermal process [248], a
resistively heated vertical SiC ceramic flow reactor with an inner diameter of 70 mm
was employed. The reactants were mixtures of 10 and 40 vol. % silane in argon at
atmospheric pressure. The pyrolysis reaction was carried out at a temperature of 1000
C. The gas flow rate of the mixtures before entering the reactor was 185 cm3 s-1 at room
temperature. At this flow rate, a residence time of the gas in the hot zone was 3 s and 2.4
s, respectively. The silicon particles were pneumatically transported into a filter device
and separated from the exhaust gases by a porous metal filter. The synthesized Si
particles were composed of nanocrystallites of about 25 nm in size.
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Microwave induced decomposition of silane
This is a modified pyrolysis process. The formation of pure single crystalline Si NPs
by microwave induced decomposition of silane (SiH4) in a low pressure flow reactor is
reported by Meier's lab [249]. The reactor was a quartz glass flow tube with SiH4, H2
and Ar as the reactant gas (SiH4) and carrier gases (H2 and Ar), respectively. The
microwave energy was coupled into the gas flow forming a flame like plasma torch. The
plasma zone extends 2 cm in diameter and, depending on the gas flow rate and the
applied microwave power, had an axial length of 5 to 20 cm. The microwave generator
was driven at a frequency of fmW=2.45 GHz and the maximum microwave power was
PmW=2000 W. Both microwave power and gas pressure was varied on purpose, allowing
for the adjustment of the mean particle diameter in the range between 6 nm and 11 nm.
Spectroscopic investigations revealed that the particles were single crystal silicon. No
doubt, this is also a complicated and expensive process.

1.5.1.2 Fabricate Si nanowires
Si NWs are a Si nanostructure with diameters <100 nm and length >100 nm. Among
the Si nanostructures, Si NWs draw more attention as the facile strain relaxation in the
wires allows them to increase in diameter and length without breaking; in other word,
the Si NWs can remain integrated and the electrical conductivity is preserved
consequently when used as anodes. Vapor-liquid-solid (VLS) and metal assisted
chemical etching (MACE) are the two important processes for the fabrication of Si
NWs.
VLS process
The VLS crystal growth mechanism was first proposed by Wagner and Ellis in 1964 to
explain the formation of semiconductor nanostructures [250]. It is now extensively
employed for synthesizing Si NWs. By this mechanism, a liquid eutectic alloy droplet
composed of metal catalyst component (such as Au, Fe, etc.) and nanowire material
(such as Si, III-V compounds, II-V compounds, etc.) is first formed under the reaction
conditions (usually high temperature). This liquid droplet is a preferential site for

92

absorption and subsequent

decomposition of gas-phase reactant
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when

supersaturated with reactant fragments, works as the nucleation site for crystallization.
Nanowire growth begins after the liquid droplet becomes supersaturated in reactant
material and continues as long as the catalyst alloy remains in a liquid state and the
reactant is available. During growth, the catalyst droplet alloy directs the nanowire's
growth direction and controls the diameter of the crystalline nanowire. Ultimately, the
growth terminates when the temperature is below the eutectic temperature of the catalyst
alloy or the reactant is no longer available [251].
Experimentally, growth of Si NWs was carried out in an UHV-CVD system with a
base pressure 1.0×10-10 mbar, using silane, diluted to 5% in argon, as the vapour-phase
silicon source [252]. N-type phosphorus-doped Si (111) wafers were used as substrates.
The substrates were prepared by a standard two-step wet chemical cleaning and then
dipped in 2% hydrofluoric acid to obtain a hydrogen-terminated Si surface. The wafers
were immediately transferred into the UHV-CVD system. An aluminum film was then
evaporated in situ onto the substrate by a thermal evaporation source at a rate of less
than 0.1 nm min-1. The thickness of the deposited film was monitored by a quartz crystal
sensor. Directly after depositing an Al film of ~0.6 nm thickness onto the Si wafer, the
wafer was annealed for 20 min at ~580 °C. Subsequently, Si NWs were grown at
temperatures ranging from 430 °C to 490 °C. The growth time was 20 min and the
partial pressure of silane was kept at 0.25 mbar. The NWs had diameters smaller than 50
nm and length larger than 500 nm, which were uniformly grown on Si wafer.
Laser ablation
Laser ablation is a relatively complicated process [253]. For the experimental setup, an
alumina tube was mounted inside a horizontal tube furnace. A target was made by
compressing Si powders (purity 99.99%) with 5 mol% Zr. The target was placed at the
center inside the furnace. A strip-like Si substrate (68 mm in length and 20 mm in width)
was placed at the outlet end, near a cooling copper finger for collecting the deposited
products. There was a temperature gradient from center to the gas outlet end of the
furnace. A PtRh-Pt thermocouple was used to measure the temperature distribution in
the alumina tube. After the tube had been evacuated to 0.01 Torr by a mechanical
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vacuum pump, 5% H2-Ar gas mixture, as a carrier gas, was introduced and kept flowing
at a flow rate of 50 sccm. The pressure in the tube was controlled at 300 Torr. Then the
furnace was heated to 1200 °C at the central region. After the temperature and pressure
in the tube had been stabilized, pulsed laser beam from an Nd:YAG laser (wavelength
532 nm, pulse width 7-8 nm, frequency 10 Hz, average power 1.7 W) ablated the target
for 1 h. When ablation was over, the fluffy as-deposited products with different colors
and appearances were found on the surface of the Si substrate. The addition of Mg and
Ge into Si tips gave rise to the deposition of octopus-shaped Si NWs of larger diameters
in the lower temperature zone. Furthermore, there is a corresponding correlation
between morphology and diameter of NWs. NWs of larger diameter (100-150 nm) were
inclined to be octopus-shaped, while NWs of smaller diameter (10-15 nm) were inclined
to be nanoparticle-chain-shaped. Compared to the VLS process, this process is obviously
of high cost.
Metal-assisted chemical etching
MACE of Si wafer is a much simpler method for fabricating Si NWs [254]. As
compared to the other methods, this approach can offer larger scale product but the NWs
are less uniform because it is difficult to manage the sizes of catalyst particles and the
catalyst layer thickness and the catalyst undergoes changes (e.g., displacement) in the
process of etching. Usually, the etching involves two steps, i.e., metal particles
deposition followed by removal of Si under the deposited metal particles. The metals
can be Ag, Au, Pt, which are stable during etching. The etchant is composed of HF
solution containing an oxidative reagent (e.g., HNO3 and H2O2) with a desired
concentration. In a detailed and typical experimental procedure [255], a commercial Si
wafer (usually Si(100)) was cleaned with water and acetone and then was immersed in
oxidant solution containing H2SO4 (97%) and H2O2 (35%) in a volume ratio 3:1 for 10
min under room temperature to entirely remove organics and to form a thin oxide layer.
Then they were etched with 5% HF aqueous solution for 3 min under room temperature
and the fresh Si surfaces were H-terminated. The Si wafers were immediately placed
into an Ag coating solution containing 4.8 M HF and 0.005 M AgNO3, which were
slowly stirred for 1 min under atmosphere ambient. After a uniform layer of Ag
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nanoparticle coating, the wafers were washed with water to remove the extra Ag+ ions
and then immersed in etchant composed of 4.8 M HF and H2O2. After 30 min etching in
a dark at room temperature, the wafers were washed repeatedly with water and then
were immersed in dilute HNO3 (1:1 v/v) to dissolve the Ag catalyst. The wafer surfaces
were in deep black, and their back sides in gray. The wafers were washed with 5% HF
again to remove the oxide layer and then cleaned with water and dried under N2 flow.
The Si NWs from this process were tens of m long and their diameters are in the range
of tens of nm to 500 nm. Deliberate centrifugation can help collect more uniform and
thinner NWs, but the yield was inevitably low.

1.5.1.3 Fabricate silicon nanotubes
Structurally, silicon nanotubes are Si NPs which create a tube-like structure from
silicon atoms. The discovery of Si NTs has many significant implications for electronics
development, as silicon is already a vastly important material in industry. When used as
anodes for LIBs, the internal free space allows the volume expansion of Si inward
without a big change in the volume of the whole tube, effectively maintaining Si
performances. Only recently has it been possible to prepare these nanotubes which are
similar to carbon nanotube. So far, Si NTs can be fabricated using electric arc discharge,
template, catalysts assisted CVD, molecular beam expitaxy, and hydrothermal reaction,
etc. Nevertheless, template is indispensible, greatly increasing the cost. It remains a
great challenge to massive production of Si NTs.
Electric arc discharge
Electric arc discharge synthesis of Si NTs was reported by Bhoraskar's research
group on a DC arc plasma reactor [256]. The reactor, which was composed of a graphite
cathode and a silicon anode, was sitting in a double-walled water-cooled stainless steel
chamber. The reactor was operated in a pre-evacuated argon-filled chamber at slightly
below the atmospheric pressure. Silicon powder was used as anode which was spread
over water-cooled graphite substrate. The arc current was maintained by a DC power
supply at 75 A. No metallic elements had been used as catalysts. The measured diameter
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of the straight and bent tubes was found to range between 2 and 35 nm. One of the
significant drawbacks of this method was high impurity content in the products.
Al2O3 template
Template process is highly costly due to the employment of template. Pore-through
aluminum oxide (AAO) membrane was widely used as the template. Experimentally
[257], Au film was first deposited on one side of the pore-through AAO membrane as a
contact by sputtering deposition, Co NWs were electrodeposited into the AAO pores in a
galvanostatic mode with a current density of 1.5 mA cm-2. Then, the Co NPs were
assembled on the walls of the AAO by the reductive reactions in the UHV annealing
(600 C, 1×10-8 mbar, 2 h), which then work as catalytic nuclei for the Si growth. With
the growth of Si on each nucleus, the nuclei will get connected and will thicken with
continuous silane decomposition. Finally a polycrystalline Si NT structure will be
formed. For experimental setup, 20 sccm 5% SiH4-Ar mixture gas was fluxed into the
UHV chamber. The total pressure and growth temperature were set to 2-15 Torr and 500
C, and the growth lasted for a fixed time of 30 min. The as-grown NTs had uniform
wall thickness (7 nm) and their average outer diameter was 45 nm.
Catalyst-assisted chemical-vapor-deposition (CVD)
The CVD process employed nanochannel Al2O3 (NCA) as a template [258]. First, gold
NPs were magnetic sputtered into the nanochannels of the NCA with both sides open,
which then work as the catalyst for nanotube formation. The gold-loaded NCA was then
put into a quartz tube furnace. The furnace chamber was pumped down to 20 Pa and
heated. When the temperature reached 620 C, a mixture of Ar, H2 and silane gases
(flow ratio 10:2:1) was allowed to into the chamber. The chamber was kept at 1450 Pa
and 620 C during deposition. After deposition, the NCA was taken out of the furnace
and was dissolved with a dilute HF. The resulting NTs had diameters of about 50 nm
and wall thickness of ~7 nm.
Molecular-beam epitaxy
One of the typical features for the synthesis of Si NTs using molecular-beam epitaxy
process is catalyst free [259]. This process still uses porous Al2O3 (pore size is ~40 nm)
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as the template. For the NTs growth, the template was put into a vacuum chamber with a
pressure of 5x10-10 torr. The Si atoms/clusters were supplied for 10 mins by electronbeam evaporator as a growth rate of 0.07 angstrom s-1. The template temperature was set
to 400 C to avoid melting of Al2O3. The diameters of the NTs are smaller than 50 nm.
The wall thickness was 4-5 nm.

Figure 1-34 SiNT Si-H model and self-assembled growth schematic of the SiNTs. (a)
The formation of the initial SiNT under supercritically hydrothermal conditions. (b)
Abundant Si atoms enter the initial SiNT resulting in the growth of the SiNT and the
formation of silica outer layers retarding non-one-dimensional growth of the SiNT. (c)
The formation of a closed cap of the SiNT. (d) The final formation of the SiNT, (e)
formation of SiNTs (Phys. Rev. Lett. 2005, 95(11), 116102).
Hydrothermal reaction
Hydrothermal reaction provides a possible way for massive product of Si NTs
[260,261]. The starting materials were silicon monoxide and deionized water. 2.5 g of
SiO powder (purity: 99.99%, particle size: ~73 μm, density: 2.1 g cm-3) was mixed with
about 47.5 ml deionized water. Then the mixture was put into a reaction kettle with a
volume of 1000 ml. The reaction kettle was heated to 470 C, 6.8 MPa and 200 rpm (the
rotating speed for the stirrer equipped in the kettle after it was sealed), and the
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temperature and pressure were maintained for 1 h. Subsequently, the reaction kettle was
cooled naturally. A light yellow aqueous solution with some suspension was collected
after the experiment. The NTs had closed caps. The structures of the silicon nanotubes
were hollow inner pore, crystalline silicon wall layers with a 0.31 nm interplanar spacing
and 2-3 nm amorphous silica outer layers. The average diameters of the NTs were ~13
nm. Moreover, a detailed reaction mechanism was proposed, as schematically shown in
Figure 1-34.

1.5.1.4 Fabricate porous Si
Electrochemical etching (Anodic etching)
This is one of the most important electrochemical technologies for fabrication of
porous Si and it has a very long history [262,263]. In an electrochemical reaction, two
electrodes are needed. One supplies electrons to the solution (the cathode) and the other
removes electrons from the solution (the anode). In the case of porous silicon formation,
the silicon electrode is the important one. It is the anode, and the chemical being
oxidized is the silicon itself. The cathode used in porous silicon etching cells is usually
platinum, and it is separated from the silicon electrode by a few mm to several cm of
electrolyte solution, or in some cases by a membrane or salt bridge. The electrochemical
reaction occurring at the platinum electrode is primarily the reduction of protons to
hydrogen gas.
Disilane decomposition at low temperature
Meseguer's research group reported porous silicon microspheres synthesized through
low temperature decomposing disilane, namely 400 °C [264]. The low temperature
approach allows for an optimal control of the process timing. In principle, this method is
based on the decomposition of disilane gas (Si2H6) by CVD means. In this procedure,
SinHm clusters grow into the gas phase and become highly spherical micrometer sized
particles. At the same time, there is a hydrogen desorption process from the clusters that
makes the hydrogen content decrease progressively until they become hydrogenated
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amorphous silicon (a:Si-H) colloids. In order to obtain porous silicon microspheres, the
heating process is stopped before the formation of amorphous silicon colloids finishes.
In this way, porous particles with an undetermined composition of silicon and hydrogen
atoms were obtained. The absolute gas pressure in a CVD reactor was about 130 kPa at
room temperature, and the decomposition times was between 1 and 2 mins. This process
can be used for massive production of porous Si if the selectivity is high enough.
Solid flame technique
Porous silicon microparticles were prepared from SiO2+Mg exothermic mixture by
solid flame synthesis method [265]. SiO2 powder (98.5% pure, and particle size ~45
μm), and Mg powder (99% pure, particle size 50-150 μm) were used as starting
materials. In a typical experiment, a mixture with a desired weight ratio was ball-milled
for several hours. Then, about 150-200 g of initial mixture was hand compacted into a
metallic cup of 4.0 cm in diameter and 10-12 cm in height. During the compaction three
WR-20/WR-5 thermocouples of 100 μm in diameter were installed into the sample at a
controlled distance. The combustion experiments were conducted in an experimental setup consisting of a combustion reactor and data acquisition system. The compacted
sample with thermocouples was placed under nickel-chromium filament and the
combustion process was ignited by hot-wire ignition system. After the combustion
process was completed, the sample was cooled down to room temperature, hand grinded
and subjected to wet acid leaching and finally purified by distilled water to eliminate the
by-products. Acid leaching was performed by HCl:H2O (1:2) and HF:H2O (1:2) diluted
solutions at 30-60 °C temperature interval for 1-2 h. Obviously, controlling particle size
and wall-thickness is a biggest challenge.
Metal assisted chemical etching
Like that for Si NWs, MACE of Si is also an important process for fabricating porous
Si, and there are many studies addressing this method. As a typical sample [266],
Si(100) wafers with different doping levels were used. 30-80 Å of metal (Au, Pt, or
Au/Pd) was sputtered onto Si(100). Removing the native oxide from the silicon wafers
before sputter coating is not necessary. Aqueous H2O2 was added to aqueous HF/EtOH
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solution in a Teflon beaker to produce a solution of 1:1:1 EtOH:HF(49%):H2O2(30%)
immediately prior to immersing the metal-coated wafers. Etching time was varied from 2
to 30 s. A mask with rows of 3-mm-diam holes spaced by 6 mm was used to pattern the
metal deposition for comparison of etching and luminescence properties in the presence
and absence of deposited metal. Gas evolution from the metal-coated area was clearly
observed, especially for Pt and Au/Pd. In no case was any metal dissolution observed, in
contrast to the behavior using thicker evaporated Al.
1-5-2 Nanostructured Si used directly as anodes for lithium ion batteries
There are many studies addressing the battery performances of various nanostructured
Si with no carbon coating or other conductive decoration. Even though such systems do
not have a high potential for practical applications, the results from these model systems
do provide some insightful information on the electrochemical behaviors of Si, opening
many new windows for future pursuing. In this part, I will give some typical examples
for the battery performances of the nanostructured Si highlighted in section 1-5-1.
Battery performances of Si NPs and Si thin films
Considering that Si thin films are actually composed of Si NPs, in this section, I will
review both as a single part. In 2011, Xiao, et al., reported fabrication of silicon thin film
electrodes through patterning and study of their high cyclic stability when used as anode
for LIBs [267]. The patterned Si thin films were deposited onto a Cu plate substrate by
electron beam evaporation using 99.999% pure Si pallets as the starting material, at a
base pressure less than 1.0×10-8 Torr in order to avoid oxidization. For comparison, a
continuous thin film is also prepared under the same experimental condition. For silicon
deposition, the surface copper oxide was etched from the copper substrate with 5% HCl
prior to being placed inside the deposition chamber. A Si deposition rate of 0.2 nm s -1
was used. A Ni mesh was mounted as the mask (over the current collector substrate) and
held in firm contact with the surface to grow the patterned Si films. Patterned Si samples
were used directly as the working electrode in a three-electrode electrochemical beaker
cell with lithium metal as both the counter and the reference electrodes. The electrode
was first discharged at a constant current to 0.5 V and charged to 1.2 V for 5 cycles. This
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sequence was repeated with the voltage at the end of discharge lowered to 0.4, 0.3, 0.2,
0.1, and 0.01 V, respectively. The gaps between Si patterns provide stress relaxation and
better cycling stability relative to a continuous film. An improvement in cycle life was
noted when the pattern size was below the critical (7-10 μm) size, in which case the Si
electrode patches adhered well to the Cu substrate after many cycles. The capacities
were kept at ~1200 mA h g-1 in 15 cycles. The patterned films and battery performances
are shown in Figure 1-35.
In another study, a silicon thin-film electrode with a thickness of 200 nm is prepared
by E-beam evaporation and deposition on copper foil [268]. The electrochemical
performance of a lithium/silicon thin-film cell is investigated in ethylene
carbonate/diethyl carbonate/1.3 M LiPF6 with and without 3 wt% fluoroethylene
carbonate (FEC). With the addition of 3 wt% FEC, a silicon thin-film electrode is
covered with a less porous SEI layer; in contrast, in FEC-free electrolyte, the SEI layer
is relatively porous and rough. The thin film anode exhibited reversible capacities of
~3500 mA h g-1 in 40 cycles. The presence of FEC could lead to a SEI layer which
consisted of stable compounds such as LiF and -Si-F and obviously improved the
discharge capacity retention of the SiLi half-cell (88.5% based on discharge capacity
after 80 cycles). The columbic efficiency of a half-cell with FEC-free electrolyte
gradually decreased after 40 cycles, while that of a half-cell with electrolyte containing
FEC was over 99% up to 80 cycles.
Moon, et al., studied electrochemical performance of amorphous-silicon thin films for
LIBs [269], providing very insightful information about the performances of Si thin
films including the effect of deposition temperature, film thickness, and the changes
happening to the films after cycle. The Si thin films were deposited using a Si target by
RF magnetron sputtering with Ar, with a typical deposition rate of ~20 nm min-1. The
electrochemical properties indicated an optimal condition at 200 °C deposition, and
thinner films exhibited superior electrochemical performance to thicker ones. In ten
cycles, a 200 nm films exhibited reversible capacities of ~3000 mA h g −1, which,
however, declined to 1200 mA h g -1 for an 800 nm thick paper. The morphology after
cycling consisted of a cracked and island shape, and the amount of residual Si shown by
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the SEM images coincided qualitatively with the cycling properties. The excellent cycle
ability with a capacity of ~3000 mA h g−1 was assumed to arise from proper Si/Cu
interdiffusion and minimal film stress. The related results are shown in Figure 1-36.

Figure 1-35 SEM images of
the patterned Si films after
test and the charge-discharge
capacities of the patterned
films tested under various
conditions (J. Power Sources,
2010, 196(3), 1409-1416).

Figure

1-36

Battery

performances of various
porous Si thin films and the
morphologies of the films
after cycling (J. Power
Source, 2006, 155(2), 391394).
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Battery performances of Si NWs
Much more studies have been carried out on Si NWs used as binder and current
collector free anodes for LIBs. The most typical study was reported by Cui's research
group in 2008 [270]. Si NWs were synthesized using a VLS process on stainless steel
substrates with Au as a catalyst. The electrochemical properties were evaluated under an
argon atmosphere by both cyclic voltammetry and galvanostatic cycling in a threeelectrode configuration, with the Si NWs on the stainless steel substrate as the working
electrode and Li foil as both reference and counter-electrodes. No binders or conducting
carbon were used. The Si NWs were found to exhibit a higher capacity than other forms
of Si. The first charge capacity was 4277 mA h g−1 , which is essentially equivalent to the
theoretical capacity within experimental error. The first discharge capacity was 3124
mA h g−1, indicating a coulombic efficiency of 73%. The second charge capacity
decreased by 17% to 3541 mA h g−1, but the second discharge capacity was increased
slightly to 3193 mA h g−1, giving a coulombic efficiency of 90%. Both charge and
discharge capacities remained nearly constant for subsequent cycles, with little fading up
to 10 cycles. The Si NWs also displayed high capacities at higher currents. Even at the
1C rate (4200 mA g-1), the capacities remained over 2100 mA h g−1, which was still five
times larger than that of graphite. The cyclability of the Si NWs at the faster rates was
also excellent. Using the C/5 rate, the capacity was stable at ~3500 mA h g−1 for 20
cycles in another device. The related results are shown in Figure 1-37.

Figure 1-37 SEM images of the
Si NWs before and after test
and

the

charge-discharge

capacities of the NWs tested
under

various

conditions

(Nature Nanotech. 2008, 3, 3135).
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Later, Kang, et al., pursued maximum Li storage of Si NWs for the high capacity
three-dimensional Li-ion battery [271]. Single-crystalline Si NWs were grown on a
stainless steel substrate of a circular shape by Au catalyst-assisted chemical vapor
process using 10%-diluted SiH4 precursors in H2 in a quartz tube furnace. The circular Si
NW/SUS electrodes were incorporated into a coin-type half cell (CR2016 coin-type).
The Si NW cell charge capacity was measured over the potential range of 0.01 to 2.00
V. The first charge capacity is 3825 mA h g-1, while the discharge capacity is 3706 mA h
g-1. More significantly, the Li-charge/discharge characteristic is highly reversible over
the cycle. The charge and discharge capacities were ~1600 mA h g-1 at the 50th cycle.
Despite of the capacity fading, the Coulombic efficiency maintains its initial value over
the cycles up to 98%-99%. In contrast, for Si powders, they showed an initial capacity of
~3000 mA h g-1 abruptly decreases down to 0 within the initial 10 cycles. Moreover, it
was also found that the capacity retention was strongly dependent on the C-rate (1C=1 h
per half-cycle). At higher C-rate, the capacity faded more significantly over the repeated
cycles. Interestingly, when Si NWs were doped, the capacity was better retained,
particularly at the higher C-rate, a result of increased conductivity.
Figure 1-38 SEM images
of the Si NTs before test
and the charge-discharge
capacities
tested
conditions

of

the

under
(Nano

NWs
various
Lett.

2009, 9 (11), 3844-3847).

Recently, Zhou's research group reported porous Si NWs synthesized by direct
etching of boron-doped silicon wafers for LIBs [272]. When using alginate as a binder,
the porous silicon NWs exhibited superior electrochemical performance and long cycle
life. Even after 250 cycles, the capacity remains stable above 2000, 1600, and 1100 mA
h g-1 at current rates of 2, 4, and 18 A g-1, respectively, demonstrating high structure
stability due to the high porosity and electron conductivity of the porous Si NWs. High
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porosity and large pore size were assumed to help stabilize the structure of Si during
charge-discharge cycles.
Battery performances of Si nanotubes
Song, et al, studied the arrays of sealed silicon NTs as anodes for LIBs [273]. For the
growth of NTs, a 500-nm-thick ZnO seed layer was first deposited onto a stainless steel
substrate by metal organic CVD. ZnO nanorods (NRs) were then grown on the seed
layer by incubating in an aqueous solution containing 0.025 M zinc nitrate hexahydrate
and 0.025 M hexamethylenetetramine at 90 ºC for 24 hr. To increase the length of ZnO
NRs, the precursor solution was repeatedly replaced with a fresh solution at 3 hr
intervals. After thorough rinsing with deionized water and drying, the ZnO NRs sample
was transferred to a CVD chamber for deposition of a Si shell layer. Conformal
deposition of Si was achieved at 540 ºC with H2 and SiH4 (10% diluted in H2) with flow
rates of 10-30 and 50-70 sccm, respectively. The deposition rate for the Si shell on the
core ZnO NRs was 3 nm min-1, producing 30-nm-thick Si shells for 10 min growth.
After the Si deposition, the core ZnO NRs were selectively etched via a reduction
process at 600 ºC for 24 hr with 50% H2 in N2. The mass of the synthesized Si NTs was
about 0.27 mg cm2, which was accurately determined by measuring the mass of the
substrate using a before and after growth. Coin-type half cells (2016R type) were
fabricated to evaluate the electrochemical properties of Si NT arrays directly grown on
stainless steel as a working electrode. The area capacity of our Si NT electrode was ~ 0.8
mA h cm-2. Such electrodes exhibit high initial Coulombic efficiencies (>85%) and
stable capacity-retention (>80% after 50 cycles).
Park, et al., also studied Si NTs as anodes for LIBs [274]. The NTs were fabricated
by a simpler process. Butyl-capped Si solutions were prepared by reduction of SiCl4 with
sodium naphthalide. A porous anodized alumina membrane was immersed in butylcapped Si solution at 25 oC for 2 min, and dried and annealed at 200 oC for 2h under
vacuum. This process (impregnation and drying) was repeated three additional times to
obtain the Si-butyl/Al2O3 nanotubes. The composite was further annealed at 1000 oC for
3 h in a vacuum, and the Al2O3 template was removed from the composite by treating
with 3 M NaOH solution for 3 hours and washed with distilled water and ethanol several
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times. Finally, the product was vacuum-dried at 120 oC overnight. These nanotubes
showed impressive battery performances. The first discharge and charge capacities are
3648 and 3247 mA h g-1 at 0.2 C rate, respectively, which demonstrates an excellent
Coulombic efficiency of 89%. At 5 C, the charge capacity of the Si NTs is 2878 mA h g 1

. Rate capability and cycle life to 200 cycles were also tested by using a Li-ion full cell

consisting of a LiCoO2-based cathode and a Si NTs-based anode. The initial capacity at
rates of both 3 C and 5 C is above 3000 mA h g -1, and capacity retention after 200 cycles
is 89% at a rate of 1C. The results are shown in Figure 1-38.
Battery performances of porous Si
Shin, et al., fabricated porous silicon (PS) negative electrodes with 1D channels using
an electrochemical etching process [275]. The capability for lithium storage improved
with the increase in the channel depth of the PS. The channel structure of the PS
electrodes remains essentially the same after 35 CV (constant voltage) cycles in spite of
the severe deformation of the channel wall during the repetitive lithium alloyingdealloying process. The specific capacity of the PS depends critically on the degree of
activation of the PS before the galvanostatic charge-discharge experiment. For an
exemplary PS electrode pre-activated by 20 CV cycles, the reversible specific capacity
of the PS reached 43 μA h cm-2. After a subsequent activation by 10 CV cycles, the
capacity increased by 40% (60 μA h cm-2). This result suggested that a lithium alloying
reaction, occurring below ~0.1 V versus Li/Li+, was responsible for the reconstruction
(activation) of the PS electrodes for lithium storage.
Figure 1-39 SEM images of
the porous Si and the chargedischarge capacities of the
porous Si tested under various
conditions

(Phys.

Chem.

Chem. Phys., 2013, 15(2),
440-443).
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Nanoporous Si networks with controllable porosity and thickness were fabricated by a
simple and scalable electrochemical process, and then released from Si wafers and
transferred to flexible and conductive substrates [276]. In detail, silicon wafer chips
(0.01-0.02 Ohm p-type) were secured in a Teflon etch cell filled with a 1:3 hydrofluoric
acid and ethanol mixture. A nanoporous Si thin film was etched under constant current
and light illumination. Subsequently the solution was exchanged for 1:20 HF:EtOH and
etched at 30 V to undercut the porous network and release it from the silicon substrate.
Finally, the etch cell was flushed with pure ethanol, and then the thin layer of
nanoporous Si was transferred to the Cu foil by slowly flowing ethanol over the chip
while holding it in contact with the foil. The porosity of these nanoporous Si networks
can be controlled by adjusting the etching current and illumination intensity. Increasing
etching current uniformly increases the porosity of the network, while increasing
illumination intensity decreased the porosity of the network. The pore size was ~20 nm.
These nanoporous Si networks served as high-performance Li-ion battery electrodes,
with an initial discharge capacity of 2570 mA h g−1, above 1000 mA h g−1 after 200
cycles without any electrolyte additives. The results are shown in Figure 1-39.
1-5-3 Si-C nanocomposites as anodes for lithium ion batteries
In practical applications, conductive coating is an indispensible step to obtain and
maintain optimal battery performances for nanostructured Si. Carbon coating has been a
most popular option. Recently, there are also many studies addressing metal coating or
additive (e.g., form metal silicide). In this section, I will be focused on Si-C composites.
For Si-C composites, the combination of nanostructured Si and carbon can proceed in
two ways, i.e., forming carbon thin film (or layers) on the surface of nanostructured Si
(carbon coating) and nanostructured Si grown on high surface area carbon with a novel
morphology (hybridization).
1.5.3.1 Carbon coating
Carbon coating is a popular and facile approach to obtain Si-C nanocomposites. There
are two major processes for carbon coating, i.e., CVD and pyrolysis of organic
molecules. CVD carbon coating is achieved by high temperature decomposition of
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alkanes with high C/H ratios (CH4, C2H4, and C2H2, etc.) on the surface of
nanostructured Si. Pyrolysis coating involves two steps, i.e., coat nanostructured Si with
some solid state organic molecules (e.g., glucose and cellulose) at RT followed by high
temperature annealing of the coated nanostructured Si to produce carbon coating layers.
Battery performances of Si NPs-C nanocomposites
Earlier study on carbon coated Si NPs were reported by Wang, et al [277]. Carbon
containing Si NPs were prepared by mechanical milling of graphite and silicon mixtures
with different atomic ratios. After ball milling, the crystal size of graphite was increased
but the size of silicon decreased with increasing the content of silicon. The reversible
specific capacity increased from 437 mA h g -1 in the ball milled pure graphite to 1039
mA h g-1 in ball milled C0.8Si0.2 materials. The excess capacity due to the Li extraction
from silicon appeared at a potential about 0.4 V vs. Li metal. After 20 charge/discharge
cycles, the reversible capacity of C0.8Si0.2 was 794 mA h g-1. This behavior was assumed
to result from the Si NPs decreasing the crumbling rate during Li insertion and
extraction.

Figure 1-40 TEM images of the carbon coated Si NPs and the charge-discharge
capacities of the composites tested under various conditions (Angwandt, Chim.
Intl. Ed. 2006, 45(41) 6896-6899).
Liu's research group reported spheroidal carbon-coated Si NPs nanocomposites by a
spray-pyrolysis method in air [278]. Citric acid (C6H8O7) was dissolved in absolute
ethanol with continuous stirring. Nanocrystalline Si powder (<100 nm) was then mixed
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into the initial citric acid/ethanol solution (1:10 Si:Citric acid w/w) by ultrasonication for
90 min. The nanocomposite material was obtained in situ by spray-pyrolyzing the
Si/citric acid/ethanol suspensions at 400 °C with a flow rate of 4 mL min−1 into a
vertical-type spray-pyrolysis reactor. This process offers carbon coating of ~56 wt%. An
initial lithiation capacity of 2600 mA h g−1 and a delithiation capacity of 1857 mA h g−1
for

the

nanocomposites

was

obtained.

Subsequently,

the

carbon-coated

Si

nanocomposite electrode retained a specific capacity of about 1489 mA h g−1 after 20
cycles. The results are shown in Figure 1-40.
Dimov prepared carbon coated Si NPs using CVD method and insightfully
investigated the influence of carbon coating on the battery performances of silicon [279].
Silicon and natural graphite starting materials were milled. Particle size of both powders
was reduced to 1-2 μm. They were mixed (1:1 wt%) and the mixture was used as
starting material for further carbon coating. Nitrogen was used as a carrier gas. Benzene
or toluene vapors as reactants decomposed on the surface of the particles to form the
carbon-coating layer. The resulting material contained particles with typical dimension
of 5-10 μm, composed of silicon and graphite crystallites, covered by the carbon layer
obtained during the CVD process. There were two types of carbons in the anode
material: well-crystallized natural graphite and disordered carbon (up to 20% of the total
material mass). Although the carbon coating greatly improved the uniformity of the
lithiation for the fresh sample, there was some irreversible accumulation of lithium ions
in the material. Nevertheless, if the capacity was controlled under a certain level, the
formation of high lithium content alloys was suppressed, and the damage caused by the
large volume expansion of these compounds was reduced. However, the non-uniformity
and the formation of these compounds would form ‘dead spots’ in the anode. These
effects would be self-fed, since the average lithium content at the end of the discharge
would be higher and higher through cycling, and more and more lithium ions would be
trapped and more and more defects would be formed. With a view of these findings, the
authors suggested the future efforts should be probably directed to the investigation of
silicon/metal alloys, in which silicon nanodomains could reversibly alloy with lithium
ions (I will address this later).
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Figure 1-41 SEM images of the carbon coated Si NWs and the charge-discharge
capacities of the composites tested under various conditions (Appl. Phys. Lett. 2009,
95(13), 133119+).
Battery performances of Si NWs-C nanocomposites
Zhu, et al., reported fabrication of carbon-coated Si NWs array films for highperformance LIB's anodes [280]. Si NW array films of 10 mm×10 mm×90 μm were
prepared by etching of single-crystal p-type Si(100) wafers through a MACE process.
The diameters of the Si NWs range from 20-300 nm. To coat carbon layers on the Si
NWs, a typical carbon gel was formed by mixing 0.29 M resorcinol and 0.57 M
formaldehyde. The pH value was adjusted to be in the range of 6.5-7.5 by adding
NH3H2O solution. The fabricated Si NW films were added to the mixture in an
ampoule, which was then sealed, heated to 85 °C, and kept for 12 h in an oven. The gel
product was sintered at 650 °C for 3 h under an argon flow with 100 sccm in a quartz
tube to yield Si-C composites. Galvanostatic discharge/charge experiments of the
carbon-coated Si NW film electrode were carried out in the voltage range of 2-0.02 V.
The first discharge and charge capacities of the carbon-coated Si NW film electrode
were 3344 and 2810 mA h g−1, respectively. A stable reversible capacity of 1326 mA
h g−1 is obtained after the cell is cycled at a rate of 150 mA g−1 for 15 cycles, 300
mA g−1 for ten cycles, and 150 mA g−1 for another 15 cycles, which also demonstrates
that a faster discharge/charge rate (300 mA g−1) does not destroy the structure of the
electrode. The related results are shown in Figure 1-41.
Lee's group tried coating Si NWs with C60 [281]. A fullerene C60 film was
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introduced as a coating layer on Si NWs by a plasma assisted thermal evaporation
technique. The shape of the nanowire structure was maintained after the C60 coating. The
nanocomposite exhibited a higher initial coulombic efficiency of 77% and a higher
specific capacity of 2020 mA h g-1 after the 30th cycle at a current density of 100 µA
cm-2 with cut-off voltage between 0-1.5 V. These improved electrochemical
characteristics were attributed to the presence of the C60 coating layer which suppresses
side reaction with the electrolyte and maintains the structural integrity of the Si NW
electrodes during cycle tests.
Battery performances of porous Si-C nanocomposites
Carbon coating is a must step for porous Si anodes so as to facilitate electron transfer.
Kim, et al. reported fabrication of 3-dimensional porous silicon particles and their highperformances as a LIB anode [282]. Butyl-capped Si gels were prepared by reduction of
SiCl4 with sodium naphthalid, which was then mixed with spherical silica nanoparticles.
The mixed gels/SiO2 ratio was 70:30 wt %. The mixed gels were annealed at 900 °C
under an Ar stream for 3 h. The obtained powders were immersed in an HF (1 mL)
solution for 2 h. The carbon content in the final sample was 12 wt %. This process gives
rise to 3D, porous Si particles that consist of bulk sizes greater than 20 μm. Such a
superior interconnected 3D porous structure provides fast lithium-ion mobility. At a rate
of 0.2 C, the first discharge and charge capacities are 3138 and 2820 mA h g−1,
respectively, which indicates a coulombic efficiency of 88 %. The discharge capacities
at rates of 1, 2, and 3 C were 2668, 2471, 2158 mA h g−1, respectively, and the capacity
retention at 3 C was 72%. Moreover, the capacity retention at a rate of 0.2 C was 99 %
(2820-2780 mA h g−1) after 100 cycles, while at a rate of 1 C it was 90 % (2668-2434
mA h g−1). Furthermore, coulombic efficiencies of the porous c-Si particles at both 0.2 C
and 1 C rates were higher than 98 %. The related results are shown in Figure 1-42.
Cho's group reported nanoporous silicon NWs of 5-8 μm in length and with a pore
size of ~10 nm are formed in bulk silicon particles using MACE process [283]. For
carbon coating of the etched Si powder, thermal decomposition of acetylene gas was
carried out at 900 °C for 30 min in a quartz furnace. The silicon electrodes having multidimensional structures accommodate large volume changes of silicon during lithium
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insertion and extraction. These materials show a high reversible charge capacity of
~2400 mAh g−1 with an initial coulombic efficiency of 91% and stable cycle
performance.

Figure 1-42 SEM images of the carbon coated porous Si and the charge-discharge
capacities of the composites tested under various conditions (Angwandt. Chim. Intl.
Ed. 2008, 47(52), 10151-10154).

Conversion of diatomite to porous Si/C composites as promising anode materials for
lithium-ion batteries was reported recently [284]. A series of porous Si/C composites are
successfully synthesized by employing diatomite as a raw material, followed by low
temperature magnesiothermic reduction, impregnation and carbonization of phenolic
resin. The obtained Si/C composites consisted of porous Si coated with a 15 nm thick
amorphous layer of carbon. The porous Si/C composite containing 33% carbon exhibits
the highest reversible capacity of about 1628 mAh g-1 at the first cycle with excellent
capacity retention in the following cycles. Moreover, the porous Si/C composites display
the excellent rate performance at high current densities such as 1 and 2 A g -1. The
optimum electrochemical performance could also be tuned by varying the proportions of
porous Si and carbon precursors during the preparation process.

1.5.3.2 Nanostructured Si grow-on or hybridized with carbon
For this kind of Si-carbon combination, carbon are usually with high surface areas and
high electrically conductivity, including mesoporous carbon, graphene and carbon
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nanotubes.
Battery performances of Si NPs-C nanocomposites
Si NPs, as a result of their smaller sizes, can be easily grown onto high surface area
carbons. Park, et al., reported Si NPs trapped in an ordered mesoporous carbon
composite by a one-step self-assembly with solvent evaporation using the triblock
copolymer Pluronic F127 and a resorcinol-formaldehyde polymer as the templating
agent and carbon precursor respectively [285]. The composite showed a high reversible
capacity above 700 mAh g-1 during 50 cycles at 2 A g-1. The improved electrochemical
performance of the composite was ascribed to the buffering effect of spaces formed in
the ordered pore channels during the volume expansion of silicon and the rapid
movement of lithium ions through the uniform cylindrical pore.
Graphene/nanosized silicon composites were also prepared and used for LIBs [286].
Two types of graphene samples were used and their composites with nanosized silicon
were prepared in different ways. In the first method, graphene oxide (GO) and nanosized
silicon particles were homogeneously mixed in aqueous solution and then the dry
samples were annealed at 500 C to give thermally reduced GO and nanosized silicon
composites. In the second method, the graphene sample was prepared by fast heat
treatment of expandable graphite at 1050 C and the graphene/nanosized silicon
composites were then prepared by mechanical blending. In both cases, homogeneous
composites were formed and the presence of graphene in the composites has proved to
effectively enhance the cycling stability of silicon anode, because of the high
conductivity of the graphene materials and absorption of volume changes of silicon by
graphene sheets during the lithiation/delithiation process. In particular, the composites
using thermally expanded graphite exhibited not only more excellent cycling
performance, but also higher specific capacity of 2753 mAh g -1 because the graphene
sheets prepared by this method have fewer structural defects than thermally reduced GO.
Cheng, et al., fabricated silicon/graphite/multi-walled carbon nanotubes (MWNTs)
composites for LIBs [287]. It was observed that silicon particles were homogeneously
embedded into the "lamellar structures" of flaked graphite particles, and the

113

silicon/graphite composite particles were further wrapped by a MWNTs network. This
composite anode material showed a discharge capacity of 2274 mAh g -1 in the first
cycle, and after 20 charge-discharge cycles, a reversible capacity of 584 mAh g-1 was
retained, much higher than 218 mAh g-1 for silicon/graphite composite. The
improvement in the electrochemical properties of the composite anode material was
mainly attributed to the excellent resiliency and good electric conductivity of the
MWNTs network.
Cui, et al., reported a novel anode structure free of heavy metal current collectors by
integrating a flexible, conductive carbon nanotube (CNT) network into a Si anode [288].
A total of 10 mL of CNT ink was spread out onto a stainless steel substrate with the
Meyer rod coating method. The wet film was then slowly dried at 60 °C to avoid
bubbling. The dried film was carefully rinsed with DI water to remove the surfactants.
Due to the poor adhesion between the CNT film and the stainless substrate, the CNT
film can be easily peeled off from the substrate, floated on DI water, and picked up with
a metal mesh. The final free-standing CNT film was obtained after drying the wet film
on the metal mesh. Then silicon was deposited onto the free-standing CNT film using
the CVD process. The composite film shows a high specific charge storage capacity
(~2000 mAh g-1) and a good cycling life, superior to pure sputtered-on silicon films with
similar thicknesses. The results are shown in Figure 1-43.

Figure

1-43

A

photography of the freestanding CNT-Si NPs
nanocomposites and its
charge-discharge
capacities tested under
various conditions (ACS
Nano, 2010, 4(7), 36713678).
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Battery performances of Si NWs-C nanocomposites
The current collectors take up more weight than active materials do in most LIB
cells, so research has been focusing mainly on improving the gravimetric capacities of
active materials. To address this issue, free standing Si based anode receives special
attention, for which, Si NWs provide an ideal platform due to its one-dimensional
structure. Choi, et al., developed freestanding nanocomposites made of carbon
nanofibers (CNFs) and silicon NWs as metal current collector-free anode platforms
[289]. The freestanding nanocomposite was first prepared by making a carbon nanofiber
(CNF) ink. An aqueous mixture of CNFs, polyvinyl alcohol (PVA), and sodium
dodecylbenzene sulfonate (SDBS) (1-2, 0.5-1, 0.5-1% by weight, respectively) was
sonicated until the ink became completely homogenous. PVA was used to improve the
mechanical stability of the freestanding CNF film and SDBS was used as a surfactant.
Next, the ink was suctioned into alumina membranes using vacuum filtration. Once CNF
solution was transferred, the films were washed thoroughly with isopropanol using
vacuum filtration to remove residual surfactants and thus improve film conductivities.
Finally, the alumina membranes were removed by dipping them in 1.25 M sodium
hydroxide solution. The free standing composites showed excellent battery
performances. For the composite with a loading of 2.0 mg cm-2, the charge-discharge
capacities remained ~1500 mAh g-1 in 40 cycles at 0.5 C (~1.8 A g-1); in contrast, for the
3.6 mg cm-2 composite, the capacities are over ~1800 mAh g-1 in 150 cycles at 0.1 C,
which decline steadily afterward.

Figure 1-44 SEM images of the freestanding

graphene-Si

NWs

composites and the charge-discharge
capacities

tested

under

various

conditions (Nanoscale, 2013, 5(4),
1470-1474).
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Wang, et al., facilely hybridized one-dimensional Si NWs and two-dimensional
graphene sheets to form free-standing paper anodes [290], which hold advantages highly
desirable for not only accommodating the volume change of silicon, but also facilitating
the fast transport of electron and lithium ions. Si NWs were grown via a chemical vapor
deposition (CVD) vapor-liquid-solid (VLS) growth method. Graphene oxide (GO)
aqueous solution (1 mg mL-1) was mixed with a desirable amount of the as-cleaned Si
NWs. The mixture was sonicated for a short time and then mechanically stirred, leading
to a homogeneous suspension. Then, the thus obtained suspension was vacuum filtered
and peeled from the filter membrane to get a paper-like GO-sandwiched Si NW film,
which was further annealed at 600 C for 2 h under Ar, thus obtaining reduced graphene
oxide (RGO)-sandwiched Si NWs. The resulting self-supported, flexible hybrid films t
high reversible capacity (ca. 3350 mAh g -1 of silicon) and superior cycling stability at
higher discharge-charge rates in comparison with their counterparts that are inevitably
paired with either electrochemically inactive binders or heavy substrates. The results are
shown in Figure 1-44.
1-5-4 Si-Metal composites
The presence of metal in silicon is mainly to improve the electronic conductivity of
Si. In the Si-metal composites, metal exists either as a coating layer or forming silicides
with Si.
1.5.4.1 Metal coated nanostructured Si
Sethuraman, et al., fabricated porous copper-coated silicon thin-film electrodes by
magnetron-sputtering, and studied their cycling efficiency and rate capability in lithiumion coin-cells [291]. Thin copper discs were used as substrates for electrode fabrication.
Silicon thin films were prepared by RF-magnetron-sputtering of a silicon target at a
power of 200 W and at a pressure of 0.667 Pa of argon. Copper thin films were prepared
by DC-sputtering of copper target at 100 W and a pressure of 0.013 Pa of argon. A 300
nm copper thin-film (i.e., a Cu underlayer) was first sputtered onto the copper disc
followed by the deposition of 500 nm silicon film. The presence of a copper layer coated
on the active material plays a beneficial role in increasing the cycling efficiency and the
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rate capability of silicon thin-film electrodes. A Si-Cu (40 nm) electrode exhibits lower
capacity fade compared to the Si electrode. The total capacity loss relative to the initial
discharge capacity for the Si-Cu and Si electrodes at the end of the 60th cycle is 23% and
32%, respectively. The average discharge capacity of the Si-Cu (40 nm) electrode is
2002 mAh g−1, much higher than that of the Si electrode's 1264 mAh g−1.
Kang, et al., studied the effect of multilayer structure on cyclic performance of Si/Fe
anode electrode in LIBs [292]. The multilayer thin-film anode was deposited on a Cu
foil by sputtering, using silicon and iron with a titanium target. A 10 nm titanium
underlayer was deposited on the Cu foil before silicon deposition to improve the
adhesion of the silicon to the copper substrate. Si deposited under radio frequency (RF)
with an applied power of 150 W and a DC power of 80 W was used for Fe and Ti. The
film thickness could be controlled by adjusting the deposition time at an optimized Ar
pressure and power. Various Fe layer thicknesses were deposited, ranging from 2 to 20
nm, with a static silicon layer of 20 nm. The multilayer structure was changed to
improve the electrochemical properties by controlling the thickness of the Fe layer and
increasing the number of deposited stacks.
Decreasing the thickness of the Fe layer can lead to a higher capacity, which is
related to the fast transport of the Li ion, but the cyclic performance deteriorates with
repeated cycling. In contrast, increasing the thickness of the Fe buffer layers and the
number of deposit stacks improves the cycle life with high reversibility. Because of the
strain in the Si layers suppressed by the primary multilayer structure, the long-term
strength is preserved and the substantial fracture toughness is enhanced by the increasing
numbers of effective grain boundaries and interfacial layers. In addition, the Ti
underlayer promotes the electrochemical properties in the Si/Fe multilayer for various Fe
layer thicknesses because of the enhanced adhesion of the interfacial electrode and
current collector. The mechanically optimized Si/Fe multilayer films can have superior
cycle-life performances and higher capacities. A 16-bilayer deposited electrode exhibits
excellent capacity retention of ~95% with 204 mAh g−1 over 300 cycles at a 1 C rate.
The results are shown in Figure 1-45.
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Figure 1-45 TEM images of
Fe/Si electrode before and
after tests and the chargedischarge capacities tested
under

various

conditions

(Phys. Chem. Chem. Phys.,
2013, 15, 1569-1577).

Yu, et al., fabricated Ag-coated 3D macroporous silicon for LIBs application [293]. 0.15
mmol AgNO3 was dissolved in 50 mL distilled water in a beaker. Then aqueous
ammonia was added dropwise to the AgNO3 solution, until a clear colorless solution was
obtained. The pH of the solution was controlled to be ~9.3. Subsequently, the obtained
3D macroporous silicon (0.2 g) was added into the obtained ammonia-AgNO3 solution
with agitated stirring for 30 minutes. Formaldehyde (2%, 0.12 mL) was then added
dropwise to the solution, followed by agitated stirring for 2 h at room temperature.
Finally, the sample was washed with distilled water and desiccated in a vacuum oven at
60 °C for 12 h. The weight ratio of Ag and Si powder was controlled to be 8:92. The Agcoated 3D macroporous silicon displays a capacity of 3585 and 2917 mA h g−1 for the
first discharge and charge processes respectively. The initial coulombic efficiency of the
Ag-coated silicon electrode was 81.4%. The Ag-3D macroporous silicon delivers
reversible capacities of about 2122, 1610, and 800 mA h g−1 at a discharge rate of 1 C,
2 C, and 4 C, respectively, whereas the Ag-free silicon electrode examined under the
same conditions only displays 1930 (1 C), 1430 (2 C), and 590 (4 C) mA h g−1,
respectively.
Thakur, et al., studied gold-coated porous Si film as anodes for LIBs, which points to
a new approach to improving the long-term cycleability and high-capacity performance
metrics of LIB anodes by the combination of internal pores and a gold-coating [294].
The porous Si was fabricated through a MACE process on a Si(100) wafer. The porous
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layer of the wafer is then coated with a 20 nm gold film via E-beam evaporation. The
cells were charged-discharged at room temperature between the voltages of 0.1 V and 2
V vs. Li/Li+. This approach offered a layered architecture consisting of a gold-coated
porous silicon film attached to a bulk silicon substrate. This structure demonstrates an
enhanced ability to alloy with lithium ions over several charge/discharge cycles while
maintaining mechanical integrity. A specific capacity of over 3000 mAh g−1 can be
achieved for over 50 charge-discharge cycles at 100 μA cm-2, and 2500 mAh g−1 can be
achieved for over 75 cycles with coulombic efficiencies over 95%. This is a significant
improvement over a gold-coated, non-porous silicon sample, which had a maximum
capacity of 1 mAh g-1 before failing after 10 cycles at 0.25 mAh g-1 when cycled at a
constant current of 100 μA cm-2, i.e., the creation of pores plays a significant role in Si
performances. Gold-coated porous silicon also out-performed non-gold-coated porous
silicon, which had a first cycle discharge capacities of 500 mAh g -1, which quickly faded
to 76 mAh g-1 after the 10th cycle when cycled at a constant current of 50 μA cm-2.
Mitlin, et al., investigated the effect of aluminum coating layers and of the support
growth substrates on the electrochemical performance of Si NWs used as anodes in LIB
half-cells [295]. Al coating was sputter deposited at a rate of 0.2 Å s−1 onto the as-grown
Si NWs. The thicknesses of the films when deposited on a planar support were 5, 10, 50,
100 and 150 nm. Based on the measured weight of Si and calculated mass loading of Al
in each case, the nanocomposites can be addressed with weight percentage of Al.
Accordingly, 5, 10, 50, 100 and 150 nm sputtered Al contain the weight percentage of 1,
3, 8, 13 and 19 wt% Al, respectively. The maximum coating thickness observed by
transmission electron microscopy was ~50 nm for the 13 wt% sample. An improved
cycling performance was observed for the Si NWs that were coated with 3 and 8 wt%
Al, which effectively helps to maintain the mechanical integrity of the Si NWs. In 50
cycles, both the bare and the 3 wt% Al coated NWs retained 2600 mAh g -1 capacity.
However, beyond 50 cycles, the coated NWs showed higher capacity as well as better
capacity retention with respect to the first cycle.
1.5.4.2 Silicides
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The employment of metal silicides as anodes is mainly because of their higher electric
conductivity (compared to Si), but their lithium ion storage capacities are actually lower
than pure Si due to the presence of metal atoms. As such, there were few studies
addressing this topic before. Nevertheless, this topic regains increasing attention
recently.
Moriga, et al., studied electrochemical Li insertion into the anti-fluorite-type Mg2Si
[296], focusing on the structural changes during the insertion. Lithium insertion into
Mg2Si proceeds stepwise following the reactions: Mg2Si+2Li++2e−→Li2 MgSi+Mg, and
Mg+yLi++ye−→LiyMg. Li2 MgSi has the 2aF×2aF×2aF structure with space group Fm3m, where aF represents a lattice length of the fundamental fluorite unit cell. DV-Xα
calculation showed that charge compensation in Mg2Si accompanied by the Li insertion
into the vacant octahedral site occurs by introduction of electrons into Mg-3s orbitals,
resulting in a reduction of Mg2+ ions. Thus, one-half of the Mg2+ ions discharge from
Mg2Si and the Li+ ion is incorporated into the missing site to form Li2 MgSi. Later,
magnesium silicide as an anode material for LIBs was reported by Roberts, et al., in
2002 [297]. Mg2Si was synthesized by mechanical alloying followed by a brief heat
treatment at 600 °C. A planetary ball mill was used with elemental powders as the
precursors. Mg (99.8% pure, 325 mesh) and Si (99.9% pure, 100 mesh) powders were
ball milled in a 45 ml stainless steel grinding bowl with an O-ring seal. Five grams of
powder, five stainless steel balls of 0.375 in. diameter, and 1 ml of hexane were added to
the bowl in an argon-filled glove box. Milling was performed at a disc rotation speed of
400 rpm. A maximum discharge capacity of 830 mAh g -1 was observed by cycling over
a wide voltage window of 5-650 mV versus Li, but capacity fade was rapid. Cycling
over the range 50-225 mV versus Li produced a stable discharge capacity of
approximately 100 mAh g-1. The results are shown in Figure 1-46.

Itahara, et al.,

fabricated the composite particulate aggregates, of which iron silicides, Ca-Si compound
and Si are tightly compounded, and evaluated their performance as LIB anodes [298].
The particulates are prepared using the solid-state reaction between the layered CaSi2
and FeCl2 by a solid state exfoliation reaction (SSER)' route. The co-existing iron
silicides are the materials with well-known phases (FeSi and Fe3Si); however, they are
fine particles. The fabricated composite particulates show a capacity per volume, at first
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cycle, similar to 6 times larger than that of the artificial graphite. The particulates with
larger amount of Ca-Si compound and Si phases show higher capacity. Curtel, et al.,
investigated CrSi2 and MoSi2 as anode materials for lithium-ion batteries [299]. The two
materials were synthesized by high energy ball milling of the corresponding metals. The
in-house prepared powders have shown better battery performance than commercial
powders (as-received or ball-milled) do. 20 h were necessary for the formation of MoSi2
whereas 100 h were needed for the formation of the CrSi2 powder. The best battery
performance was obtained with the synthesized CrSi2 powder that has a theoretical
capacity value of 469 mAh g−1. This powder provided capacities of 340, 262, 167, 110,
and 58 mAh g−1 at C/12, C/6, C/2, C, and 2C, respectively. Cycling at 60 °C showed
higher capacity values, but a faster fade of these values is observed.

Figure 1-46 The charge-discharge
capacities of Mg2Si tested under
various

conditions

(J.

Power

Source, 2002, 110, 424-429).

Besides, a more recent study is worth mentioning. Suh, et al., reported
implementation and characterization of silicon anode with metal alloy inactive matrix
for LIBs [300]. The matrix, Si-Ti-Ni (STN) alloys, was fabricated by melt spinning.
During Li insertion into the alloy electrodes, Si crystallites (active material) reacted with
Li to form LixSi alloys. The STN phase was the inactive matrix and was optimized.
With 65 at% Si, the initial efficiency dramatically improved to 76%, and after 100
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cycles, the charge/discharge efficiency was very high, 80%. The related results are
shown in Figure 1-47.

Figure 1-47 TEM images
of various alloys and the
battery performances (J.
Electrochem. Soc. 2013,
160 (4) A751-A755).

1-5-5 Metal oxide coating on nanostructured Si
In the process of charge-discharge cycles, Si undergoes enormous volume change
(~320%), resulting in disintegration of the electrode materials. Moreover, the
disintegration leads Si to be continuously exposed to electrolyte followed by formation
of new solid-electrolyte interphase (SEI), i.e., more Si is trapped, with the formation of
inorganic compounds and irreversible LixSi alloys. As such, the cyclic stability of Si
based anode materials is poor, and their practical applications are not achieved. Noticing
this, metal oxide coating is considered a promising way to prevent the continuous loss of
Si because the metal oxide layer will work as an artificial SEI and for this, atomic layer
deposition (ALD) has proved successful to give rise to uniform thin layers on
nanostructured Si. This field is developing very rapidly, but many questions remain
unanswered. In this part, I will list several typical studies.
In 2011, Huang's research group reported alumina-coated patterned amorphous silicon
as the anode for a LIB with high coulombic efficiency [301]. The period patterned
silicon electrode was fabricated by optical lithography and reactive ion etching (RIE).
For alumina film deposition, a Savannah-100 ALD system was introduced. Al2O3 ALD
was performed at 250 °C using trimethyl aluminum (TMA) and H2O as precursors. The
thickness of the ALD film was controlled by the precursor pulse cycles. The deposition
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rate was fixed at 1 Å per cycle. An alumina-coated Si electrode (20-ALD-Si electrode)
shows excellent cycling performance with the initial charge capacity of 1125 mAh g−1. It
maintains the capacity of 1100 mAh g−1 after 100 cycles. The investigations on the
interactions between the anode and electrolyte and coulombic efficiency in each cycle
confirm that the alumina layer acts as a protective layer for preventing the side reactions
between the electrode and electrolyte.
Xiao, et al., studied ultrathin multifunctional oxide coatings on Si thin films for
LIBs [302]. Silicon thin films (75 nm thick) were deposited on a copper current collector
by RF magnetron sputtering deposition. TMA and high performance liquid
chromatography graded water were used as precursors in the ALD system to deposit the
alumina coating on the Si electrode. The Al2O3 layer is around 5 nm thick. Although the
Al2O3/Si sample has lower specific capacity than non coated Si does, it has a slightly
higher coulombic efficiency (CE). For the first discharge, the capacity of pure Al2O3/Si
is about 900 mAh g-1 when the potential reaches the cutoff voltage, which is much lower
than the value of 3800 mAh g-1 for Si. The continued insertion of Li under constant
voltage increases the capacity to about 3000 mAh g-1 for Al2O3/Si, but not much increase
to Si. The capacities remain almost unchanged in 11 cycles adopted in this study. The
multiple functions provided by the ultrathin Al2O3 coating on the electrode surface were
summarized as follows: the structure of the Al2 O3 changes to Al2O3/AlF3, providing
much better lithium ion conductivity. The presence of LiAlO2 on the top surface helps
lithium insertion by reducing the associated energy barrier; 2) the Al2O3 coating can
serve as an artificial SEI layer, which is chemically stable but highly Li+ ion conductive.
This coating suppresses the chemical reaction between the active material and the
electrolyte; 3) the Al2O3 surface coating can mitigate mechanical degradation and
improve cycling stability. The related results are shown in Figure 1-48.
Probat’s research group studied alumina-coated silicon-based nanowire arrays for
high quality LIB anodes [303]. The growth of NiSi NWs was performed in a plasmaenhanced chemical vapor deposition (PECVD) reactor. The NiSi-Si samples were
loaded into the atomic layer deposition (ALD) apparatus for Al2O3 deposition at 260 °C
(100 cycles). The process used TMA and water as Al2O3 precursors and N2 as the carrier
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gas. After termination of deposition, the temperature was decreased below 50 °C. The
samples were unloaded and immediately transferred into the Ar-filled glove box.
Anodes with Al2O3-coated NWs withstand 1280 charge-discharge cycles, when the
capacity is limited to 1200 mAh g-1. Although the Al2O3 coating does not resist cracking
upon Si volume expansion, it forms a dense array of protecting patches which retard
electrode degradation, providing local protection against excessive electrolyte
decomposition.

Figure 1-48 SEM image of
the thin films before test
and the charge-discharge
capacities of thin films
tested
conditions

under
(Adv.

various
Mater.,

2011, 23(34), 3911-3915).

1-5-6 Seek for optimum binders for stabilizing nanostructured Si anodes
Binder plays a significant role in maintaining the battery performances of
nanostructured Si, and it is an important topic to research and develop new binders. So
far, many different kinds of binders have been reported. In this part, I will take several
typical studies to indicate the impact of the binder system on the electrochemical
performance of silicon anodes.
In 2007, Dahn’s group suggested that sodium carboxymethyl cellulose be a potential
binder for Si negative electrodes for Li-Ion batteries [304]. They investigated the
electrochemical performance of anode based on commercially available crystalline Si
powder and sodium carboxymethyl cellulose (CMC) binder. CMC is an extremely stiff
and brittle polymer Compared to the conventional binder (polyvinylidene fluoride,
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PVDF), Si electrodes using CMC binder show vastly improved cycling performance. A
high specific capacity of about 1100 mAh g -1 for 70 cycles has been achieved with a
lower cutoff potential of 0.170 V vs Li/Li+. Si electrodes made using CMC binder have
better capacity retention than those do using a binder consisting of CMC and styrene
butadiene rubber. The related results are shown in Figure 1-49. In 2008, Hochgatterer
demonstrated the binder’s influence on the cycling stability of high-energy anodes for
LIBs [305]. Varying the binder’s nature strongly influences the composite electrode’s
performance on deep charging/discharging. The modifications include: (a) substitution
of the functional acetate group by other functionalities and (b) variation of the number of
available reactive sites. If sodium-CMC is used as binding agent, then a chemical bond
between binder and silicon particles can be detected. It is shown that, not necessarily the
binder’s physical flexibility, but its chemical interaction with the active masses is the
major claim leading to long-lasting reversible lithium uptake/release.

Figure 1-49 SEM image of the Si powder before test and the charge-discharge
capacities of Si anodes tested under various conditions (Electrochem. Solid State
Lett., 2007, 10 (2), A17-A20).
Korgel’s research group conducted a very detailed study on the influences of gold,
binder and electrolyte on silicon NWs performance in LIBs [306]. Slurries of Si NWs
(70% w/w), conductive carbon (10% w/w) and binder (either PVdF or NaAlg, 20% w/w)
were prepared by combining 80-100 mg of Si NWs dispersed in 4-5 mL of ethanol with
conductive carbon and either PVdF dispersed in NMP (2 mL) or NaAlg dispersed in
water (2 mL). After bath sonication for 1 h and wand sonication for 30 min, the slurries
were doctor-bladed (200 μm gap) onto Cu foil and dried under vacuum overnight at 100
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°C. PVdF-containing films were annealed under nitrogen for 12 h at 300 °C prior to
punching electrodes. Reasonably thick (>20 μm thick with about 1 mg cm-2 loading)
electrodes of Si NWs were tested with different binder and electrolyte. PVdF was found
to be a poor binder for the Si NWs tested. In contrast, the NaAlg binder, along with the
addition of fluoroethylene carbonate to the electrolyte and preconditioning the electrode
by cycling at a slow charge rate, provided very stable battery cycling with capacities of
more than 2000 mAh g–1. The mechanical rigidness with high concentrations of
functional groups that can bond to an oxidized Si surface accounts for the improved
performances.
Cho, et al., reported a cross-linked polymeric binder inhibits mechanical fracture of
silicon negative electrodes during cycling [307]. For the electrochemical tests, the
composite electrode was prepared by spreading a slurry mixture of nano-sized Si powder
(<100 nm), poly(acrylic acid) (PAA (Mw=100,000)) and/or CMC (viscosity 50-200 cP,
4 wt.% in H2O)) and super P (as a carbon additive for conductivity enhancement)
(60:20:20 in weight ratio) on a piece of Cu foil (18

μm). The crosslinked binder (c-

PAA-CMC) containing 50 wt% PAA and 50 wt% CMC was formed in an Si composite
electrode through a thermal condensation reaction at 150 °C for 2 h under vacuum.
Nanosized silicon powder with such a 3D interconnected network of poly(acrylic acid)
and sodium CMC as a binder exhibits high reversible capacity of over 2000 mAh g-1
after 100 cycles at 30 °C, maintaining superior capacity of 1500 mAh g−1 for the high
current density of 30 A g-1 at 60 °C.
Chen, et al., studied binder effect on cycling performance of silicon/carbon composite
anodes for LIBs [308]. The cycling performance of a silicon/carbon composite anode
has been significantly enhanced by using acrylic adhesive and modified acrylic adhesive
as binder. The capacity retentions of Si/C composite electrodes bound by acrylic
adhesive and modified acrylic adhesive are 79% and 90% after 50 cycles, respectively.
These two binders are electrochemically stable in the organic electrolyte in the working
window. They also show larger adhesion strength between the coating and the Cu
current collector as well as smaller solvent absorption in the electrolyte solvent than
PVDF does. Furthermore, sodium CMC plays an important role on improving the
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properties of acrylic adhesive, which increases the adhesive strength of acrylic adhesive
and improves the activation of the electrodes.
To improve the cycling stability of Si NWs anodes, Cui’s research group reported
coating Si NWs with conducting polymer [309]. Coating with PEDOT causes the
capacity retention after 100 charge-discharge cycles to increase from 30% to 80% over
bare NWs. The improvement in cycling stability is attributed to the conductive coating
maintaining the mechanical integrity of the cycled Si material, along with preserving
electrical connections between NWs that would otherwise have become electrically
isolated during volume changes.
1-5-7 Studies on solid electrolyte interphase (SEI)
SEI is an important component in LIBs when a liquid electrolyte is used. The SEI
forms a protective layer which effective prevents continuous reaction between electrode
materials and the electrolyte, maintaining a stable battery performance. For Si based
anodes, SEI is formed from solvent and electrolytic salt that is electrochemically
reduced to oligomers and inorganic crystals on the silicon surfaces. The SEI acts as a
barrier between the electrolyte solution and the electrode, preventing further loss of
electrolyte. Consequently, SEI plays a major role in the electrochemical process of
lithium ions in silicon and the interactions between electrons and the lithium. The SEI is
compositionally very heterogeneous and results from multiple competing reactions.
Furthermore, the solvents that react to form the SEI and the SEI itself, are very sensitive
to oxygen and water content, making it VERY difficult to approach the true information
on SEI. Recently, with the development of new analytical and synthetic, there is much
progress in the understanding of SEI formation mechanisms and their dependence on the
structure of silicon surfaces and electrochemical potential. Nevertheless, this topic still
remains one of the biggest challenges for silicon based anodes. In this part, I list several
pioneering studies in this area.
Cui’s research group have characterized the composites of the SEI layer formed on Si
NW anodes using the 1 M LiPF6 EC:DEC electrolyte [310]. From the information
delivered by XPS and SEM, it is demonstrated that a great deal of the SEI formation
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occurs at potentials where Li insertion into the Si is also taking place. The fact that the
Si expands in volume at the same time also contributes to the dynamic nature of the SEI
film. The morphology of the SEI was found to be voltage-dependent, with a thick layer
consisting of large particles forming at low potentials, which partially dissolves and
forms cracks as the potential is increased in the discharge. Improved cycling
performance was observed when tuning the voltage cutoffs to avoid large changes in SEI
morphology, suggesting that the cycle life in Si NWs may rely a great deal on the SEI
layer. This was suggested to be related to the enhanced reactivity of Si NWs due to the
large surface area, as well as the composition of SEI products formed on the surface of
the NW. Thus, it will be beneficial to explore different electrolytes and additives to
determine the optimal SEI layer for long-term cycling. During the first charge, the
SiNWs are slowly polarized to low potentials using galvanostatic charging. In detail:
(1) In the first charge to 0.5 V, the SEI layer is composed almost equally of
hydrocarbons, PEO-type oligomers, LiF, LixPFy and LixPFyOz products, with smaller
amounts of lithium alkyl carbonates and ethers. The carbonate solvent can be reduced to
form lithium alkyl carbonates and ethylene gas. The LiPF6 salt can react with impurities
such as HF and H2O to form LixPFy and LixPFyOz like products, as well as LiF. LiF can
also be formed from the decomposition of LiPF6, which is unstable at low potentials.
(2) In the first charge to 0.1 V, the SEI surface consisted predominately of
hydrocarbons and PEO-oligomers, indicating that more electrolyte was being reduced.
Li2CO3 was also observed but no Li alkyl carbonates or ethers were observed,
suggesting that these less stable products have transformed into Li2CO3. The amount of
LiF and LiPF6 was lower than that at 0.5 V.
(3) SEM observation of the Si NW samples at different points of charge and
discharge confirmed that the surface layer changes as a function of the potential. As
shown in Figure 1-50, after the Si NWs had been charged to 0.1 V, the surfaces of the
NWs were no longer smooth but rather rough in appearance due to what appears to be a
conformal coating. On the surface of the NW network, there also appeared to be regions
covered with deposits of SEI products. From the sputter profile, it was estimated that the
layer covering the NWs was about 40 nm thick.
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Figure 1-50 SEM image of the Si NWs and SEI layer at different potential (J. Power
Sources, 2009, 189(2), 1132-1140).
Catarina Pereira-Nabais recently, studied the interphase chemistry of Si electrodes
used as anodes for Li-ion batteries using XPX and ToF SIMS [311]. For this study, Si
NWs were grown on stainless steel sheet by a CVD process. XPS analysis showed that
the organic, outer-part of SEI-layer formed in PC-based electrolytes is thicker and richer
in alkyl carbonate species, than that formed in EC:DMC-based electrolytes. Inorganic
outermost part of the SEI is mainly composed of salt decomposition products (LiCl or
LiF) and LiClO4 or LiPF6 salt contamination not completely removed from electrode
surface in washing process. This distribution of organic and inorganic parts in the SEI
layer is also confirmed by the CO2 - and LiF- signals, respectively. Furthermore, it was
also confirmed that Si electrode morphology greatly influences ToF-SIMS depth profile.
Schroder, et al., examined solid electrolyte interphase formation on crystalline silicon
electrodes and the influence of electrochemical preparation and ambient exposure
conditions [312], providing very insightful information on how SEI formation
mechanism depends on electrochemical method. SEI layers were prepared via
electrochemical methods on cleaned, polished, and nondoped silicon (001) wafers in a
glove box maintained with an argon atmosphere containing less than 1.0 ppm water and
~1.2 ppm oxygen. Approximately 5 nm of titanium metal, followed by 30-50 nm of
copper metal, was evaporated onto the unpolished side of the silicon wafer to ensure
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good electrical contact. All silicon wafers had a native oxide layer (SiOx, with 2 >x≥0.8)
that was measured to be ~2 nm. Three different electrochemical methods were used to
study SEI formation mechanisms on Si electrodes, including chronoamperometry (CA),
linear sweep voltammetry (LSV), and cyclic voltametry (CV). Electrochemical
preparation has a dramatic effect on the distribution and composition of SEI products
formed on crystalline silicon wafer electrodes with native oxide. The electrode that
underwent LSV had an SEI composed of 34.9% alkane and alkyl functionalities, 15.4%
ethers and alkoxides, and 8.6% esters and carboxylates. The electrode that underwent
CV had an SEI composed of 42.1% alkane and alkyl functionalities, 15.2% ethers and
alkoxides, and 12.0% esters and carboxylates. The electrode that underwent CA had an
SEI composed of 24.9% alkane and alkyl functionalities, 6.3% ethers and alkoxides,
12.3% esters and carboxylates, and 19.9% carbonates. The remainder of each SEI was
composed of LiF and degraded LiPF6 products. Therefore, variable potential cycling
experiments (prepared by LSV and CV) produced organic oxides and a suppression of
carbonate-containing species, relative to the potential step (CA) experiments probed by
anoxic XPS studies. This discrepancy was interpreted by passivation of the silicon
surface during LSV and CV experiments. Exposure of the Si anode materials to ambient
conditions after careful exclusion of oxygen and water showed the volatility of SEI
layers. When exposed to ambient conditions, the SEI layers reacted to from more
fluorinated products, most likely from HF generated during LiF dissolution in the
presence of water. Additionally, SEI layers formed via CA yielded less non-carbonatecontaining organic species and, after exposure to air and moisture, showed an increase in
oxygen-containing species due to generation of carbonate and lithium oxide.
Hinkle's group investigated the progress of solid electrolyte interphase formation on
hydrogenated amorphous silicon anodes [313]. The anodes used in this study are
hydrogenated amorphous Si (a-Si:H) electrodes fabricated to exclude the effects of the
other electrode components (binding material and conductor) on the SEI formation. The
use of a-Si:H anodes also excludes any additional stress induced by crystalline-Si
undergoing amorphization upon first reaction with Li. The a-Si:H electrodes were
prepared by a standard technique using rf PECVD of 2% silane diluted with He gas at
200 °C and 50 W onto a thin stainless steel (SST) foil substrate. The as-deposited
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undoped a-Si:H electrodes were ~200 nm thick and of low porosity, and similar
deposition conditions have shown the H-content to be around 5%. Electrochemical
reactions were performed using a Teflon beaker half-cell with 1 M LiPF6 in a 1:1
mixture of ethylene carbonate and diethyl carbonate (EC/DEC) as the electrolyte. The
results exhibited some insightful information on the SEI formation and related
phenomena. During the first charging cycle at 1.8 V, the electrolyte and solvent begin to
decompose on the electrode surface. Between 1.8 and 0.6 V, the decomposed electrolyte
and solvent contribute to the formation of the SEI layer on the electrode. After the first
lithiation, the SEI layer is primarily composed of LiF as the major species along with
lower concentrations of LiPF6, LixPFy, and PFy. There is not yet any interaction of the Li
and F ions with the underlying Si electrode at 0.6 V. Si does not take part in the reaction
until late in the first lithiation step. At biases lower than 0.4 V, the lithiation of the aSi:H anode commences as Li and F pass through the SEI layer resulting in the formation
of Si-Li, Si-F, and a network of F-Si-Lin. When Si begins to react with the electrolyte
byproducts, it does so with F and Li simultaneously (not just high-capacity Li-Si).
During the second lithiation cycle, significant scission of the Si-Si bonds by the Li
occurs resulting in formation of high concentrations of LixSi.
Ulldemolins, et al., investigated the part played by the solid electrolyte interphase on
the electrochemical performances of the silicon electrode [314]. Amorphous silicon thin
films were prepared by RF sputtering. A 75.5 mm diameter target made of 99.999% pure
silicon was used. Before deposition, a vacuum was applied into the chamber until the
pressure was less than 8.10-5 Pa. All silicon thin films were deposited at room
temperature with no intentional heating of the substrate at a nominal RF power of 75 W
and a target-to-substrate distance equal to 80 cm. The films were deposited in 99.999%
pure argon atmosphere with a total gas pressure of 0.5 Pa. Thin films were deposited on
14 mm diameter, 17 μm thick Cu foils (99.95%). The thickness of the electrodes is either
100 nm or 500 nm (i.e. around 20-100 μg cm-2). Such an anode system vs lithium is able
to maintain 84% of its maximum capacity after 500 cycles, with quite high coulombic
efficiency (~99.5%). Addition of vinylene carbonate (VC) limits the development of
new cracks by forming an efficient SEI which limits the contact between the electrode
and the liquid electrolyte. This reduces the amount of SEI products precipitating and
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accumulating inside the electrode at each cycle, and hence is helpful to maintain the
integrity of the electrode material. The application of an external mechanical pressure at
the surface of the electrode was also found to be beneficial as it contributes to maintain
dense film morphology and good contact between the active material and the current
collector.
Nadimpalli devised a method to quantify the charge capacity loss per unit area of Si
electrode during the first half-cycle due to the formation of the SEI layer and to identify
the species that constitute this layer [315]. Coin cells were made with Si thin-film as
working electrode and Li metal as counter/reference electrodes, and they were cycled to
measure the first cycle capacity loss. Electrodes were fabricated by depositing 200 nm
thick Cu layer (current collector) on a (1 cm x 1 cm, 500 m nominally thick, and
double side polished) Si substrate with 500 nm thick thermally grown oxide on all sides,
followed by a 20 nm thick Si film, which was deposited by RF-magnetron sputtering at
150 W power and less than 2 mTorr Ar pressure. The thermally grown oxide on the Si
substrate acts as a barrier for Li diffusion, isolating the substrate from participating in
the electrochemical reactions. The planar geometry of thin films allowed accurate
calculation of surface area; further, creation of additional surface by cracking was
prevented by minimizing the thickness of the Si film. Experimental data showed that the
Qlost (capacity loss) is in the range of 0.06-0.1 C cm-2 (0.0178 and 0.0278 mAh cm-2).
SEI formed on silicon electrodes show species similar to lithium alkyl carbonates, LiF
and LixPOyFz. Lithium alkyl carbonates increase in concentration as the hold time
increases up to 6 h. While LixPOyFz concentration also increases with the hold time,
indicating that SEI components are not stable and further electrolyte degradation occurs.
1-5-8 Mechanism studies
Mechanism study of Si based anode materials in battery performances is critically
important to understand the electrochemical processes and the property changes
happening to Si, electrolyte and the SEI. So far, there are many pioneer studies using
different advanced techniques. In this part, I will outline several typical studies with
easy-to-access instruments.
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Dhan, et al., did in situ XRD and electrochemical study of the reaction of lithium with
amorphous silicon [316]. The features in the dQ/dV vs. potential and potential vs.
capacity plots were employed to track the change in the crystallization of the Si. At the
bottom of discharge below ~0.03 V, thick films of a-Si rapidly crystallize to form a
crystalline Li15Si4 phase. On delithiation, the a-Si phase reforms. The samples do not
recrystallize during subsequent discharges if the voltage is kept above 0.1 V. Also, the
film thickness may play an integral role in determining if the sample crystallizes during
lithiation. A critical thickness seems to be around 2.5 mm, although more study is
needed to find the exact value and to determine the effects of other variables. The typical
XRD patterns are shown in Figure 1-51.
Figure 1-51 Plot of data collected
for the first discharge and charge
of the in situ XRD cell showing
~a) potential vs. time and ~b)
selected XRD scans. The circled
numbers in a show the start time
of the XRD scans. The numbers
to the right in b show the scan
numbers. Diffraction peaks from
cell parts have been subtracted (J.
Electrochem. Soc. 2004,151 (6),
A838-A842).
Sethuraman, et al., reported in situ measurements of stress evolution in a silicon thinfilm electrode during electrochemical lithiation and delithiation using the multi-beam
optical sensor (MOS) technique [317]. The experimental setup is schematically shown in
Figure 1-52. Upon lithiation, due to substrate constraint, the silicon electrode initially
undergoes elastic deformation, resulting in rapid rise of compressive stress. The
electrode begins to deform plastically at a compressive stress of ~1.75 GPa; subsequent
lithiation results in continued plastic strain, dissipating mechanical energy. In the
process of delithiation, the electrode first undergoes elastic straining in the opposite
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direction, leading to a tensile stress of ~1 GPa; subsequently, it deforms plastically
during the rest of delithiation. The plastic flow stress evolves continuously with lithium
concentration. Thus, mechanical energy is dissipated in plastic deformation during both
lithiation and delithiation, and it is comparable to the polarization loss. Upon current
interruption, both the film stress and the electrode potential relax with similar time
constants, suggesting that stress contributes significantly to the chemical potential of
lithiated silicon.
Cui, et al., studied the shape and volume changes of crystalline Si nanopillars with
different orientations upon first lithiation and discovered anomalous behavior [318].
Upon lithiation, fracture sites are located at the surface of nanopillars between
neighboring {110} lateral planes. They propose that anisotropic expansion of the crystal
could result in intensified tensile hoop stress at the fracture locations. Statistical analysis
of the fracture ratio for <111> Si pillars reveals that pillars of smaller size lithiated at
slower rates usually avoid fracture, whereas larger nanopillars usually fracture at all
lithiation rates. The critical diameter for fracture is between 240 and 360 nm during
lithiation and is probably higher for delithiation. The related data are shown in Figure 152.

Figure 1-52 The effect of nanopillar size and reaction rate on the fracture ratio for
h111i axially oriented nanopillars. The “fracture ratio” was determined by examining a
large number of nanopillars and dividing the number of fractured nanopillars by the
total number of pillars counted (PNAS, 2012, 109 (1), 4080-4085).
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Huang, et al., report direct observation of an unexpected anisotropic swelling of Si
nanowires during lithiation against either a solid electrolyte with a lithium counterelectrode or a liquid electrolyte with a LiCoO2 counter-electrode [319]. Such anisotropic
expansion is attributed to the interfacial processes of accommodating large volumetric
strains at the lithiation reaction front that depend sensitively on the crystallographic
orientation. This anisotropic swelling results in lithiated Si nanowires with a remarkable
dumbbell-shaped cross section, which develops due to plastic flow and an ensuing
necking instability that is induced by the tensile hoop stress buildup in the lithiated shell.
The plasticity-driven morphological instabilities often lead to fracture in lithiated
nanowires. These results provide important insight into the battery degradation
mechanisms.

Figure 1-53 Single-crystalline (111) silicon wafer with an array of 10 μ m wide bars
spaced 10 μm apart galvanostatically charged at current densities of b) 36.8 μA cm−2 ;
c) 73.9 μA cm−2, d) 147 μA cm−2; e) 289 μA cm−2 for up to 10 hours. f) Within 10
hours of galvanostatic charging at current densities greater than 73.9 μA cm−2, the
threshold value for volumetric expansion which limits lithium intercalation is
reached. g) Modulating the spacing between the structures alters the maximum
obtainable strain-limited charge capacity (Adv. Func. Maters., 2011, 21(13), 24122422).
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Goldman, et al., examines the crystallographic anisotropy of strain evolution in model,
single-crystalline silicon anode microstructures on electrochemical intercalation of
lithium atoms [320]. The 3D hierarchically patterned single-crystalline silicon
microstructures used as model anodes were prepared using combined methods of
photolithography and anisotropic dry and wet chemical etching. The silicon anodes
reveal highly anisotropic but more importantly, variably recoverable crystallographic
strains during cycling. By selecting a specific design for the silicon anode
microstructure, and exploiting the crystallographic anisotropy of strain evolution upon
lithium ion intercalation to control the direction of volumetric expansion, the volume
available for expansion and thus the charging capacity of these structures can be broadly
varied. Strain-limited capacities ranging from 677 to 2833 mAh g-1 were achieved by
constraining the area available for volumetric expansion via the design rules of the
microstructures. The primary results are shown in Figure 1-53.
Lithiation of individual silicon NPs was studied in real time with in situ transmission
electron microscopy [321]. A strong size dependence of fracture was discovered, i.e.,
there exists a critical particle diameter close to 150 nm, below which the particles neither
cracked nor fractured upon first lithiation, and above which the particles initially formed
surface cracks and then fractured due to lithiation-induced swelling. The unexpected
surface cracking is owing to the buildup of large tensile hoop stress, which reversed the
initial compression, in the surface layer. The stress reversal was attributed to the unique
mechanism of lithiation in crystalline Si, taking place by movement of a two-phase
boundary between the inner core of pristine Si and the outer shell of amorphous Li-Si
alloy. While the resulting hoop tension tended to initiate surface cracks, the small-sized
nanoparticles nevertheless averted fracture. This is because the stored strain energy from
electrochemical reactions was insufficient to drive crack propagation, as dictated by the
interplay between the two length scales, that is, particle diameter and crack size, that
control the fracture. These results are diametrically opposite to those obtained previously
from single-phase modeling, which predicted only compressive hoop stress. In the
surface layer and thus crack initiation from the center in lithiated Si particles and wires.

1-6 Thesis objectives
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In this Ph D study, the author has been engaged in developing novel nanomaterials
and nanomaterial assemblies that are used as anode materials for high-performance
LIBs for electric vehicles. Two major projects were performed. The first is to develop
graphene-based free-standing anode materials; the second being to develop costeffective processes for mass production of low-dimensional nanostructured silicon with
controlled morphologies from low-cost materials. For the first part, most of the effort
had been made to finding effective ways to open channels that allow the electrolyte to
diffuse into graphene papers, increasing electrolyte-carbon contact and hence
improving the utility of carbon and lithium storage capacities. Figure 1-54
schematically describes the issues of using graphene paper as anodes for LIBs and
possible solutions. For the second part, research was focused on screening low-price
silicon alloys, treating the alloys to manipulate their microstructures, and developing

Creation of pores in
graphene sheets reduces
mechanical strength of
the paper, not a workable
strategy for practical
application before a
technology is developed
to control the pores in
sub-nm scale

Diffusion of Li+
Cross plane

effective processing procedure to produce Si.
(a)

Diffusion of Li+
(b)

In plane

My approach: Created effective “channel” that allows an easy diffusion of Li+ in

the

in-plane direction, and simultaneously maintains high mechanical strength for the
paper

Figure 1-54 A schematic diagram describing the issues of using graphene paper as anodes
for LIBs and possible solutions.
The experimental work can be categorized into three parts:
Part I: Fabricated/synthesized primary-structure nanomterials by green processes
1.1 Graphene nanosheets: Exfoliating graphite oxide in liquid medium by ultrasoniation
is an effective approach to obtain graphene with several layers and even a single
layer. In this Ph D study, graphene nanosheets were fabricated by ultrasonicating
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graphite oxide in water, an approach that does not involve any chemical at all. Thin
nanosheets were harvested by centrifugation for further nanocomposite assembly.
1.2 MoS2 nanosheets: Nanosheets were obtained by ultrasonicating commercial micro
size MoS2 particles in N-Methyl-2-pyrrolidone (NMP). NMP is a popular solvent
for preparing electrode slurry for LIBs and hence, no washing is needed for the
resultant nanosheets; in other word, this process is also environmentally benign.
Thin nanosheets were harvested by centrifugation.
1.3 Si nanowires (NWs): NWs were fabricated by metal-assisted chemical etching Si
wafer, with Ag as the catalyst and H2O2-HF as the etchant. Great effort is made to
(a) optimize the sizes and distribution of Ag particles on Si wafer, so as to get a
good control over the diameters of the NWs and a larger yield; and (b) seek an
effective procedure to collect the NWs with desired diameters.
1.4 Mass production of nanostructured Si: Great effort was made to search a costeffective method that can be scaled up for mass production of nanostructured Si
with control over morphology and size. Special attention is paid to (a) controlling
the morpohlogy and yield of the Si NWs product, (b) reducing the cost, and (c)
understanding the formation mechanism, etc.
This is the most important part of this Ph D study.
Part II: Designed and fabricated 2D/3D structures from assembly of the
synthesized nanomaterials
2.1 Graphene paper: Graphene papers were fabricated by vacuum-assisted filtration of
graphene nanosheets suspended in water.
2.2 Graphene-CNT hybrid papers: Graphene-CNT hybrid papers were fabricated by
vacuum-assisted filtration of a mixture of graphene nanosheets and CNTs both
dispersed in water. Special attention is paid to controlling the thickness of the
papers and graphene/CNT ratios.
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2.3 Graphene-SiNWs hybrid papers: This composite was fabricated by vacuum-assisted
filtration of a mixture of graphene nanosheets and SiNWs both suspended in water.
Special attention is paid to (a) the influence of the morphology of the NWs on the
paper formation, (b) controlling the thickness of the papers and graphene/NWs
ratios, and (c) improving the cyclic stability of the hybrid papers by atomic layer
deposition (ALD) of Al2O3.
2.4 Graphene-MoS2 nanocomposites: This composite was fabricated by vacuumassisted filtration of a mixture of graphene nanosheets and MoS2 nanosheets
suspended in water and NMP, respectively. Special attention is paid to controlling
the thickness of the papers and graphene/MoS2 ratios.
Part III: Evaluated the electrochemical properties of the resultant materials
3.1 The electrochemical properties of the graphene papers, graphene-CNT hybrid
papers and graphene-SiNWs hybrid papers were tested using cyclic voltammetry
method and as anodes for LIBs. Special attention is paid to understanding the
relationship between lithium storage capacities and the paper thickness, the
relationship between lithium storage capacities and composites (e.g., graphene/Si)
ratios.
3.2 The electrochemical properties of the graphene-MoS2 nanocomposites were tested
using cyclic voltammetry method and as anodes for LIBs. Special attention is paid
to answering the questions: (a) Is there a strong interaction between MoS2 and
graphene nanosheets in the nanocomposites? (b) What are the roles of the two
components in Li storage? (c) is there a synergic effect for Li storage? (d) What is
the relationship between the morphology of the nanocomposites and their
electrochemical properties?
3.3 The electrochemical properties of nanostructured Si (NWs and NPs) were tested
using cyclic voltammetry method and as anodes for LIBs. Special attention is paid
to searching an effective recipe for making Si based electrode, including carbong
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coating, selection of binder, the composites in electrodes (e.g., the content of Si,
conductive carbon and binder), and loading of active materials, etc.

1-7 Thesis organization
There are 8 chapters in this thesis, including 2 introductory chapters, 5 articles and 1
final chapter. Therefore, this thesis fulfills the requirements of on Integrated-Article
form as outlined in the Thesis Regulation Guide by the School of Graduate and
Postdoctoral Studies (SGPS) of The University of Western Ontario. The chapters are
arranged as following:
Chapter 1 Introduction gives a systematic introduction to (a) the fundamentals of
lithium ion batteries and their perspective and challenges, (b) the chemical
routes for functionalizing graphene and advances in the applications of the
functionalized graphene in electrochemical energy conversion and storage,
including fuel cells, LIBs and supercapacitors, (c) the advances in flexible
LIBs research, with focus on the development of flexible electrodes, and (d)
the recent research and development in nanostructured Si anode materials.
Besides these, the research objectives and the thesis organization are also
clearly highlighted.
Chapter 2 Experimental and Characterization introduces the experimental procedures
for synthesizing and fabricating nanomaterials and hybrid composites,
instruments employed for materials characterizations, and the procedures for
electrochemical tests.
Chapter 3 (Titled "Influence of paper thickness on the electrochemical performances of
graphene papers as an anode for lithium ion batteries") reports the
fabrication of freestanding graphene papers and the studies on the influence
of paper thickness on the electrochemical performances of graphene papers
as an anode for lithium ion batteries. The lithium storage capacities declined
with the paper thickness. This phenomenon was explained by the dense
restacking of graphene nanosheets and a large aspect ratio of the paper. The
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effective Li+ diffusion distance in graphene paper is mainly controlled by the
thickness of the paper, and the diffusion proceeds mainly in in-plane
direction, cross plane diffusion is restrained. As such, the effective contact of
graphene nanosheets with electrolyte is limited and the efficiency of carbon
utilization is very low in the thick papers.
Chapter 4 (Titled "Freestanding graphene-carbon nanotube hybrid papers used as
current collector and binder free anodes for lithium ion batteries") reports
fabricating freestanding graphene-CNTs hybrid papers with higher lithium
storage capacities than that of graphene papers. Highest lithium ion storage
capacities were achieved in the paper with a CNT/GN ratio of 2:1. The
initial reversible specific capacities were ~375 mA h g−1 at 100 mA g-1. The
capacities remain above 330 mA h g−1 after 100 cycles, which are about 100
mA h g−1 higher than those of the graphene paper with nearly the same mass.
The improved capacities were attributed to the contribution of the CNTs,
which prevent restacking of the GNS, increase cross-plane electric
conductivity of the paper and simultaneously, store Li ions.
Chapter 5 (Titled "Flexible freestanding Si nanowires-graphene hybrid anodes with
ALD coating with excellent lithium ion battery performances") reports the
fabrication of flexible freestanding Si nanowires-graphene (SiNW-GNS)
hybrid materials and the study on the SiNW-GNS materials used as anodes
for lithium ion batteries. The flexible anode materials were fabricated by
suction filtration of a mix of Si NWs and GNS both dispersed in water, with
an easy control of Si/C ratios by adjusting the amounts of the Si NWs and
the GNS in the mixture. A paper with a Si/C weight ratio of ~0.3 delivers
reversible capacities between ~1000 and ~800 mAh g -1 in 100 cycles. More
importantly, the paper still maintain high mechanical strength after repeated
charge and discharge and consequently, although the morphology of Si NWs
changes evidently, they are still confined in the graphene layers, accounting
for the improved cyclic stability of the SiNW-graphene papers. The cyclic
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stability was greatly enhanced when the papers were coated with Al2O3 by
an atomic layer deposition (ALD) process.
Chapter 6 (Titled "MoS2-graphene nanocomposites with excellent Li storage
performances: An environmentally benign approach and an insight of the
MoS2-graphene-Li
nanocomposites

interactions")
with

higher

reports
lithium

fabricating
storage

graphene-MoS2

capacities.

In

the

nanocomposites, the MoS2 nanosheets are homogeneously dispersed among
the graphene nanosheets, and vice versa. Excellent performances were
observed in the MoS2-graphene nanocomposites. For the 60Mo-80GN
sample, the reversible capacities are held stably at ~650, ~550 and ~500
mAh.g-1 at 500, 1000 and 2000 mA.g-1. It is concluded that for the MoS2graphene nanocomposites, MoS2 is the key component that accommodates
Li ions, and graphene makes contributions both as electric conductor and
structural stabilizer for the MoS2.
Chapter 7 (Titled "A Catalyst-Free Chemical Etching Process for Mass Production of
One-Dimensional Nanostructured Silicon with Controlled Morphologies
from Commercial Ferrosilicon Alloys ") reports development of a catalystfree etching process to produce 1D silicon nanostructures from low-cost,
metallurgical ferrosilicon alloys with relatively high yields. The process
consists of two key steps: manipulate nanoscale silicon phase in the
ferrosilicon alloys prior to etching by controlling the alloy composition and
solidification process or combined with subsequent heat treatment; and
selectively remove stoichiometric FeSi2 phase that wraps the nanoscale
silicon phase by a dilute HF solution.
Chapter 8 (Titled "Conclusions and Future Perspectives") summarizes the main results
and important findings in this Ph D studies. It also suggests some topics that
are worth pursuing in the future studies in this area.
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Chapter 2 Experimental and Characterization Techniques

In this chapter, the methods for material synthesis and characterization techniques are
described.

2-1 Materials synthesis and fabrication
2.1.1 Synthesis of graphene
Graphene was synthesized by chemically exfoliating graphite oxide. Graphite powder
was oxidized using the modified Hummers’ method [1]. Typically, graphite powder (1 g)
and sodium nitrate (0.75 g) were first stirred in concentrated sulphuric acid (37.5 mL) in
an ice water bath. Then, potassium permanganate (4.5 g) was gradually added in to form
a new mixture. In the first 2 h, the mixture was kept reacting in the ice water bath. After,
the reaction was allowed to proceed at RT for five days with gentle stirring. Thereafter,
100 mL of 5 wt% H2SO4 aqueous solution was added into the mixture to stop the
reaction with vigorously stirring. After 1 h, 3 g H2O2 (30 wt% aqueous solution) was
also added into the reaction system to oxidize Mn4+ to Mn7+ (water soluble). Finally, the
suspension was filtered and washed until the pH value of the filtrate was neutral. The asreceived slurry is the so-called graphite oxide. The dried graphite oxide was exfoliated at
1050 C for 30 s under argon atmosphere to obtain graphene.
2.1.2 Fabrication of Si NWs
Si NWs were fabricated through two top-down procedures.
The first is a catalyst-assisted chemical etching process [2]. A commercial Si(100)
wafer was immersed into a solution containing 0.02 M AgNO3 and 5 M HF,
respectively, to allow growth of Ag nanoparticles on the wafer for a certain time at room
temperature. Immediately after the deposition, the Ag-grown-on wafer was washed with
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DI water before etching. The etching was performed in an etchant containing 0.3 M
H2O2 and 4 M HF, respectively, at room temperature for about 3h. When the etching is
over, the wafer was thoroughly washed with DI water and was then put into diluted
HNO3 to remove residual Ag nanoparticles. The Si NWs were peeled off the wafer
manually for further use.
The second is a catalyst-free chemical etching process, which was a major invention
of this Ph D study. Si NWs were fabricated by etching ferrosilicon alloys with hydrogen
fluoride acid (HF) at room temperature.
2.1.3 Fabrication of MoS2 nanosheets
MoS2 nanosheets were fabricated by exfoliation of commercial MoS2 powder [3]. 0.5
g MoS2 powder was dispersed in 100 mL NMP and was then ultrasonicated for 12 h.
The suspension was centrifuged at 2000 rpm for 40 min. The upper part 2/3 dispersion
was harvested for further use.
To get a control over the absolute amounts of MoS2 in the subsequently formed
nanocomposites, about 500 mL MoS2 suspension was pre-prepared for use.
2.1.4 Fabrication of graphene paper
Two procedures were employed to fabricate graphene papers. For the first, as
synthesized graphite oxide was dispersed in deionized water to give rise to a 0.5 mg ml-1
suspension, and was then exfoliated by ultrasonication for 1 h. The obtained suspension
was centrifuged at 5000 rpm for 15 min to obtain a homogeneous graphene oxide
dispersion. For reduction, the dispersion was diluted to 0.25 mg ml-1 and was adjusted to
PH=10 with ammonia solution. Hydrazine water solution (35%) was added into the
dispersion and was stirred thoroughly at room temperature. The weight ratio of
hydrazine to GO is set to be about 2:1. The dispersion was then put into an oil bath of 90
C, and the reaction was allowed to proceed for 2 h [4]. Graphene paper was made by
vacuum-assisted filtration of the resulting dispersion through an Anodisc membrane
filter (47 mm diameter, 0.2 m pore size; Whatman), followed by air drying for 24 h at
room temperature and peeling from the filter. Thickness of the paper was tuned by
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adjusting the amount of the GNS dispersion. Before spectroscopic and electrochemical
characterization, the graphene papers were mildly annealed in Ar-H2 (10% H2)
atmosphere at 800 C for 2 h for additional deoxygenation.
For the second procedure, as synthesized graphite oxide was dispersed in deionized
water to give rise to a 0.5 mg ml-1 suspension, and was then exfoliated by ultrasonication
for 1 h. The obtained suspension was centrifuged at 5000 rpm for 15 min to obtain a
homogeneous graphene oxide dispersion. The graphene oxide nanosheets were vacuumassisted filtrated through an Anodic membrane filter [5]. The graphene oxide paper was
mildly annealed at Ar-H2 (10% H2) for 2 h in air to give final graphene paper.
2.1.5 Fabrication graphene-carbon nanotube hybrid papers
As synthesized graphite oxide was dispersed in deionized (DI) water to give rise to a
0.5 mg ml-1 dispersion, and was then exfoliated by ultrasonication for 1 h. The obtained
dispersion was centrifuged at 5000 rpm for 15 min to obtain a homogeneous graphene
oxide dispersion. Commercial CNTs from Shenzhen Nanotech Port Co., Ltd were used
as-received without further purification. 100 mg CNTs were dispersed with Triton X100 (100 mg) as surfactant in 100 mL DI water to form a dispersion by ultrasonication
[6]. The obtained dispersion was purified by centrifuge treatment to remove impurities
and tangled CNTs.
For fabrication of GN-CNT hybrid papers, requisite amounts of GNS dispersion and
CNT dispersion were mixed followed by ultrasonication for 0.5 h. The mixtures were
then filtrated under the assistance of vacuum through an Anodisc membrane filter (47
mm diameter, 0.2 m pore size; Whatman), followed by air drying for 24 h at room
temperature and peeling from the filter. Before spectroscopic and electrochemical
characterization, the graphene papers were mildly annealed in Ar-H2 (10% H2)
atmosphere at 800 C for 2 h for additional deoxygenation.
2.1.6 Fabrication of graphene-Si nanowires hybrid papers
To fabricate the SiNW-graphene papers, a requisite amount of Si NWs from the
catalysts-assisted chemical etching process was dispersed in water by ultrasonication.
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The dispersed NWs were then mixed with a requisite amount of graphene nanosheets
also by ultrasonication. The mixture was filtrated through an Anodisc membrane filter
(47 mm diameter, 0.2 m pore size; Whatman) under the vacuum. The papers were
dried in air for 24 h at room temperature and peeled from the filter. Before spectroscopic
and electrochemical characterization, the papers were mildly annealed in Ar-H2 (10% H2)
atmosphere at 900 C for 2 h for additional deoxygenation.
2.1.7 Fabrication graphene-MoS2 hybrid papers
Graphene nanosheets and MoS2 nanosheets suspended in water and in NMP,
respectively, were mixed at a requisite ratio. The mixture was then ultrasonicated for 1 h
so as to get a homogeneous mixture, and was then filtrated under the assistant of vacuum
through an Anodisc membrane filter (47 mm diameter, 0.2 m pore size; Whatman).
The solid product was collected and dried in air for 24 h at ~100 C. Before
spectroscopic and electrochemical characterization, the samples were mildly annealed in
Ar-H2 (10% H2) atmosphere at 800 C for 2 h for additional deoxygenation of graphene.
2.1.8 Atomic Layer Deposition (ALD) deposition
Al2O3 thin layers were coated onto SiNW-graphene papers through ALD process. In
ALD- Al2O3 processes, SiNW-graphene papers were first loaded into a commercial ALD
reactor (Savannah 100, Cambridge Nanotechnology Inc., USA) preheated to a requisite
temperature. Then, Trimethylaluminium (TMA, 98%, Sigma-Aldrich) and deionized
water (DI H2O) were introduced into the ALD reactor in an alternating sequence to
perform ALD-Al2O3 [7,8]. H2O was used as the oxidizer. The deposition temperature
was set as 100 C.
2-2 Instruments
2.2.1 Atomic layer deposition system
Synthesis of materials using atomic layer deposition (ALD) technique is performed in
Savannah 100 ALD system (Ultratech/Cambridge Nanotech., USA). Figure 2-1 shows a
picture of Savannah 100 ALD system used in our laboratory. This ALD system consists
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of precursor bottles, manifold, a reaction chamber, a pressure sensor, a vacuum pump,
an e-box for controlling the system and a computer. The deposition temperature in the
reaction chamber varied from room temperature (RT) to 400 oC. The precursor bottles
can be heated up to 200 oC to provide sufficient vapors for ALD processes. The system
operating pressure is about 0.4-0.5 Torr sustained by the vacuum pump. Ar gas
(99.999% in purity) is used as a carrying gas at a flowing rate of 20 sccm. All
parameters for ALD synthesis and the ALD processes are controlled by LABVIEW
program installed in the computer.
2.2.2 Physical characterizations
A variety of analytical techniques, including SEM, TEM, HRTEM, XRD, Raman,
TG, and FTIR, have been used to characterize the physical and chemical properties of
the prepared samples.
High-resolution scanning electron microscope (SEM, Hitachi S-4800) equipped with
energy dispersive X-ray spectroscopy (EDX), is used to observe the morphology of the
produced samples and to analyze their elemental compositions. The magnification of
Hitachi S-4800 is in a range of ×20-×800000. The resolution of secondary electron
image is 2.0 nm at 1 kV in a standard mode. The instrument is shown in Figure 2-2.

Figure 2-1 A picture of Savannah 100

Figure 2-2 A picture of Hitachi S-4800

ALD system.

high-resolution
microscope.

169

scanning

electron

Transmission electron microscope (TEM, Hitachi H-7000) is employed to obtain
structural information of the prepared samples. The resolution of Hitachi H-7000 TEM
is 0.4 nm at 125 kV, higher than that of Hitachi S-4800 SEM. A picture of this
instrument is given in Figure 2-3. Besides conventional TEM, high-resolution TEM
(HRTEM, JEOL JEM-2100) operating at 200 kV is also used to analyze the structure of
the samples. JEOL JEM-2100 HRTEM is available at Canadian Center for Electron
Microscopy (CCEM) located at McMaster University.

X-ray Diffraction System

(Bruker D8 Advance) is used to gain phase information of the prepared samples. A
picture is shown in Figure 2-4.

Figure 2-3 A picture of Hitachi H-7000 transmission electron microscope.
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Figure 2-4 A picture of X-ray Diffraction System (Bruker D8 Advance).

Figure 2-5 A picture of HORIBA Scientific LabRAM research Raman spectroscopy.
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Raman spectroscopy (HORIBA Scientific LabRAM) is used as a supplementary tool
to analyze the structure or the phase of the samples. Raman spectroscopy is operated
with an incident laser beam (green light) at 532.03 nm. This instrument is available in
our laboratory, and its picture is shown in Figure 2-5.

Figure 2-6 A picture of SDT Q600 thermal analysis system.

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a method of
thermal analysis in which changes in physical and chemical properties of materials are
measured as a function of increasing temperature (with constant heating rate), or as a
function of time (with constant temperature and/or constant mass loss) [9]. TGA can
provide information about physical phenomena, such as second-order phase transitions,
including vaporization, sublimation, absorption, adsorption, and desorption. Likewise,
TGA can provide information about chemical phenomena including chemisorptions,
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desolvation (especially dehydration), decomposition, and solid-gas reactions. A picture
of SDT-Q600 thermal analysis system is shown in Figure 2-6.
Fourier transform-infrared spectroscopy (FTIR, Nicolet 6700 FTIR spectrometer) is
used to obtain useful information about functional groups sitting at the surface of the
prepared samples.
2.2.3 Electrochemical characterizations
Cyclic voltammogram (CV) performance of the anode materials is evaluated in a
VMP3 Potentiostat/Galvanostat/EIS system (see Figure 2-7). Cycling stability and rate
capability of the anode materials are tested in an Arbin BT-2000 battery test station (see
Figure 2-8). Coin-type half-cells composed of a prepared electrode, polypropylene
separator (Celgard 2400), and lithium foil as the counter electrode, are employed for
electrochemical characterizations. See Figure 2-9. The electrolyte consists of 1M LiPF6
dissolved in ethylene carbonate (EC):diethyl carbonate (DEC):ethyl methyl carbonate
(EMC) in a volume ratio of 1:1:1. The coin cells are assembled in a glove box (Vacuum
Atmospheres Company) under a dry argon atmosphere (concentrations of moisture and
oxygen are below 1 ppm).

Figure 2-7 A picture of VMP3 Potentiostat/Galvanostat/EIS system.
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Figure 2-8 A picture of Arbin Battery Testing system.

Opened cell

Figure 2-9 A picture of an opened coin cell employed for electrochemical
characterization of materials.
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Chapter 3 Influence of paper thickness on the electrochemical
performances of graphene papers as an anode for lithium ion
batteries*

This chapter reported the fabrication of freestanding graphene papers and the studies on
the influence of paper thickness on the electrochemical performances of graphene papers
as an anode for lithium ion batteries. The lithium storage capacities declined with the
paper thickness. This phenomenon was explained by the dense restacking of graphene
nanosheets and a large aspect ratio of the paper. The effective Li+ diffusion distance in
graphene paper is mainly controlled by the thickness of the paper, and the diffusion
proceeds mainly in in-plane direction, cross plane diffusion is restrained. As such, the
effective contact of graphene nanosheets with electrolyte is limited and the efficiency of
carbon utilization is very low in the thick papers.

Keywords: Graphene, graphene paper, lithium ion battery, electrochemical energy
storage, freestanding.

* This work was published in Electrochimica Acta, 2013, 91, 227-233.
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3-1 Introduction
Potential application of graphene in electrochemical energy conversion and storage
has drawn increasing interest rapidly [1-3]. The incorporation of graphene into
traditional electrode materials for lithium ion batteries (LIBs), i.e., forming hybrid
nanocomposites, can improve battery performances [4-11]. Meanwhile, graphene has
also been used directly as anodes for LIBs and exhibits intriguing performances [12-17].
Therefore, the assembly of graphene nanosheets (GNS) into thin films and papers is an
attractive subject [18-23]. Graphene papers are highly freestanding and usually flexible.
The papers can be easily fabricated using directed-flow assembly method [24]. The
introduction of freestanding graphene paper into lithium ion battery assembly offers
several advantages. Such a design generally requires fewer steps in anode fabrication
and battery assembly, with potential to eliminate electric conductors and polymer
binders that are used in conventional powder-based anodes fabrication. Graphene paper
possesses equal or even higher flexibility than metal foils do but has much lower mass,
which renders the fabrication of thin film battery possible.
Research on graphene paper as anodes for LIBs is developing very rapidly [1820,22]. However, the existing work is inconsistent and most of them indicated that
graphene paper could not offer specific capacities equal to or higher than those of
graphene powders. Wallace’s group firstly reported graphene paper as anode for LIBs
[20]. A paper of ~5 m thickness presented a first discharge capacity of 582 mAh g-1.
The capacity dropped to ~95 mAh g-1 at the second cycle and then at a very slow pace in
the following cycles. Their results were corroborated by Nguyen, et al., who fabricated a
non-annealed graphene paper via hydrazine reduction of prefabricated graphene oxide
paper and further used it as a binder-free alternative anode [22]. The graphene paper,
which is ~10 m thick, exhibited a charge-discharge profile that closely resembles those
reported for polymer-bound graphene-based anodes while maintaining excellent
cyclability over 70 charge-discharge cycles. Significant increases in the reversible
capacity (from 84 to 214 mAh g−1) were observed when the current rate was decreased
from 50 to 10 mA g−1. They assumed that there are possible kinetic barriers to Li ion
diffusion as a result of the layered structure of the graphene paper. Most recently,
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Hyeokjo Gwon, et al., compared battery performances of graphene paper and graphene
powder [19]. Their graphene paper, about 2 m thick, obviously outperformed their
graphene powder. At a current rate of 1C (372 mA g−1), the capacity achieved ~200
mAh g-1 and increased steadily in the following cycles; on the other hand, the capacity of
graphene powder was only 160 mAh g-1 and decreased steadily. This is interesting
because usually, graphene powder, due to its high surface area, possess much higher
capacity than graphite does (~372 mAh g−1) [14-17]. Obviously, aside from improving
the energy capacities of graphene paper, it is also necessary to explore the intrinsic
factors that mediate the battery performance of graphene paper. But, such research has
not been carried out before.
In this paper, we systematically studied electrochemical performances of graphene
papers as anodes for LIBs, focusing on understanding of the influence of paper
thickness on the lithium ion storage capacities of the papers. The study on three types of
graphene paper reveals that (1) the decline in capacities with increase of paper thickness
is due to restack of GNS and a large aspect ratios of the papers; (2) the effective
diffusion distance of Li in graphene paper is controlled by the thickness of the paper,
and the diffusion mainly proceeds in in-plane direction, cross-plane diffusion is
restrained; and (3) the graphene paper is expected to have potential application in
lithium ion batteries.
3-2 Experimental
3.2.1 Fabrication of graphene paper Graphene paper was fabricated by vacuum assisted
filtration of GNS dispersion. Typically, graphite oxide was synthesized through
oxidation of graphite flakes with KMnO4, NaNO3, and H2SO4 using a modified
Hummers method [25]. As synthesized graphite oxide was dispersed in deionized water
to give rise to a 0.5 mg.ml-1 suspension, and was then exfoliated by ultrasonication for 1
h. The obtained suspension was centrifuged at 5000 rpm for 15 min to obtain a
homogeneous graphene oxide dispersion. For reduction, the dispersion was diluted to
0.25 mg ml-1 and was adjusted to PH=10 with ammonia solution. Hydrazine water
solution (35%) was added into the dispersion and was stirred thoroughly at room
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temperature. The weight ratio of hydrazine to GO is set to be about 2:1. The dispersion
was then put into an oil bath of 90 C, and the reaction was allowed to proceed for 2
hours. Graphene paper was made by vacuum-assisted filtration of the resulting
dispersion through an Anodisc membrane filter (47 mm diameter, 0.2 m pore size;
Whatman), followed by air drying for 24 h
at room temperature and peeling from the
filter. Thickness of the paper was tuned by
adjusting the amount of the GNS dispersion.
The whole process is schematically shown

To vacuum

To vacuum

in Figure 3-1. Before spectroscopic and
electrochemical

characterization,

the

Optical image of
graphene paper

graphene papers were mildly annealed in
Ar-H2 (10% H2) atmosphere at 800 C for 2
h

for

additional

deoxygenation.

A

Figure 3-1 A schematic diagram for
the fabrication of graphene paper.

photograph of the as-fabricated graphene
paper in this study is shown in Figure 3-1.
3.2.2 Characterization of graphene papers Morphologies of GNS and graphene papers
were characterized using a field emission scanning electron microscope (Hitachi S4800) and transmission electron microscope (Philips CM10). Raman spectra were
obtained on a HORIBA Scientific LabRAM HR Raman spectrometer system equipped
with a 532.4 nm laser as the exciting radiation source. The system is also equipped with
an optical microscope so as to generate confocal signals. To obtain charge-discharge
profiles and cycle performance data, the graphene papers were used directly as an anode
and were assembled in a CR 2032-type coin cell configuration. A lithium foil was used
as a counter electrode. Electrolyte was composed of 1 M LiPF6 salt dissolved in a
solution consisting ethylene carbonate, diethyl carbonate, ethyl methyl carbonate (1:1:1
in volume). Charge-discharge characteristics were tested galvanostatically in a voltage
range of 0.01-3.0 V (vs. Li+/Li) at a desired current rate using an Arbin BT-2000 Battery
Test System. Cyclic voltammetry (CV) tests were performed on a versatile multichannel
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potentiostat 3/Z (VMP3) at a scan rate of 0.1 mV.s-1 over a potential range of 0.01-3.0 V
(vs. Li+/Li).
(a)

(b)
(b)

Figure 3-2 SEM (a)
and TEM (b) image
of

as-synthesized

graphene nanosheets.

3-3 Result and discussion
3.3.1 Morphologies of GNS and graphene papers
The properties of a graphene paper, e.g., mechanical strength and electric
conductivity, are intimately related to the properties of GNS (e.g., doping atoms,
functionalizing groups and defects) and their assembly. Usually, under the assistant of
high vacuum, large surface size and thin GNS give rise to graphene papers with high
mechanical strength and electric conductivity [24]. Thicker paper is highly freestanding
and flexible and therefore, is generally more macroscopically processable. SEM and
TEM images of the GNS before paper assembly are shown in Figure 3-2. The GNS are
with sizes of ~5 m or smaller (Figure 3-2(a)). TEM image exhibits transparent
characteristic of the GNS, indicating they are composed of only thin graphene. HRTEM
image confirms most of the resultant nanosheets consist of ≤7 layers with thickness of
about 4 nm, as shown in Figure S3-1. In this study, three types of graphene papers were
fabricated following a same procedure. Cross sections of these papers are shown in
Figure 3-3. The papers have obviously different thickness, i.e., ~1.5 m (GP-I) in Figure
3-3(a), ~3 m (GP-II) in Figure 3-3(b) and ~10 m (GP-III) in Figure 3-3(c),
respectively. However, structures of the three papers are similar, possessing a layered
structure through the entire cross section, a characteristic of graphene paper from
vacuum-assisted filtration [20,22]. Surface morphology of the papers was also
interrogated. Shown in Figure 3-3(d) is the SEM image of the GP-II, which reveals an
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undulating morphology. These are highly consistent with those reported previously
[20,22]. Moreover, the three papers in this study are highly freestanding and flexible.
They can be bent to any angle, as shown in Figure S3-2.
3.3.2 Electrochemical characterization of the graphene papers
Electrochemical properties of the papers were first characterized using cycle
voltammetry (CV) method. The papers were used as working electrodes in 1.0 M LiPF6
with lithium sheet as the counter and reference electrodes. The CV curves of the GP-II
and GP-III shown in Figure 3-4 revealed some insightful information on Li-GNS
interactions. (1) For both papers, a peak, which results from Li intercalation into the
carbon based anodes, was observed at ~0 V in all the CV curves; (2) CV behavior of the
thinner paper is obviously different from that of the thicker one. As shown in Figure 34(a), the first cycle of the GP-II electrode gives a predominant peak located at ~0.18 V.
Such a peak was also assumed to be related to intercalation of lithium into the graphene
layers due to the structural defects in some basal planes of carbon nanosheets in the
graphene paper, like the disordered carbon material [26]. This peak disappears in the
second cycle as a result of the isolation between the anodes and electrolyte due to the
dense SEI film that has been established on the surface of the anodes in the first
discharge [17]. On the other hand, such peaks are not discernable in the curves of GPIII, for which the CV curves are similar to that of graphite reported previously in the
voltage range lower than 0.6 V [20]. Accordingly, it can be suggested that the CV
behavior of graphene paper is strongly dependent on the paper thickness, with the
thicker graphene paper behaves similar to graphite while the thinner ones behave similar
to graphene powder.
Battery performances of the three papers were tested in coin cell lithium ion batteries.
The charge-discharge profiles of the GP-I and GP-II are shown in Figure 3-5. On the first
discharge, there is a plateau at ~0.5 V for both types of papers. The plateau for the 1.5 µm
paper is longer than that for the 3 µm paper, i.e., this step offer more capacity for the
thinner paper. The plateau is not visible in the second and following cycles, suggesting
that it might be associated with SEI formation, i.e., an irreversible process. In the mean
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while, the capacities are much lower than that for the first cycle, and do not change
greatly after 50 cycles. The charge process finishes below 0.8 V.

(b)

(a)

(c)

(d)

Figure 3-3 SEM images of graphene papers: (a)-(c) cross sections of GP-I, GP-II and
GP-III, respectively; (d) top view of GP-IIIpapers.
This feature is consistent with the CV curves. The capacities remain almost unchanged
after 50 cycles. Cyclic performances of the papers, tested under various conditions, are
shown in Figure 3-6. Overall, irrespective of the current rate and the paper thickness,
much higher irreversible specific capacities are observed in the first discharge, e.g., ~540
mAh g-1 for the GP-I at 100 mA.g-1. The reversible specific capacities are considerably
lower than the first discharge capacity and decrease at a slow pace following chargedischarge cycles, which is a typical feature of graphene when used as anodes for lithium
ion batteries and is consistent with previously published data [20,22]. The most
intriguing information conveyed in this figure is that the performances of graphene
papers are highly dependent on the paper thickness and the current rate. For the GP-II,
reducing current rate always leads to increase in the reversible specific capacity. The
reversible discharge capacities at 500 mA g-1 are beyond 100 mAh g-1 in the first 10
cycles and remain ~80 mAh g -1 after 100 cycles. At 100 mA g -1, the capacities drop to
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~105 from ~135 mAh g-1 ; but at 50 mA g-1, the capacities change from ~175 to ~145
mAh g-1. This result proves that the battery performance of graphene paper is a
kinetically related process. Moreover, thinner paper exhibits obviously higher capacities
than thick one does. The GP-III, i.e., ~10 m, shows the lowest capacities among three
papers, ranging from 80 to 70 mAh g -1 at 50 mA g-1 ; on the other hand, for the thinnest
paper, i.e., the GP-I, the capacities are in the range from ~200 to ~175 mAh g-1 at 100
mA g-1. Following these, it can be concluded that thickness is a key factor that mediates
the battery performance of a graphene paper as an anode; the thinner, the higher specific
capacities.
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Figure 3-4 CV curves of graphene papers.

3.3.3 Characterization of graphene papers after battery test
To get further insight of the changes in graphene papers resulting from Li
intercalation and hence the electrochemical behaviors of the papers as anode, the papers
were characterized using SEM and Raman after 100 charge-discharge cycles. Shown in
Figure 3-7 are the images of the GP-II after tests at 100 and 500 mA g -1, respectively.
Compared to the images of the untested papers shown in Figure 3-3(b), significant
changes in the morphology of the papers happen. At both current rates, the paper surface
has smashed, and many carbon clusters are observed. Inside each cluster, there are many
pores. More interestingly, the clusters are relatively smaller in the 500 mA g-1 paper,
with sizes of ~100 nm. Raman spectra collected on the surface of the tested papers are
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shown in Figure 3-7(d). Evidently, D band was enhanced after test (ID/IG increases from
1.08 to 1.38 at 500 mA g -1), but the Raman shifts of both peaks remain unchanged at
both current rates. This suggests that more defect sites were created during the process
of Li intercalation and decalation, i.e., graphene layer has smashed to some extent.
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different graphene papers tested at 100 mA g -1.

However, intercalation of Li does not proceed deeply into the paper. Image of the
cross section of the tested GP-II (Figure 3-7(c)) unambiguously reveals that cracking of
the paper took place mostly on the surface and the whole structure of the paper persists.
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This is further corroborated by Raman mapping on the cross section of the paper. For
this purpose, the tested paper was cut into a desired piece and the cross section of the
fresh cut was characterized. The spectra of the mapping are shown Figure S3-3. The
insertion shows the photograph of the cross section. There are evident spectral changes
following the mapping. The strongest signals appear in the scale from 4.3 to 7.5 m,
which is close to the thickness of the paper. The intensity fluctuation is mainly due to the
unevenness of cross section. Our Raman system is confocal, for which the signal
intensity is highly dependent on the relative position between lens and specimen, in
other word, focus. The intensity difference between D band and G band are obviously
different at different positions. As shown in Figure S3-4, the D band at 4.3 and 7.5 m
are much stronger than those at 5.8 and 6.6 m, i.e., there are more defect sites on the
surface of the paper than in the middle. This, in turn, suggests that the GNS in the
middle area of the paper are not accessible to electrolyte (Li) and therefore, are not or
less disturbed.
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Figure 3-7 SEM images and
Raman spectra of GP-II after
100 charge-discharge cycles
at different current rates: (a)
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Following all these results, the decline in capacity with paper thickness can be explained
in terms of restack of GNS and low surface areas of the papers. As well known, in
graphene paper, GNS are layered with their planes parallel to the paper surface. The
restack is so good that layer-layer distance (d-spacing) is ~0.379 nm, which is close to a
d-spacing of 0.336 nm for graphite [20]. Post-annealing renders the d-spacing even
smaller. Such an assembly offers the paper high mechanical strength, electric
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conductivity (interface resistances is reduced considerably, even though still higher than
that of graphite), and flexibility, making macroscopic process of graphene feasible. On
the other hand, as a result of such a dense assembly, many unique properties that
individual GNS possess, such as high specific surface area (or defect sites) and peculiar
electron transport behaviors, are significantly diminished or even unavailable [27].
Consequently, in graphene paper, much less tunnels are available for electrolyte (Li) to
diffuse into the bulk of the paper. Notice cross-plane diffusion of Li+ in graphene is not
energy favorable [28]. The diffusion of Li+ in graphene paper proceeds mainly in inplane direction but not in the cross-plane direction. Under such situation, (1) the
effective diffusion distance is mainly controlled by the thickness of the paper, and (2)
when tested at a same current rate, not all the carbon (actually, GNS) has been reached
by Li in thick graphene paper; in other word, efficiency of carbon utilization is lower,
accounting for the lower specific capacity in thicker paper.
It is true that the performances of bulk graphene films do not compete with
conventional porous carbon materials for massive use in energy storage devices. Note
that graphite is an assembly of graphene but attributes of every single sheet is not
realized as a consequence of the dense packing and significant reduction of defect sites.
Shen and Raj et al., in their study of silicon-oxycarbide (SiCO) based thin film anodes
for lithium ion batteries [29], found that battery performance is highly dependent on the
thickness of the thin films, and films with a thickness of less than approximately 1 μm
have much higher performance. A 0.5 μm thick thin film exhibited capacities higher
than 1000 mAh g-1, while 5.5 μm film only provided <150 mAh g-1. They suggested that
the diffusion of Li into the SiCO film is likely to be controlled by diffusion parallel to
plane of the film. Moreover, it is also found that when used as electrodes for
supercapacitors, physically separated graphene sheets that are vertically grown on a
metal substrate show an exceptional frequency response. This result, however, has been
considered difficult to realize in porous bulk graphene films due to the increased
difficulty of ions diffusion caused by intersheet aggregation [27,30].
Finally, it is worth emphasizing that in term of energy efficiency, high specific
capacities can be explored if the thickness of graphene paper goes down to nanometer

186

scale (i.e., <1 μm). However, such a thin paper is hardly maintained as freestanding and
therefore is difficult for macroscopic processing if there are no suitable substrates. This
is a topic of interest in graphene thin films, which is not the primary purpose of this
study. It remains an interesting topic but a challenge to obtain freestanding graphene
papers possessing both high mechanical strength and high lithium storage capacities
[23,31,32]. We are also working on this.
3-4 Conclusion
Electrochemical performances of freestanding graphene papers as anodes for lithium
ion batteries are highly dependent on the paper thickness. Thinner papers always offer
higher specific capacities than thicker one does. The decline in capacity with increased
paper thickness was attributed to densely restacking of graphene nanosheets and low
surface area of the paper. The effective diffusion distance of Li ions in graphene paper is
mainly controlled by the thickness of the paper, and the diffusion of Li ions in graphene
paper proceeds mainly in in-plane direction rather than in the cross-plane direction.
Efficiency of carbon utilization is therefore very low for thick papers. It is expected that
freestanding graphene paper has potential application in lithium ion batteries.
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Supporting information
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Figure S3-1 HRTEM image of graphene nanosheets.

Figure S3-2 A piece of graphene paper that can be bent to any angle.
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Figure S3-3 Raman mapping of GP-II after test at 100 mA g-1: (a) spectra before
normalization and (b) spectra after normalization.
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191

Chapter 4 Free standing graphene-carbon nanotube hybrid
papers used as current collector and binder free anodes for
lithium ion batteries*

In Chapter 3, it was found graphene papers can be used as freestanding anode
materials for LIBs; however, their lithium storage capacities need to be improved. As
such, in this chapter, freestanding hybrid papers were fabricated by vacuum-assisted
filtration of graphene nanosheets (GNS) and carbon nanotubes (CNTs) both suspended
in water, an approach that is environmentally benign. The CNTs are randomly dispersed
between the GNS and hence, the hybrid papers exhibit high mechanical strength and
flexibility even after being annealed at 800 C. Electrochemical properties of the hybrid
papers is strongly dependent on the CNT/GN ratios.

Highest lithium ion storage

capacities were achieved in the paper with a CNT/GN ratio of 2:1. The initial reversible
specific capacities are ~375 mAh g−1 at 100 mA g-1. The capacities remain above 330
mAh g−1 after 100 cycles, which are about 100 mAh g−1 higher than those of the
graphene paper with nearly the same mass. The improved capacities were attributed to
the contribution of the CNTs, which prevent restacking of the GNS, increase cross-plane
electric conductivity of the paper and simultaneously, store Li ions. These results
suggest that graphene-CNT hybrid paper has a high potential to be used as collector and
binder free anodes for lithium ion batteries.

Key words: graphene, graphene paper, free standing, anode, lithium ion battery,
electrochemical energy storage.

*This work was published in Journal of Power Sources, 2013, 237, 41-46.
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4-1 Introduction
Huge market demand for zero-emission electric vehicles is a major drive for research
and development of high energy-capacity rechargeable lithium ion batteries (LIBs).
Carbon is one of the important and traditional anode materials for LIBs. Although
graphite only possesses a theoretical capacity of ~372 mAh g−1, delicate assembly and
fabrication offers carbons with novel morphologies that deliver capacities obviously
higher than this value [1,2]. Graphene, a single layer of graphite, can offer a theoretical
capacity over 700 mAh g−1, and has been extensively investigated either directly as
anodes or as electric conductor/mattress (forming composites) [3-8]. Moreover, as a
result of their two-dimension structure, graphene nanosheets (GNS) can build up novel
macroscopic structures, e.g., thin films and papers, opening new widows for graphene
applications [9]. When used in LIBs, this type of assembly brings several evident
advantages over traditional procedure for anode fabrication. The binder (an insulator)
and the current collector (usually copper foil) are not needed, improving the specific
capacities of a "whole" LIB. The graphene papers are also mechanically strong and
flexible and therefore, could be used in thin film battery fabrication.
However, the existing data have manifested that the specific capacities of graphene
papers are much lower than those of graphene powders due to the barrier for Li diffusion
resulting from close stacking of the GNS in the papers [10-12]. This prevents the
practical applications of graphene papers in LIBs. As such, many approaches have been
proposed to improve the Li storage capacities of graphene-based papers [13-17].
Whereas high capacities (over 1000 mAh g−1) were achieved, these approaches
inevitably diminish the mechanical strength of the papers. To date, it still remains a
significant challenge to improve the charge capacities of graphene papers and
simultaneously, preserve their mechanical strength and flexibility.
Along these lines, we are focused on fabricating graphene-based hybrid papers that
exhibit higher specific capacities than and mechanical strength comparable to those of
graphene paper. For this, we only take an aim at methods that are cost efficient,
environmentally benign and easy to be scaled up. Carbon nanotubes (CNTs) are adopted
because of their one-dimensional structure and high electric conductivity. CNTs have a
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longer history than graphene does, and there are a great number of studies attempting to
incorporate CNTs into electrode materials for LIBs either directly as an anode or as a
conductive dopant [18-23]. Among them, CNT papers (free-standing or CNTs aligned
onto a conductive substrate by chemical vapor deposition (CVD) method), receive
increasing interest rapidly [24-26]. Nevertheless, such assemblies of CNTs are usually
with lower mechanical strength and more importantly, the yield is low and the practical
application is yet seen. Recently, there are also several studies on fabrication of GNCNT nanocomposites [27,28], but the free standing papers were never reported.
In this paper, free standing GN-CNT hybrid papers were fabricated by the vacuumassisted filtration of GNS and CNTs both suspended in water. The CNTs are randomly
dispersed between the GNS (with GNS predominating) and hence, high mechanical
strength and flexibility are preserved for the papers. In such an assembly, the presence of
CNTs is expected to play multiple roles including (1) prevent restacking of GNS during
the process of paper fabrication, allowing more effective contact between electrolyte
(Li) and GNS in the interior of the paper, (2) increase cross-plane conductivity of the
paper as CNT also has high electric conductivity and can closely contact with GNS, and
(3) store Li. Battery performances of the hybrid papers are highly dependent on the
CNT/GN ratios. Highest capacities were obtained in the paper with a CNT/GN volume
ratio of 2:1, which exhibited initial reversible specific capacity of ~375 mAh g−1 (2nd
cycle) and 330 mAh g−1 at the 100th cycle.
4-2 Experimental
4.2.1 Fabrication of GNS and CNT dispersion Graphene oxide was synthesized using
a modified Hummers method [29]. Typically, graphite was oxidized with KMnO4,
NaNO3, and H2SO4. As synthesized graphite oxide was dispersed in deionized (DI)
water to give rise to a 0.5 mg ml-1 dispersion, and was then exfoliated by ultrasonication
for 1 h. The obtained dispersion was centrifuged at 5000 rpm for 15 min to obtain a
homogeneous graphene oxide dispersion. Commercial CNTs from Shenzhen Nanotech
Port Co., Ltd. were used as-received without further purification. 100 mg CNTs were
dispersed with Triton X-100 (100 mg) as a surfactant in 100 mL DI water to form a
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dispersion through ultrasonication. The obtained dispersion was purified by centrifuge
treatment to remove impurities and tangled CNTs.
For fabrication of GN-CNT hybrid papers, requisite amounts of the GNS and CNTs,
both suspended in water, were mixed by ultrasonication for 0.5 h. The mixtures were
then filtrated under the assistance of vacuum through an Anodisc membrane filter (47
mm diameter, 0.2 m pore size; Whatman), followed by air drying for 24 h at room
temperature and peeling from the filter. The whole process is shown in Figure 4-1.
Before spectroscopic and electrochemical characterization, the graphene papers were
mildly annealed in Ar-H2 (10% H2) atmosphere at 800 C for 2 h for additional
deoxygenation. For simplicity, the hybrid papers were denoted as xCNT-yGN. For
example, 20CNT-20GN is corresponding to a paper with 20 mL CNTs and 20 mL GNS
dispersions.

+

Step 1

Step 2

Step 1: Ultrasound assisted mixing
Step 2: Vacuum assisted filtration

Figure 4-1 Schematic diagram of fabrication of the CNT-GN papers by vacuum assisted
filtration.
4.2.2 Characterization Morphologies of the papers were checked using a field emission
scanning electron microscope (Hitachi S-4800). Raman spectra were obtained using a
HORIBA Scientific LabRAM HR Raman spectrometer system equipped with a 532.4
nm laser as the exciting radiation. The system is also equipped with an optical
microscope so as to give rise to confocal signals. To obtain charge-discharge profiles
and cycle performance data, the papers were used as anode directly and were assembled
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in a CR 2032-type coin cell configuration. A lithium foil was used as a counter
electrode. Electrolyte was composed of 1 M LiPF6 salt dissolved in a solution consisting
ethylene carbonate, diethyl carbonate, ethyl methyl carbonate (1:1:1 in volume). Chargedischarge characteristics were tested galvanostatically in a voltage range of 0.01-3.0 V
(vs. Li+/Li) at a desired current density using an Arbin BT-2000 Battery Test System.
Cyclic voltammetry (CV) tests were performed on a versatile multichannel potentiostat
3/Z (VMP3) at a scan rate of 0.1 mV s-1 over a potential range of 0.01-3.0 V (vs. Li+/Li).
4-3 Result and discussion
4.3.1 Characterization of the hybrid papers
Several hybrid papers were fabricated through a same procedure, including 6.5CNT20GN (0.39 mg), 20CNT-20GN (0.27 mg) and 20CNT-10GN (0.13 mg), respectively.
For the 20GN papers, the decline in the mass following the increase in the CNT loading
is assumed to result from the filtering process. The GNS in the suspension have different
sizes, and some are smaller than 200 nm. When more CNTs are present in the mixed
suspension, e.g., the 20CNT-20GN, the CNTs, due to their one-dimension structure,
retard the formation of a dense thin film of graphene on the filter and hence, more CNTs
and smaller-size GNS pass through the filter and are dumped. Notice the pore size of the
filter is 220 nm.
All the hybrid papers possess high mechanical strength and flexibility, which are
similar to that of the graphene paper, as shown in Figure S4-1. Surface morphologies of
the 6.5CNT-20GN and 20CNT-10GN papers are shown in Figure 4-2 (a) and (b) as
examples. Obviously, for both papers, the CNTs are wrapped in the GNS, and the paper
surface is mainly composed of the GNS. More CNTs are observed in the 20CNT-10GN
image. The 20CNT-10GN image also has a much higher resolution than the 6.5CNT20GN image does (several papers were checked and compared), suggesting that the
electric conductivity of the 20CNT-10GN paper is higher. Obviously, the enhanced
electric conductivity results from the CNTs. In the graphene papers, the distance
between the GNS (~0.379 nm) is larger than that in graphite (~0.336 nm) [10], meaning
that electric conductivity in the cross-plane direction (perpendicular to the paper surface)
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is relatively lower. The CNTs, which are highly conductive and are able to closely
contact with the GNS due to their strong - interactions [23,27], work as a bridge
between the GNS that allows the cross-plane electron flow feasible, hence improving the
electric conductivity of the paper. Such an assembly of the GNS and the CNTs is more
clearly manifested by the cross-section images of the papers, as shown in Figure 4-2(c)
and (d). Here, the 20CNT-20GN paper was characterized instead of the 6.5CNT-20GN
paper because of its relatively higher CNT content. Interestingly, (1) the CNTs are
randomly dispersed between the GNS and are aligned with their axials parallel to the
paper surface; (2) there are more CNTs in the 20CNT-10GN paper; (3) the CNTs indeed
closely contact with GNS; and (4) the 20CNT-20GN paper is relatively thicker, i.e., 1.2
m versus 0.8 m. It is worth mentioning that the white spots in the 20CNT-10GN
images are corresponding to carbon particles that are generated during thermal treatment
of the papers. A similar phenomenon was also observed in our NH3-treated graphene
papers, for which NH3-induced chemical etching gives rise to holes and carbon particles
(see Figure S4-2). Our other experiments prove that they do not affect battery
performance of the papers at all.
(b)

(a)

Figure 4-2 SEM images of the
CNT-GN papers: (a) and (b)
top views of the 6.5CNT-20GN
and

20CNT-10GN

papers,

respectively; (c) and (d) cross
(c)

(d)

sections of the 20CNT-20GN
500 nm

500 nm

and

20CNT-10GN

papers,

respectively.

Raman spectra of the papers are shown in Figure 4-3. There are no discernable changes
in the spectra following the increase in the CNT/GN ratios as long as the ratios are 1
(20:20). Only the two peaks corresponding to the D-band (1342 cm-1) and the G-band
(1580 cm-1) of the GNS are detected. Their relative intensities remain almost constant,
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i.e., ID/IG1.1. Spectral change happened to the 20CNT-10GN paper. The D-band loses
intensity evidently, and the ID/IG declines to 0.85. This is a typical feature of CNTs as
there are less defect sites in them [30,31]. These results corroborate those of SEM, i.e.,
there are more CNTs in the 20CNT-10GN paper, and CNTs are mostly wrapped in the
GNS.
4.3.2 Electrochemical characterization of the hybrid papers
The interactions between Li and the papers (intercalation and decalation) were first
characterized using a cycle-voltammetry (CV) method. The characterization employed
the hybrid paper as electrodes in 1.0 M LiPF6 electrolyte and with lithium sheet as the
counter and reference electrodes. CV curves of the 6.5CNT-20GN and the 20CNT10GN papers are shown in Figure 4-4. There is no big difference between the two
curves. During the first discharge (intercalation of Li), a peak appears at ~0.69 V and
~0.59 V in the 20CNT-10GN curve and the 6.5CNT-20GN curve, respectively. Both
peaks are corresponding to the solid electrolyte interphase (SEI) formation on the anode
surface [32]. Such peaks are not detected in the following cycles. The peak close to 0 V
corresponds to lithium intercalation into the GNS and the CNTs, a typical feature of Licarbon interaction [33]. Nevertheless, it is worth noting that a peak at ~0.17 V appears in
the 20CNT-10GN curve but not in the 6.5CNT-20GN curve. This peak remains a weak
intensity in the second and third cycles, and can be ascribed to lithium intercalation into
the graphene layers like the disordered carbon material due to the structural defects in
some basal planes of carbon nanosheets in the graphene paper [10,33]. Obviously, the
presence of CNTs brings more defects into the paper.
Battery performances of the hybrid papers were tested at 100 mA g -1 and are shown in
Figure 4-5. The specific capacities of the CNTs (pasted on a copper current collector)
are only between 160 and 200 mAh g -1 in the first 100 cycles, as shown in Figure S4-3.
A 0.15 mg graphene paper (without CNTs), which was fabricated by assembly of
graphene oxide nanosheets followed by an annealing at 800 C, exhibits the reversible
specific capacities > 250 mAh g-1 in the first 50 cycles. The capacities of the 6.5CNT20GN hybrid paper are considerably lower than those of the graphene paper, e.g., the
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reversible specific capacities are between 180 and 150 mAh g-1 in the 50 cycles. At
higher CNT/GN ratios, considerably more capacities are gained, i.e., in the first 50
cycles, the capacities were kept at ~250 mAh g -1 for the 20CNT-20GN paper and > 330
mAh g-1 for the 20CNT-10GN paper, respectively. The > 330 mAh g-1 capacities are
very close to the theoretical capacity of graphite, i.e., 372 mAh g -1.
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Figure 4-3 Raman spectra of various CNT-GN papers.
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Figure 4-4 CV curves of various CNT-GN papers.
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Considering that battery performance of graphene paper is strongly dependent on
paper thickness, we further compared the performances of the graphene paper (0.15 mg)
and the 20CNT-10GN paper (0.13 mg). As shown in the inserted panel, the capacities of
the hybrid paper are ~100 mAh g -1 higher. Obviously, it is reasonable to conclude that
the GN-CNT hybrid paper has higher battery performances than graphene paper does
when the loadings of CNT and GN are properly adjusted, and the presence of CNTs
plays a major role.
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4.3.3 Characterization of the tested papers
The papers still preserve high strength and flexibility after tests. SEM images of the
tested 20CNT-20GN and 20CNT-10GN papers are shown in Figure 4-6. Big changes are
observed on the surfaces of both papers, and the changes are also obviously related to
the CNT/GN ratios. The 20CNT-20GN surface is covered with tiny particles and some
CNTs. The particles are also found on the surface of tested graphene papers [34].
Obviously, this results from GNS-electrolyte interactions. In contrast, the 20CNT-10GN
surface is mainly covered with CNTs and the particles become even smaller.
Accordingly, it can be suggested that during the process of lithium intercalation and
decalation, the paper surface has broken down and more CNTs are accessible to Li ions.
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Raman spectra of the tested papers are shown in Figure 4-7. As compared to the
untested 6.5CNT-20GN spectrum, no evident changes are observed in the spectra of the
tested 6.5CNT-20GN and 20CNT-20GN paper. For the tested 20CNT-10GN spectrum,
the intensity of the D band is enhanced and is slightly over that of the G band, indicating
that more defect sites are created during battery performance. This is consistent with the
SEM images in Figure 4-6, i.e., the paper surface has broken down.
(a)

(b)

Figure 4-6 S SEM images of the CNT-GN papers after tests: (a) the 6.5CNT-20GN
paper, (b) the 20CNT-10GN paper.

Following all these characterizations, the intrinsic factors that make major contribution
to the improved battery performances of the CNT-GN hybrid papers can be approached.
Powder based graphene, as a result of its open structure and hence high surface area,
exhibits higher capacities than graphite does, offering reversible specific capacities
higher than 400 mAh g-1 [3,4]. However, this unique feature is lost when the GNS are
assembled into graphene paper, in which they are closely stacked. Thus, access of
electrolyte to ALL the GNS is restrained and consequently, a barrier for Li diffusion into
the GNS is established, leading to lower specific capacities of graphene papers. This
situation holds for the CNT-GN hybrid paper when CNT content is relatively lower. In
such hybrid papers, the CNTs are wrapped by GNS and hence, are hard to be accessible
to Li and are of little contribution to Li storage. On the other hand, at higher CNT
content, the CNTs are distributed throughout the GNS, effectively preventing restacking
of the GNS. This allows more effective contact between GNS and electrolyte. Such an
"open structure" of the hybrid papers, in turn, also enables good CNT-electrolyte
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contact, allowing Li to be stored in the CNTs. Notice CNTs are also a potential anode
material for LIBs. These two facts explain the improved capacities of the hybrid papers.
1585
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Finally, for being complete, it is
worth noting that the capacities can
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diminishes the mechanical strength
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Figure 4-7 Raman spectra of the papers after test.
4-4 Conclusion
Graphene-carbon nanotube hybrid papers can be fabricated by the vacuum-assisted
filtration of a mixture of GNS and CNTs suspended in water. The hybrid papers possess
mechanical strength and flexibility that are comparable to those of graphene papers.
Battery performances of these papers are highly dependent on the CNT/GN ratios.
Highest performances are obtained in the 20CNT-10GN paper, which exhibits reversible
capacities >330 mAh g-1 in the first 100 cycles at a current rate of 100 mA g-1. In
contrast, the capacities of the graphene paper of equal mass are only ~250 mAh g -1. The
presence of the CNTs plays a key role in the electrochemical performances of the hybrid
papers. They effectively prevent restacking of the GNS, increase cross-plane electric
conductivity of the paper and store Li. The graphene-CNT hybrid paper has a high
potential to be used as collector and binder free anode for lithium ion batteries.
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Supporting information

Figure S4-1 A piece of graphene-CNT paper that can be bent to any angle.
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Figure S4-2 SEM image of graphene paper following NH3 treatment.

600
CNTs on a copper current collector

-1

Specific capacities (mAh g )

500

Charge
Discharge

400

300

200

100

0

0

20

40

60

Charge-discharge cycles

Figure S4-3 Battery performances of CNTs.
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Chapter 5 Significant improvement in the lithium ion battery
performances of the silicon-graphene flexible nanocomposites followed
by Al2O3 coating by atomic layer deposition process

In Chapter 4, we found graphene-CNT hybrid papers delivered much higher lithium
storage capacities, and the improved capacities were attributed to the contribution of the
CNTs, which prevent restacking of the GNS, increase cross-plane electric conductivity
of the paper and simultaneously, store Li ions. Driven by this finding, I continued to
improve the capacites by hybridizing graphene with other nanosized anode materials that
possess higher lithium storage capacities.
This chapter reported the fabrication of flexible freestanding Si nanowires-graphene
(SiNW-GNS) hybrid materials and the study on the SiNW-GNS materials used as
anodes for lithium ion batteries. The flexible anode materials were fabricated by suction
filtration of a mix of Si NWs and GNS both dispersed in water, with an easy control of
Si/C ratios by adjusting the amounts of the Si NWs and the GNS in the mixture. A paper
with a Si/C weight ratio of ~0.3 delivers reversible capacities between ~1000 and ~800
mAh g-1 in 100 cycles. More importantly, the paper still maintain high mechanical
strength after repeated charge and discharge and consequently, although the morphology
of Si NWs changes evidently, they are still confined in the graphene layers, accounting
for the improved cyclic stability of the SiNW-graphene papers. The cyclic stability was
greatly enhanced when the papers were coated with Al2O3 by an atomic layer deposition
(ALD) process.

Key words: Lithium ion battery, anode, silicon, nanowires, graphene, atomic layer
deposition and free standing electrode.
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5-1 Introduction
Silicon based anode materials have received extensive interest in lithium ion batteries
(LIBs) research because of the highest theoretical capacity of Si (~4200 mAh g -1). It is
also one of the most challenging topics in materials research to obtain silicon anodes
with stable battery performances, as the enormous volume change of Si (~320%) during
lithiation results in disintegration of the electrode materials and hence, the cyclic
stability of such materials is poor [1]. The practical applications of Si based anodes are
thus not achievable. This problem is expected to be mitigated by reducing the size of Si
down to nanometer scale, because in this scale, the absolute volume change becomes
smaller [2,3]. To improve the cyclic performances, many delicate methods have been
developed to (i) fabricate nanostructured Si such as nanowires (NWs), nanotubes (NTs),
nanoparticles (NPs), nanopores, thin films, etc.; (ii) combine the nanostructured Si with
conductive carbons with controlled morphologies; (iii) synthesize metal silicides and
(iv) prevent the Si-electrolyte reaction by metal oxide coating [4-25].
Among the nanostructured Si, Si NWs draw more attention as the facile strain
relaxation in the wires allows them to increase in diameter and length without breaking;
in other word, the SiNWs can remain integrated and the electrical conductivity is
preserved consequently [1-4]. Ever since Cui's pioneer study [4], much research has
been carried out to seek cost-efficient ways to manipulate Si NWs to maintain high
performances, mainly focusing on core-shell structures, porous Si NWs and metal NPs
grown on Si NWS, etc [7,8,16]. These approaches not only improve the battery
performances but also offer insightful understanding of the electrochemical behaviors of
the Si based anode materials. However, their practical applications are limited because of
the complication, high cost and low yield of materials synthesis. Moreover, the existing
studies usually employed binders to hold the Si NWs on current collector. The binders
are inactive materials with low electronic conductivity [26,28], which inevitably
increase the electrochemical polarization and decrease the energy density of a whole
battery. Therefore, it remains another challenge to optimize binders for Si based
nanomaterials. Recently, it is found that binder-free Si based anodes show some
advantages in overcoming anode degradation, and several different free-standing anodes
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have proposed [29,32]. However, in these studies, there was no controlling of Si/C
ratios, the fabrication process is also complicated, and the intrinsic factors that lead to
improvement in the battery performances of the Si-graphene nanocomposites were not
unambiguously articulated, either. More importantly, the simple combination of
nanostructured Si with graphene sheets indeed constructs open mirco-channels for the
direct contact of silicon with the electrolyte, increasing the utility of Si and consequently
offering very high capacities for the whole nanocomposite; on the other hand, such an
exposure of Si does brings the problem of continuous Si loss from Si-electrolyte
reaction, and the degradation of the cycling performance has already been observed in
all the studies [29-32].
Along these lines, this paper focuses on improving the cyclic stability of the SiNWGN nanocomposites with Al2O3 coating and simultaneously, studying the relationships
between the cyclic performances of the nanocomposites and the Si/C ratio. Si NWs
(with diameters between 50 and 500 nm) were hybridized with GNS to form freestanding nanocomposites with a facile control of Si/C ratio by suction filtration. The
paper-shaped nanocomposites were then coated with Al2O3 by an atomic layer
deposition (ALD) process. The whole procedure is schematically described in Figure 51. ALD is one of the most effective processes for precise layer by layer coating, and is
applied to various fields. More importantly, in the ALD process, the gas-phase reactant
molecules can penetrate into any open channels formed in a sample, finish chemical
reactions and realize coating. This is of great significance for the SiNW-GN
nanocomposites, because the Si NWs exposed to the open channels are covered with
Al2O3, effectively preventing the direct Si-electrolyte contact and the continuous Sielectrolyte reactions. Beside this significance, the study takes advantage of the high
mechanical strength and high electrical conductivity of graphene, the highest lithium
storage capacities of Si and electrochemical stability and mechanical rigidness of Al2O3,
offering several other important advantages: (I) this procedure is green as no chemicals
are involved in the procedure of paper fabrication; (II) this approach is very facile. It
only takes several hours to produce one piece of paper with a precise control of Si/C
ratio. Si NWs with diameters between 50 and 500 nm can give rise to papers with high
mechanical strength at suitable Si/C ratios. This makes massive production of the
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nanocomposites possible. Notice fabrication/synthesis of thinner and uniform Si NWs is
highly cost, although their battery performances are better than the thicker wires; (III)
the hybrid papers were used directly as anodes without current collector and binder,
greatly reducing the whole weight of the battery completely avoiding the disadvantages
of binder and the damage to the Si NWs during electrode preparation; (IV) the GNS
effectively confine the Si NWs and their fragments within the paper, keeping the Si
integrated so as to allow effective electron transfer; (V) the GNS also store Li ions. It
has been reported graphene can deliver specific capacities much higher than graphite
does when the restacking of the nanoribbons are effectively prevented [33].

Figure 5-1 Schematic diagram of assembling the graphene-Si NWs nanocomposites by
the vacuum-assisted filtration followed by Al2O3 coating.
The results prove that such a 1D-2D combination between Si NWs and GNS
followed by Al2O3 coating significantly improves the battery performances of the Si
NWs, particularly the cyclic stability. The battery performances of the nanocomposites
are highly dependent on the Si/C ratios. The reversible capacities were increased with
increase in the Si/C ratio, but the cyclic stability is decreased. The nanocomposite with a
Si/C weight ratio of ~0.3 delivers reversible capacities between ~1050 and ~800 mAh g -
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in 40 cycles, showing capacity retention of 70%. 10 cycles of Al2O3 coating greatly

improves the cyclic stability of the nanocomposite, with reversible capacities between
~1090 and ~913 mAh g-1 in 40 cycles (84% retention).
5-2 Experimental
5.2.1 Fabrication of GNS and Si NWs
GNS was fabricated by ultrasonicating graphite oxide (oxidation of graphite by the
modified Hummers method [34]) dispersed in DI water for 1 h. The obtained suspension
was centrifuged at 5000 rpm for 15 min to offer a more homogeneous GNS suspension.
Si NWs were fabricated by silver assisted chemical etching of Si(100) wafer [35]. A
commercial Si(100) wafer was immersed into a solution containing 0.02 M AgNO3 and
5 M HF, respectively, to allow growth of Ag nanoparticles on the wafer for a certain
time at room temperature. Immediately after the deposition, the Ag-grown-on wafer was
washed with DI water before etching. The etching was performed in an etchant
containing 0.3 M H2O2 and 4 M HF, respectively, at room temperature for about 3h.
When the etching is over, the wafer was thoroughly washed with DI water and was then
put into diluted HNO3 to remove residual Ag nanoparticles. The Si NWs were peeled off
the wafer manually for further use.
5.2.2 Fabrication of SiNW-GN papers
A requisite amount of Si NWs was dispersed in DI water by ultrasonication. The
dispersed NWs were then mixed with a requisite amount of GNS by ultrasonication, too.
The mixture was suction filtrated through an Anodisc membrane filter (47 mm diameter,
0.2 m pore size; Whatman). The papers were dried in air for 24 h at RT and were then
peeled from the filter. Finally, the papers were mildly annealed in Ar-H2 (10% H2)
atmosphere at 900 C for 2 h for additional deoxygenation of GO. In this paper, the Si/C
ratios were controlled by adjusting the mass of Si NWs (the amount of GO is fixed to ~5
mg). The papers were denoted as SixGN, e.g., Si1660GN corresponds to the paper
prepared by mixing 1.66 mg Si NWs with 5 mg GNS.
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Al2O3 coating on the papers was performed on a Savannah 100 ALD reactor
(Cambridge Nanotechnology Inc., USA) with trimethylaluminium (TMA) as the
precursor. H2O was used as the oxidizer. The deposition temperature was set as 100 C.
The thickness of metal oxide thin films was controlled by varying ALD cycles.
The whole process is shown in Figure 5-1.
5.2.3 Characterizations
A Hitachi S-4800 field emission SEM and a Jeol 2100 HRTEM were used to
characterize the morphologies of the nanomaterials and the papers. Raman spectra were
obtained on a HORIBA Scientific LabRAM HR Raman spectrometer system equipped
with a 532.4 nm laser as the exciting radiation. For electrochemical characterization, the
papers were used directly as anode and were assembled in a CR 2032-type coin cell
configuration. A lithium foil was used as a counter electrode. Electrolyte was composed
of 1 M LiPF6 salt dissolved in a solution consisting ethylene carbonate, diethyl
carbonate, ethyl methyl carbonate (1:1:1 in volume). Powder based Si NWs were coated
with ~10 wt% carbon before electrochemical test. The working electrodes were prepared
by slurry casting onto a Cu foil as a current collector. The slurry contained the
synthesized sample (75 wt% on dry solid basis), polyvinylidene fluoride binder (10 wt%
on dry solid basis) and carbon conductor (15 wt%) in NMP solvent. The electrodes were
dried in a vacuum oven at 100 C overnight. Charge-discharge characteristics were
tested galvanostatically in a voltage range of 0.01-3 V (vs. Li+/Li) at a desired current
density using an Arbin BT-2000 Battery Test System. Cyclic voltammetry (CV) tests
were performed on a versatile multichannel potentiostat 3/Z (VMP3) at a scan rate of 0.1
mV s-1 over a potential range of 0.01-3.0 V (vs. Li+/Li).
5-3 Results and discussion
5.3.1 Morphologies of the Si NWs and the papers
The GNS have been characterized in detail in our previous study [36]. The
nanosheets from ultrasonicating graphite oxide in water are with sizes of ~5 m or
smaller. HRTEM characterization confirms most of the resultant nanosheets consist of
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≤7 layers with thickness of about 4 nm. Such information is shown in Figure S5-1.
Formation of flexible SiNW-GN papers is highly dependent on the morphology of Si
NWs and the Si/C ratio. The wires in this study were fabricated through a metal-assisted
chemical etching process [35]. They are straight and uniform and are not entangled, as
shown Figure S5-2. The diameters are <500 nm and the length are >10 m, as shown in
Figure 5-2 (a). HRTEM image (Figure 5-2(b)) indicates that the NWs remain crystalline.
When dispersed in water (e.g., ~0.2 mg mL-1), they remain suspended over several days
without significant precipitation, enabling homogenous mixing with GNS. Systematic
experiments prove that mechanically strong papers can form as long as the Si/C weight
ratios are 0.3, as shown in Figure 5-2(c). In this study, the highest Si/C ratio paper is
Si1660GN (Si/C0.3). The surfaces of the papers are uneven and consist of many Si
wires that are aligned with their axis along with the paper surface, as shown in Figure 52(d). The wires are wrapped with the GNS. The image of the cross-section of the
Si1660GN paper indicates (I) graphene predominates in the paper (Figure 5-2(e)),
accounting for the high mechanical strength maintained for the paper; (II) the wires are
randomly dispersed between the GNS, and (III) the thickness of the paper is about 4.5
µm. Al2 O3 coating on the paper surface does not lead to evident morphology change in
the paper. As shown in Figure 5-2(f), the Si NWs are wrapped with GNS and the surface
is very smooth. To get further insight into the distribution of the Al2O3 layers, EDX
mapping was performed. Shown in Figure S8-3 are the images of the Si1660GN paper
with 10 cycles of Al2O3 coating. Obviously, Al2O3 is uniformly distributed onto the
hybrid paper. Table S5-1 tabulates atomic ratios of Si/C and Al/C for different Al2O3
coated samples, obtained by EDX mapping. The Al/C ratio is increased almost linearly
with ALD cycles and reaches 0.75% at 10 cycles.
Raman spectra of the papers are shown in Figure 5-3(a). The carbon peaks (~1352
and ~1594 cm-1) do not change following the variation of the Si/C ratios, suggesting that
the presence of the Si NWs does not alter the properties of graphene. The Si NWs give
rise to a strong peak at ~520 cm-1, which is typical vibration of crystalline Si [37],
indicating that combination with GNS and post annealing at 900 C does not change the
crystallinity of the Si NWs. Besides this peak, there is another weak SiOx peak
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appearing at ~480 cm-1[38], suggesting that the SiNWs is slightly oxidized with the
oxygen species released from GNS upon annealing. The Raman spectra do not change
following Al2O3 coating, as seen by comparing the spectrum (3) with the spectrum (4) in
Figure 5-3(a). This is consistent with the SEM characterization, i.e., Al2O3 layer is very
thin and the growth is layer by layer.
5.3.2 Electrochemical characterization
Electrochemical properties of the papers were first characterized using cyclic
voltammetry (CV) method. Shown in Figure 5-3 are the CV curves of the Si375GN
paper, the Si1660GN paper and the 10C-Al2O3 @Si1660GN paper. For comparison, the
curves of a graphene paper (without Si) are shown in Figure S5-4. The curves show
some interesting features that are intimately dependent on the Si/C ratio and Al2O3
coating:
(1) The curves of the Si-containing papers are evidently different from those of the
graphene paper. Four peaks appear in the Si375GN (~0.01, ~0.12, 0.36 and 0.52 V,
respectively) and the Si1660GN (~0.01, ~0.18, 0.36 and 0.52 V, respectively)
curves. The 0.01 V peak is associated with lithiation. The 0.12 (or 0.18) V peak is
corresponding to a series of Li-Si alloys formation, e.g., Li12Si7 species suggested
by others [39,40]. The 0.36 and the 0.52 V peaks are both associated with
delithiation of Li-Si alloys. Moreover, with cycling, the 0.01V peak loses intensity
evidently, but the other peaks gain intensities steadily. This feature of
electrochemical performance is similar to the previous studies on the cycling
behaviors of silicon anodes [39,40]. For Si anodes, the lithium alloying/dealloying
processes result in significant internal structural changes (disorders) for the Si
electrodes. The changes are kinetic steps governed by the transport rate of lithium
into crystalline silicon or the rate of amorphous Si-Li alloy formation. This process
also induces continuous formation of solid state electrolyte interphase (SEI) on the
Si surface newly exposed to the electrolyte, resulting in more Si trapped and hence
unavailable for lithium storage [31]. This, exhibited by CV curves, is the continuous
enhancement in the Li-Si alloying and consequently the dealloying peaks.
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(a)

(b)

(c)

d)

(e)

(f)

Figure 5-2 Morphology and crystallinity of the Si NWs and the SiNW-GN papers:
TEM (a) and HRTEM (b) images of the NWs; (c) a photograph of the bent
Si1660GN paper; (d) and (e) SEM images of the Si1660GN paper; (f) SEM image
of the Si1660GN paper with 10 cycles of Al2O3 coating.
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(2) After Al2O3 coating, the CV curves change greatly. The Li-Si alloying peaks
(0.12 and 0.18 V in the Si375GN and Si1660GN curves, respectively) are not
observable; neither is the 0.36 V peak. But no changes happened to the 0.01V peak.
This suggests that lithiation of Si proceeds to much smaller extent in the presence of
Al2O3 coating; in other word, deep lithiation and Si-electrolyte reactions are
suppressed.
The battery performances of the SiNW-GN papers were tested under various
conditions. Figure 5-4(a) shows the specific capacities of the papers with various Si/C
ratios tested at 100 mA g-1. A graphene paper only exhibits stable capacities of ~140
mAh g-1 in 100 cycles; in contrast, much higher capacities are delivered by the SiNWGN hybrid papers. The higher the Si/C ratio, the higher the capacities are. The best
performance is achieved for the Si1660GN paper, which exhibits reversible capacities
between ~1050 and ~800 mAh g -1 in 40 cycles. Rate capabilities of the SiNW-GN
papers are shown in Figure 5-4(b). The Si1660GN paper also exhibits the best rate
capability. Even at 1 A g-1, it still delivers specific capacities of ~150 mAh g-1.
Moreover, several more features are worth noting: (1) the cyclic stability of the SiNWGN paper is decreased with increase in the Si/C ratios. The capacity retentions are ~83%
and ~70 % for the Si375GN and the Si1660GN paper, respectively, as shown in Table
S8-2. This is a result of more Si NWs present in the paper, and will be addressed in more
detail in next part; (2) the capacities of the papers are much lower than the theoretical
capacity of Si. This can be explained in terms of the barriers for lithium ions diffusion
and the high carbon content. For the graphene paper based anode, because of the closepacking of graphene nanosheets, the effective Li+ diffusion proceeds mainly in in-plane
direction, cross-plane diffusion is restrained. As such, the effective contact of GNS and
Si NWs with electrolyte is limited and hence, the efficiency of Si utilization is very low
[41-43]. Figure S5-5 compares the specific capacities of the SiNWs-GN papers with
exactly the same Si/C ratio (~0.3) but different thickness (i.e., the absolute mass of the
thicker paper is twice that of the thinner paper). The capacities of the thinner paper are
obviously higher. To illustrate the effect of carbon content, the second charge capacities
of various papers were normalized to the Si NWs following the same method in the
literature [32] and are tabulated in Table S5-2. Obviously, the capacities of the Si NWs
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are much higher and are increased with the Si/C ratio, which are over 2000 mAh g -1 for
the Si750GN and the Si1660GN papers.
To demonstrate a combination of graphene and Si NWs in a paper based
configuration effectively maintains the cyclic stability of the Si NWs, Figure S5-6
presents the battery performances of various Si-based samples. The carbon coated Si
NWs (powder based Si NWs pasted on current collector) exhibit initial reversible
capacities of ~2000 mAh g-1, which drop continuously to ~500 mAh g-1 after 45 cycles.
This can be explained in terms of the large diameters of the NWs and the PVDF binder.
The cyclic stability of Si NWs is highly dependent on their diameters; the thinner the
wires, the high capacities and the more stable the cyclic performances [44,45]. In this
study, the diameters of the Si NWs are between 50 and 500 nm (Figure 5-2), which are
too thick to withstand the volume change and hence, are not able to effectively maintain
stable cyclic performances. Another important issue is the binder. Although PVDF is a
popular binder for preparing LIB electrodes, its lower mechanical strength and poor
electronic conductivity does not help to maintain the Si performances. In contrast, the
cyclic stability of the Si1660GN paper is much better. At 250 mA g-1, this paper presents
initial reversible capacities ~690 mAh g -1, which drop to ~500 mAh g -1 after 45 cycles.
More strikingly, in another approach, we ground the paper (with slightly higher Si/C
ratio, Si2000GN) and casted the power based nanocomposite onto copper current
collector (also with PVDF as a binder). The nanocomposite exhibits very high cyclic
stability, with capacity retention of 80% after 45 cycles. Obviously, wrapping Si NWs
with graphene nanosheets more effectively maintains the cyclic stability of the Si NWs
than the conventional carbon coating does.
Al2O3 coating improves the cyclic performances of the SiNWs-GN papers, depending on
the cycles. As shown in Figure 5-4(c), the cyclic performances of the Si1660GN papers
with 2 and 5 cycles of Al2O3 coating do not vary greatly from that of the non-Al2O3
paper; in contrast, the cyclic stability is improved evidently at 10 cycles of Al2 O3
coating. The capacity retention is 84% after 50 cycles. The rate capability of the 10CAl2O3 Si1660GN paper is also higher than that of the non-Al2O3 paper, as shown in
Figure 5-4(d). Figure S5-7 shows the charge-discharge capacities of the non-Al2O3
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Si1660GN paper and the 10C-Al2O3 Si1660GN paper normalized to the Si NWs. The
capacities are beyond 2000 mAh g -1 for the non-Al2O3 paper after 50 cycles, but are
beyond 2500 mAh g-1 for the 10C-Al2O3 Si1660GN paper. Obviously, optimized Al2O3
coating following an ALD process makes a great contribution to improving the cyclic
stability of Si based anodes. It is worth noting that higher cyclic stability can be
achieved with more Al2O3 coating, e.g., 20 cycles; however, the capacities will decrease
significantly because Al2 O3 is not electrically conductive. As such, this situation is not
addressed here.
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Figure 5-3 (a) Raman spectra of various SiNW-GN papers; (b)-(d) CV curves of the
Si375GN paper, the Si1660GN paper and the Si1660GN paper with 10 cycles of
Al2O3 coating, respectively (a model cell consisting of Li sheet as an anode and Si
NWs as a cathode was cycled at a rate 0.1 mV/S).
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Figure 5-4 Battery performances of various SiNW-GN papers: (a) charge-discharge
cycles of the non-Al2O3 papers with different Si/C ratios tested at 100 mA g-1 ; (b) rate
capability of the non-Al2O3 papers; (c) charge-discharge cycles of the Si1660GN paper
following various cycles of Al2O3 coating tested at 100 mA g-1 ; (d) rate capability of
the Si1660GN paper following 10 cycles of Al2O3 coating.
5.3.3 Characterization of the papers after test
The tested papers were further characterized using SEM. After cycling, the surface of
the non-Al2O3 Si1660 GN paper is covered with particles with sizes smaller than 100
nm, which are the inorganic compounds resulting from continual reactions between Si
with Li and electrolyte [46], as shown in Figure 5-5(a). The SiNWs are still visible. The
images of the cross section of the paper convey more important information: (1) the
paper is still preserved after cycling (Figure 5-5(c)), indicating that the paper does
possess high mechanical strength and allows for use as current collector free anode for
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LIBs; (2) the Si NWs undergo significant changes. Most of the NWs are in a sponge
shape (Figure 5-5(b)), a result of Li lithiation and delithiation; (3) the Si NWs are still
confined in the graphene layers. Compared to the untested paper, the surface of the
tested 10C-Al2O3 Si1660GN paper does not change greatly (Figure 5-5(d)). Moreover,
the cross-section image shows that the Si NWs are better preserved (Figure 5-5(e) and
(f)). The tested papers become much thicker than the untested paper. After test, the nonAl2O3 paper is ~16.2 µm thick, but the 10C-Al2 O3 paper is ~10.4 µm thick. These results
confirm that 10 cycles of Al2O3 coating effectively prevent the continuous SEI
formation involved in Si-Li-electrolyte reaction. Raman spectra of the tested paper are
shown in Figure S5-8. After test, the typical peak of crystalline Si is not visible, but the
two peaks of graphene do not show evident changes both in peaks position and in peak
intensities. Raman spectroscopy has shown a promising potential for probing changes in
the microstructure of Si [47]. The loss of the 520 cm-1 peak suggests that most of the Si
NWs have lost their crystallinity and the Si networks are highly disordered [47].
Following these results, it is reasonable to conclude that flexible, freestanding
SiNW-graphene hybrid papers with a suitable Al2O3 coating effectively maintain the
cyclic stability of Si. This approach possesses many advantages over the traditional
procedures for preparing Si based anode materials and therefore, has a very high
potential for commercial applications.
5-4 Conclusion
Flexible freestanding SiNW-graphene hybrid nanocomposites, fabricated by suction
filtration of Si NWs and graphene nanosheets both dispersed in water, possess very high
mechanical strength. When used as anodes for lithium ion batteries, the papers exhibit
excellent battery performances, depending on the Si/C ratio. The paper with a Si/C
weight ratio of ~0.3 presents the best performances, with reversible capacities of
between ~1050 and ~800 mAh g -1 in 40 cycles, respectively. The paper still holds high
mechanical strength after test, and although the morphology of Si changes significantly,
they are still confined in the graphene layers. The cyclic stability of the hybrid
nanocomposites is greatly improved with a suitable Al2 O3 coating by an ALD process.
This approach has a high potential for commercialization.
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Figure 5-5 Characterization of the Si1660GN paper after test: (a)-(c) SEM images of
the non-Al2O3 Si1660GN paper; (d)-(e) SEM images of the 10C-Al2O3 Si1660GN
paper.
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Supporting information
Table S5-1 Si/C and Al/C ratio for the Si1660GN paper following various cycles of
Al2O3 coating, estimated by EDX analysis.
Cycles

Si/C ratio (%)

Al/C ratio (%)

2C-Al2O3

12.8

0.36

5C-Al2O3

13.2

0.45

10C-Al2O3

13.1

0.75

Table S5-2 Specific capacities of SiNW-GN paper calculated indifferent ways
Sample

Mass(Si)/Mass(C)

2nd charge capacity
mAh g-1

Capacity retention*
%

Si375GN

0.075

400a/785b **

83

Si750GN

0.15

600/2325

74

Si1660GN

0.33

950/3200

70

Al2O3-Si1660GN

0.33

950/3250

84

* Capacity retention is calculated by (C2-C40)/C2*100, here C2 is the 2nd charge capacity
and C40 is the 40th charge capacity, respectively.
** a, is the capacity calculated by taking the mass of the whole paper into account; b, is
the capacity normalized to Si.
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Figure S5-1 A HRTEM image of graphene nanosheet from ultrasonicating
graphite oxide in water.

Figure S5-2 SEM image of the Si NWs from Ag-assisted chemical etching of Si(100) wafer.
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Figure S5-3 EDX mapping of the Si1660GN paper following 10 cycles of Al2O3.
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Figure S5-4 CV curves of Si NWs and a graphene paper (no Si NWs are present) (a
model cell consisting of Li sheet as an anode and Si NWs as a cathode was
cycled at a rate 0.1 mV/S).
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Figure S5-5 Charge-discharge cycles of the non-Al2O3 SiNW-GN papers with
the same Si/C ratio (0.3) but different mass tested at 100 mA g -1.
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Figure S5-6 Charge-discharge cycles of Si based materials tested at various conditions.
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Figure S5-7 The charge-discharge capacities of the non-Al2O3 Si1660GN and the
10C-Al2O3 Si1660GN paper normalized to Si NWs.
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Figure S5-8 Raman spectra of the 10C-Al2O3 Si1660GN paper after test.
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Chapter 6 Fabrication of MoS2-Graphene Nanocomposites by
Layer-by-Layer Manipulation for High-Performance Lithium
Ion Battery Anodes*
In Chapter 5, we found flexible freestanding Si nanowires-graphene (SiNW-GNS)
hybrid materials delivered reversible capacities between ~1000 and ~800 mAh g -1 in 100
cycles, and the cyclic stability was greatly enhanced when the papers were coated with
Al2O3 by an atomic layer deposition (ALD) process. Considering the high cost of
fabricating Si NWs, I continued to search other nanomaterials with high capacities
(>1000 mAh g-1) but low cost. MoS2 nanosheets are a suitable candidate.
This chapter reports fabricating graphene-MoS2 nanocomposites with higher lithium
storage capacities. In the nanocomposites, the MoS2 nanosheets are homogeneously
dispersed among the graphene nanosheets, and vice versa. Excellent performances were
observed in the MoS2-graphene nanocomposites. For the 60Mo-80GN sample, the
reversible capacities are held stably at ~650, ~550 and ~500 mAh g-1 at 500, 1000 and
2000 mA g-1. It is concluded that for the MoS2-graphene nanocomposites, MoS2 is the
key component that accommodates Li ions, and graphene makes contributions both as
electric conductor and structural stabilizer for the MoS2. These findings prove that
ultrasonication combined with the vacuum assisted filtration is a cost effective approach
to massively fabricate graphene based layered nanocomposites with excellent Li storage
capacity.

Key words: graphene, Molybdenum disulfide, free standing, anode, lithium ion battery,
electrochemical energy storage.

* This work was published in ECS Journal of Solid Sate Science and Technology,
2013, 2, M3034-M3039.
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6-1 Introduction
A critical and challenging topic within materials research is the design and the
synthesis of novel materials for lithium ion batteries (LIBs) with potential application to
electric vehicles. Among potential anode materials is MoS2 which is drawing increasing
interest rapidly due to its high lithium storage capacity (~1000 mAh g-1) [1-7].
Intrinsically, MoS2 is a layered sulfide having the analogous structure of graphene. This
structure is composed of three stacked atom layers (S-Mo-S) held together by van der
Waals forces [8,9]. The weak interaction between MoS2 layers was supposed to allow Li
ions to diffuse easily. The battery performance of MoS2 is highly dependent on its
particle size and morphology.6 Micro-scaled MoS2 can offer initial reversible capacities
over 600 mAh g-1 [1,6], which, however, decline quickly in the following chargedischarge cycles. One of the solutions for this is to fabricate nano-MoS2 (usually
nanosheets resulting from its layered structure), which is expected to enhance the MoS2electrolyte contact and reduce the diffusing distance of Li in the interior of the electrode
and consequently, improve Li storage capacity. Many methods have been proposed to
synthesize and fabricate MoS2 nanosheets, such as mechanical exfoliation of lithiated
bulk MoS2 in water [6,8], chemical vapor deposition [10], hydrothermal reaction using
various kinds of precursors [1,4], ball milling followed by high-temperature annealing,
etc [11,12]. High quality MoS2 nanosheets with improved battery performances were
thus produced, e.g., >800 mAh g-1 reported by Xiao, et al [6]. However, these methods
usually involve either high cost chemicals or chemical reactions under harsh conditions
and more importantly, the yield is low and their practical applications are thus limited.
Recently, Coleman, et al., reported that by choosing a suitable solvent, MoS2
nanosheets can be easily obtained by ultrasonicating MoS2 powder, making massive
production of MoS2 nanosheets at low cost possible [13]. But, this does not solve all the
problems with the application of MoS2 in LIBs. The performances of MoS2 nanosheets
used as LIB anodes are not satisfying due to their limited electric conductivity, and
introduction of a conductive component is indispensable to obtain and maintain high
performances of the MoS2 nanosheets. This has evoked extensive research interest in
designing and fabricating novel MoS2-carbon hybrid nanocomposites with excellent Li
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storage capacities [1,5], including incorporation of the MoS2 nanosheets into polymers
[6], hydrothermal based reactions [4], biomolecular-assisted synthesis [1]. Nevertheless,
like the most approaches for the synthesis of MoS2 nanosheets, these approaches also
employ expensive precursors and involve harsh reactions. The yield is low; the cost is
high and as such, the possibility of commercialization is yet seen. Moreover, in the
existing studies, the intrinsic factors that mediate the battery performances of the MoS2carbon nanocomposites remain unanswered. Both carbon and MoS2 in the
nanocomposites evolve from chemical processes with one or more complicated
precursors, as a consequence, the morphologies of MoS2 and carbon is hard to be
distinguished (notice the two kinds of nanosheets are ultrathin and are structurally
analogous) [14]. The MoS2-carbon interactions, i.e., how is MoS2 grown onto carbon
sheets, or vice versa, have not been well explained, either. Synergic effect is just a
hypothesis.1 These questions are able to be answered if MoS2-carbon nanocomposites
are made of MoS2 nanosheets and carbon nanosheets through a physical process directly.
Graphene is an atomic layer of graphite [15]. Ever since the chemical exfoliation of
graphite oxide (large scale production) succeeded, graphene has been considered a
promising electrode material for LIBs due to its unique features such as high surface
area, super electric conductivity and high tensile strength, etc [16-19]. Uniform graphene
nanosheets (single layer or several layers) can be obtained simply by ultrasonicating
graphite oxide in water [20], offering a new platform for facile fabricating carbon based
materials. So far, various types of graphene-based materials have been reported [21-26],
some of which also exhibit intriguing electrochemical properties when used as electrode
materials for LIBs [21,22,25,26]. On the other hand, the structural analog between
graphene and MoS2 nanosheets suggests an easy route to fabricate layered MoS2graphene nanocomposites, i.e., layer by layer assembly, which is yet reported.
In this paper, we developed facile methods for fabricating MoS2 nanosheets and for
assembling

layered

MoS2-graphene

nanocomposites

and

investigated

their

electrochemical properties as anodes for LIBs, focusing on the following key questions:
(1) is there a strong interaction between MoS2 and graphene nanosheets in the
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nanocomposites? (2) what are the roles of the two components in Li storage? (3) is there
a synergic effect between the two composites for Li storage and what is it?
6-2 Experimental
6.2.1 Materials fabrication
Graphene and MoS2 nanosheets
Graphite oxide was synthesized using modified Hummers method with KMnO4,
NaNO3, and H2SO4 as the oxidants [27]. As-synthesized graphite oxide was dispersed in
deionized water at a concentration of 0.5 mg ml-1, and was then exfoliated by
ultrasonication for 1 h. The obtained dispersion was centrifuged at 5000 rpm for 15 min.
The solution was then harvested for further use. MoS2 nanosheets were fabricated by
exfoliation of commercial MoS2 powder. 0.5 g MoS2 powder was dispersed in 100 mL
NMP and was then ultrasonicated for 12 h. The suspension was centrifuged at 2000 rpm
for 40 min. The upper part 2/3 dispersion was harvested for further use.
To assure the absolute amounts of MoS2 and graphene in the final nanocomposites
are controllable, about 500 mL MoS2 and graphene suspensions were pre-prepared for
use, respectively.

GNS
GNS

MoS2

+

MoS2

GNS

GNS
Step (1)

MoS2

GNS

Step (2)

MoS2
GNS

MoS2

MoS2

MoS2-graphene hybrid
nanocomposites

Step (1): Mixed under the assistance of ultrasonication
Step (2): Filtration under the assistance of vacuum

Figure 6-1 Schematic diagram of assembling the MoS2-graphene nanocomposites by
the vacuum-assisted filtration of MoS2 and graphene nanosheets dispersed in NMP
and water, respectively.
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Graphene-MoS2 nanocomposites
Graphene nanosheets and MoS2 nanosheets suspended in water and in NMP,
respectively, were mixed at a requisite ratio. The mixture was then ultrasonicated for 1 h
so as to get a homogeneous mixture, and was then filtrated under the assistant of vacuum
through an Anodisc membrane filter (47 mm diameter, 0.2 m pore size; Whatman).
The solid product was harvested and dried in air for 24 h at ~100 C. The whole
procedure is schematically shown in Figure 6-1. Before spectroscopic and
electrochemical characterization, the samples were mildly annealed in Ar-H2 (10% H2)
atmosphere at 800 C for 2 h for additional deoxygenation of graphene. Since it is hard
to define the absolute amounts of the nanosheets in solvents, in this paper, the ratios of
graphene and MoS2 in the composites were expressed in term of volume. For example,
60MoS2-80GN corresponds to the sample containing 80 mL graphene nanosheets in
water and 60 mL MoS2 nanosheets in NMP, respectively.
6.2.2 Materials characterization
The morphologies of nanocomposites were checked using a field emission scanning
electronic microscope (Hitachi S-4800), transmission electronic microscope (Philips
CM10), and high resolution TEM (JEOL 2010 FEG). Powder X-ray diffraction (XRD)
patterns were recorded by Rigaku RU-200BVH diffractometer employing a Co-K
source (=1.7892 Ǻ). Raman spectra were obtained using a HORIBA Scientific
LabRAM HR Raman spectrometer system equipped with a 532.4 nm laser as the
exciting radiation. The system is also equipped with an optical microscope so as to give
rise to confocal signals. To obtain charge-discharge profiles and cycle performance data,
working electrodes were prepared by slurry casting onto a Cu foil as a current collector.
The slurry contained the synthesized sample (90 wt% on dry solid basis), polyvinylidene
fluoride binder (10 wt% on dry solid basis) and carbon conductor (10 wt%) in NMP
solvent. The electrodes were dried in a vacuum oven at 100 C overnight. A lithium foil
was used as a counter electrode. Paper based MoS2-graphene nanocomposite was used
as anode directly, i.e., current collector and binder are not used. Electrolyte was
composed of 1 M LiPF6 salt dissolved in a solution consisting ethylene carbonate,
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diethyl carbonate, ethyl methyl carbonate (1:1:1 in volume). Charge-discharge
characteristics were tested galvanostatically in a voltage range of 0.01-3.0 V (vs. Li+/Li)
at a desired current density using an Arbin BT-2000 Battery Test System. Cyclic
voltammetry (CV) tests were performed on a versatile multichannel potentiostat 3/Z
(VMP3) at a scan rate of 0.1 mV.s-1 over a potential range of 0.01-3.0 V (vs. Li+/Li).
6-3 Results and discussion
6.3.1 Characterization of the MoS2 nanosheets and the MoS2-graphene nanocomposites
The GNS from mechanical exfoliation of graphite oxide have been characterized in
detail in our previous studies [28]. The GNS are usually ultrathin and are easily to
restack to form graphene papers when filtrated. A typical TEM image of the GNS is
shown in Figure S6-1(a) as an example. The crystal structure of the nanosheets resulting
from ultrasonicating MoS2 powder in NMP is determined using XRD, Raman spectrum
and HRTEM. Figure 6-2(a) shows the XRD patterns of the MoS2 powder and the
100MoS2-20GN sample. The 100MoS2-20GN pattern is presented because of its
relatively higher MoS2 content and therefore, the information on the crystal structure of
the MoS2 nanosheets and whether the crystal structure is preserved in the
nanocomposites is conveyed, simultaneously. The 100MoS2-20GN pattern is similar to
that of the MoS2 powder. The peaks appearing in the powder MoS2 pattern are also
observed in the 100MoS2-20GN pattern, i.e., at 2= 16.7, 33.7, 46.2, 51.7 and 58.5,
respectively. Among them, the peak at 2=16.7 is corresponding to the (002) reflection,
a typical feature of the layered structure of MoS2 [1]. The broad peak at 2= 30.7 in the
100MoS2-20GN pattern is corresponding to the diffraction of the graphene nanosheets
[29]. When MoS2 nanosheets stack with graphene nanosheets layer by layer forming 2dimentional structure, some of the typical MoS2 peak will not be accessed by X-ray
because the special orientation of the sheets (e.g., 38.1, 39.1 and 41.9 in the MoS 2
pattern). That is why some diffraction peaks of MoS2 are not observed in the
nanocompositions.
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Figure 6-2 (a) XRD patterns of the commercial MoS2 powder and the 100MoS220GN composite; (b) Raman spectra of the MoS2 nanosheets and the commercial
MoS2 powder.
The Raman spectra of the MoS2 powder and the MoS2 nanosheets are shown in Figure
6-2(b). There are no evident differences between the two spectra. For both, two
predominant peaks appear at ~375 cm-1 (E2g) and ~404 cm-1 (A1g), respectively, which
correspond to the typical vibrations of the Mo-S atoms in the -phase MoS2 (2H-MoS2)
[30,31]. The morphology of the MoS2 nanosheets is characterized using SEM and TEM
and is shown in Figure 6-3. The average sizes of the MoS2 nanosheets are ≤ 500 nm, as
indicated by the SEM image in Figure 6-3(a). TEM image in Figure 6-3(b) clearly shows
that the nanosheets are very thin and the thickness is not uniform as some parts have
more layers of MoS2. This probably results from restacking of the nanosheets upon
solvent is removed. The top view of the HRTEM image (Figure 6-3(c)) shows typical
hexagonal structure formed by Mo and S atoms. The layer distance is ~0.65 nm (Figure
6-3(d)), which is consistent with other studies [1,6]. Based on the XRD, Raman and
microscopic characterizations, it is reasonable to conclude that mechanical exfoliation
and hybridization with graphene does not change the crystal structure of MoS2, and the
layered structure is preserved.
It is a fact that during the process of filtration, both kinds of nanosheets, due to their
two-dimension structures, stack together to form layered structure, i.e., macroscopically,
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thin films. The thickness of the film depends on how much solution was filtrated. The
morphology of the 60MoS2-80GN sample is shown in Figure 6-3. SEM image of the
cross section of the sample indicates that the film thickness is ~15 µm (Figure 6-3(e)). In
the film, the MoS2 and the graphene nansoheets are aligned with their surface parallel to
the film surface, and the MoS2 nanosheets are dispersed between the graphene sheets,
and vice verse (Figure 6-3(f)). This configuration is also manifested by the surface
morphology of the sample (Figure S6-1(b)). Distribution of the MoS2 and the graphene
nanosheets was also characterized using EDX mapping. As shown in Figure S6-2(a)-(d),
the three composite elements, Mo, S and C are homogenously distributed in the sample.
It can thus follow that ultrasound-assisted mixing followed by the vacuum-assisted
filtration is an effective approach to obtain the nanocomposites with MoS2 and graphene
nanosheets uniformly mixed. Table 6-1 tabulates the contents of various elements
presenting in the 60MoS2-80GN and 100MoS2-20GN samples, which are calculated
according to the EDX mapping on the sample surfaces. Obviously, more graphene is
present in the 60MoS2-80GN sample.

Table 6-1 The contents of the elements in the MoS2-GN samples, estimated on the base
of the EDX quantization.
Sample

Element content (%)
Mo

C/Mo ratio*

C

O

S

60MoS2-80GN

69.6/85.6

8.3/7.1

11.3/1.7 10.8/5.1

6.2/50.4

100MoS2-20GN

49.7/77.3

4.3/5.1

22.9/4.5 22.9/13.3

2.2/17.2

* In this table, the element contents are expressed as weight percent and atomic percent,
e.g., for C/Mo ratios, a 6.2 corresponds to weight ratio while 50.4 corresponds to atomic
ratio.
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Figure 6-3 Electronic microscope images of the MoS2 nanosheets and the 60MoS280GN nanocomposites: (a) SEM image of the MoS2 nanosheets; (b) TEM image of
MoS2 nanosheets; (c) HRTEM image of surface of the MoS2 nanosheets; (d) HRTEM
image showing the thickness of the nanosheets; (e) lower magnification of the 60MoS280GN nanocomposite; (f) higher magnification of the 60MoS2-80GN nanocomposite.
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Figure 6-4 Raman spectra of the MoS2-graphene nanocomposites.
To get further insight of the distribution of the MoS2 and graphene nanosheets in the
composites, the paper based nanocomposites were ground and characterized using
Raman. Before grind, i.e., the paper, the two typical MoS2 peaks remain considerable
intensities in the 100MoS2-20GN spectrum, and are obviously stronger than those of
graphene (1348 cm-1 (D band) and 1596 cm-1 (G band)); in contrast, they are not
observable in the 60MoS2-80GN spectrum, as shown in Figure 6-4. This suggests that
the MoS2 nanosheets are wrapped with the GNS and are not accessible to the laser at
higher graphene content. Notice there are more GNS in the 60MoS2-80GN sample and
the size of GNS can be several µm. See Figure S6-1(a). After grind, i.e., the paper was
converted into µm-sized irregular particles (Figure S6-3), the peaks of the MoS2
nanosheets are enhanced dramatically, particularly, the peaks in the 60MoS2-80GN
spectrum. Table 6-2 lists the ratios of the MoS2 peak (404 cm-1) to the graphene peak
(1596 cm-1). Obviously, the MoS2 peaks are stronger than those of the graphene in both
samples. This, semi-quantitatively, confirms that reducing the particle size of the MoS2graphene nanocomposites enables more MoS2 to be accessible. This is one of the key
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issues that mediate the battery performances of the MoS2-graphene nanocomposites and
will be further addressed later. Meanwhile, it should be mentioned that for the MoS2graphene spectra, there are no new peaks observed, and the peaks of MoS2 and graphene
do not change evidently. This, combined with the XRD results, suggests there are not
discernable chemical reactions between MoS2 and graphene following annealing at 800
C, and MoS2 and graphene only physically stack together.
Table 6-2 The intensity ratios of the MoS2 peak (404 cm-1) to the graphene peak (1596
cm-1) for the MoS2-GN samples.
Sample

Ratios of the MoS2 peak to the graphene peak (a.u.)
As synthesized

Ground

60MoS2-80GN

-

2.7

100MoS2-20GN

7.6

12.3

6.3.2 Electrochemical properties of the MoS2-graphene nanocomposites
The CV curves were obtained using the MoS2 containing materials as electrodes in 1.0
M LiPF6 and with lithium sheet as the counter and reference electrodes. Figure 6-5
shows the CV curves of the MoS2 nanosheets and the 60MoS2-80GN nanocomposites.
The curves of the MoS2 powder are shown in Figure S6-4. Some interesting features are
observed for the electrochemical behaviors of the samples:
(1) Basically, the curves do not vary greatly with the morphology of MoS2 and the
composition of the MoS2-graphene nanocomposites. For the 60MoS2-80GN
curves, as an example, on the first cycle, two predominant peaks appear at ~1.07 V
and ~0.49 V in the discharge process. The ~1.07 V peak can be attributed to the
coordination of Mo by six S atoms (MoS6) changing from trigonal prisms to
octahedral in the MoS2 structure as lithium ions intercalate into MoS2 [1, 32-36].
The

0.49

V

peak

is

attributed
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to

the

conversion

reaction

process

MoS2+4LiMo+2Li2S [1, 32-36]. The peak appearing at ~2.3 V in the charge
process corresponds to delithiation. In the following cycles, the cathode peaks
(~0.49 and ~1.07 V) are diminished significantly, but the anode peak (~2.3V) still
remains considerably high intensities. Moreover, a new peak appears at ~1.96 V in
the discharge process, which can reasonably be attributed to lithiation [32].
Following these features, it can be concluded that for the 60MoS2-80GN sample,
Li-MoS2 interaction is a leading process. It should be mentioned the
electrochemical processes of lithium-MoS2 interactions are very complicated,
because the processes are highly dependent on samples, i.e., the particle size of
MoS2, the carbon component and the methods for materials synthesis, etc [32,36].
The CV curves may differ slightly from different research groups, but the
assignment of the typical peaks (~0.41, ~1.07, ~1.94 and ~2.31 V) is well defined.
(2) There are discernable differences among the curves of the three samples. For the
powder MoS2 curves, the ~2.3 V peak loses intensity steadily with cycles,
suggesting that the electrochemical performance is deteriorating. For the 60MoS280GN curves, the peak intensity in the second cycle is only slightly lower than that
on the first cycle, and remains almost unchanged in the following cycles.
Interestingly, for the MoS2 nanosheets, the intensity of the same peak does not
change for all in the first ten cycles. Accordingly, it can be suggested that the
electrochemical performances of the MoS2 nanosheets are much better than that
of the MoS2 powder.
Battery performances of the MoS2 containing materials were tested in coin cells.
Since the performances vary dramatically, the current densities are varied so that the
performance change following charge-discharge cycles can be clearly manifested. As
shown in Figure 6-6(a), the MoS2 powder offers initial reversible specific capacities of
~660 mAh g-1 at 100 mA g-1, which, however, decline very rapidly and remain only
~100 mAh g-1 in the 100th cycle. In contrast, the performances of the MoS2 nanosheets
are much better. At 500 mA g-1, the initial reversible specific capacities of ~750 mAh g -1
were obtained, which decrease slightly in the first 15 cycles. Obviously, reduction of
particle size facilitates Li-MoS2 interaction, improving
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Figure 6-6 Electrochemical performances of
the MoS2-containing samples.

nanosheets; (b) the 60MoS2-80GN
nanocomposites.
electrochemical performance of MoS2. But it does not relieve the drawback of the poor
electric conductivity of MoS2 as well as high volume change with cycles. As a result, the
decline proceeds at a much rapider pace after 15 cycles, and only ~50 mAh g -1 capacity
remains in the 100th cycles. The 60MoS2-80GN sample was tested before and after
grind. For the paper based sample, i.e., before grind, the reversible specific capacities are
only ~60 mAh g-1 at 50 mA g-1 throughout the charge-discharge cycles. On the other
hand, for the powder based sample, i.e., after grind, the sample exhibits the best
performances among the MoS2 containing samples. The initial capacities are ~700 mAh
g-1 at 500 mA g-1, which decrease to ~600 mAh g-1 after 10 cycles. The capacities remain
rising at a slow pace in the following cycles. This, combined with Raman spectra in
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Figure 6-4, confirms that reducing particle size provides much more channels for Li ion
to diffuse in and out of the MoS2 nanosheets in the nanocomposites, improving Li-MoS2
interaction and consequently the lithium storage capacities of the nanocomposites.
Rate cycling behaviors of the MoS2 based samples were also investigated so as to
further interrogate the relationship between the particle sizes and the electrochemical
performances. As shown in Figure 6-6(b), the MoS2-graphene samples exhibit much
better performances than the nanosheets do. For the nanosheets, the specific capacities
do not vary greatly at 100 and 250 mA g-1, holding ~800 mAh g-1 in the cycles adopted
in this study. However, when the current density is increased to 500 mA g -1, the
capacities decline abruptly to ~20 mA g -1 after 75 cycles, and only 250 mAh g -1 was
regained as the current density is re-set to 100 mA g-1 from 500 mA g-1 (see the inserted
panel in Figure 6-6(b)). The capacities decrease to almost zero again in the following
tens of cycles. In contrast, at 500 mA g -1, the 60MoS2-80GN sample exhibits constant
capacities of ~600 mAh g-1, which decrease to ~550 and ~500 mAh g-1, at 1000 and
2000 mA g-1, respectively. More importantly, when the current density was re-set to 100
from 2000 mA g-1, the capacities were abruptly raised to ~950 mAh g -1, which remain
rising steadily. These are almost 300 mAh g-1 higher than those obtained at the same
current density in the beginning of the cycles. This phenomenon was also observed in
other systems and further corroborates the particle size effect (to be addressed in detail
later) [37,38]. To articulate the relationship between the battery performance and the
MoS2/graphene ratio, the rate cycling behavior of the 100MoS2-20GN sample, which
has a higher Mo/C ratio (see Table 6-1), was also tested. As also shown in Figure 6-6(b),
the rate cycling behavior is similar to that of the 60MoS2-80GN sample, with exception
that the specific capacities are slightly lower than those of the 60MoS2-80GN sample at
an equal current density. Nevertheless, the capacities are still much higher than those of
the MoS2 nanosheets. This confirms that graphene is also crucial to deliver and maintain
higher capacities for the MoS2-graphene nanocomposites.
Overall, following the spectroscopic and electrochemical characterizations, the
questions put forward in the beginning of this paper could be answered or articulated.
SEM characterization manifests that the MoS2 nanosheets and the graphene nanosheets
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closely stack together following filtration; however, a combination of the Raman and
XRD characterization proves that there are no strong interactions between MoS2 and
graphene that result in formation of new species. Moreover, CV characterization
indicates that the Li-MoS2 interaction is a predominant electrochemical process for the
MoS2-graphene nanocomposite electrode. Most of previous studies prove that the
reversible Li storage capacities of graphene following extended charge-discharge cycles
(> 50 cycles) are only between 300 and 400 mAh g-1 at a current density of 100 mA g -1
or lower [39,40], which are much lower than those of the MoS2 nanosheets and the
present MoS2-graphene nanocomposites. Thus, it is reasonable to conclude that for the
MoS2-graphene nanocomposites, MoS2 is the key component that accommodates Li.
6.3.3 Characterization of the samples after test
To reliably explore the role of graphene in the MoS2-graphene nanocomposites,
particularly, if there is a synergic effect, the MoS2 nanosheets and the 60MoS2-80GN
nanocomposite were characterized using SEM after electrochemical tests. Figure 6-7
compares the image of the electrode materials before and after test. The morphology
changes significantly after charge-discharge cycles. For the MoS2 nanosheets electrode,
the nanosheets are indistinguishable after repeated lithiation-delithiation; instead, many
particles with sizes <20 nm are found (Figure 6-7(b)). This indicates that the MoS2
nanosheets undergo severe pulverization and as a consequence, the bulk materials are
disintegrated (mechanical failure), leading to the disconnection of some particles from
the conductive carbon or current collector, a main reason for the capacity deterioration
of the MoS2 nanosheets. For the 60MoS2-80GN nanocomposite, the image is still
composed of particles with sizes in sub-µm scale (Figure S6-5). The magnified image
(Figure 6-7(d)) shows that the particles remain highly integrated whereas some pores are
created; in other words, the electrode materials mostly remain integrated. Obviously, the
presence of graphene effectively maintains the structural stability for the MoS2
nanosheets. This, combined with its super electric conductivity, accounts for the role of
graphene in MoS2-graphene nanocomposite.
It is worth emphasizing that particle size is another important factor in the battery
performances of the MoS2-graphene nanocomposites, which is also mediated by

246

graphene. For graphene, the cross-plane diffusion of Li ions is forbidden. As such, in the
MoS2-graphene nanocomposites, lithium diffusion in MoS2 nanosheets mostly proceeds
in the direction along the nanosheet surfaces, since the MoS2 nanosheets are wrapped
with graphene nanosheets. This is the reason why the paper based 60MoS2-80GN
nanocomposite only presents reversible capacities of ~60 mAh g-1 at a very low current
density, i.e., 50 mA g-1 (in Figure 6-6(a)). Such a fact also explains the rate cycling
behavior of the MoS2-graphene nanocomposites in Figure 6-6(b), which has shown that
the capacities of the MoS2-graphene nanocomposites are lower than those of the MoS2
nanosheets at 100 and 200 mA g -1. Nevertheless, the graphene-induced size effect can be
easily released in two ways. First, reducing the thickness of nanocomposites when
assembling; and second, ball milling the nanocomposites after assembly. This has been
addressed in other researches and is not the main focus of this paper.
In summary, in this paper, we reported facile methods for fabricating MoS2
nanosheets and for assembling MoS2-graphene nanosheets. This approach offers several
advantages over other methods. First, exfoliating commercial MoS2 powder in NMP
means purification of the MoS2 nanosheets and final products is not necessary since
NMP is a standard solvent for preparing electrode slurry and as such; second, NMP can
be reusable for another exfoliation, significantly reducing the cost; third, this method
allows massive production and has a high potential to be scaled up.

6-4 Conclusion
Mechanical exfoliation of MoS2 powder in NMP by ultrasonication is a facile and
cost-effective method for obtaining MoS2 nanosheets with thickness <20 nm. The
resultant nanosheets exhibit better battery performances than MoS2 powder does when
used as anode for lithium ion batteries. However, the nanosheets still suffer capacity
deterioration during the extended charge-discharge cycles and hence; their practical
application is yet seen. MoS2-graphene nanocomposites were fabricated through the
vacuum-assisted filtration of a mixture of MoS2 and graphene nanosheets suspended in
suitable solvents. Images taken of the fabricated nanocomposites reveal that both kinds
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of nanosheets closely stack together and are aligned with their surface parallel to each
other. The performances of the MoS2-graphene nanocomposites are much higher than
that of MoS2 nanosheets. The reversible capacities were held stably at ~650, ~550 and
~500 mAh g-1 at 500, 1000 and 2000 mA g-1, respectively. It is concluded that for the
MoS2-graphene nanocomposites, MoS2 is the key component that stores Li ions, and the
presence of graphene improves the electric conductivity and structural stability of MoS 2
sheets. The findings in this paper pride a strong evidence that layer-by-layer assembly is
a cost-effective method to massively fabricate graphene based nanocomposites with
superior battery performances.

(a)

(b)

(c)

(b)
(d)

Figure 6-7 SEM images of the MoS2 nanosheets pasted on current collector before (a)
and after (b) test; the 60MoS2-80GN nanocomposites pasted on current collector before
(c) and after test (d).
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(a)

(b)

Figure S6-1 Electronic microscope images of the graphene nanosheets (a) and
the 60MoS2-80GN nanocomposite (b).

(a)

(b)

(c)

(d)

Figure S6-2 EDX mapping the 60MoS2-80GN nanocomposite: (a) SEM image;
(b)-(d) C, S, and Mo signals, respectively.
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Figure S6-3 SEM image of the 60MoS2-80GN nanocomposite after grind.
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Figure S6-4 CV curves of the MoS2 powder (a model cell consisting of Li sheet as an
anode and Si NWs as a cathode was cycled at a rate 0.1 mV/S).
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Figure S6-5 Low-magnificence SEM image of the 60MoS2-80GN
nanocomposite electrode after test.
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Chapter 7 A Catalyst-Free Chemical Etching Process for Mass
Production of One-Dimensional Nanostructured Silicon with
Controlled Morphologies from Commercial Ferrosilicon
Alloys*
Application of Si in high-performance LIBs is highly dependent on mass production of
nanostructured Si. Seeking for a cost-effective process for mass production of
nanostructured Si is one of the major targets of this Ph D study.
This chapter reports a catalyst-free etching process to produce 1D silicon
nanostructures from low-cost, metallurgical ferrosilicon alloys with relatively high
yields. The process consists of two key steps: manipulate nanoscale silicon phase in the
ferrosilicon alloys prior to etching by controlling the alloy composition and
solidification process or combined with subsequent heat treatment; and selectively
remove stoichiometric FeSi2 phase that wraps the nanoscale silicon phase by a dilute HF
solution. Silicon nanobelts with thickness ≤20 nm and nanowires with diameters of ~100
nm are the major products and were selectively produced from various commercial
ferrosilicon alloys. When used as an anode material, the 1D nanostructured silicon
demonstrated reversible lithium storage capacity of 2600 mA h g-1, high rate capability
and relatively stable cyclic performances in lab made Li-ion cells. This invention offers
a method that is highly potential for low cost, mass production of 1D nanostructured
silicon, being able to accelerate the development of high-performance lithium ion
batteries for electric vehicles.
Key word: silicon, nanostructures, etching, anode, lithium ion batteries, mass
production.

* This chapter has been patented and will be modified for publication.
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7.1 Introduction
One-dimensional nanostructured silicon (1D nano Si), such as nanowires (NWs),
nanobelts (NBs), nanorods (NRs), nanoribbons, and nanotubes, etc., is one of the
important modern materials that have found extensive applications in photonics,
electronics, sensors, medical devices, and energy storage devices, etc. For example,
when used as an anode material for lithium ion batteries (LIBs), not only do Si NWs
exhibit lithium storage capacities over 2000 mA h g-1 (with loadings in ~1 mg cm-2
scale), but more significantly, the 1D nanostructure is able to release the stress and strain
by changes in diameter and length without breaking down. The NWs thus retain their
physical integrity and preserve the electrical conductivity required as an anode material,
a significant advantage over other silicon nanostructures [1-3]. As such, the 1D nano Si
is considered a highly potential anode material for LIBs and numerous studies have been
carried out to understand and improve their battery performances [4-10]. Nevertheless,
production of the 1D nano Si usually involves costly and lengthy processes and remains
one of the biggest challenges in their commercialization.
Vapor-liquid-solid (VLS) growth and metal-assisted chemical etching (MACE) are
two important bottom-up and top-down approaches, respectively that are capable of
producing high-quality Si NWs. They are extensively employed in various development
works [11-14]. However, process complexity and use of costly materials has formed a
major technical and economic hindrance in scaling up either process. In the search of the
processes that are capable of economically producing nanostructured silicon (including
1D nano Si), great effort has been made toward processes with silicon compounds or
alloys as silicon sources. A molten-salt electrolysis process was reported by Nohira,
which produced porous Si by removing oxygen from solid SiO2 in a molten CaCl2
electrolyte at 850 C [15]. Similarly, Sandhage, et al., demonstrated a process producing
microporous nanocrystalline silicon from three-dimensional, nanostructured silica
micro-assemblies by low-temperature (650 °C) magnesiothermic reduction [16]. In both
cases, the final silicon products have sizes of hundreds of nm or even m, which can not
effectively solve the problem of silicon as electrode materials. Two US patents disclosed
processes producing silicon nanosponge particles either by etching metallurgical silicon
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particles [17] or by de-alloying nickel from quenched (high rate cooling) silicon-nickel
alloy particles [18]. However, none of them was able to produce 1D nano Si.
In this report, for the first time, we developed a process with a high potential of
scaling up to mass production of 1D nano Si. This is a catalyst-free etching process. The
process consists of two key steps: manipulate the morphology and size of 1D nano Si in
silicon alloys and harvest the 1D nano Si by removing stoichiometric metal silicide
phase that “wraps” the silicon phase in the alloys. The first step is achieved by
precipitating nanoscale silicon phase prior to the etching process by controlling the alloy
composition and solidification process with a combination of subsequent heat treatment.
The second step uses a dilute HF solution as an etchant.
The silicon alloys of choice are ferrosilicons. According to the Fe-Si binary phase
diagram (fig. S7-1, refs. [19] and [20]), there is a high temperature α-FeSi2 (HT) phase
denoted as ζα. The α-FeSi2 (HT) phase is nonstoichiometric and has silicon contents
varying from 69.5 to 73.5 at% near its congruent melting temperature 1220 C. The
silicon content narrows down to a single composition of 70.5 at% Si at its equilibrium
eutectoid temperature 937 C. The eutectoid reaction occurs at 937 C and may be
expressed as:
α-FeSix (HT, 2.7>x>2)  β-FeSi2 (LT)+(x-2)Si

(1)

where β-FeSi2 (LT) is a low temperature stoichiometric phase. Furthermore, equation 1
suggests there is some “extra” silicon whose content is dependent on the composition of
the ferrosilicon alloy of choice. For example, the mass balance of the reaction of 70.5
at% Si may be expressed as:
Fe29.5Si70.5  Fe29.5Si59+11.5Si

(2)

A most significant feature of the ferrosilicon is that the eutectoid reaction can lead to
very fine lamellar microstructures with alternative layers of Si and β-FeSi2 (LT) when
silicon content is optimal, e.g., >2 according to equation (1) [21-24]. The microstructure
can grow even finer if the silicon-rich nonstoichiometric α-FeSi2 (HT) phase is stabilized
to a lower temperature or to room temperature (RT) and is then heated to a temperature
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lower than the equilibrium eutectoid temperature. The layer thickness of the lamellar
microstructure can be even in nanometer scale. Such a process and microstructure was
reported by Yamamoto et al., when metastable α-FeSi2 (HT) was heat treated at 807 C
[25]. This unique feature makes it possible to produce nanostructured Si with control
over morphology, size and even yield, simply by adjusting silicon content of a
ferrosilicon alloy combined with manipulation of the eutectoid reaction. Quantitatively,
if the α-FeSi2 (HT) with 70.5 at% silicon decomposes to β-FeSi2 (LT) and Si at 937 C,
the percentage of Si phase in the microstructure is 11.5 at% or 8.9 wt% of the original
precursor according to equation (2).
On the other hand, equation (1) also suggests that a ferrosilicon alloy resulting from
the eutectoid reaction (if it proceeds thoroughly) is actually composed of Si and β-FeSi2.
The stoichiometric β-FeSi2 phase silicide is highly reactive to HF based etchant [26],
while silicon phase is inactive. Thus, in the presence of HF solution, the β-FeSi2 phase is
quickly removed through the reaction:
FeSi2+10HFFeF2+2SiF4+5H2

(3)

The reaction leaves nanostructured Si as the major solid product and FeF2 and SiF4 as
the byproducts. Both FeF2 and SiF4 are soluble in water. Thus, the silicon product is
easily harvested and purified by filtration, a great advantage of the process.
Another intriguing feature of the process is its tolerance of impurity in the
ferrosilicon alloys and consequently low cost. We have obtained Si NBs with thickness
≤20 nm and NWs with diameters of ~100 nm from commercial, metallurgical
ferrosilicon alloys. Their production is highly controllable. Metallurgical ferrosilicon
alloys are available in large commodity quantities with a wide range of silicon content
and are used as reductant or deoxidizer in steel and ferrous metallurgy. The ferrosilicon
alloys of interest in this invented process can be purchased from any ferrosilicon
producer at low cost.
The fourth significant feature of the process is its compatibility of the morphology
and sizes of the ferrosilicon alloy particles, allowing highly facile top-down fabrication
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of nano Si from macroscopic particles. For the ferrosilicon alloys, with increasing the
size of the particles, the growth mode of the primary phase changes from nonfaceted to
faceted growth (lamellar microstructures) and the eutectic changes from anomalous
eutectic to needle-like [22]; in other word, bigger particles facilitate formation of
lamellar microstructures. 1D nano Si was the major product of the ferrosilicon particles
with sizes in the range of 10s m to 1 mm. Moreover, NBs and NWs grow more
uniform when bigger ferrosilicon particles were used as a starting material.
The 1D nano Si product is suitable for use as an anode material. When tested in coin
cells with a lithium foil as a counter electrode, the materials exhibited high lithium
storage capacities, high rate capability and relatively stable cyclic performances.
7.2 Production of NBs
The most significant results are shown in Figure 7-1. When etched in 11.5 wt% HF
solution at RT for 3 h, commercial ferrosilicon particles (with no treatment) have
decomposed into bundles consisting of NBs (Figure 7-1a-c). The highly pure
ferrosilicon particles (99.9%) have an average silicon content of 67.5 at% and show a βFeSi2 phase in their XRD pattern (fig. S2). Most of the NBs are less than 20 nm thick
(Figure 7-1d). Raman spectrum of the NBs is similar to that of the Si NWs from a
Si(100) wafer by the MACE process (Figure 7-2a). EDX analysis demonstrates that
silicon is the only composite in the NBs product (Figure 7-2b-f and fig. S7-3). Thus, we
conclude Si NBs are the major solid product when etching β-FeSi2 phase ferrosilicon
alloys. In contrast, the 1D nanostructures were not obtained from a commercial 67.5 at%
Si ferrosilicon sample that is 99.9% pure and indicates an -FeSi2 phase in its XRD
pattern (fig. S7-2), suggesting no significant silicon precipitation occurred when forming
the metastable -FeSi2 phase alloys. Neither were the silicon nanostructures obtained
from other high-purity, commercial metal-silicon alloys by the same or a modified
procedure (Table S1), including Fe55Si45, Fe14Si86, WSi2, TiSi2, CrSi2, and CaSi2 (fig.
S7-4 and fig. S7-5).
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Figure 7-1 SEM images of the 1D silicon nanostructures obtained by etching -FeSi2
phase ferrosilicon alloy particles: (a) and (b) low-magnification images of the products;
(c) and (d) high-magnification images of the nano belts.

7.3 Mechanism of NBs formation
We continued to explore the mechanism of the 1D nano Si formation, which is
important for further control over their morphology, size and yield. For this, we
investigated the microstructural change in the 99.9% -FeSi2 phase particles following
etching. The experimental details are described in SI7-3-4 and in fig. S7-6. The typical
microstructures are summarized in Figure 7-3. Stripes with various sizes and
orientations appeared on surface of the particles after 0.5 min etching (Figure 7-3b).
Longer etching gave rise to more, longer stripes (e.g., 3 min in Figure 7- 3c). After 10
min, many islands were formed on the particle surface, inside of which the stripes had
grown into NBs (Figure 7-3d and e). The NBs were orientated differently in different
island. This feature reveals that the silicon phase (NBs) was developed from different
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nuclei [22]. The particles had completely decomposed into NBs bundles after 3 h. Thus,
it is reasonable to conclude that the NBs are a composite existing in the microstructures
of the -FeSi2-phase ferrosilicon alloys and remain when the stoichiometric FeSi2
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Figure 7-2 (a) Raman spectra of various silicon based samples; (b) EDX quantitative
analysis of the products; (c) and (d) SEM image and EDX mapping of the nanobelts,
respectively; (e) and (f) SEM image and EDX mapping of the nanobelts bundles,
respectively.
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2 m

20 m

(f)
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Figure 7-3 The microstructures observed following etching the -FeSi2-phase
ferrosilicon alloy particles for different duration: (a)-(c) for 0 min, 0.5 min, 3
min, respectively; (d) and (e) 10 min; and (f) 3 h.

7.4 Control over the morphology and size of the 1D nano Si
Manipulation of the morphology and size of the 1D nano Si was also attempted and
succeeded following the results in Figure 7-3. To clearly demonstrate the process, the
commercial -FeSi2-phase ferrosilicon particles were used as the starting material
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because they did not give rise to 1D nano Si before manipulation (fig. S7-4 and S7-7).
The manipulation was performed by annealing the particles at desired temperatures for
20 h. The annealing significantly affected the precipitation process of silicon. The
temperatures below 600 C are not high enough to lead to silicon precipitation and
hence, no characteristic microstructures were observed [23]. Various 1D nanostructures
are formed at temperatures 600 C. Dense, <20 nm thick belts appeared at 600 C and
had different orientations (Figure 7-4a). At 650 and 700 C, wire-like 1D nanostructures
were observed, but their populations declined evidently. 800 C particles mostly gave
rise to NRs with diameters 200 nm. Obviously, post heat treatment effectively
manipulated the process of silicon precipitation and hence, rendered control over the
morphology and size of the silicon nanostructures. SEM images of the products of the
annealed particles (not glued) that were etched for 3 h are summarized in fig. S7-8.
Being consistent with the microstructural analysis, NBs are the major products at 600
C, NWs and rods predominating at 700 and 800 C, respectively.
7.5 Production of 1D nano Si from metallurgical ferrosilicon alloys
The use of high-purity, commercial ferrosilicon alloys as a silicon source is still
costly and will be a hindrance when commercializing the invented process. Therefore,
we investigated the process with metallurgical grade ferrosilicon alloy as a starting
material, and proved that controlled production of the 1D nano Si was also achieved.
This alloy has a slightly higher silicon content of 68.5 at% Si. According to the results in
Figure 7-4, thermal treatment was performed at 600 and 700 C for 20 h with an aim to
obtain NBs and NWs under control. The un-annealed particles did not give rise to much
1D nano Si. A large amount of NBs were produced at 600 C, as shown in Figure 7-5a
and b. Most of the NBs had a width <100 nm and a thickness <20 nm. In contrast, NWs
were the major products of the 700 C particles, most of which had diameters <100 nm
(Figure 7-5c and d). More significantly, under a deliberate control, we could harvest
~180 mg the 1D nano Si from 5 g MG-FeSi2 sample, a yield of 3.6 wt% (theoretic yield
is ~4 wt%).

263

(a)

(b)

2 m

2 m

(d)
20
0n
m

(c)

2 m

2 m

Figure 7-4 The microstructures of the -FeSi2-phase ferrosilicon alloy particles that
were annealed at various temperatures for 20 h followed by etching for 5 min: (a) 600
C, (b) 650 C, (c) 700 C, and (d) 800 C, respectively.
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Figure 7-5 SEM images of the products of the metallurgical grade ferrosilicon alloy that
was pre-annealed at various temperatures for 20 h: (a) and (b) 600 C, (c) and (d) 700
C.
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Figure 7-6 Electrochemical performances of the 1D nano Si product: (a) CV curves (a
model cell consisting of Li sheet as an anode and Si NWs as a cathode was cycled at a
rate 0.1 mV/S), (b) Charge/discharge profile within a voltage window of 0.01-1.5 V vs
Li+/Li for the 1st, 10th and 20th cycles at 840 mA g-1, (c) rate capabilities, and (d)
charge-discharge cycles.
7.6 Electrochemical characterization
Electrochemical properties of the 1D nano Si used as an anode material for LIBs
were examined. The CV curves and charge/discharge profiles and their changes
following charge-discharge cycles revealed the typical features of electrochemical
behaviors of silicon, as shown in Figure 7-6 a and b. The material exhibited an excellent
rate capability. The initial capacities are ~2600, ~2500, 2200, 1600 and 1000 mA h g -1 at
210, 420, 840, 2100 and 4200 mA g-1 respectively, as shown in Figure 7-6c. Here, the
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current densities were normalized to the whole electrode materials. Moreover, the cyclic
stability of the material is also high. At 840 mA g -1, the initial reversible capacities
reached ~2250 mA h g-1. The capacities declined at a slow pace and remained ~1400
mA h g-1 after 100 cycles (Figure 7-6d). At 2100 mA g-1, the material still exhibited
initial reversible capacities of ~1600 mA h g-1 and ~1000 mA h g-1 after 100 cycles. This
is consistent with previous studies [27-29].
7.7 Conclusion
In conclusion, we developed a catalyst-free etching process to selectively fabricate
silicon nanobelts and nanowires from low-cost, commercial ferrosilicon alloys with
relatively high yields. The most significant feature of the invented process is its
capability of manipulating the morphology, size and yield of the 1D silicon
nanostructures and its ease of product harvesting and purification. The 1D
nanostructured silicon delivered excellent electrochemical properties including high
lithium storage capacity (~2600 mA h g-1), rate capability and cyclic stability (>1000
mA h g-1 in 100 cycles at 2100 mA g -1). Our finding offers great potential for low cost,
mass production of 1D nanostructured silicon.
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Supporting information
A Catalyst-Free Chemical Etching Process for Mass Production of OneDimensional

Nanostructured

Silicon

with

Controlled

Morphologies

from

Commercial Ferrosilicon Alloys
SI 7-1 Materials
Commercially available metal-silicon alloys were purchased from Alfa Aesar and
Sigma Aldrich, i.e., Fe55Si45 (99%), -FeSi2 (99.9%), -FeSi2 (99.9%), WSi2 (99.5%),
CaSi2 (30% Ca and ~5% Fe), CrSi2 (99+%), and TiSi2 (99.5%). Hundreds of pounds of
metallurgical grade FeSi2 and Fe14Si86 were kindly donated by Elkem of Canada.
Hereafter, these two samples were denoted as MG-FeSi2 and MG-Fe14Si86, respectively.
HF (40-45 wt%) was purchased from Sigma Aldrich. With no special notation, all the
materials were used as supplied.
It is worth mentioning that for the -FeSi2, -FeSi2, and metallurgical grade FeSi2,
the formula (indicated by the supplier) does not reflect the actual Fe and Si atomic ratio.
The actual Fe/Si ratio is slightly higher than stoichiometric 2. For simplicity, they are
expressed using the formula by the supplier. Detailed composite can be found in the text.
SI 7-2 Equipments
A Hitachi S-4800 field emission SEM (with Energy Dispersed X-ray Spectroscopy
(EDX)) and a Jeol 2100 HRTEM were used to characterize the morphologies of the
materials. Raman spectra were obtained on a HORIBA Scientific LabRAM HR Raman
spectrometer system equipped with a 532.4 nm laser as the exciting radiation. XRD
patterns were obtained on Bruker D8 Advance X-ray Diffraction System. Cyclic
voltammetry (CV) was performed on a versatile multichannel potentiostat 3/Z (VMP3),
with a scanning rate of 0.1 mV/s and a potential range of 0.1-1.5 V (vs Li+/Li) at room
temperature. Battery tests were performed on an Arbin BT-2000 Battery Test System.
SI 7-3 Experimental
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S7-3-1 Etched various ferrosilicon alloys
Hydrofluoric acid (HF) solution is an effective etchant for metal silicides. For all the
ferrosilicon alloys, Fe55Si45, -FeSi2, -FeSi2, and MG-Fe14Si86, etching was performed
at room temperature (RT) using ~11.5 wt% HF aqueous solution as an etchant. HF
solutions of other concentrations were also attempted and were workable, but the
uniformity and yield of 1D nanostructured silicon was not as good as those from the
~11.5 wt% HF solution. Thus, in this report, with no specific notation, the concentration
of HF solution was always kept to be 11.5 wt%.
S7-3-2 Etched other metal silicides
Commercial metal silicides, CaSi2, WSi2, TiSi2 , and CrSi2, were also etched by 11.5
wt% HF solution at RT for 5 h or even longer when necessary. None of them gives rise
to high-purity 1D nanostructured silicon.
S7-3-3 Screened optimal etchants
Etchant has a significant effect on the composition and morphology of the etching
products. To search an optimal etchant, the -FeSi2 sample was etched by various
solutions. The etching was usually performed at RT and the products were checked
using SEM after 5 h, but for some etchants, longer-time etching was adopted to assure
some slow reactions take place and real morphology is obtained. Besides the
aforementioned HF solution, the etchants that have been tried in this study include
strong acids (HNO3, HCl, and H2SO4), a mixture of strong acids (HNO3-HCl, HNO3-HF,
HCl-HF, H2SO4-HF, and H2O2-HF), transitional metal salts (AgNO3 and CuCl2), and a
mixture of strong acid and transitional metal salt (HNO3-AgNO3, HF-AgNO3, HNO3CuCl2, and HF-CuCl2), etc.
All these etchants produce results inferior to the HF solution in terms of either
uniformity or yield. HNO3, HCl, H2O2, H2SO4, AgNO3, CuCl2, and their mixtures were
unable to selectively remove the other phases over silicon. The etching was triggered
when HF is present. AgNO3-HF and CuCl2-HF can effectively remove the other phases
over silicon, but the yield of 1D silicon nanostructures is lower than that from etching by
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just HF solution. Moreover, the introduction of salt increases the production cost, a
drawback for scale up.
Mixing HF with other strong acids and H2O2 does not improve the production of
the 1D silicon nanostructures, and the yield evidently decreased when the content of a
second acid (besides HF) is increased to certain values. The reactions and the
corresponding results are summarized and described in Table S10-1
S7-3-4 Investigated the microstructures of ferrosilicon alloys
To explore the mechanism of the 1D nano Si formation, the FeSi2 particles were glued
together by resin and were polished to achieve a flat surface. The etching was also
performed in 11.5 wt% HF solution at RT. After a desired duration, the particles were
washed thoroughly and the microstructures were characterized using SEM. Then, the
particles were etched again. This process was repeated several times till all the
microstructures are obtained.
S7-3-5 Investigate the battery performances of 1D nano Si products
For electrochemical characterization, a lithium foil was used as a counter electrode.
Before The 1D nano Si products were hybridized with graphene nanosheets by layer-bylayer assembly. Electrolyte was composed of 1 M LiPF6 salt dissolved in a solution
consisting ethylene carbonate, diethyl carbonate, ethyl methyl carbonate (1:1:1 in
volume). The working electrodes composed of silicon were prepared by slurry casting
onto a Cu foil as a current collector. The slurry contained the synthesized sample (63.75
wt% on dry solid basis), sodium alginate binder (15 wt% on dry solid basis) and carbon
conductor (21.25 wt%) in water. The electrodes were dried in a vacuum oven at ~80 C
overnight. Charge-discharge characteristics were tested galvanostatically in a voltage
range of 0.01-1.5 V (vs. Li+/Li) at a desired current density using an Arbin BT-2000
Battery Test System. Cyclic voltammetry (CV) tests were performed on a versatile
multichannel potentiostat 3/Z (VMP3) at a scan rate of 0.1 mV s-1 over a potential range
of 0.01-1.5 V (vs. Li+/Li).
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Figure S7-1 Phase diagram of the Fe-Si binary system (copied from J. Non-Crystal
Solids, 306, 90 (2002); Surf. Coatings Tech., 201, 5743-5750 (2007)).
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Figure S7-2 XRD patterns of various ferrosilicon alloys with silicon contents higher
than stoichiometric value, i.e., >2.
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Figure S7-3 EDX mapping of NBs and NBs bundles from etching β-FeSi2 phase
ferrosilicon alloy particles.

(a)
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40 m
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(c)

(d)
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(e)

(f)

20 m

5 m

Figure S7-4 Typical SEM images of the products from etching various ferrosilicon
alloys by 11.5 wt% HF at RT for 3 h: (a) Fe55Si45; (b) -FeSi2 phase; and (c)
MG-Fe14Si86.
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(a)

(b)

2 m

5 m

(c)

(d)

5 m

5 m

Figure S7-5 SEM images of the products from etching commercial metal silicides by
11.5 wt% HF solution at RT for 5 h: (a) CaSi2 ; (b) WSi2 ; (c) CrSi2 ; and (d)
TiSi2.
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(a)

(b)

(c)

300 m

Figure S7-6 (a) The -FeSi2 phase ferrosilicon alloy particles glued together by resin;
(b) the polished particles; and (c) a lower magnificent SEM image of the
polished surface after etching for 10 min.
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(b)

(a)

2 m

5 m

(c)

(d)

5 m

40 m

Figure S7-7 SEM images of the surface of the glued -FeSi2 phase ferrosilicon alloy
particles (with no heat treatment) that were etched for different durations: (a)
before etching; (b) etched for 1 min; (c) and (d) etched for 5 min.
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(a)

(b)

200 nm

50 m

(c)

(d)

500 nm

500 nm

(e)

(f)

2 m

2 m

Figure S7-8 SEM images of the reaction products from of the -FeSi2 phase ferrosilicon
particles that were pre-annealed at various temperatures for 20 h: (a) 550 C,
(b) 600 C, (c) 650 C, (d) 700 C, (e) 800 C, and (f) 850 C, respectively.
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Table S7-1 Results of etching ferrosilicon alloys with other strong acids or mixture

Etchants

Results

HNO3

With no evident reactions, with no 1 D silicon formation

HCl

With no evident reactions, with no 1 D silicon formation

H2SO4

With no evident reactions, with no 1 D silicon formation

AgNO3

With no evident reactions, with no 1 D silicon formation

CuCl2

With no evident reactions, with no 1 D silicon formation

HNO3-AgNO3

With no evident reactions, with no 1 D silicon formation

HNO3-CuCl2

With no evident reactions, with no 1 D silicon formation

HNO3-HCl

With no evident reactions, with no 1 D silicon formation

HF

Reactions proceed fast, with uniform 1 D silicon formation

HF-AgNO3

Reactions proceed fast, with uniform but less 1 D silicon formation

HF-CuCl2

Reactions proceed fast, with uniform but less 1 D silicon formation

HF-HCl

Reactions proceed fast, with uniform 1 D silicon formation. But,
the yield is reduced when the concentration of HF is high

HF-H2SO4

Reactions proceed fast, with uniform 1 D silicon formation. But,
the yield is reduced when the concentration of H2SO4 is
high

HF-H2O2

Reactions proceed fast. But the present of HNO3 greatly reduces
the formation of silicon and the 1D nanostructures

HF-HNO3

Reactions proceed fast. But the present of HNO3 greatly reduces the
formation of silicon and the 1D nanostructures
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Chapter 8 Conclusions and Future Perspectives

In this chapter, the results and contributions of the thesis work were summarized and
some personal opinions and suggestions for future work are given.

8-1 Conclusions
Rechargeable lithium ion batteries (LIBs) are one of the important devices for
electrochemical energy storage and have been extensively used in a great number of
practical applications. Now, it remains a significant challenge in material research and
development to explore new materials or new structures of carbon with high lithium
storage capacities (e.g., >1000 mA h g -1) so as to fulfill the demand of the emerging
markets, particularly electric vehicles and portable smart electronics. Among the
potential materials, silicon, because of its highest theoretical capacity, i.e., ~4200 mA h
g-1, is expected to offer energy solutions for the future LIBs. The bottleneck for practical
LIB application of Si is the capacity degradation resulting from the enormous volume
change during charge-discharge cycles (~320%). Thus, many delicate methods have
been proposed to fabricate nanostructured Si because it is believed that the large
absolute volume changes can be mediated when the particle sizes narrow down to
nanoscale. Excellent battery performances were indeed observed for the nanostructured
Si based anode materials. However, their commercial LIB applications were not able to
be anticipated due to problems with scaling-up and still poor cyclic stability.
On the other hand, flexible LIBs attract more rapidly increasing attention. As
compared to the conventional rechargeable LIBs, the unique features that make flexible
batteries a greatly attractive powering system include high flexibility, high specific
power and energy density, remarkable rate capability, lightweight ， and ease of
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portability, etc. However, fabrication of flexible LIBs is more challenging. An optimal
match among the core components, i.e., nanostructured electrode materials, shapeconformable solid electrolytes, and soft current collectors should be achieved, so that the
batteries maintain stable electrochemical performances even though they are deformed
to fit the powered devices. Thus, fabrication of such batteries is not cost-effective and of
low efficiency.
The main objective of this thesis has been set to develop various advanced
nanomaterials and hybrid composites for designing high-performance anode materials
for LIBs including flexible LIBs. A series of experiments were designed and conducted
to fabricate nanostructured Si and Si-graphene nanocomposites, nanostructured MoS2
and MoS2-graphene nanocomposites, and CNT-graphene nanocomposites, etc, using
environmentally benign processes or methods including ultrasound-assisted exfoliation,
vacuum assisted filtration, metal assisted chemical etching, ball milling followed by
ultrasonication, etc. The growth characteristics of these nanostructures and their
underlying mechanisms were also investigated and explored. In addition, the
electrochemical properties of the synthesized nanomaterials were systematically
investigated and compared, and the underlying mechanisms for their enhanced lithium
ion battery performance were also explored. In details:
(1) Graphene nanosheets of several nm thick were obtained by ultrasonicating graphite
oxide in water. Three types of graphene papers, with thickness of ~1.5, ~3 and ~10
m, respectively, were made from the nanosheets by vacuum-assisted filtration.
Higher specific lithium storage capacities were obtained for the thinner papers. The
1.5 m paper gave rise to initial reversible specific capacities (the first 10 cycles) of
~200 mA h g−1 at a current rate of 100 mA g−1, which declined to ~180 mA h g−1
after 100 cycles. The capacity decline with the paper thickness was associated with
the dense restacking of graphene nanosheets and a large aspect ratio of the paper.
The effective Li+ diffusion distance in graphene paper is mainly controlled by the
thickness of the paper, and the diffusion proceeds mainly in in-plane direction, crossplane diffusion is restrained.

280

This problem was effectively solved when CNTs were dispersed in the graphene
layers, as the CNTs prevented restacking of the GNS, increase cross-plane electric
conductivity of the paper and simultaneously, store Li ions. Highest lithium ion
storage capacities were achieved in the paper with a CNT/GN ratio of 2:1. The initial
reversible specific capacities were ~375 mA h g−1 at 100 mA g-1. The capacities
remained above 330 mA h g−1 after 100 cycles, which were about 100 mA h g−1
higher than those of the graphene paper with nearly the same mass.
The freestanding anode made of graphene and Si NWs demonstrated the highest
capacities resulting from the contribution of Si. The paper with a Si/C ratio of ~0.3
delivered reversible capacities between ~1050 and ~800 mA h g-1 (3000-2000 mA h
g-1 if only normalized to Si) in 40 cycles. Al2O3 coating by an ALD process
effectively enhanced the cyclic stability of the papers.
(2) The paper based anodes made of graphene and MoS2 nanosheets did not offer high
lithium storage capacities (<100 mA h g-1), even though the MoS2 nanosheets could
give rise to capacities over 800 mA h g-1, because the 2D-2D assembly severely
constrained lithium ion diffusion in the electrode. The lithium diffusion paths were
significantly shortened when the sizes of the graphene-MoS2 nanocomposites
narrowed down to nm scale and as such, excellent performances were observed. For
the 60Mo-80GN sample, the reversible capacities were held stably at ~650, ~550 and
~500 mA h g-1 at 500, 1000 and 2000 mA g -1, respectively.
(3) Using a one-step chemical etching process, we could produce 1D silicon
nanostructures (mainly nanowires and nanobelts) from low-cost, commercial,
metallurgical grade ferrosilicon alloys, with yields much higher than those from
silicon wafer. The ferrosilicon alloys of choice have lamellar microstructures with
silicon layers formed by the eutectoid reaction. When etched by HF based solution,
the other phases over silicon phase were removed and the silicon in the
microstructures that is resistant to the etchant remained as nanowires and nanobelts
and was harvested. More significantly, by just controlled heat treatment on the
metallurgical grade ferrosilicon alloys, the growth of nanowires and nanobelts is
highly controllable, and nanobelts of 50 nm width and 20 nm thickness were
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obtained in large scale. The 1D nanostructured silicon could deliver reversible
lithium storage capacities over 2600 mA h g-1 at 0.2 C (1C=4200 mA g-1).
The major contributions of the study can be summarized as follows:
Firstly and the most importantly, the author successfully invented a one-step chemical
etching process to produce 1D silicon nanostructures (mainly nanowires and nanobelts)
from low-cost, commercial, metallurgical grade ferrosilicon alloys, with yields much
higher than those from silicon wafer. This process has been patented and is being tested
in mini plant for commercialization.
Secondly, several methods have been invented to fabricate nanosheets of graphene
and MoS2. Various graphene-based free standing papers were fabricated, including
graphene-Si nanocomposites, graphene-MoS2 nanocomposites and graphene-CNT
nanocomposites, etc., Systematic studies were carried out to understand the mechanical
and electrochemical properties of the papers. It has proved that the papers can work as
highly efficient anode materials to address the high cost and insufficient durability
challenges for lithium ion batteries, including flexible LIBs.
8-2 Future perspectives
Despite the advances demonstrated in this thesis, a large number of unsolved
challenges still remain. Future work could focus on the following aspects:
8.2.1 Flexible LIBs
(1) Improve the mechanical strength of the flexible electrodes. In the present studies,
most of the flexible electrodes are usually punched into circles with diameters ≤1
cm and are tested in half cells (with lithium foil as a counter electrode). Metal foils
are used as a current collector and backing substrate, resulting in reduced
flexibility of the electrodes. In practical applications, a non-metal flexible substrate
is indispensable in providing with extra mechanical strength to the free-standing
electrode for which development of a suitable binder is also necessary.
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(2) Increase the active material loading and hence the overall battery capacities. So far,
little attention has been paid to this parameter when designing and studying
flexible LIBs, but for practical application, this should be addressed because higher
capacities are highly desired. In this aspect, although there is no criterion, a
balance between the high mass loading and electrical conductivity of the electrode
should be systematically investigated and established. At higher mass loading, not
only the gravimetric energy density and volumetric energy density of a full battery
are affected, the process of electrode and full-cell preparation may also be
modified to enhance the mechanical strength of the electrode.
(3) Improve the efficiency and reduce the cost of flexible electrodes preparation. The
introduction of novel nanomaterials does bring some breakthroughs in flexible
LIBs research and development; however, high cost and low efficiency of the
nanomaterial production is one of the biggest challenges when commercializing
the batteries.
(4) Systematic study on the mechanical and electrochemical properties of fully flexible
batteries should be one of the most important topics in future research, and more
in-depth analysis combined with mechanical studies is necessary. It is also
important to combine fully flexible LIBs with electronic devices and study the
mechanical behavior of the integrated device.
(5) Future full battery design should also focus on finding effective process
technologies to reduce cost and increase production. The approaches in the existing
studies have not met this criterion. A potential solution is to fabricate composite
electrodes by adopting hybridization technologies including printing and painting,
coating, and spraying, etc.
(6) Search for potential processes for flexible electrodes preparation and full cell
design. For this, printing and painting technologies have some evident advantages.
First, the electrodes can be constructed rapidly. Second, the printing process allows
for the combination of different electrode materials for the battery systems in
which both high energy density components and high power density components
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are able to be embedded. Third, the processes are cost effective and therefore are
highly potential for scaling up. In future applications, these processes have the
potential to be integrated into the production of more complete active devices.
8.2.2 Develop novel nanomaterials and materials assemblies
(1) Graphene is considered a versatile material that may find application in many
areas. Chemical functionalization is an important method for manipulating the
electronic structure and chemical properties of graphene. Various innovative
properties have been brought about and therefore the functionalized graphene
exhibits potential application in a wide spectrum of fields. In electrochemical
energy storage and conversion, graphene doped with N, S and B has shown
plausible performances and has been widely investigated. Nitrogen doped
graphene was used either as support for Pt or as a metal-free catalyst for fuel cells.
Its application in lithium ion batteries and supercapacitors also offers higher
lithium storage capacities and rate capability and higher capacitance. S doped
graphene also results in improved oxygen reduction reaction and lithium storage
capacities for lithium oxygen batteries. This subject is still under rapid
development. B doped graphene also improved oxygen reduction reaction.
However, functionalized graphene with complicated organic molecules has yet
been applied to this field due to the lower electronic conductivity. An atomic
understanding of interaction between functional group and graphene, the change in
the property of the functionalized graphene during performance, etc., should be
pursued in the future studies.
(2) It is very necessary to find an effective method that can be scaled up for mass
production of graphene. Modified Hummers method can give relatively high
graphene production, however, the produced graphene usually contain a major part
of graphite (i.e., unexfoliated). The reported solution approaches can give highquality thin-layer graphene, however, it is a big challenge to keep the thin sheets
from aggregation when solvent is removed.
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(3) Silicon is highly potential anode materials for LIBs and is receiving extensive
research interest. But to put silicon in commercial LIB uses, much more work is
needed, and continuous studies on the following research topics are very
necessary, including (1) synthesis and fabrication of various types of
nanostructured

Si,

(2)

nanostructured Si

hybridized

with

carbon,

(3)

nanostructured Si-metal nanocomposites, (4) influence of binders on Si
performances, (5) studies on solid electrolyte interphases (SEI), (6) manipulation
of solid electrolyte interface (SEI) to improve Si performances and (7)
understanding Li-Si interaction and the resultant changes happening to Si.
Beyond these, reducing the cost of nanostructured Si production and
optimizing carbon-nanostructured Si geometry should be two topics of focus.
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Patents
(1) X. L. Sun, Y. H. Hu, X. F. Li, R. Y. Li, H. Yang, A method for Mass Production
of Silicon Nanowires and Lithium Batteries and Anode using the Silicon
Nanowires. US Patent, pending, 2014.
Book Chapter
(1) Y. H. Hu, X. L. Sun, Chemically Functionalized Graphenes and Their
Applications in Electrochemical Energy Conversion and Storage, Advances in
Graphene Science, ISBN 980-953-307-981-8. In Tech, 2013. (>2000 downloads in
1 year)
Peer-reviewed papers
Electrochemical energy storage (Current work)
1) Y. H. Hu, X. Sun, Flexible Rechargeable Lithium Ion Batteries: Advances and
Challenges in Materials and Process Technologies. J. Mater. Chem. A, 2014.
DOI: 10.1039/c4ta00716f.
2) Y. H. Hu, R. Y. Li, X. L. Sun, Fabrication of MoS2-Graphene Nanocomposites
by Layer-by-Layer Manipulation for High-Performance Lithium Ion Battery
Anodes. ECS J. Solid State Sci. Technol. 2013, 2, M3034-M3039.
3) Y. H. Hu, X. Li, J. Wang, R. Li, X. Sun, Free standing graphene-carbon
nanotube hybrid papers used as current collector and binder free anodes for
Lithium ion batteries. J. Power Sources 2013, 237, 41-46.
4) Y. H. Hu, X. Li, D. Geng, M. Cai, R. Li, X. Sun, Influence of paper thickness on
the electrochemical performances of graphene papers as an anode for lithium ion
batteries. Electrochim. Acta 2013, 91, 227-233.
5) D. Geng, Y. H. Hu, Y. Li, R. Li, X. Sun, One-pot Solvothermal Synthesis of
Doped Graphene with the Designed Nitrogen Type Used as a Pt Support for Fuel
Cells. Electrochem. Comm. 2012, 22, 65-68.
6) X. Li, Y. H. Hu, J. Liu, A. Lushington, R. Li, X. Sun. Structurally Tailored
Graphene Nanosheets as Lithium Ion Battery Anodes: an Insight to Yield
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Exceptionally High Lithium Storage Performance. Nanoscale, 2013, 5, 1260712615.
7) J. Liu, X. Meng, Y. H. Hu, M. Banis, D. Geng, M. Cai, R. Li, X. Sun, Controlled
Synthesis of Zirconium Oxide on Graphene Nanosheets by Atomic Layer
Deposition and its Growth Mechanism. Carbon, 2013, 52, 74-82.
8) X. F. Li, J. Yang, Y. H. Hu, J. Wang, Y. Li, M. Cai, R. Li, X. Sun, Novel
Approach toward Binder-free and Current Collector-free Anode Configuration:
Highly Flexible Nanoporous Carbon Nanotube Electrodes with Excellent
Mechanical Strength Harvesting Improved Lithium Storage. J. Mater. Chem.,
2012, 22, 18847-18853.
9) J. Yang, J. Wang, Y. Tang, D. Wang, X. Li, Y. H. Hu, R. Li, G. Liang, T.-K.
Sham, X. Sun, LiFePO4/graphene as a Superior Cathode Material for
Rechargeable Lithium Batteries: Impact of Stacked Graphene and Unfolded
Graphene. Energy Environ. Sci., 2013, 6, 1521-1528.
10) Y. H. Hu, X. Li, B. Xiao, M. N. Banis, J. Liu, A. Lushington, X. Li, Y. Liu, R.
Y. Li, X. L. Sun, A catalyst-free chemical etching process for mass production of
one-dimensional nanostructured silicon with controlled morphologies from
commercial ferrosilicon alloys, to be submitted.
Prior to current work
11) Y. H. Hu, K. Griffiths, NO dissociation and N2 production in the presence of coadsorbed S18O2 and D2 on Pt(332), Surf. Sci., 2009, 603, 2835-2840.
12) Y. H. Hu, P. R. Norton, K. Griffiths, Oxidation of 13C2H5OH in the presence of
NO and O2 on the surface of Pt(332): Relationship to selective catalytic
reduction of NO with hydrocarbons, J. Vac. Sci. Tech. A 2009, 27, 121-129.
13) Y. H. Hu, P. R. Norton, K. Griffiths, Interactions between S18O2 and NO on the
surface of stepped Pt(332), Surf. Sci., 2009, 603, 336-340.
14) Y. H. Hu, K. Griffiths, P. R. Norton, Surface science studies of catalytic
reduction of NO: progress in the past decade, Surf. Sci., 2009, 603, 1740-1750.
An invited review in honor of Prof. Gerhard Ertl (Noble prize laureate in
Chemistry).
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15) Y. H. Hu, K. Griffiths, Exploring the mechanism of NO-C2H4 reaction on the
surface of stepped Pt(332), Surf. Sci., 2008, 602, 2949-2954.
16) Y. H. Hu, K. Griffiths, Investigation of the role of oxygen in NO reduction by
C2H4 on the surface of stepped Pt(332), Appl. Surf. Sci., 2008, 254, 5048-5054.
17) Y. H. Hu, K. Griffiths, Interactions among O2, C2H4 and NO on the surface of
stepped Pt(332), Can. J. Chem., 2008, 86, 39-49.
18) Y. H. Hu, K. Griffiths, The role of co-adsorbed O2 on the catalytic reduction of
NO with 13C2H5OH on the surface of Pt(332), Surf. Sci., 2007, 601, 5002-5009.
19) Y. H. Hu, K. Griffiths, P. R Norton, Laser induced thermal desorption of
hydrogen from Zr(0001): Relationship to water dissociation and hydrogen
dissolution, Surf. Sci., 2007, 601, 3645-3650.
20) Y. H. Hu, K. Griffiths, P. R Norton, CO-D2O co-adlayers on Pt(111):
Vibrational studies at low coverages, J. Vac. Sci. Tech. A 2007, 25 (4), 645-650.
21) Y. H. Hu, K. Griffiths, Catalytic reduction of NO in the presence of benzene on
a Pt(332) surface, Appl. Surf. Sci., 2008, 254, 1666-1675.
22) Y. H. Hu, K. Griffiths, C2H4-NO interaction on the surface of stepped Pt(332), J.
Phys. Chem. C 2007, 111, 9919-9926.
23) Y. H. Hu, K. Griffiths, NO-CH3OH interaction on the surface of Pt(332), Surf.
Sci., 2007, 601, 2467-2472.
24) Y. H. Hu, S. Han, H. Horino, et al., Different CO2 collimation on stepped
Pt(112), a comparison of NO(a)-CO(a) and O(a)-CO(a) reactions, Surf. Sci.,
2003, 526 (1-2), 159-165.
25) Y. H. Hu, T. Liu, M. Shen, et al., Influence of titanium oxide on the surface
interactions of MO (M=Cu and Ni)/Al2O3 catalysts, J. Solid State Chem., 2003,
170 (1) 58-67.
26) Y. H. Hu, L. Dong, M. M. Shen, et al., Influence of the supports on the activities
of copper oxide species in the lower- temperature NO-CO reaction, Appl. Catal.
B 2001, 31, 61-69.
27) Y. H. Hu, L. Dong, J. Wan, et al., Activities of supported copper oxide catalysts
in the NO-CO reaction at low temperatures, J. Mole. Catal. A 2000, 162, 307316.
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28) Y. H. Hu, L. Dong, J. Wang, et al., UV-Raman characterization of MoO3/ZrO2
catalysts with extremely low MoO3 Loadings, Chem. Lett., 2000, 8, 904-905.
29) Y. H. Hu, D. Liu, L. Dong, et al., Study of the dispersion of MoO3 on -Ga2O3,
Chin. J. Catal., 1999, 20(6), 649-653.
30) L. Dong, Y. H. Hu, T. Jin, et al., Dispersion behavior of copper oxide on the
mixed CeO2-Al2O3 support, Chem. Maters., 2001, 13(11), 4227-4232.
31) L. Dong, Y. H. Hu, F. Xu, et al., A study on the properties of ceria-supported
tungsten and copper oxides, J. Phys. Chem. B 2000, 104 (1), 78-85.
32) F. Xu, Y. H. Hu, L. Dong, Surface interactions of MoO3/alpha-Fe2O3 system,
Chin. Sci. Bullet., 2000, 45, 214-219.
33) M. M. Shen, Y. H. Hu, A study of thoria on the surface of amma-Al2O3, J.
Colloid Interf. Sci., 2003, 257, 408-411.

5. Oral presentations
1) Y. H. Hu, X. L. Sun, Flexible graphene-based anode materials for lithium ion
batteries, 223rd ECS meeting, Toronto, Ontario, Canada, (2013, May 12-16)
2) Y. H. Hu, P. Norton, Progress toward accurate delivery and detection of single
biomolecules using sub-attolitter pipettes on a Confocal/AFM microscope, 57th
Symposium of the American Vacuum Society, Albuquerque, USA (2010, Oct.
17-22)
3) Y. H. Hu, X. L. Sun, Chemical functionalization of graphene for lithium ion
batteries (LIBs), 61st Canadian Chemical Engineering Conference, London,
ON, Canada, (2011, Oc. 23-26)
4) Y. H. Hu, K. Griffiths, P. R. Norton, Catalytic removal of NO by organic
molecules, a surface-science strategy, Chemistry and Chemical Physics
Seminar, London, ON, Canada (2008, Feb. 22) (An invited talk)
5) Y. H. Hu, K. Griffiths, P. R. Norton, CO-D2O co-adlayers on Pt(111):
Vibrational studies at low coverages, Chemistry and Chemical Physics Seminar,
London, ON, Canada (2006, Sept. 28) (An invited talk)
6) Y. H. Hu, T. Matsushima, Angular distribution of CO2 from stepped Pt(112) in
the CO oxidation reaction induced by thermal and pulse laser. Department of
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Chemistry, University of Essen, Germany (2003, Sep. 6th) (Invited talk)
7) Y. H. Hu, T. Matsushima, Angular distributions of desorbing products CO2 and
N2 in NO-CO reaction on stepped Pt(112), 49th Symposium of the American
Vacuum Society, Colorado, USA (2002, Nov. 5-8)
8) Y. H. Hu, T. Matsushima, Spatial distributions of desorbing products CO2 and
N2 from NO-CO reaction on stepped Pt(112), 82nd Fall Symposium of Japan
Chemical Society, Osaka, Japan, (2002, Sept. 25-28)
9) Y. H. Hu, T. Matsushima, Inclined desorption of CO2 from on from NO-CO
reaction on stepped Pt(112), ACIS2003 (General and Australia-Japan
Symposium), Sydney, Australia, (2003, Feb. 17-19)
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