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Abstract

This thesis investigates approaches to modifying the surface structure of noble metal-based
nanocatalysts. Noble metal-based nanocatalysts, such as Pt and Pd, play a significant role in
heterogeneous catalysis due to their capabilities in activating the cleavage or formation of
chemical bonds, but still suffer from the high-cost issue and unsatisfied catalytic performance
due to too strong or too weak adsorption of intermediates. Considering the surface specificity
of heterogeneous catalysis, Bi, a cheap metal, was used to modify the surface of Pt- and Pd-
based nanocatalysts. This thesis aims to unveil the role of Bi in improving their catalytic
performance from both experimental and theoretical perspectives.

In methanol electrooxidation reaction, Pt-based electrocatalysts suffer from the CO-
poisoning issue due to the intrinsic strong adsorption of CO at Pt active sites. To alleviate the
CO-poisoning effect, Bi was used to modify the Pt catalysts by an electrochemical
reconstruction strategy. It was found that the bismuth hydroxide species formed on the Pt
surface can efficiently weaken the CO adsorption while strengthening the OH adsorption at
Pt sites. Following, a PtBi model catalyst with a PtBi surface alloy and a Pt-rich core was
contrived to study the role of Bi in improving the methanol electrooxidation on Pt.
Combining electrochemistry and spectroscopy characterizations, it was confirmed that Bi-
modified Pt catalysts can completely inhibit the CO-pathway while enhancing the formate-
pathway, thereby circumventing the CO-poisoning effect. The key role of Bi is enriching OH
adsorbates on the catalyst surface, and the competitive adsorption between CO and OH
adsorbates switches the intermediate from CO to formate, which even overwhelms the
electronic effect brought by alloying Bi with Pt. More importantly, we have successfully
extended this concept to modify the commercial Pt/C catalyst and realize its facile and large-
scale production by a microwave-assisted method. This work deepens the understanding of
the CO-poisoning issue and offers new opportunities for the design and practical production

of CO-tolerance electrocatalysts in an industrial orientation

In selective hydrogenation of propyne, the over-hydrogenation occurring on Pd catalysts is
blamed for the poor selectivity toward propene. Herein, a PdBi surface alloy structural

model, by tuning the deposition rate of Bi atoms relative to the atomic interdiffusion rate at
i



the interface, realizes a continuous modulation of the electronic structure of Pd. Using
advanced X-ray characterization techniques, we provide a precise depiction of the electronic
structure of the PdBi surface alloy. As a result, the PdBi catalysts show enhanced propene
selectivity compared with the pure Pd catalyst in the selective hydrogenation of propyne. The
prevented formation of saturated B-hydrides in the subsurface layers and weakened propene
adsorption on the surface contribute to the high selectivity. This work emphasizes the in-
depth understanding of the electronic properties of surface alloy structure and underlies the
study of the electronic structure-performance relationship in bimetallic catalysts.

Keywords

Bimetallic, platinum, palladium, bismuth, surface alloy, methanol oxidation, selective
hydrogenation, electrochemical reconstruction, interatomic diffusion, synchrotron, X-ray

absorption spectroscopy, X-ray photoelectron spectroscopy, infrared absorption spectroscopy



Summary for Lay Audience

Noble metals (such as platinum and palladium) play great roles in present life, especially in
the catalysis field. However, their widespread applications are still facing the challenges of
high cost and unsatisfied catalytic performance. Alloying noble metals with a second cheap
metal is a solution to address these issues. Given chemical reactions take place on the surface
of catalysts, directly modifying the surface properties of catalysts is a promising strategy to
enhance their catalytic performance. However, methods of direct surface modification are

lacking, and mechanistic study is not enough to explain how the second metal works.

In this thesis, bismuth, a cheap metal, was used to modify the surface of platinum and
palladium by various methods, including the electrochemical reconstruction method and the
seed-growth method. Bismuth-modified platinum and palladium were tested in the methanol
electrooxidation and selective hydrogenation of propyne reactions, respectively. Combining
advanced synchrotron X-ray techniques and laboratory characterizations, Systematic studies
were carried out to elucidate the role of bismuth in each case and build reliable a structure-

performance relationship.

As a result, in the methanol electrooxidation reaction, bismuth induces the competitive
adsorption of hydroxyl (OH) and poisoning intermediate (carbon monoxide, CO), resulting in
the reaction switching from the CO-pathway to the formate-pathway. This concept has even
been extended to modify commercial platinum catalysts with a microwave-assisted method,
showing great potential in practical applications. In the selective hydrogenation of propyne,
the electronic structure of palladium is continuously tuned by bismuth. The palladium-
bismuth surface alloy provides a good structure model for building a reliable structure-

performance relationship.
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Chapter 1

1 Introduction

1.1 Introduction to the noble metal based-nanocatalysts

Noble metal-based catalysts play a significant role in the present life, especially in the
fields related to petrochemistry, pharmaceuticals, transportation, environmental
remediation, etc.™ In parallel to their successful applications, the fundamental
understanding of catalytic processes is also important to further improve their catalytic
performance without compromising the costs and environments. However, most
industrial catalysts currently in use consist of small metal particles with poor uniformities
in sizes, shapes, and compositions, which cannot provide a proper model for fundamental
studies. Over the past several decades, unprecedented advancements in nanotechnology
makes it possible to controllably prepare nanocrystals with specific sizes, morphologies,
facets, and components, paving the way both for the fundamental studies and design of
highly efficient catalysts.>® Noble metal-based nanocatalysts, such as Pt, Pd, Rh, Ru, Ir,
Ag, and Au, have received extensive investigation owing to their unique physiochemical
properties and great potential in electrocatalysis, thermal catalysis, and photocatalysis.?’8
However, their widespread applications are limited by their scarce distribution on earth
and high price. What is more, a single noble metal sometimes cannot achieve a satisfying
performance.®% For example, their specific electronic properties often induce too strong
or too weak adsorption of intermediates, resulting in the deactivation of catalysts or poor
selectivity toward targeted products.'! Additionally, a synergy between metals sometimes
is required to complete one rection process by a bifunctional effect, i.e., each metal has
its role.2 Therefore, combining noble metals with cheap metals or metal
oxides/hydroxides would be a good choice to address the above-mentioned issues.™® The
cheap additives can not only reduce the usage of noble metals but also tune their
electronic properties or get involved in the reaction directly, thereby improving the
catalytic performance. For heterogeneous catalysts, the reaction exclusively occurs on the
catalyst surface, of which the catalytic performance is closely linked to the structural and

electronic properties of the catalyst surface. Realizing the modification of the surface



properties of noble metal-based nanocatalysts using cheap additives will be a promising

way to design highly efficient catalysts.

1.2 Strategies of surface modification toward noble metal-
based nanocatalysts.

1.2.1 Electrochemical reconstruction

With recent developments of in situ and operando characterization techniques, it is
extensively observed that catalysts undergo structural reconstruction when switching
from non-working to working conditions, especially in the electrocatalysis field.4
Since electrocatalysis usually is related to the conversion of molecules under applied
potential, experimentally much more negative or positive potentials compared to the
equilibrium potentials are often applied to obtain scalable molecule conversions due to
nonideal conditions and large kinetics barriers.1”18 It is found that the applied potentials
for driving the corresponding molecule conversions are overlapping with the redox
potentials of the employed electrocatalysts to some extent.'>? It is the electrically driven
oxidation or reduction processes that induce the structural reconstruction of
electrocatalysts.?* As the catalytic reaction exclusively takes place on the surface of
electrocatalysts, the structural properties of the catalytic surface mainly determine the
catalytic behaviors, including adsorption, activation, and desorption, which provides the
possibility to improve the catalytic performance by the surface modification brought by

the electrochemical reconstruction.

Due to the unique oxidative or reductive environment endowed by the applied potentials,
the surface species sometimes are subjected to the transformation from the relatively inert
to active species. Here, we take the Pd@Fe304 electrocatalyst for hydrogen evolution
reaction (HER) as an example (Figure 1-1a).22 HER is a multiple-step reaction,
containing the water dissociation and hydrogen formation steps. Upon electrochemical
cycling, the rigid FesOs shell will evolve into Fex(OH)2-2x islands, responsible for
facilitating the dissociation of water molecules, while the exposed Pd sites contribute to

the formation of hydrogen. A subtle balance between the water dissociation rate and the
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Figure 1-1. a) The scheme of electrochemical-induced species evolution on
Pd@Fes3Os electrocatalysts (left) and the influence of FeOx(OH)2-2x coverage on the
catalytic performance in HER (right). Reproduced with permission from reference
[22]. Copyright 2017 Wiley-VCH. b) The scheme of electrochemical induced lattice

strain in dealloyed surface (left) and its influence on the catalytic performance in
ORR. The blue and red lines are PtCu bimetallic particles annealing at 950 °C and
800 °C, respectively. The black line is the theoretical trend based on DFT
calculations. Reproduced with permission from reference [23]. Copyright 2010

Springer Nature.



hydrogen formation rate is necessary to reach the highest overall efficiency, which can be

achieved by tuning the cycling numbers.

Besides, “dealloying” is another phenomenon brought by the electrochemical treatment,
in which the preferential dissolution (removal) of the electrochemically more reactive
component takes place from a bimetallic alloy that consists of a less reactive and more
reactive metal.?® This kind of dealloying effect results in the formation of a thin metal
layer on the alloy core (Figure 1-1b). The lattice mismatch between the surface metal
layer and alloy core will induce strain force in the surface layers (compressed or
expanded lattice parameters). The lattice strain will impact the valence band structure by
changing the overlapping degree of valence orbitals of atoms, and further influence the
adsorption behaviors of adsorbates. For example, the electrochemical-induced dissolution
of Cu from the PtCu alloy gives rise to the formation of a Pt thin layer on the surface.?
The compressive strain provided by the PtCu core induces a shift of the electronic band
structure of Pt away from the Fermi level and weakens the chemisorption of oxygenated
species in the oxygen reduction reaction (ORR). More importantly, the dealloying degree
can be finely regulated experimentally, in other words, it is feasible to tune the electronic
properties of the catalyst surface by this dealloying strategy, further improving the

catalytic performance.

1.2.2  Epitaxial growth

Epitaxial growth, which refers to the deposition of crystalline material on the well-
defined surface of a crystalline substrate,? is another efficient way to directly modify the
surface properties of catalysts. It enables a high level of control over the composition,
relative arrangement of nanostructures, crystal phases, exposed facets, and interfaces.?®
Typically, as shown in Figure 1-2a, the seed-based epitaxial growth follows the Frank-
van der Merve growth mode (FM, layer-by-layer growth), Volmer-Weber growth mode
(VW, island-like growth), or Stranski-Krostanov growth mode (SK, a combination of FW
and VW).?” Thermodynamic considerations are a necessary step for understanding the

process, which can be described as the chemical potential of the system (Eqg. 1.1),

/’L(n) = /’LgD + [Eaa - Eab(n)] = .ugD + Equ@ (1-1)
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Figure 1-2. a) Schematic illustration of crystal growth modes, including Frank-van
der Merve, Volmer-Weber, and Stranski-Krostanov growth. b) Schematic
dependence of the film chemical potential on the film thickness in the number of
monolayers for the three modes of growth. Reproduced with permission from

reference [27]. Copyright 2002 American Physical Society.

where u3, is the bulk chemical potential of the core material and E,, and E,;, are the
interatomic energies per atom describing the adhesion strength of the newly formed
atoms on the same crystal (a) and the metallic seed (b), respectively. The adhesion energy
E,p, includes in itself the thickness distribution of the strain energy and the attenuation of
the binding with the bulk. ¢ = 1 — E,;;,/E,, IS the adhesion parameter which accounts
for the overgrowth on the bulk crystal. In the two limiting cases of VW (0 < ¢ < 1) and
FW growth (¢ < 0), Au tends asymptotically to zero from above and from below with
increasing the film thickness, respectively, but changes its sign in the case of SK growth
(Figure 1-2b). As long as pu(n) < udp, i.e, E4q < Egp, the foreign metal prefers to
deposit on the bulk following the FW growth layer by layer. When p(n) > u3p, i.e.,



E,q > E,p, islands will form on the bulk crystal following the VW growth. Here, the SK
growth is the combination of the FW and VW, in which the foreign metal firstly deposits
on the bulk crystal layer by layer. However, lattice dislocations will take place with
accumulating the lattice strain caused by the lattice misfit between the overgrowth metal
and the bulk crystal, which will result in the decrease of the interface energy and then
switch the growth from the FW to VW. Based on these theoretical models, numerous
noble metal-based heterogeneous nanostructures have been prepared, from core-shell
structure?®¥ to island-like structure®:*2 and to highly branched superstructures,* being
successfully applied to various fields.

1.2.3 Modifications based on the interfacial diffusion of atoms

The interfacial diffusion of atoms has received extensive investigation because of its
capability to modify the composition of the surface and the bulk of nanoparticles, thereby
significantly changing their properties. Finely tuning the interfacial diffusion can offer
great opportunities to meet the requirements of various practical applications. As
schematically shown in Figure 1-3a, the interfacial diffusion will take place at the
interface of metals A and B under certain conditions. An equal interfacial diffusion rate
of A and B will lead to the formation of an alloy or intermetallic structure. However, it is
rare for two metals to have the same diffusion coefficient in each other. Once the
diffusion rate of one metal over the other, the flux of atoms from the metal with the
higher diffusion rate will exceed its counterpart. The net flux of atoms from the metal
with the higher diffusion rate into the one with the lower diffusion rate must be balanced
with the vacancies left behind, which results in the motion of the interface. This
phenomenon induced by the difference in diffusion rates of the metal atoms is referred to

as the Kirkendall effect.3>36

The interfacial diffusion of atoms is quite common and can be triggered by various
factors, thus offering the possibility to optimize the geometrical and electronic properties
of the surface structure of nanocatalysts. High temperature is one of the factors that
trigger the interfacial diffusion of atoms. Annealing at high temperatures can induce
extensive interdiffusion of two miscible metals and guarantee the homogeneity of the

alloy, which usually shows beneficial properties that its single components do not
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Reproduced with permission from [37]. Copyright 2014 American Chemical
Society. ¢) Schematic illustration of the formation of the Pd hollow nanocrystals.
TEM image of i) PdP2. SEM images of ii) Pd hollow structure after one cycle and iv)
Pd hollow structure after two cycles. Reproduced with permission from reference
[40]. Copyright 2017 Springer Nature Publishing Group.

possess. Taking Au and Ag as an example, the homogenous AuAg nanoalloy integrates
the advantages of the strong surface plasmon resonance of Ag and the good chemical
stability of Au. Due to the different reduction kinetics of the two metal precursors,
conventional co-reduction approaches are difficult to achieve compositional and
structural homogeneity. To this end, Gao et al. developed a surface-protected annealing
process to enable the full interdiffusion of Au and Ag.®” As shown in Figure 1-3b, Au
nanoparticles were coated with an Ag shell and then protected by the SiO> layers. After
annealing at 1000 °C and etching away the SiO> protection layer, the as-prepared AuAg
nanoalloy shows an extremely narrow and sharp plasmonic peak, demonstrating its

homogeneity in the composition and structure.

Beyond that, chemical reactions may provide a much stronger driving force for the
transformation of nanostructures compared to the thermal-driven transformation at
relatively low temperatures.® This kind of chemically driven interdiffusion of atoms can
create unique hollow nanostructures. A good example is the case of the galvanic
replacement reaction between Ag and Au. Given the difference in the reduction potential
of AuCI*/Au (0.99 V vs. standard hydrogen electrode (SHE)) and Ag*/Ag (0.80 V vs.
SHE), Au prefers to deposit on the Ag core to form a shell while surface Ag will be
oxidized and dissolved into the solution. Driving by the higher diffusion rate of Ag and
the tendency to react with AuCI*,* outward diffusion of Ag atoms in the core takes place
and results in the formation of Au hollow nanocrystals.3® Another example is the
formation of the Pd hollow spheres by cyclically inserting P into the Pd lattice and then
extracting P out.*® The affinity of P toward O, imposes the driving force on its outward
diffusion, which contributes to the coalescence of voids in the core and the formation of
the Pd shell. These unique hollow structures expose more active sites than solid

nanoparticles, thereby exhibiting much higher catalytic activities.



1.3 Applications

1.3.1 Direct methanol fuel cells

The environment and energy issues in the present life are urging people to seek
alternative clean and sustainable energy resources. Fuel cells, as a promising alternative
power generation device, that converts chemical energy to electrical energy through
chemical reactions, have gained widespread attention around the world over the passing
decades.***** Beyond the eco-friendly and sustainable nature, the advantages of fuel cells
lie in their adaptability in terms of operating temperature, fuel types, electrolytes,
membranes, and electrodes.** Among all the fuels, hydrogen has the highest energy
(32.67 kW h kgl), and methanol with an energy density of 6.13 kW h kg™ is the next best
fuel following hydrogen (Table 1-1). Notably, even though methanol is not comparable
to hydrogen in terms of energy density, it is cheap, plentiful, and renewable from wood
alcohol. What is more, since it is a liquid, it is convenient to store, transport, and
distribute using the existing infrastructures. These advantages of methanol as fuel have

dramatically driven the development of direct methanol fuel cells (DMFCs).

Table 1-1. Chemical and electrochemical data of various fuels. Adapted with

permission from reference [44]. Copyright 2006 Universities Press (India) Private

Ltd.
fuel AG° E°theor E°max energy density
(kcal/mol) (V) (V) [(kW h)/kg]

hydrogen -56.69 1.23 1.15 32.67
methanol -166.80 1.21 0.98 6.13
ammonium -80.80 1.17 0.62 5.52
hydrazine -143.9 1.56 0.28 5.22
formaldehyde -124.7 1.35 1.15 4.82
carbon monoxide -61.60 1.33 1.22 2.04
formic acid -68.20 1.48 1.14 1.2
methane -195.50 1.06 0.58

propane -503.20 1.08 0.65

DMFCs are a subcategory of proton-exchange fuel cells in which methanol is used as
fuel. Their main advantage is the ease of transport of methanol, an energy-dense yet

reasonably stable liquid under all environmental conditions. It consists of electrodes, the
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Figure 1-4. a) The schematic illustration of DMFC operated with acidic electrolytes.

b) The schematic illustration of DMFC operated with alkaline electrolytes.

anode and cathode separated by an ion-exchange membrane, and electrolytes (Figure 1-
4). DMFCs can be operated under either acidic or basic conditions, in which methanol
and oxygen are directly fed at the anode and cathode, respectively. The overall reaction is

the redox reaction between methanol and oxygen with CO2 and water as final products,
3

In the acidic electrolyte, H penetrates the proton-exchange membrane and achieves
charge conduction between electrodes (Figure 1-4a). The half-reactions can be written as

the followings.
The anodic reaction:
CH;0H + H,0 - CO, + 6H* + 6e~ (1.3)

The cathodic reaction:

3
502+ 6H* + 60 > 3H, (1.4)
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In the alkaline electrolyte, OH" is responsible for the charge conduction, and an anion-
exchange membrane is used to separate electrodes (Figure 1-4b). The half-reactions can

be revised as the followings,
The anodic reaction:
CH3;0H + 60H™ - CO, + 5H,0 + 6e~ (1.5)

The cathodic reaction:
3
502 + 3H,0 + 6e~ - 3H,0 + 60H~ (1.6)

No matter in the acidic or basic electrolytes, DMFCs are still facing technique issues that
retards their large-scale industrial applications. For example, the electrocatalysts loading
on the electrode are susceptible to corrosion by the electrolyte, especially under acidic
conditions. It is a big challenge for ion-exchange membranes in the alkaline electrolyte
because they are prone to degrading in this situation. Another server issue is the methanol
crossover from the anode to the cathode, which results in the deactivation of cathodic

catalysts.**

The heart of DMFCs is the electrocatalysts that catalyze the transformation from the
chemical energy of small molecules to available electrical energy. Pt has been proven as
the most efficient catalyst for the electrooxidation of methanol, but its commercial
success is largely hinging on two factors, the cost, and the catalytic performance. Over
the past decades, even though the cost issue can be well addressed through
nanostructuring Pt to increase the atomic utilization efficiency and reduce the requiring
demand of Pt, the efforts invested in the latter have been far less successful. It is
generally accepted that methanol can be oxidized to CO» through a dual-path mechanism,
i.e., the direct pathway (formate as the intermediate) and the indirect pathway (CO as the
intermediate).*® However, almost all Pt-based electrocatalysts involve these two reaction
paths and surfers from the poisoning of CO, leading to a quick loss of their activity. How
to mitigate the CO poisoning effect is still a hot research topic and draws considerable

attention in the electrochemistry field. The conventional strategy is modifying Pt with
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oxyphilic metals or metal oxides/hydroxides, which can provide abundant OH species to
facilitate the oxidative removal of adsorbed CO by a bifunctional effect.® PtRu alloy is a
good example of the bifunctional effect.*® Ru assists in the dissociative adsorption of
water molecules to form OH species, which promotes the oxidation of CO at the
neighboring Pt sites, thereby releasing the active sites for further methanol oxidation.
Although there has been encouraging progress in the modification of Pt electrocatalysts
for methanol electrooxidation, it is still far away from practical application.
Electrocatalysts with low cost, good chemical stability, and CO-tolerance capability are

still required to achieve the commercial success of DMFCs.

1.3.2  Selective hydrogenation of alkynes

Light olefins (ethylene and propylene) are key building blocks to produce plastics (i.e.,
polyethylene and polypropene) and important raw materials for other chemicals (such as
ethylbenzene, ethylene oxide, and ethylene dichloride).*” Light olefins are mainly
produced by steam cracking of a broad range of hydrocarbons (such as naphtha, gas oil,
and condensates). The products produced in this process are highly dependent on the
composition of the feed, the hydrocarbon to steam ratio, the cracking temperature, and
the furnace residence time.*® Therefore, such-made olefins inevitably contain impurities
of alkynes and dienes.*® For example, the ethylene stream usually contains 0.5-3 % of
acetylene, while propyne and propadiene account for 2-8 % of the propene stream. These
highly unsaturated compounds are poisonous to the Ziegler-Natta catalysts for the
downstream polymerization and thus must be removed to a level lower than 5 ppm. To
this end, selective hydrogenation of unsaturated hydrocarbons has proven its efficiency in

the petrochemical and fine chemical industry.

The selective hydrogenation of alkynes follows the Horiuti-Polanyi mechanism, in which
the dissociative adsorption of H takes place on the surface, and then the formed hydrides
add to the unsaturated bond of adsorbed alkyne sequentially.>® Apart from the desired
hydrogenation of alkynes to alkenes, three side reactions, including the over-
hydrogenation to alkanes, oligomerization to higher hydrocarbons, and cracking to coke,
occur simultaneously (Figure 1-5).5! These byproducts produced by side reactions not

only challenge the reaction installments but also deteriorates the activity and selectivity
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of catalysts. Therefore, there is an urgent demand in the industry for developing catalysts
that can efficiently suppress these side reactions in the selective hydrogenation of

alkynes.

C,H, (2) C,H, (g) C,Hg (2)

C,H, (ads) — 2 o CH, (ads) —2H o € H, (ads)

1 2

ks
C,H, (ads)

Oligomers
4

Figure 1-5. Reaction network for acetylene hydrogenation. Adapted with permission
from reference [50]. Copyright 2015 Spring Nature.

ethylidyne di-c-bonded C,H, n-bonded C,H,

Figure 1-6. Adsorption patterns of ethylene on Pd catalysts with different geometric
structures. Adapted with permission from reference [49]. Copyright 2019 America

Chemical Society.

Pd is the most used catalyst to selectively hydrogenate alkynes to alkenes due to its
efficiency in activating hydrogen molecules.? However, the selectivity toward alkenes
upon unmodified Pd is quite low because of severe side reactions and oligomerization.
Over the past few decades, extensive work has been focused on the modification of Pd
catalysts for selective hydrogenation of alkynes. The traditional way is partially
passivating the Pd surface with additives (such as CO or Pb/CaCO3), however, the gain in

the selectivity is on the sacrifice of the activity.> Considering the close relationship
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between the selectivity and the adsorption behavior of the unsaturated
reactants/intermediates, alloying with a second metal is another efficient way to enhance
the selectivity of Pd catalysts.>* On the one hand, the charge redistribution induced by the
different electronegativity can tune the adsorption strength of adsorbates
thermodynamically. For example, the industrially employed Ag-Pd/Al>O3 catalyst, in
which electrons transfer from less electronegative Ag to Pd atoms, efficiently mitigates
the over-hydrogenation of alkynes. On the other hand, the insertion of the second metal
can change the adsorption types of intermediates, thereby influencing selectivity. Take
the adsorption of ethylene on Pd catalysts as an example, ethylene has three adsorption
modes: ethylidyne mode on 3-fold Pd sites, di-o-mode on bridged Pd dimers, and n-
bonded mode on isolated Pd single atoms (Figure 1-6), and adsorption strength decreases
in the order of ethylidyne > di-c > n-bonded. The weak adsorption means ethylene is
more easily desorbing from the surface than undergoing further hydrogenation, which has
driven the emergence of the “site isolation” strategy, i.e., breaking down the continuous
Pd sites.*® Under the guidance of this concept, a series of Pd-based intermetallic catalysts
(such as Pdzn,>>®® PdSn,*” PdGa,® PdIn,* etc.) and single-atom catalysts (single Pd
atom anchored on carbon materials or metal oxides)®®®* have been successfully
synthesized and show enhanced selectivity toward targeted products. Although
considerable progress has been achieved in improving the catalytic performance, it is still
difficult to quantify the relationship between the performance and the geometric or

electronic properties considering many entangled factors.

1.4 Thesis objectives

Targeting the issues that noble metal catalysts face in specific reactions, such as the
methanol electrooxidation and the selective hydrogenation of propyne, the author has
carried out a series of works about the design and surface modification of noble metal
catalysts. Combining theoretical simulations and advanced characterization techniques,
the author has been trying to capture the intrinsic nature of the local environment of the
catalyst surface and quantify a reliable relationship between their catalytic performance

and geometric as well as electronic structures.
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1.5 Thesis outline

The outline of the thesis is as follows. Chapter 1 provides the introduction of noble metal-
based nanocatalysts, the strategies to modify their surface properties, and their
applications in DMFCs and selective hydrogenation reactions. Chapter 2 introduces the
synchrotrons, beamlines, and spectroscopic techniques used in this thesis. Chapter 3
introduces the surface modification of Pt catalysts with an electrochemical reconstruction
strategy, with a focus on the impact of bismuth oxyhydroxides on the CO-tolerance
capability of Pt in methanol electrooxidation. Chapter 4 further discusses the real role of
Bi in the suppression of the notorious CO-poisoning phenomenon of Pt in methanol
electrooxidation. Chapter 5 investigates the spectroscopic characteristics of PdBi surface
alloy and their application in selective hydrogenation of propyne. Chapter 6 summarizes
the thesis and provides an outlook for the design and modification of noble metal-based

catalysts.
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Chapter 2

2  Synchrotron Instruments

2.1 Synchrotron overview

Since the first X-ray was discovered by German physicist Wilhelm Réntgen in 1895, X-
ray has thrived in many disciplines including physics, chemistry, materials science,
biology, medical science, and so on. X-ray features in high energy (100 eV — 100 keV)
and short wavelengths (0.01 — 10 nm). The wavelength is parallel to the atomic size,
making measurements possible at the atomic scale. What is more, almost all elements
have absorption edges (abrupt change of light absorption) and light emission in the X-ray
energy range. These features can serve as elemental fingerprints in material
characterizations. As a bright and collimated X-ray source, synchrotron has been
developed to provide characterization techniques for scientific research. The synchrotron
can accelerate electrons to nearly the speed of light and produces highly polarized light in
a continuous energy range from infrared light (IR) to X-rays when the electrons are
accelerated centrifugally by their trajectory being bent by bending magnets. Compared
with lab X-rays, synchrotron X-rays feature wide tunability of the energy (from IR to X-
rays), high brightness (the higher flux of photons of a given wavelength on the tiny spot
with a small divergence), a high extent of polarization (Linear, circular, or elliptical
polarization), time structure (light pulses with dark intervals at the scale of a hundred
nanoseconds arising from the radio frequency cavities), and partial coherence (laser-like
beam). With these features, synchrotron X-rays pave the way for the development of
characterization techniques associated with X-ray absorption, X-ray emission, X-ray

scattering, and so on.

Figure 2-1 schematically shows a typical synchrotron. Electrons originally generated by
a heated cathode, named electron gun, are accelerated in the linear accelerator (LINAC)
with a high vacuum environment. These electrons get speed up to 99.9998 % of the speed
of light with an energy of hundreds of MeV before leaving the LINAC. They are then
injected into the booster ring and get further acceleration to 99.9999985 % of the speed of

light with energy to the orders of GeV. These electrons finally get into the storage ring,
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where they are kept cycling for hours even days. Bending magnets used to direct the
electron beam are usually located at the turning sections, where the synchrotron
radiations are generated by the highly relativistic electrons. When synchrotron comes to
the third generation, insertions, such as wigglers and undulators, are introduced into the
straight sections to provide more brighter and coherent X-rays. The generation of
synchrotron leads to the energy loss of electrons, which are replenished by the
radiofrequency (RF) cavities inserted in the storage ring. Meanwhile, the oscillating
electromagnetic field of RF cavities synchronizes the electron bundles at the relativistic
domain, which makes it possible to get a time structure. Each beamline has its own
designed functionalities and supports a wide range of advanced characterization

techniques at the endstations.

Endstation

Figure 2-1. Schematic of a synchrotron. The synchrotron ring is reprinted
from EPSIM 3D/JF Santarelli, Synchrotron Soleil. Copyright @ EPSIM 3D/JF

Santarelli, Synchrotron Soleil.
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2.2 Synchrotron Facilities

2.2.1 Canadian Light Source (CLS)

Canadian Light Source (CLS) located in Saskatoon, Saskatchewan, Canada, is a third-
generation synchrotron, equipped with a 2.9 GeV storage ring with a circumference of
170.88 m and a maximum current of 220 mA. The horizontal and vertical emittances are
18 and 0.09 nm-rad, respectively. Since the formal opening of the CLS in 2005, the
number of operational beamlines has been increased to 15 through Phase-1 to Phase-1VV

construction and upgrade, covering a wide range of applications.*

2.2.2  Advanced Photon Source (APS)

Advanced Photon Source (APS) located at Argonne National Laboratory, Chicago,
Illinois, USA, is a third-generation synchrotron, equipped with a 7.0-GeV storage ring
and a 450-MeV linear accelerator as the injector. The ring has a circumference of 1,104
m, with an operating ring current of 100 mA and an effective emittance of 3.1 nm-rad.
Currently, the APS consists of 34 sectors with a total of more than 50 beamlines covering
nearly every scientific discipline, from materials science to biology, chemistry,
environmental, geological, and planetary science, and fundamental physics.

2.2.3  Taiwan Light Source (TLS) and Taiwan Photon Source
(TPS)
Taiwan Light Source (TLS) and Taiwan Photon Source (TPS) locate in the Hsinchu
Science Park, Taiwan, China, operated by the National Synchrotron Radiation Research
Center (NSRRC). TLS was a third-generation synchrotron, equipped with a 1.5-GeV
storage ring with a maximum current of 360 mA. The circumference of TLS is 120 m,
and the horizontal and vertical emittances are 22 and 88 nm-rad, respectively. Over 50
experimental stations on 24 beamlines are operating in the TLS. TPS with a
circumference of 518.4 m, is equipped with a low-emittance synchrotron storage ring and
a booster ring in the same tunnel producing a beam of 3 GeV. The horizontal and vertical
emittances are 1.6 and 16 nm-rad, respectively. It has a capacity of about 40 beamlines;
five of the initial beamlines are now open to users, and nine phase-I1 beamlines are in

commissioning or under construction.



24

2.3 Beamlines

The beamlines related to this thesis are briefly described in the following.

2.3.1 Beamline Sector 20-BM at APS

The sector 20-BM beamline at APS uses the beam source generated from the bending
magnet. The Si (111) monochromator with an energy resolution of 1.4 x 104, from 2.7 to
32.7 KeV,? is used. The available X-ray techniques include X-ray absorption fine
structure (XAFS), micro-fluorescence, micro-XAFS, micro-diffraction, time-resolved X-
ray excited optical luminescence (TRXEOL), and diffraction anomalous fine structure,
covering the disciplines of material science, environmental science, and chemistry. In this

thesis, some of the hard X-ray XAFS were collected at the 20-BM beamline.

2.3.2  Soft X-ray microcharacterization beamline (SXRMB) at CLS

SXRMB at CLS is a medium energy x-ray beamline with a range of 1.7 to 10 keV. The
InSb (111) monochromator has an energy resolution of 3.3 x 10 over the range from 1.7
to 3.7 keV. The Si (111) monochromator has an energy resolution of 1.0 x 10 over the
range of 2 to 10 keV. The InSb (111) provides the higher flux while the Si (111) has the
higher energy resolution.® Five endstations are available at the SXRMB:

(1) Solid state endstation. Bulk analysis of solid samples, such as pellets and powders can
be performed using this endstation. Samples are placed under a vacuum of 107 torr, and

the endstation is optimized for the lower energy edges, such as Si, P, and S.

(2) Microprobe endstation. This endstation provides a 10 x 10 um beam spot for use in
mapping experiments.* Micro-XAS can also be performed on specific spots using the

microprobe.

(3) Ambient table. This multiple-use endstation is designed for bulk analysis of many
different samples. The endstation can be configured for liquid and solid in-situ

experiments as well.
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(4) High energy XPS.% By setting the beamline to varying energies, x-ray photoelectron
spectroscopy (XPS) will be performed at different depths on the same sample, providing
information on the surface and bulk properties of the material. In this thesis, Pd Lz-edges
were collected with a surface-sensitive TEY mode at the SXRMB beamline.

(5) Glovebox integrated high energy resolution X-ray emission spectrometer; custom
built by easyXAFS company. This end-station allows for the detection of tender X-ray

fluorescence from 1.7 — 8 keV/.®

2.3.3 Beamline sector 24A1 at TLS

This beamline has two endstations, i.e., surface/interface science endstation and ambient
pressure X-ray photoelectron spectroscopy (APXPS) endstation. The surface/interface
science endstation is dedicated to ultra-high vacuum (UHV)-based surface chemistry
experiments with measurement capability including temperature-programmed desorption
(TPD), imaging-type XPS possessing a 1D resolution of 35 um, and near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy. All the surface analysis instruments
are in the 14°” analysis sphere. The X-ray spot sizes at the sample position of the
endstation were measured with a Ce-doped YAG fluorescent single crystal and varied
between 1.3 to 2.8 mm (FWHM) vertically but remained rather constant at 1.5 mm
(FWHM) horizontally. The APXPS endstation is designed primarily for performing XPS
measurements of solid surfaces interacting with gasses at elevated pressure up to 10
mbar.” In contrast to the conventional X-ray photoelectron spectroscopy that is performed
in a high-vacuum environment to eliminate electron-gaseous molecule scattering events,
APXPS is carried out in a mbar pressure range, enabling the acquisition of photoelectron
signals from a gas, solid surface, and liquid surface as well. The realization of this
unconventional technique hinges on the successful development of a sophisticated
electrostatic lens of the analyzer in conjunction with an elaborate differential pumping
system. The technique enables an in-situ and in-operando investigation of heterogeneous
reactions and allows researchers to extract the crucial information heretofore unavailable
in many important research areas including catalysis, energy storage, and environmental
and atmospheric sciences. In this thesis, an investigation of the CO adsorption behavior

on Pt-based catalysts was performed at the APXPS beamline.
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2.3.4 Beamline sector 44A at TPS

Quick-scanning X-ray absorption spectroscopy beamline using a bending magnet at
Taiwan Photon Source (TPS) was newly constructed for the studies of physics,
chemistry, biology, environment, and arts. This beamline covers the energy range from
4.5 to 34 keV with a focused spot size, 70 x 200 um? or 10 x 10 um?. Four techniques are
available at 44A, including X-ray absorption spectroscopy, time-resolved X-ray
absorption spectroscopy, X-ray absorption fine structures spectroscopy, and micro-X-ray
fluorescence microscopy. In this thesis, some of the hard X-ray XAFS were collected at
the 44A beamline.

2.4 Synchrotron X-ray techniques
2.4.1  X-ray absorption spectroscopy (XAS)

When light interacts with matter, the incident photons can be either absorbed, scattered,
or transmitted. The relationship between the intensities of the transmitted (l;) and the
incident X-ray (lo) follows the Beer-Lambert Law (Eq. 2.1), where t is the thickness of
the sample and p is the absorption coefficient. The absorption coefficient can be
expressed as Eq. 2.2, where ¢ is the X-ray absorption cross-section, p is the sample
density, Z is the atomic number, A is the atomic mass, and E is the X-ray energy. The
adsorption coefficient is dependent on the atomic number and X-ray energy, indicating its
element-specific nature. Generally, the X-ray absorption increases abruptly at the edge
(excitation from the core level to an unoccupied bound/quasi-bound state or the
continuum) and decreases gradually afterward until meeting another absorption edge
(from the same or another element), following the trend of the cross section . For the FY
and TEY modes, u is proportional to the ratio between the yield and lo (Eq. 2.3). This
equation holds when affecting factors such as self-absorption are small.

I
C=eh (2.1)
0
pZ*
p=0'p~—: (2.2)
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p~—= (2.3)

X-ray absorption spectroscopy (XAS) or X-ray absorption fine structure (XAFS) is a
technique to look into the chemical state and local structure of materials, fundamentally
based on the specific absorption of X-ray at the edge. The hard X-ray absorption
spectrum contains two regions, the X-ray near edge structure (XANES, -20 to +50 eV
relative to the absorption edge) and extended X-ray absorption fine structure (EXAFS,
+50 eV relative to the absorption edge). However, for the soft X-ray absorption spectrum,
normally only XANES is analyzed due to the closeness of edges (from the same element
or different elements). Although XANES and EXAFS are collected simultaneously, the
origin of each is fundamentally different. When an incident X-ray shines on the sample,
core electrons are excited to the unoccupied state or quasi-state (the absorption edge
mentioned above) while extra energy transforms them into photoelectrons. These

photoelectrons propagate as De Broglie waves with wavelengths described by Eq. 2.4,

h h
/1:—:— .
P J2m(E — E,) (24)

where h is the Planck constant, p, m, and E-Eo are the momentum, mass, and kinetic
energy of the electron, respectively. Photoelectrons with low kinetic energy tend to be
scattered multiple times and contribute to the XANES features while photoelectrons with

high kinetic energy contribute to the EXAFS by single scattering (Figure 2-2).
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Figure 2-2. The schematic illustrations to a) multi-scatting paths and b) single-

scattering path.

In the XANES region, transitions of core electrons to unoccupied bound/quasi-bound or
the continuum follow the dipole selection rule ((Al= £1, Aj = £1, 0). As a result, the
absorption edge position (Eo) is sensitive to the oxidation state, e.g., the higher oxidation
state is usually accompanied by the edge appearing at the higher energy. Pre-edge
features are sensitive to the local symmetry due to the crystal field splitting and orbital
hybridization, which generate unoccupied dipole-prohibited sates at an energy lower than
the absorption edge. Besides, the whiteline peak (the major peak following the absorption
edge) area is sensitive to the number of dipole-allowed unoccupied states. The electron
transition rate P;_,; from the initial state [;) (with energy E;) to the final state [f)
(with energy Ef) is described by Fermi’s golden rule in Eq. 2.5, where H'is the
interaction Hamiltonian operator between the electromagnetic field and the electron, and
p 1s the density of states. Because of the high sensitivity of chemical environments,
XANES is extensively used in the analysis of oxidation state, chemical components,

occupation of molecular orbitals, local symmetry, and so on.

2

2 ~
& )] (25)

Pi—>f =
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= 2_71 _\2m(E — Ey)

p - (2.6)

EXAFS measures the modulation of the absorption coefficient as a function of photon
energy beyond the XANES region. It is commonly expressed in k space by transforming
the electron kinetic energy to wavenumber, as described by Eq. 2.6. The EXAFS features
originate from the interference between the outgoing electron wave and the backscattered
electron wave by surrounding atoms. Eq. 2.7 describes the well-developed model for the
EXAFS,5?

GEDY

J

IV]ng(k, e)e—ZRJ-/JLe(k)e—Zkza']2

2
kR;

sin[2kR; + 8(k)| = A(k)@(k)  (2.7)

where Nj is the coordination number (CN) of atom type j; S3 is the amplitude reduction
term induced by the many-body effects; f (k, 8) is the atomic scattering amplitude;
e2R/2¢(K) js the amplitude damping term due to the electron escape depthd,; e 2<*% is

the Debye-Waller factor, that is, the amplitude damping term due to thermal motion; R; is
the interatomic distance between the absorber atom and the scatterer atom; §(k) =
20a(k) + ob(k) is the phase shift function attributed to the absorber é.(k) and the back-
scatterer ob(k). EXAFS spectra can be fitted to obtain the coordination number (CN) and
interatomic distances for the elements of interest, in which N;, S, ajz, and R; are the

parameters commonly fitted. EXAFS can be Fourier transformed into R Space, from
which it is visually plausible to identify the crystal structure of crystalline materials.
Specifically, in the R space, the peak intensity is proportional to the CN of the
corresponding scatter, while the peak position is related to the interatomic distance (~ 0.5

A smaller than the real bond distance because of the phase shift § (k)).

2.4.1.1 Detection modes

XAS beamlines are normally equipped with multiple detecting modes (detectors) to meet
different experiment requirements. Figure 2-3 shows the optical path of synchrotron X-

rays at the endstation while multiple detecting modes can be applied simultaneously.
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Figure 2-3. Optical path of synchrotron X-rays at the endstation showing the three

detecting modes.

24.1.1.1 Fluorescence yield (FY)

FY mode detects the X-ray fluorescence (lr) signal when the incident X-ray (lo) bombards
the sample. The fluorescence detector is normally aligned 45 degrees to the sample and
90 degrees to the incident beam. FY mode is usually considered bulk sensitive due to the
deep penetrating depth, but it also can exclusively probe the surface by adjusting the
incident beam with a glancing angle. For a very dilute sample, FY mode is the best
choice to obtain enough signal. However, thick samples (elementally dense) suffer from
the self-adsorption effect induced by the reabsorption of the sample. This effect is more

severe for low Z elements using soft X-ray.

24.1.1.2 Transmission

Transmission mode collects the light signal (l;) after the incident X-ray (lo) has been
partially absorbed by the sample. The light intensity is measured by the ionization of the
inert gas in the ion chamber. Since the X-ray passes through the whole sample, the
transmission mode is bulk sensitive. This mode is a good option for samples with a
proper thickness (one absorption length, ~ 36 % absorption of the incident light), which

can bypass the self-absorption occurring in the FY mode and provide a reliable signal.
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2.4.1.1.3 Total electron yield (TEY)

TEY mode measures the total electron yield including photoelectrons, auger electrons,
and secondary electrons ejected from the sample by monitoring the current compensation
(le). Because electrons carry charge and mass, of which the traveling trajectories are
severely affected by electromagnetic fields, the TEY mode is quite surface sensitive. The
probing depth depends on the electron inelastic mean free path (IMFP),° in other words,
the kinetic energy of electrons and elemental density of the sample. Therefore, this mode
is the best option to probe the surface properties. The TEY mode was used in this thesis

to study the properties of PdBi surface alloy on the Pd core in chapter 5.

2.4.2  Synchrotron X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a photon in, electron out technique,
specifically, core and valence electrons are ejected if the photon energy is greater than the
binding energy of the electrons. This technique is fundamentally based on the

photoelectric effect theorized by Albert Einstein in 1905, as described in Eq. 2.8.
KE =hv—BE — ¢ (2.8)

where KE is the kinetic energy of photoelectrons, hv is the incident photon energy, BE is
the binding energy of an electron ejected by irradiation, and ¢ is the work function that is
the minimum energy to remove an electron from the Fermi level to vacuum. XPS probes
the energy state of bound electrons of matter, including electrons with discrete energy
(atomic orbitals), shallowing bond electrons (molecular orbitals), and closely spaced
energy states (energy bands in solids). This technique is element and chemical-specific
since it monitors the change of the threshold of core levels, which are element specific
and chemically sensitive. Generally, a single particle approximation is used to interpret
XPS spectra, in which the energy of the photoelectron is a good approximation
independent of the movement of the other electrons, yielding a single peak or spin-orbit
doubles. But in some cases, the energy of the photoelectron dose depends on the presence
of other electrons which get excited simultaneously yielding satellite peaks (shake-up,
shake-off, and shake-down) or even the complete disappearance of the single-particle
peak, which is called the many-body effect. Apart from the electronic structures, XPS
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also can provide information on elemental compositions after calibration with their

corresponding sensitive factors.

Kinefic energy (eV)

100 500 1000 2000 4000 6000 8000
Or—T———T1 T T 17 17 T177T11°

50

40

20 -

=)

|
Escape depth (nm)

slope 0.85

Escape depth (Angstom)
C‘S
I

10 -

0 10 20 30 40 50 60 70 8O 90
o 172
Square root of kinetic energy (eV'™ )

Figure 2-4. Schematic illustration of the universal escape depth curve of electrons
versus square root of kinetic energy. Measurements at ID32, ESRF (European

Synchrotron Radiation Facility) by J. Zegenhagen.

Generally, Al K, (~1486 eV) or Mg K, (~1253 eV) serves as the laboratory X-ray source
for XPS. Experimentally, XPS measures the kinetic energy of the photoelectrons ejected
from all levels (binding energy) accessible at given photon energy. The probing depth is
determined by the escape depth of electrons, also called inelastic mean free path (IMFP),
which shows a universal relationship with the square root of kinetic energy, as shown in
Figure 2-4. Laboratory X-ray photoelectron spectroscopy is quite surface sensitive (~1 to
2 nm) considering the energy range of X-ray sources. Compared to laboratory X-rays
with fixed energy, synchrotron endows X-rays with tunability in terms of energy, in other
words, one can look into different depths of a sample by tuning the energy of incident
synchrotron X-ray. The high flux of synchrotron X-rays also brings much better signals.

Technically, it is available to adjust the incident angle of X-rays to perform depth
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analysis. With advances in the development of equipment, gases even can be dosed into

the chamber to perform XPS measurements of solid surfaces interacting with gasses at

near ambient pressure. In this thesis, near ambient pressure X-ray photoelectron

spectroscopy was performed to study the adsorption behavior of CO molecules on PtBi

catalysts in Chapter 3.
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Chapter 3

3  Bismuth Oxyhydroxide-Pt Inverse Interface for
Enhanced Methanol Electrooxidation Performance

3.1 Introduction

Direct methanol fuel cells (DMFCs) have emerged as one of the most promising power
sources for portable devices and vehicles because of their unique advantages including
high energy density, low operation temperature, and environmental benignancy.'* The
wide application of DMFCs has been seriously hindered by the low efficiency of the
anode reaction, namely the methanol oxidation reaction, because of its sluggish kinetics.
Although Pt has been widely used as an electrocatalyst for methanol oxidation reaction
(MOR), it has suffered from several severe problems including its scarcity, high cost, and
poor operation durability.>® The low efficiency can be mainly ascribed to the susceptible
nature of Pt to poisonous MOR intermediates, especially CO. How to boost the intrinsic
activity of Pt and alleviate the adsorption of poisonous CO species on Pt are thereby

crucial for developing highly efficient and durable Pt-based MOR electrocatalysts.>*!2

To enhance the antipoisoning ability of Pt-based catalysts, one strategy is via alloying Pt
with other metals, such as Ru,'>!* Cu,'>!® Ni,!”?! and Co,** to modify the electronic
structure of Pt, thus weakening CO adsorption. In addition to the alloy system, some

2324 and hydroxides/oxyhydroxides® have been used to support Pt as they

metal oxides
can facilitate the generation of abundant OH species for oxidative removal of adsorbed
CO. Notably, the interface between Pt and the support plays a crucial role in improving
the catalytic performance since it provides the channel for charge redistribution and
vicinity for intermediate spillover. Therefore, engineering the interface structure is
beneficial to the rational design of highly efficient catalysts. In recent years, inverse
heterogeneous nanostructures, in which oxides or other compounds were decorated on the
noble metal surface, have opened an avenue for the construction of interface structures.*-

2 Heterogeneous catalysts with an inverse interface structure, particularly oxide/metal

interface structure, have shown extraordinary catalytic performance in water-gas

32,33 34,35

shift,’%3! water splitting*>** and CO oxidation,***> mainly attributed to enhanced
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dissociation of water or oxygen at interfacial sites. However, the inverse interface has
been seldom studied in MOR, although it provides a well-suitable structural model for

investigating the promotion effect that metal oxides exert on the noble metal surface.

Besides, constructing the inverse interface structure also faces challenges to its prevailing
in electrocatalysis. Traditional bottom-up and top-down synthesis strategies are difficult
to directly tune the subtle interface structure considering multiple variable synthesis
parameters. Recently, electrochemical treatment-induced structural evolution of
electrocatalysts has played a great role in optimizing catalyst structures to improve their
efficiency in an electrocatalytic system.**-*® For example, Strasser and co-workers
realized experimental control over the extent of dealloying (thickness of Pt-rich shell) in
Pt-Cu nanoparticles through cyclic voltammetry scans, which could tune the lattice strain
of the Pt-rich shell and weaken chemisorption of oxygenated species in oxygen reduction
reaction (ORR).* Liao et al. tuned the areal ratio of the water dissociation component to
the noble metal surface on a nano-Pd surface through an electrochemical cycling strategy,
thereby effectively balancing the water dissociation step and the hydrogen formation step
in the hydrogen evolution reaction (HER).>? Given the structural variability of
electrocatalysts at a reductive or oxidative potential, it would be a promising strategy to
construct the inverse interface, underlying the mechanism study of inverse catalysts in

MOR.

Over the past few years, bismuth as a cheap and efficient promoter has been widely
incorporated in Pt-based electrocatalysts.*®*3 Bismuth oxide/hydroxide, particularly in
the alcohol oxidation reaction, has been inextricably linked to generating OH species for
oxidative removal of adsorbed CO, whereas deep insight into the synergy between Pt and
Bi remains vague.***® Herein, with the help of density functional theory (DFT)
calculations, we reveal that the inverse interface can increase the positive charge on its
neighboring Pt atoms, resulting in weakened CO adsorption and strengthened OH
adsorption. Under the theoretical guideline, we have successfully synthesized PtBi
catalysts with this kind of inverse interface structure through electrochemical
reconstruction. A comprehensive depiction of the inverse interface structure in terms of

geometric and electronic features is provided by combining X-ray absorption
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spectroscopy (XAS), ambient pressure X-ray photoelectron spectroscopy (APXPS), and
electrochemical characterizations. The optimal Pt2Bi sample manifests a high mass
activity of 4611 mA mg e, which is 5.96 times higher than that of commercial Pt/C.
Moreover, the Pt.Bi sample can maintain the mass activity of 1520 mA mg e after a
chronoamperometric test for 10000s, which is much higher than that of Pt/C (278 mA
mgte). This work highlights a comprehensive understanding of the inverse interface
structure and its electronic effect on Pt sites, shedding light on the rational design of
highly efficient electrocatalysts.

3.2 Experimental section

3.2.1 Chemicals

Chloroplatinic acid hexahydrate (H2PtCls-6H20), bismuth neodecanoate (C3oHs7BiOg),
and polyvinyl pyrrolidone (PVP) were purchased from Sigma-Aldrich. Nafion alcohol
solution (5 wt.%), commercial Pt/C catalyst (20 wt.%), and diethylene glycol (DEG)
were purchased from Alfa Aesar. Methanol, acetone, ethanol, and potassium hydroxide
(KOH) were bought from Sinopharm Chemical Reagent Co., Ltd. Carbon black (Vulcan
XC-72) was purchased from Cabot Corporation. All reagents were used as received

without further purification.

3.2.2  Synthesis of Pt2Bi nanopatrticles

PtoBi nanoparticles were synthesized by a polyol reduction method using a standard
Schlenk line. In a typical synthesis, 30 mg H2PtCle-6H>0 and 21 mg CzoHs7BiOs were
dissolved in 3 mL DEG to prepare a precursor solution. 0.11 g PVP and 17 mL DEG
were added into a 50 mL three-neck flask and then degassed for 15 minutes at 60 °C
using a vacuum pump. Following, it was heated to 200 °C in a nitrogen atmosphere, and
then the as-prepared precursor solution was quickly injected into the flask with vigorous
stirring. The mixture was held at 200 °C for 30 minutes and then cooled to room
temperature. Final products were collected by centrifugation (10000 rpm) and washed
with acetone and ethanol (acetone: ethanol = 1:1) several times. Collected products were
dried in a vacuum oven at 40 °C overnight. PtBi and PtsBi were synthesized with a
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similar procedure except for changing the feeding ratio of Pt and Bi precursors to 1:1 and

4:1, respectively. The activation process was specified in the following section.

3.2.3 Characterizations

Transmission electron microscopy (TEM) was performed on a FEI TECNAI G2 operated
at 200 kV. High-angle angular dark field (HAADF) images and elemental mapping were
collected using a TECNAI G2 F20 electron microscope equipped with energy dispersive
spectroscopy (EDS). The X-ray diffraction (XRD) patterns were recorded on an
Empyrean diffractometer with Cu Ko radiation operated at 40 kV and 30 mA. X-ray
photoelectron spectroscopy (XPS) measurements were conducted on a Kratos AXIS
Untraded ultrahigh vacuum (UHV) surface analysis system and Al K« was used as a light
source. The elemental compositions were determined by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES, 710-ES, Varia). X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectra were
collected at 20BM beamline of the Advanced Photon Source (APS) operated by Argonne
National Laboratory, U. S. and 44A beamline of Taiwan Photon Source (TPS) at the
National Synchrotron Radiation Research Center (NSRRC), Taiwan, China. Standard Pt
and Pb foils were used to do the energy calibration of XANES spectra at Pt Lz-edge and
Bi L»-edge, respectively. Ambient-pressure X-ray photoelectron spectroscopy (APXPS)
was performed at 24A beamline of Taiwan Light Source (TLS) at the National
Synchrotron Radiation Research Center (NSRRC), Taiwan, China. AP-XPS spectra were
collected under three successive atmospheric conditions, changing from ultra-high
vacuum (UHV-1, 3 x 10°® bar) to near ambient pressure (AP-CO, 5 x 10 bar, CO
atmosphere) and then back to ultra-high vacuum (UHV-2, 3 x 10 bar), with incipient
light energy of 560 eV.

3.24 Electrochemical tests

CHI660 electrochemistry workstation was used to perform all the electrochemical tests
under ambient conditions. A saturated calomel electrode (SCE) was used as the reference
electrode, and Pt gauze was used as the counter electrode. Glass carbon electrode with a

diameter of 3 mm was used as the working electrode. To prepare the ink solution, 1 mg
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catalyst and 0.3 mg commercial carbon black (Vulkan X-72) were dispersed in a mixed
solution (H20: ethanol: Nafion = 1:1:0.1) and ultrasonicated for 40 minutes to form a
homogeneous mixture. A thin catalyst layer was cast on the working electrode surface
with a constant Pt loading (28.3 nug-cm) and dried at room temperature. PtBi catalysts
were activated using chronoamperometry at -0.23 V in 1 M KOH/1 M CH3OH solution.
The activation time depended on the composition (PtBi, 2 h; Pt2Bi, 1 h; Pt4Bi, 0.5 h, and
Pt/C, 1 h). Cyclic voltammetry (CV) curves were collected at a scan rate of 50 mV-s? in
1 M KOH/1 M CH3OH solution. The peak current density normalized by the loading
mass of Pt was used to estimate the catalytic activities of catalysts. The long-term
stability test was conducted under chronoamperometry mode at -0.23 V in 1 M KOH/1 M
CH3OH solution. The regeneration of Pt2Bi catalyst after each cycle (10000 s per cycle)
was realized by conducting several CV scans in 1 M KOH solution. For comparison,
commercial Pt/C (20 wt. % of Pt nanoparticles supported on Vulkan X-72 carbon black,

JM) was used as a reference with the same Pt loading.

3.2.5 CO-stripping experiments

The CO-stripping experiments were conducted in1 M KOH solution. The potential was
held at -0.96 V. Meanwhile, CO gas was bubbled into the electrolyte for 30 minutes to
create monolayer adsorption of CO on the catalyst surface, and then N2 was bubbled into
the electrolyte to purge the CO dissolved into the electrolyte. Following, cyclic
voltammograms were collected by applying the potential from -0.96 to 0.2 V with a scan
rate of 50 mV s1. The first cycle noted as “1% scan” was ascribed to the oxidative
removal of surface-adsorbed CO. The second cycle noted as “2" scan” was a typical CV

curve of the catalyst in 1 M KOH solution.

3.2.6 DFT simulations

The quantum mechanics (QM) calculations were carried out using the VASP software,
version 5.4.4. The Perdew, Burke, and Ernzerhof (PBE) flavor of density functional
theory (DFT) with the post-stage DFT-D3 method was used to correct for London
dispersion (van der Waals attraction) with Becke-Johnson damping. The projector

augmented wave (PAW) method was used to account for core-valence interactions. The
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kinetic energy cutoff for plane wave expansions was set to 400 eV, and reciprocal space
was sampled by the I"-centered Monkhorst-Pack scheme using a 3x3x1 K-point grid for
all systems with a 4 x 4 unit cell. The vacuum layer is at least 15 A above the surface.
The convergence criteria are 1 x 10° eV energy differences for solving the electronic
wave function. All geometries (atomic coordinates) were converged to within 3 x 10
eV/A for maximal components of forces. In this work, all free energies at 298.15 K were

calculated as
G = Eglec + Ezpr — T X Sip G.1D

E.ec 1S the electronic energy of the Pt/Pt.Bi_A metal slab with adsorbed OH/CO
molecule. The vibrational frequencies were evaluated for only surface adsorbates and
were calculated. According to the calculated frequency results, zero-point energy (EZPE)

and adsorption entropy S, were obtained.

. Bhev e
Sm—ZR{eﬁthl—ln(l—e Bh )} (32)

where R is gas constant, 8 is 1/T*kb (kb is Boltzmann constant), h is Plank constant, c is

light speed, and v is wave number.

3.2.7  Fourier transform (FT) and Wavelet transform (WT) of
EXAFS
ATHENA software was used to do the energy calibration and background subtraction.*®
In the Fourier transform of EXAFS, the k space was set in a range from 3.5 to 14.9 A1
with a k3 weighting being used. As a parallel mathematic transform to the Fourier
transform, the wavelet transform involves the term of energy. It is a complementary tool
to identify the contribution of scattering paths. Wavelet transform of EXAFS was
performed using the Morlet wavelet, in which the program parameters k and o were set
to 6 and 1, respectively. The k and R ranges were settobe 0-14.9 Atand 0-6 A,
respectively. A k3 weighting was used.
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3.3 Results and discussion

3.3.1 DFT simulations

" @0 @c @Pt @Bi

a
AG,, (CO) = -1.64 eV AG,, (CO) = -1.49 eV
c d ! 5
AG,, (OH) =-2.12 eV AG,, (OH) = -2.25 eV

Figure 3-1. DFT simulations of the binding free energy of CO and OH species on
surfaces of pristine Pt (111) (a and c) and Pt (111) with BiOx(OH)y (b and d).

Table 3-1 Adsorption properties of CO and OH species on Pt sites of Pt2Bi_A based

on DFT calculation.

CO OH
Surface Pt (111) Pt-BiOx(OH)y Surface Pt (111) Pt-BiOx(OH)y
C-O bond O-H bond
C-Pt bond O-Pt bond
Binding free Binding free
energy -1.64 -1.50 energy -2.12 -2.25
AG(CO) (eV) AG(OH) (eV)

To investigate the impact of the inverse interface on the catalyst surface, DFT
calculations were performed based on two structural models, the Pt (111) surface and the
Pt (111) surface with BiOx(OH)y. For Pt decorated with BiOx(OH)y, Pt (111) with three

atomic layers in the bulk and two isolated BiOx(OH)y on its surface was employed.
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During the geometry optimizations, two layers of atoms in the bottom were fixed at their
bulk positions, whereas the rest of the atoms were allowed to relax. Both O and Bi
strongly bind on the interface as indicated by the short Pt-O and Pt-Bi distance. The
binding free energies of CO and OH species were calculated (Figure 3-1 and Table 3-1).
The binding free energies of CO (AGads(CO)) and OH (AGags(OH)) on the Pt (111)
surface are -1.64 eV and -2.12 eV, respectively. In contrast, AGags(CO) increases to -1.49
eV, and AGagds(OH) decreases to -2.25 eV at neighboring Pt atoms along with BiOx(OH)y,
indicating the CO adsorption is weakened while OH adsorption is strengthened.

3.3.2  Morphology and composition studies

Inspired by DFT calculations, PtBi nanochains with a BiOx(OH)y-Pt interface were
delicately prepared through electrochemical reconstruction. In a typical synthesis, PtBi
nanoparticles with controllable Pt/Bi ratios were synthesized through a polyol reduction
method, in which chloroplatinic acid hexahydrate, bismuth neodecanoate,
polyvinylpyrrolidone, and diethylene glycol were used as the metal precursors, surfactant
and solvent, respectively. The as-prepared products were then subjected to a
chronoamperometric treatment for different times at -0.23 V versus a saturated calomel
electrode (SCE) to achieve the structural evolution in which treatment time was
dependent on the Pt/Bi ratios. To confirm the formation of the proposed inverse interface
structure, Pt.Bi was taken as an example. The subscript indicates the feeding molar ratio
of Pt/Bi precursors. Samples before and after electrochemical treatment are noted as
PtBi_l and Pt,Bi_A, respectively.

The structural evolution was first monitored by TEM. Pt2Bi_I consists of chain-like
structures with an average diameter of 4.0 nm and plate-like structures with an average
diameter of 20 nm (Figure 3-2a). The lattice spacing of Pt.Bi_I is measured to be about
0.225 nm (inset of Figure 3-2a), which can be indexed to the (111) facet of face-
centered-cubic (fcc) Pt. After electrochemical treatment, Pt2Bi_A maintains its chain-like
structures while the nanoplates disappear (Figure 3-2b). Figure 3-2c shows the
elemental distribution of Pt.Bi_I, in which Pt and Bi elements disperse among all the
particle regions and the average Pt/Bi atomic ratio is around 83.8:16.2 (Figure 3-2¢,

bottom). Chains and plates possess different compositions, and the Pt/Bi ratio is
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Figure 3-2. TEM images and HRTEM images of (a) Pt2Bi_I and (b) Pt2Bi_A.
HAADF-STEM images and elemental mapping of (c) Pt2Bi_I and (d) PtzBi_A. e)
EDS spectra and f) XRD patterns of Pt2Bi_I and Pt2Bi_A, respectively.

89.3:10.7 in chains while it is 56.8:43.2 in plates. Figure 3-2d shows a uniform elemental

distribution after electrochemical treatment with a Pt/Bi ratio of 85.6:14.4 (Figure 3-2e,

top). A slight increase in Pt/Bi ratio is ascribed to leaching out mainly from the plates

during electrochemical treatment, which also gives a possible explanation for the

disappearance of plates. The crystal phase of Pt2Bi_I and Pt2Bi_A was characterized by
X-ray diffraction (XRD), in which diffraction peaks at 26 = 39.7°, 46.3°, 67.3°, 81.5°, and
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85.9° are indexed as facets of fcc Pt (Figure 3-2f). Two additional peaks at 20 = 26.5°
and 54.8° for Pt2Bi_A are assigned to carbon paper which is used as conductive support

for collecting XRD samples.

3.3.3  Electronic structure study
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Figure 3-3. XPS spectra of Pt2Bi_I and Ptz2Bi_A at a) Pt 4f and b) Bi 4f core levels.
XPS spectra of ¢) Pt2Bi_I and d) Pt2Bi_A at O 1s core levels.

To get a deeper understanding of the surface chemistry of Pt.Bi, X-ray photoelectron
spectroscopy (XPS) was used to track changes in the electronic structure of Pt2Bi_I and
Pt.Bi_A. For Pt2Bi_I, two peaks at 70.85 and 74.20 eV are assigned to 4f7;> and 4fs, core
levels of metallic Pt, respectively (Figure 3-3a). Pt 4f orbitals of Pt.Bi_A shiftto a
higher binding energy by 0.15 eV compared to that of PtoBi_I, suggesting higher
oxidation state of Pt after electrochemical treatment. Figure 3-3b shows two sets of
peaks of Bi 4f core levels, in which peaks at 157.14 and 162.46 eV are assigned to 4f7
and 4fs;» core levels of metallic Bi while peaks at 159.12 and 164.42 eV are
corresponding to 4f72 and 4fs2 core levels of Bi®* species. Although no obvious peak
shift is observed at the Bi 4f core levels, there is a noticeable decrease in metallic Bi after

electrochemical treatment, which is confirmed by the decreasing integrated area ratio of
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Bi%Bi®* from 0.43 to 0.28. The changes in the oxidation state of Pt and Bi should be
driven by anodic electrochemical oxidation. Moreover, the O 1s spectrum of Pt.Bi_A
shows an extra peak at higher binding energy compared to that of PtoBi_I (Figure 3-3c
and 3d), which can be assigned to metal-OH (M-OH), suggesting that Bi** is mainly in
the form of BiOx(OH)y.*’
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Figure 3-4. XANES spectra of a) Pt/C and b) Pt2Bi before and after electrochemical
treatment at Pt Ls-edge. Pt foil and PtO2 are used as references. Fourier transform
c) and wavelet transform d) of Pt Ls-edge EXAFS of Pt2Bi_I and Pt2Bi_A with a k3

weighting. Pt foil and PtO2 are used as references.

X-ray absorption spectroscopy (XAS) was further conducted to obtain the local electronic
structure and coordination environment. X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) spectra were collected at Pt Ls-
edge and Bi L»-edge. Commercial 20 wt.% Pt/C catalyst was used for comparison.
Figure 3-4a shows that the XANES spectra of commercial Pt/C before and after the same

electrochemical treatment at Pt Lz-edge both overlap with that of Pt foil, indicating that
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Pt/C possesses the same local structure as Pt foil. The overlapping XANES spectra
provide direct evidence for the absence of structural changes in Pt/C before and after
electrochemical treatment. However, in the case of Pt2Bi catalyst, the whiteline intensity
of PtzBi_|I catalyst is slightly higher than that of Pt foil while a noticeable enhancement is
observed after electrochemical treatment (Figure 3-4b). The enhanced whiteline intensity
indicates more unoccupied valence states at Pt sites (fewer electrons in the Pt 5d orbitals),

keeping in line with XPS results and DFT calculation.

3.34 Local structure study

Fourier transform (phase-uncorrected) of EXAFS was carried out to study the
coordination environment of Pt2Bi catalysts before and after electrochemical treatment
(Figure 3-4c). The peak position in R space is related to the atomic distance between
surrounding atoms and the absorber while the peak intensity is proportional to the
coordination number of the corresponding surrounding atoms around the absorbing atom.
Pt-metal (Pt-M) scattering paths contribute to the features around 2.6 A. For Pt;Bi
catalysts, Pt-M consists of two single scattering paths, Pt-Pt at a shorter radial distance
and Pt-Bi at a slightly longer radial distance, which almost overlap with each other. The
electrochemical treatment results in the Pt-M peak shifting to a shorter radial distance,
which is presumably because of the increase of coordinated Pt and decrease of
coordinated Bi around central Pt atoms as a result of structural evolution. Generally,
fitting EXAFS in R space or k space is used to identify the local structure of the central
atoms. Often an atom shell, i.e., of all the neighboring atoms at a specific distance,
consists of only one type of atom. If such a shell comprises atoms of different elements,
however, their waves cannot be separated by the Fourier transform approach. For
example, due to the very close radial distance of Pt and Bi, Pt-Pt and Pt-Bi signals cannot
be well separated by the Fourier transform of EXAFS of Pt2Bi before and after
electrochemical treatment. Wavelet transform (WT) resolves the centers of the
backscattering wave functions in energy (or k) space, therefore offering a straightforward
way to discriminate different atoms within one atomic shell.*® The WT contour plots
show two intensity maximaatR = 2.58 A, k=126 AtandR=2.63 A k=9 A",
assigned to the Pt-Pt scattering path and Pt-Bi scattering path, respectively (Figure 3-4d).
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Figure 3-5. WT contour plots of a) Pt4Bi, b) Pt2Bi, and c) PtBi before and after

activation.

The intensity maximum at the Bi dominating zone becomes weaker and Pt dominating
zone shows an obvious enhancement, demonstrating that the coordination environment
varies from the coexistence of Pt-Pt and Pt-Bi bonds to a Pt-Pt bond dominating situation
after electrochemical treatment. The same trend is also observed in Pt4Bi and PtBi
samples (Figure 3-5). The XANES spectra of Pt2Bi_I and Pt.Bi_A at Bi L>-edge show
similar features to the Bi,Os spectrum but with a broadened whiteline peak (Figure 3-
6a). The linear combination fitting toward spectra was conducted using Bi foil and Bi-O3
as references (Figure 3-6b and 3-6¢). The amount of Bi° species decreases significantly

after electrochemical treatment which is consistent with XPS results.

Moreover, the absence of peaks from hydrogen underpotential deposition in the range of -
0.9 V to -0.6 V (Figure 3-6d) further suggests the coverage of Bi®* species on the Pt
surface. With the help of XPS, XANES, and EXAFS analysis, we now get a

comprehensive understanding of the structural evolution of PtBi catalysts. After the
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Figure 3-6. a) XANES spectra of Pt2Bi_I and Pt2Bi_A at Bi L2-edge. Bi foil and Bi
powder were used as references. b) and c) are linear combination fitting of XANES
spectra of Pt2Bi_I and Pt2Bi_A, respectively. d) CV curves of Pt/C and Pt2Bi_Ain 1

M KOH with a scan rate of 50 mV s,

electrochemical reconstruction, Bi species partially leach out from Pt2Bi_I, generating a

unique BiOx(OH)y-Pt inverse interface, resulting in Pt with an electron-deficient state.

3.35 CO resistance tests

To substantiate its enhanced antipoisoning ability toward CO adsorbate, ambient pressure
X-ray photoelectron spectroscopy (AP-XPS) was conducted. Commercial Pt/C and
Pt.Bi_A were subjected to three successive atmospheric conditions, changing from
ultrahigh vacuum (UHV-1, 3 x10°® bar) to near ambient pressure (AP-CO, 5 x 10 bar,
CO atmosphere) and then back to ultra-high vacuum (UHV-2, 3 x 108 bar). In the case of
Pt/C (Figure 3-7a), two peaks located at 71.30 and 74.65 eV are ascribed to Pt 4f7> and
4fs;> core levels, respectively, with a clean surface (olive line). Subsequently switching to
the CO atmosphere induces an obvious peak shift of 0.16 eV toward higher binding
energy (red line), and the peak shift keeps constant even after pumping back to the initial
ultra-high vacuum (blue line). The peak shift is triggered by adsorbed CO on Pt sites by
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Figure 3-7. AP-XPS spectra of a) Pt/C and b) Pt2Bi_A at Pt 4f and c) Bi 4f core
levels under three successive atmospheric conditions. 1) Ultra-high vacuum (UHV-1,
olive line); 2) CO atmosphere (AP-CO, red line); 3) ultra-high vacuum (UHV-2, blue
line). The incipient X-ray energy is 560 eV. CO-stripping experiments of d) Pt/C and

e) Pt2Bi_A in 1 M KOH. Scanning rate is 50 mV s. f) CV curves of Pt/C and

Pt:Bi_Ain 1 M KOH/1 M CH3OH before and after electrochemical treatment.

Scanning rate is 50 mV s,

forming a chemical bond,*® revealing its intrinsic nature of being poisoned. However, no
peak shift is observed at Pt 4f (Figure 3-7b) and Bi 4f core levels (Figure 3-7¢) in the
case of Pt2Bi_A, indicating an impressive CO tolerance capacity compared to Pt/C.
Additionally, the CO-stripping experiments provide solid evidence for weakened CO
adsorption in the electrolyte (Figures 3-7d and 3-7e¢). For Pt/C, two oxidation peaks are
observed in the forward scan over a range of -0.5 V to -0.3 V, ascribed to CO oxidative
removal on Pt.> Impressively, CV curves for Pt,Bi_A in the first scan and the second
scan almost overlap, indicating that CO molecules are barely adsorbed on Pt2Bi_A. The
enhanced CO tolerance is expected to derive from the electron-deficient state of Pt, which

efficiently weakens CO adsorption. In addition, the removal of CO adsorbates can also be
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facilitated by rich OH species from another Pt site or BiOx(OH)y based on the

bifunctional mechanism.®%

To experimentally confirm the enhancement of the BiOx(OH)y-Pt inverse interface
structure on the catalytic performance of PtBi catalysts, the MOR activities of Pt,Bi and
commercial 20 wt.% Pt/C catalysts were evaluated in a typical three-electrode system
using an electrolyte containing 1 M KOH and 1 M CH3zOH. CV curves of Pt.Bi and Pt/C
before and after electrochemical treatment are shown in Figure 3-7f. Peaks that appear at
a high voltage in a forward scan are ascribed to methanol oxidation, while the peaks at a
low voltage in a backward scan are assigned to the oxidation of intermediates.?® Peak
current density normalized by loading mass of Pt in the forward scan is used to estimate
activities of catalysts. For Pt;Bi catalyst, the mass activity increases from 3806 to 4611
mA mg e after electrochemical treatment. However, in the case of commercial Pt/C, the

mass activity decreases from 774 to 504 mA mgp.

3.3.6 Electrochemical tests

To verify the activity enhancement induced by electrochemical treatment, PtBi
nanoparticles with different compositions were synthesized by simply adjusting the
feeding molar ratios of Pt and Bi precursors (Figure 3-8a-c). The feeding ratio has a
great influence on the morphology of the nanoparticles. High Pt content prefers the
growth of chain-like structures while a high Bi content prefers the formation of plate-like
structures. It should be noticed that the fcc-Pt phase is dominating in all samples based on
XRD patterns (Figure 3-8d). The activation phenomenon is universal for all PtBi
catalysts, and the activation time is dependent on the Pt/Bi ratios, in which a longer
treatment time is required for the higher Bi content. As shown in Figure 3-8e, specific
mass activities of Pt4Bi, Pt;Bi and PtBi are 2000, 4611, and 2480 mA mgp, which are
1.17,1.21, and 1.18 times their initial states (1713, 3806, and 2110 mA mg™s). In the
case of commercial Pt/C, the activity decays after a similar treatment (1 hour). The
electrochemical treatment is critical for enhancing the catalytic activity of PtBi catalysts.
Pt,Bi manifests the highest activity among all samples, which is 2.31, 1.86, and 5.96
times higher than that of Pt4Bi, PtBi, and pristine commercial Pt/C, respectively. In
addition, the catalytic durability and recyclability of PtoBi_A and Pt/C were evaluated in
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a solution containing 1 M KOH and 1 M CHsOH by using chronoamperometric
measurement at -0.23 V (Figure 3-8f). Pt2Bi_A shows excellent durability as evidenced
by the fact that a mass activity of 1520 mA mg~p: can be maintained even after a
continuous test for 10000s which is much higher than that of Pt/C (278 mA mgp). The
high activity and great durability of Pt.Bi_A make it among one of the best MOR
electrocatalysts reported so far (Table 3-2). Therefore, the existence of the BiOx(OH)y-Pt
inverse interface can dramatically improve the catalytic performance toward MOR.
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Figure 3-8. TEM images of PtBi nanoparticles with different compositions. a) Pt4Bi,
b) Pt2Bi, and c) PtBi. d) XRD patterns of PtBi nanoparticles with different
compositions. ) Mass activity of Pt/C, Pt4Bi, Pt2Bi, and PtBi towards MOR. f)
Chronoamperogram of Ptz2Bi and Pt/C in 1 M KOH/1 M CH3OH at -0.23 V vs. SCE.
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Table 3-2. A summary of the activities of MOR electrocatalysts in alkaline

electrolytes reported in previous literature.

Electrocatalyst Electrolyte Mass activity Durability Reference
Pt2Bi nanochains 1 M KOH + 4611 mA mglpt 1520 mA mg et This work
1 M CHsOH after 10000 s
AuzAg nanoframes 0.5 M KOH 950 mA mgtau 502.1 mAmgla,  Nat. Commun.
+2M after 7200 s 2019, 10, 3782
CHsOH
Mesoporous Rh 1M KOH + 288 mA mgtrn N/A Nat. Commun.
nanoparticles 1 M CH3;0OH 2017, 8, 15581
Pt/Ni(OH)./rGO 1M KOH + 1070 mA mgp 460 mA mg e Nat. Commun.
1 M CH3OH after 3600 s 2015, 6 10035
PtCu Nanoframes 0.5 M KOH 2260 mA mg et N/A Adv. Mater. 2016,
+1M 28, 8712
CH3;OH
PdCu nanocages 1 M KOH + 1090 mA mgpg ~100 mAmglqy J. Mater. Chem. A
1 M CH;OH after 2000 s 2018, 6, 3906
B 1 M KOH + 1 109.4 mA mgtpq ACS Catal. 2019,
Pd-CeO/NMCS 1MCH,OH  1P00MAMG™es  Hfter 3600 5 9, 6362
PtBi nanoplate 1 M NaOH + 4,820 mA mg e ~1500 mA mgl Nano Res. 2019,
1M CH3OH after 10000 s 12,429
: 1M KOH + N 1 Nano Res. 2018,
PtiNii/C 1 M CH:OH 1750 mA mgpt N/A 11, 2058
: 1M KOH + 1 25 mA mgtgn Nano Res. 2019,
Rh nanowires 1 M CH3OH 722mA MG R Hfter 6000 s 12,211
- ACS Appl. Mater.
PdsgCuszsRusg 1 MKOH + 1 1046 mA mg Log
Nanosuperstructures 1 M CH3;OH 1660.8 mA mg~pq after 250 cycles Interfaces 2019,
11, 42123
1 ACS Appl. Mater.
PdCo nanowires % M ES%E 1205 mA mgpq g?t'e?r %%6“59 Pd Interfaces 2018,
8 10, 29965
0.2 M KOH )
AgAU@Pt 1 ~160 mA mgp Nanoscale 2018,
nanoframes "é&' I\SH 483.1 mA mg~et 10, 2231
3 after 1500 s

3.4 Conclusions

In conclusion, we have demonstrated the formation of the BiOx(OH)y-Pt inverse interface

through electrochemical reconstruction. Guided by DFT calculations, and combining

XAS, AP-XPS, and electrochemical characterizations, we revealed that the incorporation

of BiOx(OH)y could tailor the electronic structure and local coordination environment of

Pt, resulting in weakened CO and strengthened OH at Pt sites. Moreover, it is worth
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noting that BiOx(OH)y also can provide rich OH species for oxidative removal of
adsorbed CO. The synergy between the electronic effect and bifunctional effect
strengthens the resistance to poisonous CO species. In virtue of the BiOx(OH)y-Pt inverse
interface, the optimal Pt,Bi sample manifests a mass activity of 4611 mA mgp, which is
5.96 times higher than that of commercial Pt/C and shows excellent durability as retained
1520 mA-mg e after a chronoamperometric test for 10,000 seconds. This work
emphasizes the rational engineering of the interfaces in the composite electrocatalysts
and provides deeper insight into the structure-property relationship, offering great
opportunities for the fabrication of high-performance electrocatalysts for green energy

technologies.
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Chapter 4

4 The Role of Bismuth in Suppressing the CO-poisoning
in Alkaline Methanol Electrooxidation: Switching the
Reaction from CO to Formate Pathway

4.1 Introduction

Direct methanol fuel cells (DMFCs) have long been considered as promising power
sources for portable devices and vehicles thanks to their low operation temperature, high
energy conversion efficiency, eco-friendly nature, and sustainable sources.* Pt-based
catalysts are commonly used in anodic methanol oxidation but severely suffer from the
poisoning effect of surface-adsorbed intermediates, such as CO.>" It is generally accepted
that methanol can be oxidized to CO; via a dual-path mechanism, i.e., via the indirect
pathway (COags as the intermediate) or the direct pathway (formate as the
intermediate).®° Given the CO-poisoning effect, it will be a promising way to improve

the catalyst efficiency by suppressing the indirect pathway while enhancing the direct.

Conventional wisdom to address the CO-poisoning issue is combining Pt with oxophilic
metals or metal oxides/hydroxides, which can enrich the OH adsorbates (OHads) on the
catalyst surface and reduce the overpotential of COags electrooxidation.'%12 However,
almost no Pt-based catalysts can entirely circumvent the formation of COads N0 matter in
the acidic or alkaline electrolytes, in other words, these catalysts are more or less
suffering from the poisoning of COags. Compared with other additives, Bi species can
surprisingly prohibit the COags adsorption at Pt active sites and substantially improve the
catalytic activity and durability in the alkaline electrolyte.***6 It is found that the CO
molecule barely adsorbs on the Bi-modified Pt catalysts in the CO-stripping
experiments,t”18 and in situ infrared absorption spectroscopy also does not probe the
signal from CQOags in the methanol oxidation.!® Bi-modified Pt catalysts seem to inhibit
the indirect pathway in the alkaline electrolyte, but there is still no consensus on that.
Interestingly, when switched to the acidic electrolyte, a large amount of CO molecules
adsorb on the Bi-modified Pt catalysts in the CO-stripping experiments, comparable to
the case of pure Pt catalysts.!” This discrepancy indicates the complexity of how Bi
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works, which cannot be simply explained in terms of the electronic effect or bifunctional
effect.?-22 Therefore, elucidating the real role of Bi in improving the methanol oxidation

of Pt, especially in the alkaline electrolyte, is of significance to its practical applications.

In this work, we contrive a PtBi model catalyst consisting of a PtBi surface alloy and a
Pt-rich core to systematically study the functionality of Bi as a promoter in the methanol
oxidation reaction. It is found that the PtBi catalyst can efficiently circumvent the indirect
pathway and concurrently enhance the direct pathway of methanol oxidation in the
alkaline electrolyte. The Bi species play great roles in this process: 1) The charge
redistribution between Bi and Pt atoms weakens the adsorption of COqgs
thermodynamically; 2) Bi enriches the OHags Species on the catalyst surface, and the
competitive adsorption of OHags and COags at Pt sites reduces the COags Kinetically; 3)
The presence of abundant OHags meets the prerequisite of the formation of formate. We
have successfully extended this concept to modify the commercial Pt/C catalyst and
realized its facile and large-scale production by a microwave-assisted strategy. This work
aims to unveil the role of Bi in mitigating the CO-poisoning on Pt catalysts, underlying
the design of CO-tolerance electrocatalysts for fuel cells.

4.2 Experimental section

42.1 Chemicals

Chloroplatinic acid hexahydrate (H2PtCls-6H20), bismuth neodecanoate (Bi(NE)3),
tetramethylammonium bromide (TMAB), and polyvinyl pyrrolidone (PVP, MW = 29000
g/mol) were purchased from Sigma-Aldrich. Nafion alcohol solution (5 wt. %) and
commercial Pt/C (20 % Pt by mass) were purchased from Alfa Aesar. Ethelene glycol
(EG) was purchased from TCI. Methanol, acetone, ethanol, and potassium hydroxide
(KOH) were bought from Sinopharm Chemical. Reagent Co., Ltd. Carbon black (Vulcan
XC-72) was purchased from Cabot Corporation. All reagents were used as received

without further purification.
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4.2.2  Synthesis of Pt NPs

Pt NPs were synthesized according to a previously reported method.?® In a typical
synthesis, 1.5 mmol TMAB, and 2 mmol PVP were dissolved into 17 mL 20 mL EG, and
then the mixture was heated to 180 °C under the protection of a N> atmosphere. 0.1 mmol
H2PtClg-6H20, pre-dissolved in 3 mL EG, was quickly injected into the hot solution. The
solution was kept at 180 °C for 20 minutes and then cooled down to room temperature.
The final product was collected by centrifugation (10000 rpm) and washed with ethanol
and acetone (ethanol: acetone = 1:1) several times. Finally, Pt NPs were obtained by

drying in a vacuum oven at 40 °C overnight.

4.2.3  Synthesis of Bi-modified Pt catalysts

The synthesis of Bi-modified Pt catalysts adopted a two-step method. First, Pt NPs, the
substrate, were synthesized using the same procedure as introduced above. Second, after
the Pt precursor was injected for 20 minutes, a proper amount of Bi precursor, pre-
dissolved in 3 mL EG, was injected into the solution. The mixture was kept at 180 °C for
another 20 minutes and then cooled down to room temperature. The final product was
collected by centrifugation and washed with ethanol and acetone several times, and
finally was dried in a vacuum oven at 40 °C overnight. The feeding amounts of Bi(NE)3
for PtgsBis, Pto2Bis, and Pt7gBiz2 were 0.011, 0.043, and 0.1 mmol, respectively.

4.2.4  Synthesis of Bi-modified commercial Pt/C catalysts (PtBi/C)

The synthesis of PtBi/C adopted a microwave-assisted method. In a typical synthesis, 25
mg commercial Pt/C and 0.011 mmol Bi(NE)z were well mixed in a reactor tube with 20
mL EG. The tube was set into the microwave reactor. The temperature was set to 180 °C
with a heating rate of 10 °C per minute. The mixture was kept at 180 °C for 15 minutes
and then cooled down to room temperature. The final product was collected by
centrifugation (10000 rpm) and washed with ethanol several times, and then dried in a

vacuum oven at 40 °C overnight.
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425 Characterizations

Transmission electron microscopy (TEM) was performed on a FEI TECNAI G2 operated
at 200 kV. High-angle angular dark field (HAADF) and elemental mapping images were
collected using a TECNAI G2 F20 electron microscope equipped with energy dispersive
spectroscopy (EDS). X-ray diffraction patterns were recorded on an Empyrean
diffractometer with a Cu Ka light source operated at 40 kV and 30 mA. X-ray
photoelectron spectroscopy (XPS) was conducted on a Kratos AXIS Untraded ultrahigh
vacuum surface analysis system and Al Ko was used as the light source. Elemental
compositions were determined by inductively coupled plasma-atomic emission
spectroscopy (ICP-OES, 710-ES, Varia), EDS, and XPS analysis. X-ray absorption
spectra Pt Lz »- and Bi Lz-edges were collected at 20 BM beamline of Advanced Photon
Source (APS) operated by Argonne National Laboratory, U.S. X-ray absorption spectra at
Bi L»-edge were collected 44A beamline of Taiwan Photon Source (TPS) at the National
Synchrotron Radiation Research Center (NSRRC), Taiwan, China.

4.2.6  Data analysis of XAS spectra

Athena was used to do the energy calibration and normalization toward the XAS spectra.
In the XANES fitting at Pt Ls-edge, an arctangent background was subtracted from the
normalized XANES spectra, and the integrated area under the whiteline was used to
compare the number of d electron holes. In the EXAFS region of Pt Ls-edge, the k space
was obtained by subtracting an arctangent background from the EXAFS spectra, and it
was further converted into the R space through Fourier transform, in which the k range
was set from 2.6 to 14.5 At and a k? weighting was used. Artemis was used to fit the
EXAFS in R space.

4.2.7  Catalytic performance tests

CHI660 electrochemistry workstation was used to perform all electrochemical tests under
ambient conditions. Glass carbon electrode with a diameter of 3 mm was used as the
working electrode. Saturated calomel electrode (SCE) and Pt gauze were used as the

reference electrode and counter electrode, respectively. The potential used in data
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analysis was converted to the potential referenced to a reversible hydrogen electrode

(RHE) according to the following equation:
E(vs.RHE) = E(vs.SCE) + 0.242 + 0.059pH (4.1)

In the preparation of ink solutions, 1 mg catalyst and 0.3 mg commercial carbon black
(Vulkan X-72) were dispersed in a mixed solution (water: ethanol: Nafion = 1:1:0.1), and
the mixture underwent ultrasonication for 40 minutes. The ink solution was cast on the
working electrode with a constant loading amount of catalyst (28.3 ug cm) and dried at
room temperature. Cyclic voltammograms of catalysts were collected in the 1 M KOH or
1 M KOH/CH3OH solution at a scan rate of 50 mV s™. The long-term durability test was
conducted under chronoamperometry mode at 0.81 V vs. RHE in 1 M KOH/CH30H
solution. The current density was normalized to the mass of the catalyst rather than the

mass of Pt to evaluate the catalytic performance.

4.2.8  CO-stripping experiments

The working electrode was prepared according to the above description. The CO-
stripping experiments were conducted in1 M KOH solution. The potential was held at 0.1
V vs. RHE. Meanwhile, CO gas was bubbled into the electrolyte for 30 minutes to create
monolayer adsorption of CO on the catalyst surface, and then N2 was bubbled into the
electrolyte to purge the CO dissolved into the electrolyte. Following, cyclic
voltammograms were collected by applying the potential from 0.1 to 1.26 V with a scan
rate of 50 mV s. The first cycle noted as “COads” was ascribed to the oxidative removal
of surface-adsorbed CO. The second cycle noted as “clean” was a typical CV curve of the
catalyst in 1 M KOH solution.

4.2.9 Insitu electrochemical Fourier-transform infrared (FTIR)
absorption spectroscopy

In situ FTIR spectra were collected by an Agilent Cary 660 FTIR spectrometer equipped

with a liquid-cooling MCT detector, using the homemade spectroelectrochemical cell.

Two working modes (attenuated total reflection (ATR) mode and external reflection

mode (IRAS)) were respectively employed to probe the surface-adsorbed species and
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dissolved species. 242 In detail, in situ ATR surface-enhanced infrared absorption
spectroscopy (SEIRAS) was used to investigate the surface species especially the COags
species adsorbed at the Pt NPs and Ptg2Bis catalysts surfaces when the cyclic
voltammogram was scanning in the KOH/CH3OH solution with the scan rate of 5 mV/s.
The time interval for each sample spectrum collection is 5 s, which means that each
spectrum was coadded by at least 44 interferograms. The Pt NPs and Ptg,Big catalysts
were dipped on the ca. 60 nm thick Au nanofilm which was chemically deposited on the
basal plane of a hemicylindrical Si prism in advance, which has been detailly described
elsewhere.?”? On the other hand, the in-situ IRAS measurement was performed to
analyze the discovered species such as COz, carbonate, and formate in this work, being
similar to the previous work.?®3° The prepared catalyst ink was dropped on the glassy
carbon electrode (d =5 mm), which was used as the working electrode. The working
electrode was pressed onto the CaF> prism surface to form a ca.10 um thin-layer
contained electrolyte while collecting the in-situ spectra. The infrared spectrum was also
collected every 5 seconds to ensure that each spectrum was formed by at least 44
interferograms. All spectra are expressed in absorbance units defined as log(l/1o), where |
and lo represent the absorption intensities at the sample and reference conditions,

respectively.

4.3 Results and discussion

4.3.1 Morphology and crystalline structure study

The construction of the PtBi model catalyst consisting of a PtBi surface alloy on a Pt-rich
core adopted a two-step method. Typically, Pt nanoparticles (NPs), as the substrate, were
synthesized according to a previously reported method,? and then Bi was introduced
using a hot-injection method to guarantee the structural uniformity (see details in the
Supporting Information). Chloroplatinic acid hexahydrate and bismuth neodecanoate,
ethylene glycol, polyvinylpyrrolidone, and tetramethylammonium bromide (TMAB)
were used as precursors, reductant, surfactant, and capping agent, respectively. As shown
in Figure 4-1a, the Pt nanoparticles have an average diameter of 5.92 nm, exposing a
high percentage of (100) facets due to the selective protection of Br. To study the
structural and electronic properties, Pto2Big was taken as an example, of which the
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Figure 4-1. TEM images of a) Pt NPs and b) Pts2Bis, respectively. c) HRTEM images
of Pto2Bis. d) Elemental mapping images of Ptg2Bis. €) Line scanning image (top) and
profile (bottom) of Pte2Bis. f) XRD patterns of Pt NPs and Ptg2Bis (left) and the
zoom-in image of the (111) facet from 37° to 42° (right).
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Figure 4-2. a) TEM images and size-distribution statistics of Pt NPs, Pto2Bis, PtosBis,
and PtzsBiz2. b) TEM and elemental mapping images of Pt7sBizz.

subscript indicates the molar ratio of corresponding elements determined by inductively
coupled plasma-optical emission spectroscopy (ICP-OES). The introduction of Bi does
not induce noticeable changes in the particle size (average = 6.13 nm) due to the low
content of Bi (Figures 4-1b). The high-resolution transmission electron microscopy
(HRTEM) images show that the lattice spacings are 1.99 and 2.29 A, close to that of the
(200) and (111) facets of face-centered cubic (fcc) Pt (Figure 4-1c). The energy-
dispersive X-ray spectroscopy (EDS) shows that Pt and Bi distribute homogenously
among the whole particle (at least in a few layers near the surface), suggesting the
formation of a PtBi alloy structure (Figure 4-1d). The line scanning profile further
confirms this homogeneity (Figure 4-1e). The XRD patterns indicate that Pte2Big keeps
the fcc crystalline structure as Pt NPs, of which peaks around 26 = 39.8°, 46.3°, 67.5°,
81.3° and 85.7° are assigned to (111), (200), (220), (311), and (222) facets (Figure 4-1f,
left), respectively. However, diffraction peaks slightly shift to the lower angle compared
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to that of Pt NPs. Taking the (111) as an example, the peak shifts from 39.78° of Pt NPs
to 39.69° of Ptg2Big (Figure 4-1f, right), suggesting that Bi atoms diffuse into the Pt
lattice and expand the lattice parameters as Bi possesses a relatively large atomic size. To
precisely identify the structure and optimize the catalytic performance, PtBi catalysts
with different molar ratios have been synthesized by tuning the feeding ratio of
precursors. Little change is observed in the particle sizes of both PtgsBis and Pt7sBi2.
(Figure 4-2a), but freestanding Bi species appear when the Bi content reaches 22 %
(Figure 4-2b), which is helpful to interpret the following spectra and voltammograms.

4.3.2  Electronic structure study

To probe the electronic properties of PtBi model catalysts, X-ray photoelectron
spectroscopy (XPS) was performed at Pt and Bi 4f core levels. Figure 4-3a shows that
the metallic Pt 4f7,> core level of Ptg2Big (70.41 eV) slightly shifts to the lower binding
energy compared to that of Pt NPs (70.46 eV). Meanwhile, the metallic Bi 4f7> core level
of Pte2Big locates at higher binding energy (156.33 eV) than that of Bi powder (156.49
eV, Figure 4-3b). The opposite shifting trend in the metallic Pt and Bi 4f core levels
indicates the strong interaction between Pt and Bi atoms, and charge transfer from Bi to
Pt takes place. Besides, Bi is prone to be oxidized upon exposure to air due to its
oxophilicity, which explains the peaks of bismuth oxides in the Bi powder. Apart from
bismuth oxides, signals from BiOBr are also probed in the case of Pte2Big because of the
existence of bromide ions (from the TMAB). However, these surface-adsorbed species
will not bother the catalytic performance since they can be easily removed upon cyclic
voltammetry. As a powerful surface-sensitive characterization technique, XPS is also
used to quantitatively analyze the surface composition (Table 4-1). The Bi content based
on XPS analysis is much higher than that measured by ICP-OES and energy-dispersive
X-ray spectroscopy (EDS), which means that Bi species are abundant in the near-surface
layers and suggests the formation of a PtBi surface alloy. For example, Ptg2Big has a Bi
content of 25.2 % based on XPS, much higher than 8 % and 8.1 % from ICP-OES and
EDS, respectively.
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Figure 4-3. XPS spectra at a) Pt and b) Bi 4f core levels.
edge. The whiteline fitting of d) Pt foil, e) Pt NPs, and f) Pts2Bis at Pt Ls-edge. g)

c) XNAES spectra at Pt Ls-

EXAFS spectra at Pt Lz-edge in k space, a k? weighting is used .h) Fourier
transformed EXAFS at Pt Ls-edge in R space. A k? weighting is used. i) XANES

spectra at Bi L2-edge.

Table 4-1. The molar ratio of Pt and Bi in precursors and in PtBi nanoparticles

determined by various characterization techniques.

Feeding ratio by mole

Measured ratio by mole

Samples Pt: Bi Pt: Bi

ICP EDS XPS
Pt NPs 100:0 - - -
PtosBis 90:10 95.4:4.6 94.8:5.2 90.9:9.1
Pto2Bisg 70:30 92:8 91.9:8.1 74.8:25.2
PtzsBiy2 50:50 77.9:22.1 75.2:24.8 64.3:35.7
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To obtain a deeper understanding of its electronic properties and local structure, X-ray
absorption fine structure spectra, including X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS), were collected at Pt
L3- and Bi L3 2-edges. Figure 4-3c shows the XANES spectra recorded at Pt Lz-edge in
which the sharp peak at the edge jump is known as the whiteline (WL), and it arises from
the transition from the Pt 2ps;2 to the narrow unoccupied states just above the Fermi level
with 5ds2, 3/2 characters. A reduction in Pt Ls-edge WL intensity is observed for Ptg,Bis
relative to Pt foil and Pt NPs. More accurately, the WL area (AwL), by integrating the
area under the WL after extracting an arctangent background (arctan BG), shrinks upon
alloying with Bi (Figures 4-3d to 4-3f), indicating a decrease of 5d Pt holes. In other
words, Pt gains 5d electrons in the alloy. In the EXAFS region, the PtyBigand Pt NPs
show a smaller amplitude of oscillations compared to Pt foil (Figure 4-3c). This
shrinkage in the amplitude indicates a smaller particle size due to more surface atoms

with unsaturated coordination.

To better interpret the spectra, the k2-weighted (k) (Figure 4-3g) was Fourier
transformed into the R space, where the peak position is related to the bond distance
(with a phase correction term) between the adsorber and surrounding atoms, and the
magnitude is proportional to the coordination number of surrounding atoms (Figure 4-
3h). The peak at 2.6 A should be assigned to the Pt-Pt scattering path. However, no signal
of Pt-Bi scattering path is observed because of the low Bi content as well as the small
amplitude of Bi backscattering wave. The fitting results of EXAFS at Pt Ls-edge are
shown in Table 4-2. The coordination numbers (CNs) of Pt in Pt NPs and Ptg2Big are
9.36 and 7.71, respectively, much smaller than fully coordinated Pt (CN = 12) due to
their small particle sizes. However, the introduction of Bi can further decrease the Pt
coordination number even though they share a similar particle size, which suggests that
Bi replaces some of the Pt sites while does not give a signal. From the aspects of Bi, it is
difficult to extract information from the Bi Ls-edge because of its overlap with Pt L,- and
Br K-edges. At Bi L»-edge, the Ptg2Big spectrum shows similar features with Bi powder,
with the threshold energy located between that of Bi powder and Bi(IIl) references (Bi2O3
and Bi(OH)3) (Figure 4-3i). It indicates that Bi mainly exists in the metallic state, and
charge transfer has taken place from less electronegative Bi atoms to Pt atoms, in good
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accord with core level observations in XPS. Finally, all the information points to the
formation of PtBi surface alloy on the Pt-rich core (Figure 4-4). The structural and
electronic modification toward the surface Pt sits would have a profound influence on the
catalytic performance.

Table 4-2. Fitting result of EXAFS at Pt Ls-edge.

Scattering path CN® RA)?  6%(10°A%)9 AEo (eV)?
Pt foil
Pt-Pt 12 2.76 £ 0.05 451+£0.1 7.34+£0.3
Pt NPs
Pt-Pt 9.36 £0.3 2.75 £ 0.05 5.36 £0.2 7.32+£0.3
Pto,Bis
Pt-Pt 7.71+£0.3 2.75+£0.06 5.38+£0.2 7.23+0.3

3 CN, coordination number; ® R, interatomic distance; © o2, Debye-Waller factor; 9
AEo, energy deviation.

L PtBi alloy

- Pt-rich core

Figure 4-4. The scheme of the PtBi structural model.
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Figure 4-5. a) CV curves of Pt NPs and Ptg2Bis in 1 M KOH /1 M CH3OH at a scan
rate of 50 mV s. b) Long-term durability measurements of Pt NPs and Ptg2Bis in 1
M KOH /1 M CH3OH at 0.81 V versus RHE. ¢) CV curves of Pt NPs and Ptg2Bis in 1
M KOH at a scan rate of 50 mV s*. CO-stripping experiments performed on d) Pt
NPs and e) Pto2Bis in 1 M KOH at a scan rate of 50 mV s, respectively. f) CV

curves of Pt NPs, PtesBis, Pte2Bis, and Pt7sBi22 in 1 M KOH at a scan rate of 50 mV s
1

4.3.3 Electrochemical tests

The catalytic performance was evaluated in a typical three-electrode system in an alkaline
solution containing 1 M KOH and 1 M CH3OH. Figure 4-5a shows that the cyclic
voltammograms of Pt NPs and Ptg>Big consist of scans toward high potential (the forward
scan) and low potential (the backward scan). The peak current density in the forward scan
is used to estimate the activity of catalysts. Here, the current density is normalized by the
total mass of catalysts rather than the mass of Pt or the specific area, and it is more
reasonable considering the cost of additives. Ptg,Big shows an activity of 4694 mA mg
Leat, approximately 6 times that of Pt NPs (771 mA mg et ). The durability is another

important criterion for evaluating the performance of catalysts, which is estimated by
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chronoamperometry. After a 10000-second durability test, Pto2Big retains a current
density of 1738 mA mg e, 55.9 % of its initial value (3113 mA mg e ) after entering
the steady state; however, Pt NPs remain at a current density of 88 mA mg e, only
16.2 % of its initial value (541 mA mgca) in the steady state (Figure 4-5b). It is clear
that Bi plays a significant role in improving the catalytic activity and durability of Pt

catalysts.

The question now is how Bi improves the catalytic performance to such a degree. Since
the adsorption strength of COags and OHags have been used as the activity descriptors to
predict the methanol oxidation trend, it is reasonable to look into the impact of Bi on the
adsorption of COags and OHags.3! Figure 4-5¢ shows the different adsorption states of Pt
NPs and Ptg;Big in 1 M KOH solution at a scan rate of 50 mV s™. Two different regions
can be clearly distinguished: hydrogen adsorption/desorption (Hads/des) at potentials lower
than 0.45 V and the OH adsorption/desorption (OHags/des) region, which occurs at
potentials higher than 0.55 V.32 In the Hads/es region, the adsorption of hydrogen is
substantially suppressed in the case of Pto2Big, probably arising from the electronic
modification on Pt sites or the blocking effect brought by Bi species. In the OHags region,
different from Pt NPs, three oxidation peaks appear, which should be attributed to the
OHags species adsorbed on the catalyst surface. There is controversy surrounding their
assignments to specific sites, but it holds the key to revealing the role of Bi, and this will
be discussed in detail in the following section.

COads is a notorious intermediate blamed for poisoning Pt active sites in methanol
oxidation. To evaluate the anti-poisoning capacity, CO-stripping experiments were
conducted on the Pt NPs and Ptg2Big. On Pt NPs, the charge density associated with the
oxidative removal of COags takes place over the range of 0.4 to approximately 0.9 V
(Figure 4-5d). The strongly adsorbed COags can expel the adsorbed impurities from the
Pt surface.® As a result, OHags at specific Pt sites also contribute to the current density in
the forward scan, especially around the potential of 0.69 and 0.81 V. In stark contrast to
the massive adsorption of COags on the Pt NPs, COads On Ptg2Bis is dramatically
decreased, which demonstrates the significant role of Bi in reducing the COads (Figure 4-

5e). Meanwhile, two peaks at 0.68 and 0.84 V are also discerned in the case of Ptg;Bis,
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Figure 4-6. The comparison of cyclic voltammograms of a) Pt NPs, b) PtesBi2, c)
Pte2Bis, and d) PtzsBi22 with that of references, including Bi powdering, Bi2Os, and
Bi(OH)s. The electrolyte is 1 M KOH.

and they turn out to be the OHags at Pt sites. However, the assignment of the sharp peak at
0.89 V is controversial. Many studies assign this peak to the formation of Bi(OH)3,**
while others attribute it to OHags at the Pt sites induced by the neighboring Bi.*®

To identify the nature of this peak, we recorded the cyclic voltammograms of PtBi
samples with different Bi contents in 1 M KOH solution (Figure 4-5f). The peak
intensities of peaks at 0.68 and 0.84 V both get enhanced with increasing Bi content,
which means that Bi can strengthen the adsorption of OHags on the Pt sites, given that
these two peaks have been proven to be related to OHags at the Pt sites. For the peak at
0.89 V, the growing current density with a higher Bi content indicates its identity as
OHags at Bi sites of the PtBi alloy. If it is the Pt sites, we would expect a weaker peak
intensity because abundant Bi will dilute the Pt sites on the surface. When the Bi content
reaches 22 %, new redox couples with similarities to Bi references (Bi powder, Bi>Os,

and Bi(OH)s) appear at relatively lower potentials (Figure 4-6), and they should belong
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to the freestanding Bi species, in the consistency with the TEM observation (Figure 4-
2b). It further confirms that the peak at 0.89 V is associated with the alloying Bi rather
than freestanding Bi species.

It is easy to understand the richness of OHags at Bi sites considering Bi’s oxyphilic
properties. However, to see why Pts2Big is more CO-resistant than Pt NPs, we must
consider the thermodynamics and Kinetics of the adsorption process. In the acidic
electrolyte, CO does considerably adsorb on the PtBi nanoparticles even though with a
lower onset oxidation potential (0.41 V versus SCE) than that of Pt/C (0.56 V versus
SCE),!" in other words, Bi can weaken the CO adsorption thermodynamically but not
reduce it to a degree like in the alkaline electrolyte. What is more, OHags on the PtBi
nanoparticles becomes much less than in the alkaline electrolyte.1®17% Therefore, beyond
helping the oxidative removal of COags by a bifunctional effect, the OH species may
compete with CO for adsorption at Pt sites in the alkaline solution. This competitive
adsorption behavior even overwhelms the effect of thermodynamics on reducing COaqgs.
In summary, Bi can enrich OHags on the catalyst surface while reducing COags both
thermodynamically and kinetically. Predictably, that will impact the reaction path of
methanol oxidation in alkali.

434 In situ FTIR results
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Figure 4-7. CV curves of Pt NPs and Ptg2Bis in 0.1 M KOH/1 M CHsOH under the
ATR-SEIRS mode.
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Figure 4-8. In situ ATR-SEIRAS spectra taken on a) Pt NPs and b) Ptg2Bis in 0.1 M
KOH/ 1 M CHsOH over the potential range from 0 to 1.2 V versus RHE. In situ
IRAS spectra taken on c) Pt NPs and d) Pt92Bis in 0.1 M KOH/ 1 M CHsOH over the
potential range from 0 to 1.2 V vs. RHE. CV curves (black) and peak intensities at
1581 (blue) and 2432 cm™ (red) as a function of applied potential taken on e) Pt NPs
and f) Pte2Bis, respectively.



75

To track the origin of the superb catalytic activity of Pto;Bis, in situ attenuated total
reflection surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS) and
infrared reflection absorption spectroscopy (IRAS) were performed ina 0.1 M KOH
electrolyte containing 1 M CH30OH. Under the ATR-SEIRAS mode, which is sensitive to
the adsorbates on the catalyst surface, cyclic voltammograms show that Ptg,Big possesses
a much higher current density than Pt NPs (Figure 4-7). Figure 4-8a shows the ATR-
SEIRAS spectra of Pt NPs by applying the potential from 0 to 1.2 V, referenced to the
spectra collected at 1.2 V. The IR absorption band at ca. 2034 cm™ is assigned to COads
species,®’ confirming that methanol oxidation on Pt NPs does involve the formation of
COads. COags formed at a low potential is consumed as applying the potential to a high
value (Figures 4-8a). No adsorption band from COags is observed in the case of Pto2Big
(Figure 4-8b), in line with previously reported results.*®® As weakly-adsorbed or
produced species may dissolve into the solution, IRAS was used to probe the thin layer
very close to the working electrode. Again, we see the COads on the Pt NPs (the unique
bipolar peak at ca. 2034 cm™ in Figure 4-8c) but not on the Pte2Bis (Figure 4-8d).
Referring to the fact that CO barely adsorbs on PtBi catalysts in the alkaline electrolyte
(proven by the CO-stripping experiments), the missing of COags signals in infrared
absorption spectra demonstrate that the COags cannot be a preferable intermediate because

a chemical reaction tends to form a stable intermediate other than an unstable one.

Regardless of the COags, Pt NPs and Ptg2Big show similar IR absorption bands in the
IRAS spectra (detail assignments listed in Table 4-3), of which bands at ca. 1580, 1382,
and 1351 cm™ are assigned to vas (OCO), § (C-H), and vs (OCO) of formate (HCOO"),
respectively.*®*° The symmetric OCO stretching mode (vs (OCO)) of bridge-adsorbed
formate appears at ca. 1316 cm™.84%-42 |t indicates that formate is another important
intermediate in addition to COags in the methanol oxidation reaction. The formation of
formate is not derived from COags but requires the presence of active oxygen sources
(OHags), which explains why formate can only be observed at relatively high potential (>
0.5 V), the OHads/ges region.® The bands at 1450 and 2432 cm™ are attributed to COs*
/HCO3 and CO, respectively. The former appears earlier, indicating CO3>/HCOs" is
coming from the desorbed CO: into the alkaline solution. Figures 4-8e and 4-8f display
the intensity of bands at 1581 (HCOQ") and 2432 cm™ (CO>) as a function of the applied
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potential during a typical CV in 0.1 M KOH with 1 M CH3OH. Formate starts forming as
early as 0.4 V on Ptg,Big compared to 0.5 V on Pt NPs. Meanwhile, more COz is
observed in the case of Ptg2Big, which means that methanol is more easily oxidized into
formate and further to CO. on Ptg2Bis.

Table 4-3. Band assignments from the ATR-SEIRAS and IRAS spectra displayed in

Figure 4-8.
Wavenumber / cm* Assignments
2342 Vas (OCO) of CO®
1618 § (H-O-H) in H,0%
1580 Vas (OCO) in HCOO 78
1451 Vas (OCO) in COs* or HCOs
1382 J (C-H) in HCOO™®
1351 Vs (OCO) in HCOO™38
1316 Vs (OCO) in bridged HCOO®
4.3.5 Reaction pathways
Pt, PtBi .
direct pathway HCOO
CH,OH — — CO,
Pt
indirect pathway Coads

Figure 4-9. Reaction pathways of methanol oxidation on Pt NPs and PtBi catalysts

in the alkaline solution.

A simplified scheme for the complete electrooxidation of methanol to CO> on Pt and PtBi
catalysts is proposed (Figure 4-9). Methanol oxidation occurring on the Pt NPs involves
both the direct and indirect pathways, and COags generated in the indirect pathway is the
main reason for the catalyst deactivation. The advantage of Pte2Bisg lies in prohibiting the
indirect pathway, thereby circumventing the CO-poisoning effect and improving the
catalytic performance. Here, the contributions of Bi include, 1) charge transfer from Bi to

Pt atoms weakens the CO adsorption at Pt sites thermodynamically; 2) enriching OHags at
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Pt sites, which efficiently reduces COags by the competitive adsorption of OHags and

COads from the aspect of kinetics.
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Figure 4-10. a) and b) are the TEM images of commercial Pt/C and PtBi/C,
respectively. c) Elemental mapping images of PtBi/C. d) and e) are XPS spectra of
Pt/C and PtBi/C at Pt and Bi 4f core levels, respectively. f) CV curves of commercial
Pt/C and PtBi/C in 1 M KOH at a scan rate of 50 mV s. g) CV curves of
commercial Pt/C and PtBi/C in 1 M KOH/1 M CH3OH at a scan rate of 50 mV s
h) Long-term durability measurements of commercial Pt/C and PtBi/C in 1 M KOH
/1 M CH3OH at 0.81 V vs. RHE.
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4.3.6  Extension of the concept

More importantly, this concept can be generalized to the modification of commercialized
catalysts, such as Pt/C. To realize fast and large-scale production, we adopted a
microwave-assisted approach with a controllable heating program. In a typical synthesis
process, the commercial Pt/C catalyst and Bi precursor were dispersed into the ethylene
glycol, and the mixture underwent microwave treatment at 180 °C for 15 min. Given that
carbon is a good material for microwave absorption, this approach can create a local high
temperature near the carbon support and facilitate the deposition of Bi on Pt particles
rather than its self-aggregation in the solvent. Figures 4-10a and 4-10b show the TEM
images of commercial Pt/C before and after the modification with Bi. No noticeable
change in the particle size is observed, and no aggregation of particles takes place. The
elemental mapping images indicate that Bi mainly deposits on the Pt particles (Figure 4-
10c). The charge redistribution observed at Pt 4f core levels further confirms the strong
interaction between Pt and Bi atoms, even though surface Bi is oxidized due to the small
particle size and the exposure to air (Figures 4-10d and 4-10e). The cyclic
voltammogram of PtBi/C in 1 M KOH solution shows similar features with that of the
model catalyst, Pto>Big, demonstrating the similarities in their structures (Figure 4-10f).
As expected, the PtBi/C shows much better activity and durability than the commercial
Pt/C catalyst (Figures 4-10g and 4-10h). Therefore, this approach possesses great
potential for the practical modification of commercial catalysts, especially in the fuel cell
field.

4.4 Conclusions

In this work, we design a PtBi model catalyst consisting of a PtBi alloy surface and a Pt-
rich core. The model catalyst can efficiently suppress the poisoning effect of COads by
directly suppressing the indirect pathway while concurrently enhancing the direct
pathway. Combining spectroscopy and electrochemistry analysis, we find that Bi
electronically modifies the Pt catalyst by charge redistribution, thus weakening the CO
adsorption at Pt sites. More importantly, Bi can generate abundant OHags on the catalyst
surface and induce the competitive adsorption of OHags and COxqgs at Pt sites, which

further destabilizes the adsorption of COags. All these factors contribute to switching the
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intermediate from COags to formate. Free from the CO-poisoning, the Ptg;Big shows a
much better activity and durability than that of Pt NPs. We have proven the feasibility of
this strategy in modifying the commercial Pt/C catalyst from perspectives of both
catalytic performance and practical production. This work emphasizes the origin of the
CO-tolerance capacity of PtBi catalysts in the alkaline electrolyte and the possibility for

successful industrial applications.
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Chapter 5

5  Unveiling the Local Structure and Electronic Properties
of PdBi Surface Alloy for Selective Hydrogenation of
Propyne

5.1 Introduction

Olefins produced by steam cracking inevitably contain a few percent of alkynes and

dienes, which are detrimental to the downstream polymerization and thus must be

removed.!® Thus, selective hydrogenation of unsaturated hydrocarbons has a

significant role in the petrochemical and fine chemical industry.*® Pd is the most used
catalyst to selectively hydrogenate alkynes to alkenes due to its efficiency in activating
hydrogen molecules.”® However, it is still facing the challenge of over-hydrogenation to
alkanes, a thermodynamically favorable reaction, especially in the front-end process with
a high concentration of hydrogen.®° To improve selectivity toward desired alkenes,
substantial effort has been focused on Pd catalyst modification, including passivating
with additives (such as CO and Pb/CaCO3),*3 creating intermetallic structures,**” and

producing a strong metal-support interaction (SMSI) effect.8-20

Beyond that, modifying Pd catalysts with a surface alloy structure provides another way
to address the selectivity issue, while remaining high activity.1%?122 More specifically, a
second metal inserts into the parent metal surface by forming a thin alloy layer, which
results in a unique surface structure and variegates the behavior of catalysts in reaction.?
25 From the structural perspective, the surface alloy strategy is capable of preserving the
initial facets of the parent substrate, which is of significance to facet-sensitive reactions.?
From the functional perspective, due to different electronegativity, the insertion of a
second metal can efficiently tune the surface electronic properties, directly modulating
the adsorption strength of intermediates and enhancing selectivity toward targeted
products.?” For example, grafting Bi terminated by Bi,O3 on the Pd surface results in the
electrons transferring from Bi to Pd atoms, which can weaken the ethylene adsorption
without comprising the hydrogen activation.?® Meanwhile, incorporating Au atoms into

the surface of Pd nanocrystals induces electrons to transfer from Pd to Au atoms, which
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can also weaken the adsorption of alkene.?* The debate indicates the difficulty of building
a reliable relationship between the electronic structure and catalytic performance because
of the entanglement from other factors, such as size, facets, local morphology, etc.
Therefore, it is necessary and vital to find a “clean” surface and deepen the understanding
of the electronic properties for building a reliable relationship between the electronic

structure and catalytic performance.

In this work, we contrive a PdBi surface alloy structure model by changing the deposition
rate of Bi relative to the atomic interdiffusion rate at the interface. Combining X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and X-ray absorption
spectroscopy (XAS), a precise and comprehensive understanding of its local structure and
electronic properties is provided. The electronic structure of Pd can be continuously
tuned by varying the Bi content in the PdBi alloy, underlying the optimization of catalytic
performance. The selective hydrogenation of propyne is used as a representative reaction,
in which the PdBi model catalysts show superior selectivity over the pure Pd counterpart
catalyst, originating from preventing the formation of saturated B-hydrides in the
subsurface layers and weakened propene adsorption on the surface. This work provides a
precise and comprehensive understanding of the electronic properties of the PdBi surface
alloy structure, offering guidance for analyzing electronic structure in a bimetallic

system.

5.2 Experimental section

5.2.1 Chemicals

Sodium tetrachloropalladate (11) (Na2PdCls), bismuth neodecanoate (Bi(NE)3),
polyvinylpyrrolidone (PVP, MW = 55000 g-mol™), diethylamine, and L-ascorbic acid
were purchased from Signa-Aldrich. Diethylene glycol was purchased from Alfa Aesar.
Ethanol, acetone, potassium bromide, and potassium chloride were bought from
Sinopharm Chemical Reagent Co., Ltd. All reagents were used as received without
further purification.
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5.2.2  Synthesis of Pd cubes

Pd cubes with a diameter of around 16 nm were prepared through a previously reported
method.? In a typical synthesis process, 105 mg PVP, 60 mg L-ascorbic acid, 185 mg
potassium chloride, and 600 mg potassium bromide were added into 8 mL deionized
water in a 20 mL vial and pre-heated to 85 °C under stirring in a water bath. And then, 3
mL Na2PdCls (64 mM) solution was quickly injected into the vial. The vial was then
capped and heated at 85 °C for 3 hours. The resulting product was collected with
centrifugation (10000 rpm) and washed with acetone and water (acetone: water =2 mL: 8
mL).

5.2.3  Synthesis of PdBi nanoparticles with a surface alloy
structure
The as-prepared Pd cubes and 222 mg PVP were added into 17 mL diethylene glycol.
The mixture was degassed at 60 °C for 30 min to remove low boiling point solvent and
dissolved oxygen, and then switched to N. atmosphere and heated to 180 °C. A certain
amount of Bi(NE)s dissolved in 3 mL DEG was quickly injected into the solution. The
solution was kept at 180 °C for 15 min. The resulting product was collected by
centrifugation and washed with ethanol ten times. The amount of Bi(NE)3 are 2.83 mg,
7.30 mg, and 15.4 mg for Pdgg gBi1.2, Pdes.oBis.1, and Pdes2Bis s, respectively. For the
synthesis of PdBi/Al.Oz catalysts, the as-prepared PdBi nanoparticles were supported on
v-Al203 using a wet impregnation method, and the loading amount of Pd was fixed to 5

wt.%.

5.2.4  Synthesis of PdBi nanoparticles with a surface island
structure

The synthesis procedure of PdBi surface islands is the same as that of PdBi surface alloy
except for replacing Bi(NE)s with bismuth acetate (0.01mmol).

5.25 Characterization

Transmission electron microscopy (TEM) images were collected on a FEI TECNAI G2

operated at 200 kV. The elemental mapping and high-angle angular dark field (HAADF)
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images were recorded with a TECNAI G2 F20 electron microscope equipped with energy
dispersive spectroscopy (EDS). Empyrean diffractometer operated at 40 kV, and 30 mA
with Cu Ka as a light source was used to collect the X-ray diffraction (XRD) patterns. X-
ray photoelectron spectroscopy (XPS) was performed on a Kratos AXIS Untraded
ultrahigh vacuum (UHV) surface analysis system with an Al Ka light source. Inductively
coupled plasma-optical emission spectrometry (ICP-OES, Avio 200) was used to
determine the elemental composition. XAFS spectra at Pd K-edge and Bi Ls-edge were
collected using a fluorescence yield (FY) mode at the 20 BM beamline of the Advanced
Photon Source (APS) operated by Argonne National Laboratory, United States. XANES
spectra at Pd Lz-edge were collected using a total electron yield (TEY) mode at the
SXRMB beamline of Canadian Light Source (CLS), Canada. Ho-temperature-
programmed desorption (H2-TPD) was measured by an automatic chemical adsorption
instrument (FINETEC/FINE-SORB-3010). In detail, 10 mg PdBi/Al.O3 catalyst was
added into a U-shape tube reactor. The sample was first flushed with Ar at a gas flow rate
of 40 mL/min for 10 min at room temperature to remove the physically adsorbed gas
impurities and then exposed to the H> atmosphere (80 mL/min) for 20 min. Following, Ar
was used to flush away the physically adsorbed Hz for 10 min. The reactor was then
heated to 700 °C with a heating rate of 10 °C/min in the Ar flow (40 mL/min). The
desorbed H> was detected by a thermal conductivity detector (TCD), with the working
temperature and current being equal to 60 °C and 90 mA, respectively.

5.2.6  Catalytic evaluation of supported Pd and PdBi catalysts.

The catalytic properties were performed in a fixed quartz reactor with an inner diameter
of 8 mm. 5 mg of supported catalyst on y-Al>03 was physically mixed with 200 mg
quartz sand (powder size: 60—80 mesh) fixed in the middle of the reactor. The reaction
temperature was raised in a 15/44 mL/min Hz/N2 flow from room temperature to the
targeted condition, followed by the C3H4 introduction to initiate the propyne semi-
hydrogenation. All the gas flow rates were controlled by three mass flow controllers. The
outlet products were quantitatively analyzed by two online gas chromatographs (GCs).
Specifically, the hydrocarbon products were detected by a flame ionization detector (FID)
using a capillary column of TM-Al>Oz3/S, while the H2 and N2 were measured by a
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thermal conductivity detector (TCD) through a packed column of TDX-01. The C3H4
conversion, CsHe/C3Hs selectivity, and C3Hs space-time yield (STY) were calculated by

the following equations:

n(C3Hy)in — n(C3Hy) oyt

C;H, conversion (%) = X 100% 5.1
3H, (%) NTAM 0 (5.1)
n(C3Heg) out
C,H; seletivity (%) = X 100% 5.2
376 y ( 0) n(CSH4)in - n(C3H4)out ° ( )

n(C,H
CsHg selelctivity (%) = (€5Ha)ous X 100% (5.3)

n(C3H4-)in - n(C3H4)out

m(C3H6)out

C;H,STY =
37’6 m(catalyst) X t

(5.4)

5.2.7  XPS spectrum fitting

CasaXPS was used to fit XPS spectra at Pd 3d orbitals, in which a Shirly background and
Gaussian-Lorentzian line shape modified with an exponential function (GL(m)T(a)) were
used, where m indicates the portion of Lorentzian in the Gaussian-Lorentzian function,

while a is the asymmetric parameter. To compare the asymmetric parameter, m was fixed

to 60. The fitting window was between 333 to 345 eV.

5.2.8 XAFS data analysis

Athena software was used to do the energy calibration and background subtraction. The
XAFS spectra were calibrated referring to the standard metal foil. EXAFS spectra in k
space were obtained by subtracting an arctangent background. The EXAFS spectra in R
space were obtained by Fourier transform of the y (k) with a k® weighting, and the k range
was set to 3 to 12.9 AL, Artemis software was used to fit the EXAFS spectra in R space.
Amplitude was set to 0.7 based on the fitting result of Pd foil. To compare the
coordination number reasonably, we fixed the Debye-Waller factors of Bi-O and Bi-Pd

scattering paths to 4.00 and 7.80, respectively.
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5.2.9 DFT simulations

The ab initio quantum mechanical (QM) calculations were performed using Vienna Ab
initio Simulation Package (VASP) at a version of 5.4.4 with the projector augmented
wave (PAW) method and a plane wave basis set. The method is density functional theory
(DFT) with generalized gradient approximations (GGA) of Perdew-Burke-Ernzerhof
(PBE) functional. A dispersion correction, the DFT-D3 method with Becke-Jonson
damping, was included in the calculations. The energy cut-off was set to 400 eV. Here,
the binding energy of adsorbates was simulated. For the pure Pd model, we used the
experimental lattice parameter 3.85 A to construct a 4x4x4 Pd (100) surface slab with the
bottom two layers fixed and the top two layers relaxed. For PdBi (100) model, it was
sampled by replacing one surface Pd atom in 4x4x4 Pd (100) with one Bi atom to
represent the experimental PdBi alloy. The vacuum layers were set up at least 15 A to
minimize possible interactions between the replicated cells. The extended lattice change

was neglected due to the very small doping ratio.

5.3 Results and discussion

5.31 Growth mechanism

To modulate the electronic structure of Pd by inserting a second metal, one issue that
should be considered is whether it is miscible with Pd, which is determined by
thermodynamics. Typically, the seed-based epitaxial growth follows the layer-by-layer
growth mode (Frank-van der Merwe) or island-like growth mode (VVolmer-Weber).*° This

process has been described as the chemical potential of the system (Eqg. 5.5),%03!

u(n) = .ugD + [Eqq — Eap(n)] (5.5)

where u3, is the bulk chemical potential of the core material and E,, and E,;, are the
interatomic energies per atom describing the adhesion strength of the newly formed
atoms on the same crystal (a) and the metallic seed (b), respectively. In a specific system,
ud, and E,, are constant, while E,, is determined by the adhesion strength between a
and b and the strain energy, both of which are related to the number of atomic layers (n)

of a. In the first few layers of the heterogeneous epitaxial growth, it is driven by a higher



90

chemical potential (p,;,) Of the atoms of a in solution than u(n) of the nanoparticle,
following the layer-by-layer growth mode (FM) with a coherent lattice structure.
However, the weak interaction and a large lattice mismatch between a and b result in the
rise in u(n), and it quickly reaches a critical value (u.) where the layer-by-layer growth
stops. Following this, the lattice dislocation may take place to reduce the interface
energy. Then the growth will switch to the VW mode to form islands on the crystal
surface.®? Previous reports have proven that Bi and Pd can form intermetallic
structures,®>** therefore, inserting Bi atoms into Pd lattice to tune the electronic structure

of Pd is feasible from the perspective of thermodynamics.

Figure 5-1. TEM image of Pd cubes.

5.3.2  Morphology and composition studies

Experimentally, Pd cubes with a diameter of ~ 16 nm were firstly synthesized according
to a previously reported method (Figure 5-1),2>% and used as the substrate for the
deposition of Bi. The introduction of Bi precursors used a hot-injection method to
guarantee a good structural uniformity, in which the as-prepared Pd cubes, diethylene
glycol, and polyvinylpyrrolidone (PVP) were used as a substrate, reductant, and
surfactant, respectively. Even though the insertion of Bi atoms into the Pd lattice is
supported by thermodynamics, it is also a kinetically controlled process. Predictably, the
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Figure 5-2. a) The schematic illustration of epitaxial growth modes. b) and c) are the
TEM and HRTEM images of Pdes.9Bis1, respectively. Insets in c) are the fast
Fourier transform (top left) and zoom-in image (top right) of the selected area (red
dash square), respectively. d) and e) indicate the elemental mapping images and line

scanning analysis of Pdes 9Bis.1, respectively.

epitaxial growth mode is determined by the deposition rate (k;) and atomic interdiffusion

rate (k;), which usually occurs in the high-temperature synthesis of bimetallic catalysts.
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As schematically illustrated in Figure 5-2a, when the atomic interdiffusion rate at the
interface is faster than the deposition rate (i.e., k; < k;), the foreign atoms will diffuse
into the lattice of parent substrate to form a surface alloy structure. The alloying effect
will relax the strain caused by the lattice mismatch and keep the present growth mode. On
the contrary, an over-fast deposition rate will quickly saturate the substrate surface (i.e.,
k4 > k;), which leads to the formation of islands on an alloyed surface. The reaction
temperature was set constant at 180 °C to fix the interdiffusion rate, and the entangled
experimental parameters were simplified to control the Bi deposition rate. Given that
different ligands endow metal precursors with variable stability, that makes it possible to
tune the deposition rate by changing precursor ligands.® To get a slow deposition rate of
Bi, bismuth neodecanoate, a Bi precursor coordinated with three 8-carbon-length tails,

was introduced into the system.

Herein, Pdgs 9Biz.1 was taken as an example to study the surface structure, in which the
subscripts indicate the molar ratio of corresponding elements determined by inductively
coupled plasma-optical emission spectroscopy (ICP-OES). As shown in Figure 5-2b, the
average diameter of particles is about 16 nm, similar to that of the initial Pd seeds.
However, rounded vertexes and edges are observed, and some of the particles are
connected at vertex sites, verifying the existence of the interdiffusion phenomenon. The
high-resolution transmission electron microscopy (HRTEM) image shows that the lattice
spacing is 0.198 nm, close to that of the (200) facet of fcc-phase Pd. The fast Fourier
transform of the selected area in Figure 5-2c indicates its single crystalline nature and
further confirms its fcc-phase structure. The energy-dispersive X-ray spectroscopy (EDS)
shows that Pd dominates in the core while Bi exclusively deposits on the whole particle
surface (Figure 5-2d). The two bumps appearing on both sides of the line scanning
profile suggest a core-shell structure consisting of a Pd core and a PdBi bimetallic shell
(Figure 5-2e). However, when bismuth acetate was used as the precursor, which
possesses a fast deposition rate under the same reaction condition, Bi species coalesced

on the Pd surface to form islands (Figure 5-3).
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Figure 5-3. Elemental mapping images of PdBi nanoparticles with bismuth acetate

used as the precursor.

Figure 5-4. a) TEM images of Pd cube, Pdgs sBi1.2, Pdes.oBis.1, and Pdgs.2Biss. b)

Elemental mapping images of Pdos.sBi1.2, Pdes.9Bis.1, and Pdgs2Biss.
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5.3.3  Crystalline structure study

To verify the formation of PdBi surface alloy structure, a series of PdBi samples with
different Pd/Bi ratios have been prepared by adjusting the feeding ratio of Pd and Bi
precursors. All the samples exhibit a similar particle size of ~16 nm, with Bi species
located on the surface of Pd cubes (Figures 5-4). X-ray diffraction characterization was
firstly used to investigate the crystalline structure of PdBi samples. As shown in the
Figure 5-5a, all PdBi samples possess a fcc crystalline phase like that of Pd cubes, and
the diffraction peaks around 26 = 40.1°, 46.7°, 68.2°, 82.1°, and 86.8° are assigned to the
(111), (200), (220), (311), and (222) facets, respectively. However, the diffraction peaks
shift to the lower diffraction angle for PdBi samples compared to that of Pd cubes.
Taking the (111) facet as an example, the diffraction peak shifts to 40.10°, 40.08°, and
40.02° when the Bi content increases to 1.2 %, 3.1 %, and 5.8 %, respectively. The peak
shift indicates that Bi atoms diffuse into the Pd lattice and expand the lattice parameters
as the Bi atom has a larger atomic size than that of the Pd atom, suggesting the formation

of a surface alloy structure.

5.3.4  Electronic structure study

As a powerful surface-sensitive characterization technique, X-ray photoelectron
spectroscopy was performed to probe the surface chemistry of PdBi samples. Figure 5-
5b shows that the metallic Pd 3ds2 core levels of PdBi samples (334.50, 334.40, and
334.36 eV for Pdes gBi1.2, PdesoBis.1, and Pdaa 2Bis g, respectively) shift to the lower
binding energy compared to that of Pd cubes (334.56 eV), and a higher Bi content
induces a more obvious shift, which indicates a charge redistribution between Pd and Bi
atoms, and an electron-rich state is reached at Pd sites. Four sets of peaks in Figure 5-5¢
are ascribed to the 4fs;2 and 4f7/2 core levels of metallic bismuth and bismuth oxide
species. With an oxophilic property, Bi metal is prone to be oxidized upon exposure to
the air, and that explains the bismuth oxides dominate in the XPS spectra, and only a
weak signal of metallic Bi can be detected in the case of Bi powder. When Bi is
incorporated into the Pd system, the metallic Bi 4f7, core levels (156.60, 156.54, and
156.46 eV for Pdys sBi1.2, Pdes 9Bis.1, and Pdgs 2Bis g, respectively) shift to the higher



95

a ~— Pd standard,PDF#:46-1043 b Pd 3d

E /\ 3 | Pdo

® . : 8 A

£ Pd_._Bi ’ S ) ]

> ; H 2 2 i

S S A\ § M
@ ! S E

E J \ Pd cube ' = M

A i v

T T T T T
30 40 50 60 70 80 9039 40

345 342 339 336 333 330

»
-

2 Theta (degree) Binding Energy (eV)
. Pd94.2B!5.a Pd 3d

(9]
Q.

Bi 4f
Bi powder,

Intensity (normalized)
Intensity (nomalized)

168 166 164 162 160 158 156 345 342 339 33 333 330
Binding Energy (eV) Bindign Energy (eV)

Figure 5-5. a) XRD patterns (left) of PdBi samples and the zoom-in image of the
selected yellow region from 26 = 39° to 41° (right). b) and c) are XPS spectra of PdBi
samples at Pd 3d and Bi 4f core levels, respectively. d) Comparison of line shapes of

Pd 3d peaks after aligning peaks together and ignoring the binding energy shift

binding energy compared to that of Bi powder (156.35 eV), demonstrating electron
transfer from Bi to Pd atoms. This trend is consistent with the information from the
aspect of Pd 3d core level shift. Noticeably, different from the domination of oxides in
the case of Bi powder, the majority of Bi species exist in a metallic state for the PdBi
samples, verifying the strong interaction between Bi and Pd atoms. Besides, when the Bi
content decreases, the shifting trend toward the higher binding energy becomes more
obvious, which can be easily understood that Bi atoms have more Pd atoms surrounded in

this situation.

Another characteristic of the formation of a PdBi alloy is shown in the change of
symmetry of Pd 3d peaks. For monometallic Pd, the asymmetric line shape of Pd 3d

peaks stems from the many-body effect, which is linked to the presence of narrow
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unoccupied 4d states at the Fermi level. It has been proven that upon alloying, the charge
redistribution due to the hybridization of valence orbitals changes the valence band
structure of Pd, which may bring new features into spectroscopic properties.3” To
compare the symmetry of Pd 3d peaks, we align all peaks together for convenience, and
the binding energy shift is not taken into consideration in this situation. As shown in
Figure 5-5d, the skew many-body line shape (known as the Doniach-Sunjic line shape)
of Pd 3d peaks in the Pd cube becomes more symmetric in the PdBi samples.® To
quantitatively analyze the asymmetric parameters, CasaXPS was used to fit Pd 3d peaks
in which a Shirley background and Gaussian-Lorentzian line shape modified with an
exponential function (GL(m)T(a)) were used (see details in Supporting Information),
where m indicates the portion of Lorentzian in the Gaussian-Lorentzian function, while o
is the asymmetric parameter (a larger o has a more symmetric feature). The fitting results
are shown in Table 5-1, respectively. The asymmetric parameter, a, changes to 1.05,
1.18, and 1.62 for Pdgs gBi1.2, Pdes.9Bis.1, and Pdea 2Bis g, respectively, compared to 0.98 of
the Pd cube, which means that the line shape of Pd 3d peaks becomes more symmetric
with increasing Bi content. This observation indicates that the Pd gains d charge upon
surface alloying, in good accord with XPS core level observation. Here, we did not
consider the line shape of Bi 4f peaks because of the interference of the oxide
components. Meanwhile, there are no narrow unoccupied densities of the d state above
the Fermi level, and asymmetric peak shape is also not expected. Combining the binding
energy shift and the changes in the symmetry of the Pd 3d line shape, the XPS results

provide solid evidence for the formation of a PdBi surface alloy.

Table 5-1. XPS fitting results of Pd cube and PdBi samples.

Sample Pd 3d3, (eV) Pd 3ds;, (eV) aldl
Pd cube 339.85 334.56 0.98
PdossBi1.2 339.79 334.50 1.05
Pdos.oBis1 339.69 334.40 1.18
Pdos.2Bisg 339.65 334.36 1.62

[a] Asymmetric parameters.
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Figure 5-6. XANES spectra of PdBi samples at a) Pd Ls-edge, b) Pd K-edge, and c)
Bi Ls-edge.

In order to obtain a deeper understanding of its electronic states as well as the local
structure, X-ray absorption fine structure, including X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS), were collected at both
the Pd Ls-edge and Bi Ls-edge. Figure 5-6a shows the XANES spectra recorded in
surface-sensitive total electron yield (TEY) at the Pd Lz-edge in which the sharp peak at
the edge jump is known as a whiteline, and it arises from the transition from the Pd 2ps/»
to the narrow unoccupied states just above the Fermi level with 4dsy2 32 character (dipole
transition). The intensity of the whiteline decreases upon alloying compared to the Pd
cube. The weakened whiteline intensity indicates charge transfer to the Pd 4d state has
taken occurred in the alloys (reduction in 4d hole count just above the Fermi level). In
other words, Pd gains d charge from the less electronegative Bi. This observation is

entirely consistent with the binding energy shift and the asymmetry of the Pd 3d peaks.

5.3.5 Local structure study

To probe the local structural information, we also collected the XANES and EXAFS
spectra at Pd K-edge (Figure 5-6b). However, little change can be found in both the
XANES and EXAFS. This is because compared to the Pd Ls-edge, which is in the soft X-
ray region, the X-ray penetrates the shallow region; more important, with TEY detection,
only the surface alloy contributes. At the K-edge, however, the X-ray samples the entire
core (transmission and fluorescence yield mode). Hence, the Pd atoms in the core

dominate the signal. At the Bi Lz-edge, the absorption threshold, related to the transition
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from 2pas2 to 6s character at the Fermi level of PdBi samples, locates between that of Bi
powder and Bi»Og, indicating a different electronic state from that of Bi powder of Bi (0)
and Bi>Oz of Bi (I11) oxidation state (the inset in Figure 5-6¢). In the EXAFS region, new
emerging oscillations in the spectra suggest a change in the local environment which will
be discussed in detail in the following section. To extract the local structure information,
an arctangent background was subtracted from the EXAFS spectra, and a sinusoidal
oscillation arising from the interference of outgoing and backscattering electron waves
was obtained, in which the amplitude is element-specific while the kmax separation (the
distance between two neighboring peaks, indicated by dash lines in the Figure 5-7a) is
associated with the interatomic distance. It is found that the Bi EXAFS spectra in k space
show a similarity with that of Pd cube, but much different from that of Bi powder and
Bi>O3, which means Bi atoms in PdBi alloys adopt the Pd fcc structure. In other words, Bi
atoms diffuse into the Pd surface lattice, forming a layer of PdBi alloy without changing
the fcc crystal structure of Pd. The similarity in the Pd K edge and Bi Lz-edge EXAFS
arises from the fact that Bi is in a Pd environment with only Pd nearest neighbors.
Another finding is that the oscillations are compressed along the k range when increasing
the Bi content, i.e., shifting toward a lower k, which indicates the Bi-scatterer interatomic

distances are lengthened.

To better interpret the spectra, the (k) with k® weighting was Fourier transformed into R
space, where the peak position is associated with the radial distance between the absorber
and surrounding atoms (with a phase correction term), and the magnitude is proportional
to the coordination number of surrounding atoms (Figure 5-7b). From the perspective of
the Bi Lsz-edge, different from scattering paths in Bi powder and Bi>Os3, new peaks
emerge around 2.5 A (the blue zone in Figure 5-7b) and 5.0 A (the yellow zone in the
Figure 5-7b) for the PdBi samples. These new features have a good similarity with that
of the Pd cube. Therefore, we would propose that peaks at 2.5 and 5.0 A should be
assigned to the Bi-Pd scattering paths in the first shell and the third shell, respectively.

To substantiate this assumption, wavelet transform (WT), a parallel mathematic
transform with Fourier transform, was conducted on the EXAFS spectra, and its

advantage lies in bringing a third dimension, i.e., energy, into the system to help identify
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Figure 5-7. a) and b) are the EXAFS spectra of PdBi samples and references in k
and R space, respectively. A k® weighting is used in the Fourier transform. c) The
WT contour plots of the Bi-Pd model, Pd cube, Bi powder, and PdBi samples. A k3

weighting is used.

the atomic species of the scatterer.®® Figure 5-7¢ shows WT contour plots of PdBi
samples as well as references. Taking Pdos.gBi12 as an example, the intensity maximum
appears at k =8.92 A1, R=25A, very close to k =8.75 A1, R = 2.5 A of Bi-Pd
scattering model, but different from that of Pd-Pd and Bi-Bi scattering paths (appear at k
=995A1T R=25Aand k=10 A, R=2.85 A, respectively). Therefore, it should be
assigned to the Bi-Pd scattering path. And for all PdBi samples, the intensity maxima
locate at the same k position (Figures 5-8), which provides another solid evidence for the

formation of a PdBi surface alloy. The compressed oscillation in the k space also has a
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Figure 5-8. WT contour plots of PdBi samples and references.

reflection in the R space and WT contour as the peak or intensity maximum shifts to a
high R when increasing Bi content. This shifting trend indicates an expanded lattice

parameter after the insertion of Bi atoms, keeping in line with XRD data.

To quantitatively analyze the local structure of PdBi surface alloy, we fitted the EXAFS
spectra in R space, and the fitting results are shown in Table 5-2. All samples have a
similar Pd coordination number of around 12, and it is easy to understand that Pd in the
core contributes to the majority of the signal at the Pd K-edge. From the perspective of Bi
that provides the information on the surface alloy layer, it only contains two scattering
paths, Bi-O and Bi-Pd. The O coordination number is less than one, which should be

assigned to the trace amount of O sitting on surface Bi sites due to its oxophilicity. This is



consistent with the XPS observation of a small Bi oxide peak. Pd has a coordination

number of four to five, much less than completely coordinated Pd (CN = 12) in the fcc

phase, indicating that Bi atoms are mostly situated in the surface and subsurface layers,

significantly reducing the coordination number. The radial distances between Bi and Pd
are 2.72, 2.73, and 2.74 A for PdgggBi1.2, Pdos 9Bis1, and Pdes2Bis.g, respectively,

demonstrating that Bi atoms diffuse into Pd lattices and expand lattice parameters.

Finally, all the information points to the formation of a PdBi surface alloy with pure Pd in

the core. The introduction of Bi leads to electron-rich Pd sites due to the hybridization of

valence orbitals, and it expands the lattice parameters but keeps its original fcc phase

structure. These unique characteristics will have a profound influence on its catalytic

properties.

Table 5-2. EXAFS fitting results in R space at Pd K-edge and Bi Ls-edge.

Scattering CN[ R (A) P 6% (10° A% [ AEo (eV)
Paths
Pd cube
Pd-Pd 12 2.74 £0.05 5.68 £ 0.3 1.33+£0.3
Pdos.eBi1.2
Pd-Pd 1218+ 0.5 2.74 £0.07 571x0.2 1.33+£0.2
Bi-O 0.86x0.4 2.17£0.01 4095 6.43x0.6
Bi-Pd 439+0.2 2.72+£0.07 7.80 (fixed) 6.43+0.6
Pdos.9Biz.1
Pd-Pd 11.57+0.5 2.74 +£0.06 5.66+0.2 1.18+0.3
Bi-O 0.76 £ 0.2 2.17+0.01 400+1 6.27+0.6
Bi-Pd 493+04 2.73+0.06 7.80+0.6 6.27+0.6
Pdos.2Bis g
Pd-Pd 12.33+04 2.74 £0.05 5.96+0.2 1.02+£0.2
Bi-O 0.78+0.1 2.17+0.01 4.00 (fixed) 6.12+0.6
Bi-Pd 491+0.2 2.74 £0.05 7.80 (fixed) 6.12+0.6

[a] Coordination number. [b] Interatomic distance. [c] Debye-Waller factor. [d] Energy

deviation.
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Figure 5-9. TEM images of a) Pd/Al203, b) Pdes sBi1.2/Al203, ) Pdes.9Bis1/Al203, and
d) Pdos.2Bis.s/Al20s3, respectively. e) The FTIR spectra of PVP, y-Al203, and
Pdgs.9Biz.1/Al20s.

5.3.6  Selective hydrogenation of propyne

The catalytic properties of the as-prepared PdBi catalysts were evaluated in the selective
hydrogenation of propyne. The as-prepared PdBi nanoparticles were firstly subjected to
washing to circumvent the influence of PVP and then supported on the y-Al>O3 substrate
(Figure 5-9a-d). The Fourier-transform infrared (FTIR) spectra show that no residual
PVP was found on the surface to block the active sites (Figure 5-9¢). The catalytic
performance test of the PdBi catalysts was conducted in a fixed bed reactor with an inner
diameter of 8 mm. As shown in Figure 5-10a that the introduction of Bi can efficiently
enhance the selectivity toward propene. The propene selectivity has an upgoing trend
with the Bi content increasing, from 67.8 % for Pd/Al>,O3 to 87.4, 93.3, and 98.7% for
Pdog sBi12/Al203, Pdges 9Bis.1/Al203, and Pdgas 2Bis g/ Al203, respectively. The propyne
conversion is nearly 100 % for samples with a low Bi content (< 3.1 %). However, it
drops to 36.6 % when the Bi content reaches 5.8 %. The conversion drop is supposed to
result from the dilution effect as the higher Bi content will decrease the portion of Pd
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Figure 5-10. Catalytic performance of selective hydrogenation of propyne on
various PdBi catalysts. a) The histogram of propyne conversion, propene, and
propane selectivity over different PdBi samples. b) The histogram of propene STY
over different PdBi samples. ¢) and d) The histogram of propyne conversion,
propene and propane selectivity at different temperatures on Ptes9Biz.1/Al203 and
Pd cube/Al2Os, respectively. e) Stability test of Ptes.oBis.1/Al20z3 over 24 hours on
stream. Reaction conditions: CsHe/H2/N2 = 6/15/44 mL/min, T = 60 °C except when
investigating the influence of reaction temperature, P = 0.1 MPa and catalyst weight

=5mg.

atoms on the surface while Pd is the active site for this reaction. Given that propyne
conversion and propene selectivity have an opposite trend when changing the Bi content,
the space-time yield (STY) of propene was used to evaluate their catalytic performance
(Figure 5-10b). It is found that increasing Bi content results in a volcano shape of the
propene STY. Pdgs9Bis1/Al.03 shows the highest propene STY of 124.9 gcare-g ™ car. -h™
compared to 91.4, 117.1, and 48.9 gcare-g leat. -t for Pd/AlO3, Pdos sBi1.2/Al20s, and
Pdgs.2Bis s/Al2O3, respectively.

The degree of alkynes hydrogenation is also thermodynamically oriented.

Macroscopically, it is sensitive to the reaction temperature. To investigate the influence
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of surface alloying on the resistance toward over-hydrogenation, Pdgs 9Biz 1/Al>O3 was
evaluated in the hydrogenation of propyne at different temperatures, and Pd/Al.Oz was
used for comparison (Figures 5-10c and 5-10d). As the temperature increases from 50 to
80 °C, the propene selectivity of Pdgs.oBis.1/Al.O3 exhibits a slight decrease from 98.1 to
84 %, while a dramatic drop from 97.2 to 53.7 % takes place in the case of Pd/Al.Os,
demonstrating the significant role of Bi in suppressing over-hydrogenation. In addition to
the conversion and selectivity, the stability of catalysts is another important criterion for
choosing an efficient catalyst. Herein, the best catalyst, Pdes 9Bis.1/Al.O3, was subjected
to a 24-hour stability test on stream (Figure 5-10e). It is apparent from Figure 5-4 that
there is no noticeable drop in both propyne conversion and propene selectivity as they are
nearly constant at 98.3 % and 93.8 %, respectively, and the selectivity of over-
hydrogenation product, propane, keeps at a low value of around 6.2 %, which verifies its
good stability. Therefore, PdBi catalysts with a unique and tunable surface alloy structure

can be used as an active, selective, and stable catalyst for selective hydrogenation of

propyne.

5.3.7 Simulation results

In order to study further the impact of Bi insertion on the catalytic properties, density
functional theory (DFT) simulations were conducted based on two structure models, i.e.,
the Pd (100) and PdBi (100) surfaces (see more details in the Supporting Information).
As reported previously, the dissociative adsorption of hydrogen is closely related to the
activity of catalysts in the hydrogenation reaction.*®** As shown in Figure 5-11a, on
PdBi (100) the adsorption of hydrogen is slightly enhanced with the binding energy
decreasing from -0.443 (on Pd) to -0.490 eV (on PdBi), which indicates that the
introduction of Bi can strengthen the adsorption of surface hydrogen on Pd. The
strengthened hydrogen adsorption is of help to increase the surface coverage of hydrogen
to facilitate the following hydrogenation reaction steps. However, hydrogen atoms not
only adsorb on surface sites but also dissolve into the subsurface.*>* Indeed, those bulk
dissolved hydrogen species are more energetic and can hydrogenate surface adsorbates
upon migrating to the surface, blamed for the over-hydrogenation.** To monitor the

hydrogen adsorption behavior, hydrogen temperature-programed desorption (H2-TPD)
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Figure 5-11. a) DFT simulations of dissociative adsorption energy of hydrogen and
adsorption energy of propene on Pd (100) and PdBi (100) surfaces, respectively. b)
H2-TPD curves of Pd cube and PdBi samples. Energy profile of the first
hydrogenation step c) and the second hydrogenation step d) on Pd (100) and PdBi
(100) surfaces, respectively.

was performed on Pd cube and PdBi nanoparticles. As shown in Figure 5-11b, hydrogen
desorption at low temperature (< 150 °C), assigned to the surface adsorbed hydrogen,*
has little change after Bi insertion. Peaks in the range of 200 to 650 °C should be assigned
to hydrogen species dissolved into subsurface layers.*®4” Those peaks diminish in
intensity and shift to a relatively lower temperature compared to that of the Pd cube,
which indicates that Bi can efficiently suppress the formation of saturated -hydrides in

subsurface layers and is beneficial to the selectivity toward propene.

The adsorption strength of propene is another factor that determines the degree of
hydrogenation. DFT simulation illustrates that the adsorption energy of propene on the
PdBi surface is -1.285 eV, which is 0.104 eV weaker than that on the pure Pd surface (-

1.389 eV, Figure 5-11a), demonstrating that propene can be much easier to desorb from
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the surface without subjecting to further hydrogenation. We also simulated the energy
profiles of the step-by-step hydrogenation process from propyne to propane to evaluate
the effect of inserted Bi on preventing the over-hydrogenation, in which chemical
formulas are used to represent the intermediates for convenience and the star (*) means
an adsorbed state. It should be noted that the C3H4 on the PdBi surface is much easier to
get the first H and hydrogenated to *CsHs (Figure 5-11c). However, it becomes harder
for the *CsHe to get the second H in the formation of *C3Hyz, even though the following
step from *CzHy to *C3zHg is more favorable compared to Pd (100) surface (Figure 5-
11d). Thus, we can safely conclude that the hydrogenation process on the PdBi surface is
prone to halt at the *CsHs state, releasing CsHe molecules subsequently, which is in good

agreement with the aforementioned experimental observations.

5.4 Conclusions

In summary, we arrive at a PdBi surface alloy structure model by tuning the deposition
rate of Bi atoms relative to the atomic interdiffusion rate at the interface. The electronic
structure of Pd can be continuously tuned by varying the Bi content in the PdBi alloy,
which provides a good platform for systematically analyzing the electronic properties of
bimetallic catalysts and underlies the optimization of their catalytic performance. In the
selective hydrogenation of propyne, the optimal catalyst exhibits a STY yield of 124.9
gesne g leat. -2, which is superior to the Pd counterpart, and has a good stability over a
24-hour on-stream test. Practical experiments and theoretical simulations unveil that the
insertion of Bi atoms can slightly enhance the H adsorption on the surface but suppress
the formation of saturated 3-hydrides in the subsurface layers; in the meanwhile, it also
weakens the adsorption strength of propene, both contributing to the high propene
selectivity. Through careful matching synchrotron capabilities with scientific issues, we
have succeeded in determining the structure and electronic properties of the surface PdBi
alloy and the bulk Pd in a core-shell structure. This work deepens the understanding of
the surface alloy structure and offers new opportunities for the rational design of

bimetallic catalysts.
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Chapter 6

6  Conclusions and Future Work

6.1 Conclusions

This thesis investigates approaches to modifying the surface structure of noble metal-
based nanocatalysts. In heterogeneous catalysis, noble metal-based catalysts surfer from
the high-cost issue and unsatisfied catalytic performance. Alloying noble metals with
cheap metals is one of the solutions to these issues. In this thesis, we use Bi to modify the
surface structures of Pt and Pd nanocatalysts. We aim to unveil the role of Bi in
improving the catalytic performance of noble metal catalysts both experimentally and

theoretically.

In methanol electrooxidation reaction, Pt-based electrocatalysts suffer from the CO-
poisoning issue due to the strong intrinsic adsorption of CO at Pt active sites. To alleviate
the CO-poisoning effect, Bi was used to modify the Pt catalysts through an
electrochemical reconstruction strategy (Chapter 3). It was found that the bismuth
hydroxide species formed on the Pt surface can efficiently weaken the CO adsorption
while strengthening the OH adsorption at Pt sites. Following this finding, a PtBi model
catalyst with a PtBi surface alloy and a Pt-rich core was contrived to further study the
roles of Bi in improving the methanol electrooxidation of Pt (Chapter 4). Combining
electrochemistry and spectroscopy characterizations, we found that Bi-modified Pt
catalysts can completely inhibit the CO-pathway while enhancing the formate-pathway,
thereby circumventing the CO-poisoning. More importantly, we have successfully
extended this concept to modify the commercial Pt/C catalyst and realize its facile and
large-scale production by a microwave-assisted method. This work deepens the
understanding of the CO-poisoning issue and offers new opportunities for the design and

practical production of CO-tolerance electrocatalysts in an industrial orientation

In selective hydrogenation of propyne, the over-hydrogenation occurring on Pd catalysts
is blamed for the poor selectivity toward propene. In Chapter 5, a PdBi surface alloy
structural model, by tuning the deposition rate of Bi atoms relative to the atomic
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interdiffusion rate at the interface, realizes a continuous modulation of the electronic
structure of Pd. Using advanced X-ray characterization techniques, we provide a precise
depiction of the electronic structure of the PdBi surface alloy. As a result, the PdBi
catalysts show enhanced propene selectivity compared with the pure Pd catalyst in the
selective hydrogenation of propyne. The prevented formation of saturated B-hydrides in
the subsurface layers and weakened propene adsorption on the surface contribute to the
high selectivity. This work emphasizes the in-depth understanding of the electronic
properties of surface alloy structure and underlies the study of the electronic structure-

performance relationship in bimetallic catalysts.

6.2 Future work

Even though extensive work has been focused on the modification of noble metal
nanocatalysts and achieves substantial improvements in their catalytic performance,
large-scale industrial production is still the biggest obstacle to their widespread
applications. From the perspective of cost, it will save a lot by directly modifying
presently available commercial catalysts compared to designing new catalysts because
there is no necessity to install production equipment again. The surface alloy strategy
proposed in this thesis offers opportunities for the large-scale modification of commercial
noble metal catalysts, especially with a microwave-assisted method. It is not only
applicable to Bi, but can also be extended to other metals, such as Fe, Co, Ni, and Cu,

thereby meeting the requirements of different reaction systems.

The successful commercialization of electrocatalysts depends on their performance in
real working conditions. Therefore, assembling the full cell is necessary to determine
whether the catalysts are suitable for practical applications. The surface alloy concept
with a microwave-assisted synthesis method guarantees the facile and large-scale
production of catalysts, making it possible to assemble the full cell from the aspect of the
required catalyst amount. While this thesis mainly focuses on the fundamental study
based on model catalysts, the underlying principles elucidated and strategies developed

herein will certainly facilitate their future practical applications.
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