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observed. The pressure behavior of all these modes, which are associated with Li-O 

stretching vibrations, suggest instability of Li-O lattice possibly due to the lattice 

defect in LTO-2. LTO-2 was also found to go to a disordered or an amorphous state at 

similar pressure above 20 GPa as indicated by broadened featureless Raman profile. 

Upon decompression, when the pressure was released to 0.1 GPa, three peaks (F2g(1), 

Eg, A1g) of LTO-2 were mostly recovered with modifications in intensity whereas the 

minor bands in the region of 300-425 cm-1 for LTO-2 were not recovered. Since all 

non-recovered bands in LTO-2 are believed to be associated with vibrations of 

disordered Li-O tetrahedrons, clearly these defect sites do not sustain external stress at 

this level and thus have been substantially modified by compression. 

0 2 4 6 8 10 12 14 16
200

400

600

A1g (LTO-2)

Eg(LTO-2)

F2g(2)(LTO-2)

F2g(LTO-1)

R
am

an
 S

hi
ft 

(c
m

-1
)

Pressure (GPa)

F2g(1)(LTO-2)

Eg(LTO-1)

A1g(LTO-1)

Figure 3-4 Pressure dependence of Raman active mode frequencies of LTO-1 (F2g, Eg, 

A1g) and LTO-2 (F2g (1), F2g (2), Eg, A1g) upon compression. 
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Table 3-1 Observed Raman active modes of Li4Ti5O12 nanostructures and their pressure 
dependence 

LTO-1                          LTO-2 

Raman shifts 

(cm-1) 

Raman shifts 

(cm-1) 

Pressure 

(GPa) 

F2g     Eg     A1g 

Pressure 

(GPa) 

F2g(1)   F2g(2)    Eg       A1g 

0.1 

1.5 

3.6 

5.8 

8.0 

10.1 

 

222.5 

225.8 

226.9 

228.4 

 

425.3 

436.7 

440.6 

446.1 

453.9 

455.2 

 

665.7 

668.6 

677.1 

681.6 

688.8 

695.3 

 

0.1 

1.5 

4.8 

7.3 

9.4 

10.8 

12.7 

248.1 

252.3 

264.5 

346.8 

351.2 

363.8 

371.4 

450.9 

457.3 

472.3 

485.2 

492.7 

495.8 

499.1 

687.4 

691.6 

707.7 

718.5 

724.8 

729.1 

736.6 

 

3.3.2 Synchrotron XRD results of nanostructured Li4Ti5O12 

upon compression and decompression 

3.3.2.1 Nanoflower-like spheres Li4Ti5O12 (LTO-1) 

Selected XRD patterns for LTO-1 are depicted in Figure 3-5. In situ high-pressure 

XRD measurements were performed up to 27.1 GPa. All four reflections at the near 

ambient pressure can be indexed to spinel-type Li4Ti5O12. At the starting pressure of 

near ambient, by using Rietveld refinement (Figure 3-6 a), unit cell parameter a = 

8.2666 Å was obtained, consistent with the value of Li4Ti5O12 reference materials 

(JCPDS No. 49-0207).38 As seen in Figure 3-5, all the reflections of LTO-1 shifted 

to higher 2θ angle with increasing pressure, indicating a pressure-induced reduction 
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of d-spacing or shrinkage of unit cells. Upon compression, the reflections become 

generally broadened and weakened, such that only the primary reflection of (111) 

can be observed at highest pressure of 27.1 GPa (see Figure 3-6 b). These 

observations suggest that LTO-1 maintains its crystal structure but with reduced 

crystallinity. Upon decompression, this (1 1 1) reflection obviously shifted to lower 

2θ angle, indicating expanding of the unit cells. When the pressure was released to 

0.2 GPa (as seen in Figure 3-6 c), all three diffraction peaks of cubic Li4Ti5O12 are 

observed again which suggests this structural change is mostly reversible. By using 

Rietveld refinement, the unite cell parameter of recovered LTO-1 was found to be a 

= 8.2711 Å, close to the value of LTO-1 before compression (a = 8.2666 Å).  
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Figure 3-5 Selected X-ray diffraction patterns for LTO-1 upon compression and 

decompression. The red and blue arrows indicate the compression and decompression 

sequence, respectively. 
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Figure 3-6 Rietveld refinement of LTO-1 XRD patterns at (a) 0.1 GPa, (b) 27.1 GPa 

upon compression and (c) 0.2 GPa upon decompression. The red cross is experimental 

X-ray intensity, whereas the green solid line is the calculated diffraction pattern based 

on refinement with the black curve at the bottom showing the difference between the 

calculated and observed intensities. The vertical bars with different color indicate the 

characteristic reflections of spinel-type phase. 

3.3.2.2 Nanoparticles Li4Ti5O12 (LTO-2) 

The pressure evolution of the XRD patterns for LTO-2 is shown in Figure 3-7. 

Reflections that are not associated with Li4Ti5O12 structure may be from impurities. 

At the starting pressure of near ambient, by using Rietveld refinement (Appendix II), 

unit cell parameter a = 8.3071 Å was obtained, consistent with the value of 

spinel-type Li4Ti5O12 materials (JCPDS No. 49-0207). Similar to LTO-1, all 

diffraction peaks are shifted to higher 2θ angle with increasing pressure. Reflections 

of (5 1 1) and (4 4 0) disappeared at 18.6 GPa. However, another reflections of (1 1 
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1), (3 1 1) and (4 0 0) are still observable up to 26.3 GPa with significantly broaden 

profile and weak intensity, which indicates LTO-2 is in disordered phase up to this 

pressure. Upon decompression, the first reflection of (1 1 1) can be gradually 

observed with increasing intensity and this reflection is stable after release the 

pressure to 0.5 GPa. However, other reflections of spinel structure LTO-2 are 

difficult to observe, indicating this structure is partially recovered. Unite cell 

parameters and volumes of LTO-1 and LTO-2 upon compression at different 

pressures are reported in Table 3-2. 

Table 3-2 Unit cell parameters and volumes of nanostructured Li4Ti5O12. 

 

LTO-1 LTO-2 

Pressure 

(GPa) 

Cell parameter  

(Å) 

Cell volume 

(Å3) 

Pressure 

(GPa) 

Cell parameter 

(Å) 

Cell volume 

(Å3) 

0.1 

2.3 

4.9 

8.1 

10.7 

12.5 

14.3 

16.2 

8.34 

8.29 

8.25 

8.20 

8.15 

8.14 

8.06 

8.06 

581.98 

570.64 

563.41 

551.75 

543.07 

540.88 

524.89 

523.72 

1.3 

2.7 

6.4 

9.3 

11.1 

13.9 

16.2 

18.7 

8.33 

8.33 

8.25 

8.21 

8.17 

8.15 

8.14 

8.11 

579.03 

578.13 

563.07 

554.61 

547.25 

541.74 

539.55 

534.76 
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Figure 3-7 Selected X-ray diffraction patterns for LTO-2 upon compression and 

decompression. The red and blue arrows indicate the compression and decompression 

sequence, respectively. 
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3.3.3 Discussion  

The reversibility of pressure effect on crystal structures provides important 

information on transformation mechanism.27 Here, both Raman and XRD results 

suggesting that the structures change of LTO-1 and LTO-2 upon compression are 

reversible but with different reversibility. Three obvious reflections can be observed 

at the recovered XRD pattern of LTO-1 while reflections of LTO-2 at the recovered 

XRD pattern are significantly broaden, indicating that pressure-induced structural 

modification of LTO-1 is more reversible than LTO-2. From XRD data, we can also 

observe that recovered LTO-1 has higher crystallinity than that of LTO-2. 

Interestingly, the electrochemical studies of these two LTO samples show that LTO-1 

also has better reversibility and cycling performance than LTO-2 possibly due to a 

larger contact area between electrode and electrolyte in LTO-1, which is beneficial for 

the Li+ exchange.17  

Morphology changes of LTO-1 and LTO-2 after the compression and decompression 

were also characterized by SEM (Figure 3-1 c and d). After high-pressure 

experiments, the morphology of nanoflower-like sphere (Figure 3-1c) exhibited 

dramatically change and the previous flower-like form was no longer observable. 

However, the nanoparticles morphology is still recognizable after decompression 

(Figure 3-1 d). Such preserved particle morphology together with the larger bulk 

modulus (discuss below) implies the higher toughness of the nanoparticles Li4Ti5O12 

(i.e., LTO-2). 

The evolution of the lattice parameter and unit cell volume of both LTO-1 and LTO-2 

samples with pressure were obtained from the structural refinement of the diffraction 

patterns. Figure 3-8 shows the pressure-dependent variations of relative lattice 

parameters for LTO-1 and LTO-2 as a comparison. As shown in Figure 3-8, the 

normalized unit cell parameter in the form of a/a0 ratio for both LTO-1 and LTO-2 

decreased with increasing pressure.  
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Figure 3-8 Cell parameter ratio (a/a0) as a function of pressure for LTO-1 and LTO-2. 

Solid lines are only for eye guidance.   

In addition, the pressure volume data of the various phases have been fitted to Birch 

equation of state (EOS):39 
 

P/B0 = 3/2(x7/3－x5/3) [1＋3/4(B’0－4) (x2/3－1)]  (3.1) 
 

Where x = V0/V, V being the volume at pressure P and V0 is the zero-pressure volume. 

The constants B0 and B’0 are the isothermal bulk modulus and its pressure derivative, 

respectively. Both parameters are evaluated at zero pressure. They are calculated from 

the fit to the equation of state by a least-squares method. The equations of state for 

LTO-1 and LTO-2 upon compression are shown in Figure 3-9. By fitting the third 

order Birch-Murnaghan equation of state, the bulk moduli (B0) of these two LTO 

samples were determined to be 123 GPa (LTO-1) and 167 GPa (LTO-2) with the first 

derivative (B’0) being fixed at 4. Evidently, both the unit cell parameters and EOS 

suggest that nanoflower-like Li4Ti5O12 spheres is more compressible than Li4Ti5O12 

nanoparticles. The morphology dependent variation of bulk modulus has been 
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reported in other high-pressure studies of nanomaterials before. It is the general 

understanding that the surface energy associated with different nanostructures may 

play a major role in influencing the compressibility of the materials. In particular, 

reduced dimensions and enhanced surface areas may results in the elevation of bulk 

modulus, such as observed in TiO2,24 ZnO,30 SnO2,26 etc., which all exhibit larger 

bulk modulus (i.e., lower compressibility) than the corresponding bulk materials. 

Therefore, we can speculate that the bulk modulus of bulk LTO materials will be 

lower compared to nanostructured LTO materials in the current study. 
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Figure 3-9 Normalized unit cell volume (V/V0) as a function of pressure derived from 

structural refinement of X-ray diffraction patterns for LTO-1 (open square) and LTO-2 

(solid square), and the corresponding equation of state (red and blue solid lines, 

respectively). The green solid line denotes the equation of state for Li0.75(TiO2) 

nanotubes derived from Ref. 21.  

Prior to the current high-pressure study, it has been reported nanostructured LTO has 

an improved performance than bulk materials in the LIB applications.11 Moreover, 
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LTO-1 exhibited a substantially higher discharge capacity than LTO-2.17 Thus it is of 

fundamental interest to understand the origin of the difference and correlation 

between the performance in LIB operations and their high-pressure behaviors of the 

two morphologies of LTO materials. As mentioned before, the lattice strain plays an 

important role during lithium intercalation/deintercalation processes.5 The lattice 

strain, however, may vary substantially as a function of grain size and morphology. 

Ouyang et al.40 recently established atomistic origin of the lattice strain in 

nanostructured materials. In particular, it was found that the lattice strain has a 

positive correlation with bulk modulus, i.e., larger lattice strain with increasing bulk 

modulus. Based on this relationship, we can infer that LTO-2 as nanoparticles has a 

larger intrinsic lattice strain than that of LTO-1, nanoflowers, consistent with the 

observation of the better performance of LTO-1 in LIB operations. We note that 

reduced dimension such as from bulk to nanostructures often includes larger lattice 

stain, which is unfavorable for the lithium intercalation/deintercalation. However, the 

enhanced surface area of the nanostructures outweighs the negative impact of lattice 

strain in LTO-1, whereas in LTO-2, lattice strain is the dominant factor for the 

performance in the LIB operations.  

In addition, Xiong et al.21 established that the lattice stability may have strong 

implications in the long-term operation of Li-ion batteries. In their recent 

high-pressure study of lithiated cubic titania (c-TiO2) nanotube Lix(TiO2) with 

compositional variations where x ranges from 0 and 1, a vacancy filling mechanism 

was invoked to interpret the structural stability by means of application of applied 

pressure that drives the interstitial Li+ to the cation vacancy of oxide polyhedrons. 

Specially, it was found that pure cubic TiO2 (with the same spinel structure as 

Li4Ti5O12) undergoes a pressure induced amorphization at only 17.5 GPa, whereas 

lithiated TiO2 structures with liathiation ratio of 0.5, 0.75 and 1.0 all sustained high 

compression and remained crystalline at pressures even over 50 GPa. The molecular 

dynamic simulations further reveals that the 75% lithiated cubic TiO2 (a unique 

lithium concentration) exists in a two-phase mixture of crystalline and amorphous 
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phase at high pressures > 35 GPa. Our results of LTO-1 are in excellent agreement 

with that of Xiong’s in that 1) Li4Ti5O12 can be considered a liathiation ratio of 4/5 or 

80%, closer to 75% lithiated cubic TiO2; and that 2) LTO-1 also remains crystalline at 

the highest pressure, but with pressure-induced disordering and partial reversibility 

upon decompression. Moreover, the slightly lower bulk modulus for 75% lithiated 

cubic TiO2 (i.e., ～100 GPa) in excellent alignment with those for LTO-1 and LTO-2 

obtained in this study. The relative order of the compressibility, i.e., (Li0.75TiO2> 

LTO-1> LTO-2 as shown in Fig. 3-9) also suggests the same order of available lattice 

vacancy that allows additional Li ion intake and occupation of the interstitial sites by 

diffusion, an essential process for LIB operation. Although having the same Li/Ti 

ratio as LTO-1, the lattice defect and intrinsic local disorder of LTO-2, on the other 

hand, shows a poor structural stability and reversibility. These analyses not only 

interpreted the better performance and durability of LTO-1 than LTO-2, but 

extrapolated that lithiatiated c-TiO2 could be made a slightly improved anode material 

with performance even better than LTO-1. Overall, this study established an 

important guideline that the combination of multiple factors including the surface area, 

lattice strain, local defect and disorderness, available vacancies, and ultimately the 

lattice stability must be considered comprehensively together in the design of new 

nanostructured electrode materials in the future. 

3.4 Conclusions 

In summary, two different morphologies of nanostructured Li4Ti5O12 materials, i.e., 

nanoflower-like sphere (LTO-1) and nanoparticles (LTO-2) were investigated under 

high pressure using in situ Raman spectroscopy and synchrotron X-ray diffraction. No 

phase transformations other than pressure-induced structural disordering were 

observed in both samples. Both the Raman and diffraction measurements suggest that 

reversibility of the structural changes of LTO-1 is substantially higher than LTO-2. 

Structural refinement of the diffraction patterns allows the analysis of equation of 

states of both materials by yielding the respective bulk modulus of 123 GPa and 167 
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GPa, indicating morphology dependent compressibilities of nanostructured Li4Ti5O12. 

Moreover, the higher compressibility of LTO-1 than LTO-2 was examined in 

comparison with other nanostructured lithium titanium dioxide. The difference in 

compressibility and reversibility suggest different lattice vacancies and structural 

stabilities between the two different LTO nanostructures. Based on the positive 

correlation between lattice strains with bulk modulus, it can be inferred that LTO-2 

has a larger intrinsic lattice strain than that of LTO-1. All these analysis consistently 

interpret the observation of the better performance of LTO-1 that LTO-2 in LIB 

operations reported previously. Our study thus contributes to the design of new 

nanostructured anode materials by providing a practical guideline by considering 

multiple combined factors that may influence that their performance in the LIB 

operations. 

3.5 References 

(1) Armand, M.; Tarascon, J. M. Nature 2008, 451, 652. 

(2) Tarascon, J. M.; Armand, M. Nature 2001, 414, 359. 

(3) Kang, K. S.; Meng, Y. S.; Breger, J.; Grey, C. P.; Ceder, G. Science 2006, 311, 

977. 

(4) Winter, M.; Besenhard, J. O.; Spahr, M. E.; Novak, P. Adv. Mater. 1998, 10, 725. 

(5) Etacheri, V.; Marom, R.; Elazari, R.; Salitra, G.; Aurbach, D. Energy Environ. Sci. 

2011, 4, 3243. 

(6) Kaskhedikar, N. A.; Maier, J. Adv. Mater. 2009, 21, 2664. 

(7) Arora, P.; White, R. E.; Doyle, M. J. Electrochem. Soc. 1998, 145, 3647. 

(8) Ferg, E.; Gummow, R. J.; Dekock, A.; Thackeray, M. M. J. Electrochem. Soc. 

1994, 141, L147. 

(9) Zaghib, K.; Armand, M.; Gauthier, M. J. Electrochem. Soc. 1998, 145, 3135. 

(10) Liu, P.; Sherman, E.; Verbrugge, M. J. Solid State Electrochem. 2010, 14, 585. 

(11) Yi, T. F.; Yang, S. Y.; Xie, Y. J. Mater. Chem. A 2015, 3, 5750. 



89 

(12) Wu, N.; Yang, Z. Z.; Yao, H. R.; Yin, Y. X.; Gu, L.; Guo, Y. G. Angew. 

Chem.-Int. Edit. 2015, 54, 5757. 

(13) Haridas, A. K.; Sharma, C. S.; Rao, T. N. Small 2015, 11, 290. 

(14) Lu, X.; Gu, L.; Hu, Y. S.; Chiu, H. C.; Li, H.; Demopoulos, G. P.; Chen, L. Q. J. 

Am. Chem. Soc. 2015, 137, 1581. 

(15) Amine, K.; Belharouak, I.; Chen, Z. H.; Tran, T.; Yumoto, H.; Ota, N.; Myung, S. 

T.; Sun, Y. K. Adv. Mater. 2010, 22, 3052. 

(16) Komarneni, S.; Rajha, R. K.; Katsuki, H. Mater. Chem. Phys. 1999, 61, 50. 

(17) Liu, J.; Li, X. F.; Yang, J. L.; Geng, D. S.; Li, Y. L.; Wang, D. N.; Li, R. Y.; Sun, 

X. L.; Cai, M.; Verbrugge, M. W. Electrochim. Acta 2012, 63, 100. 

(18) Schmidt, W.; Bottke, P.; Sternad, M.; Gollob, P.; Hennige, V.; Wilkening, M. 

Chem. Mat. 2015, 27, 1740. 

(19) Knyazev, A. V.; Smirnova, N. N.; Maczka, M.; Knyazeva, S. S.; Letyanina, I. A. 

Thermochim. Acta 2013, 559, 40. 

(20) Leonidov, I. A.; Leonidova, O. N.; Perelyaeva, L. A.; Samigullina, R. F.; 

Kovyazina, S. A.; Patrakeev, M. V. Phys. Solid State 2003, 45, 2183. 

(21) Xiong, H.; Yildirim, H.; Podsiadlo, P.; Zhang, J.; Prakapenka, V. B.; Greeley, J. 

P.; Shevchenko, E. V.; Zhuravlev, K. K.; Tkachev, S.; Sankaranarayanan, S.; Rajh, T. 

Phys. Rev. Lett. 2013, 110. 

(22)Wang, Y. H.; Lu, X. J.; Yang, W. G.; Wen, T.; Yang, L. X.; Ren, X. T.; Wang, L.; 

Lin, Z. S.; Zhao, Y. S. J. Am. Chem. Soc. 2015, 137, 11144. 

(23) Lin, Y.; Yang, Y.; Ma, H. W.; Cui, Y.; Mao, W. L. J. Phys. Chem. C 2011, 115, 

9844. 

(24) Dong, Z. H.; Song, Y. Can. J. Chem. 2015, 93, 165. 

(25) Dong, Z. H.; Song, Y. Appl. Phys. Lett. 2010, 96. 

(26) Dong, Z. H.; Song, Y. Chem. Phys. Lett. 2009, 480, 90. 

(27) San-Miguel, A. Chem. Soc. Rev. 2006, 35, 876. 

(28) Lu, X. J.; Yang, W. G.; Quan, Z. W.; Lin, T. Q.; Bai, L. G.; Wang, L.; Huang, F. 

Q.; Zhao, Y. S. J. Am. Chem. Soc. 2014, 136, 419. 

(29) Dong, Z. H.; Song, Y. J. Phys. Chem. C 2010, 114, 1782. 



90 

(30) Dong, Z. H.; Zhuravlev, K. K.; Morin, S. A.; Li, L. S.; Jin, S.; Song, Y. J. Phys. 

Chem. C 2012, 116, 2102. 

(31) Fell, C. R.; Lee, D. H.; Meng, Y. S.; Gallardo-Amores, J. M.; Moran, E.; 

Arroyo-de Dompablo, M. E. Energy Environ. Sci. 2012, 5, 6214. 

(32)Yoncheva, M.; Stoyanova, R.; Zhecheva, E.; Alcantara, R.; Ortiz, G.; Tirado, J. L. 

J. Solid State Chem. 2007, 180, 1816. 

(33) Gallardo-Amores, J. M.; Biskup, N.; Amador, U.; Persson, K.; Ceder, G.; Moran, 

E.; Arroyo, M. E.; de Dompablo, M. Chem. Mat. 2007, 19, 5262. 

(34) Garcia-Moreno, O.; Alvarez-Vega, M.; Garcia-Alvarado, F.; Garcia-Jaca, J.; 

Gallardo-Amores, J. M.; Sanjuan, M. L.; Amador, U. Chem. Mat. 2001, 13, 1570. 

(35) Voss, B.; Nordmann, J.; Kockmann, A.; Piezonka, J.; Haase, M.; Taffa, D. H.; 

Walder, L. Chem. Mat. 2012, 24, 633. 

(36) Aldon, L.; Kubiak, P.; Womes, M.; Jumas, J. C.; Olivier-Fourcade, J.; Tirado, J. 

L.; Corredor, J. I.; Vicente, C. P. Chem. Mat. 2004, 16, 5721. 

(37) Kellerman, D. G.; Gorshkov, V. S.; Shalaeva, E. V.; Tsaryev, B. A.; Vovkotrub, 

E. G. Solid State Sci. 2012, 14, 72. 

(38) Fang, W.; Ma, Y. L.; Zuo, P. J.; Cheng, X. Q.; Yin, G. P. Int. J. Electrochem. Sci. 

2013, 8, 1949. 

(39) Jung, J. H.; Kobayashi, H.; van Bommel, K. J. C.; Shinkai, S.; Shimizu, T. Chem. 

Mat. 2002, 14, 1445. 

(40) Ouyang, G.; Zhu, W. G.; Sun, C. Q.; Zhu, Z. M.; Liao, S. Z. Phys. Chem. Chem. 

Phys. 2010, 12, 1543. 

 

 

 

 



 91 

Chapter 4 Summary and Future work 

4.1 Summary 

In recent year, high-pressure study of nanomaterials has attracted increasing attentions. 

Many outstanding issues, such as phase transition sequence, phase transition pressure, 

high pressure phases, compressibility, systematic understanding of morphology and 

size effect have been reported for various nanomaterials. Among all nanomaterials, 

TiO2 is the most studied one due to its wide applications. The chemical and physical 

properties of TiO2 nanomaterials have been extensively studied. However, the basic 

properties of nanostructured TiO2 in different crystal phases and morphologies using 

different synthesis methods, which are closely related to its applications, are not yet 

fully understood. Another titania based nanomaterial, Li4Ti5O12, as a potential anode 

material for lithium-ion batteries also attracting research attention in recent year 

because it shows a number of improved characteristics compared with carbon-based 

anode materials. Therefore, in this thesis, TiO2 and Li4Ti5O12 nanomaterials were 

studied under high pressure using in situ Raman spectroscopy and synchrotron X-ray 

diffraction.  

In Chapter 2, four 1D rutile TiO2 nanomaterials (i.e. nanowires, nanorods, flower-like 

nanorods and nanotubes) were synthesized by FTO based hydrothermal method were 

studied under high pressure for the first time. A new morphology of flower-like 

nanorods was the first time obtained by this method. The phase transition sequence of 

these four 1D rutile TiO2 nanomaterials is consistent with previous study: underwent a 

transition from rutile to baddeleyite phase upon compression and baddeleyite to 

α-PbO2 phase upon decompression. However, nanotubes show the highest phase 

transition pressure of 20.8 GPa which may be due to its high specific surface area. 

Interestingly, a unique phase transition phenomenon was observed for nanowires as 

rutile phase maintained in the whole compression and decompression processes which 

has never been reported on TiO2 nanomaterials before. Moreover, the study of 

compressibility of unite cell along a axis and c axis shows that a axis has higher 
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compressibility than c axis. In addition, a relatively low bulk modulus of TiO2 

nanotubes was found indicating that among these 1D rutile TiO2 nanomaterials, 

nanotubes has the highest compressibility. All observed behaviours mentioned above 

may be attributed to the special 1D morphologies which lead to morphology-tuned 

high-pressure behaviours.  

In Chapter 3, nanoflower-like spheres Li4Ti5O12 (LTO-1) and nanoparticles Li4Ti5O12 

(LTO-2) synthesized by microwave-assisted hydrothermal methods were investigated 

under high pressure for the first time. In this study, two LTO samples show some 

special high-pressure behaviours: (1) no phase transformations were observed up to 

27.1 GPa for LTO-1 and 26.3 GPa for LTO-2, indicating high structure stability of 

these two nanomaterials; (2) LTO-1 shows higher reversibility and crystallinity than 

LTO-2; (3) LTO-2 (167 GPa) has a much higher bulk modulus than LTO-1 (123 GPa) 

which indicates a morphology-induced alteration of bulk modulus; (4) Based on 

previous study of lattice strain has a positive correlation with bulk modulus, we can 

infer that LTO-2 has a larger intrinsic lattice strain than that of LTO-1, consistent with 

the observation of the better performance of LTO-1 in LIB operations; (5) Higher 

compressibility of LTO-1 than LTO-2 was examined in comparison with other 

nanostructured lithium titanium dioxide suggest higher lattice vacancies and structural 

stabilities of LTO-1, also consistent with the observation of higher capacity of LTO-1 

than LTO-2 in LIB operations. This study shows that multiple factors including the 

lattice strain, lattice vacancy and surface area must be considered together in the 

design of new nanostructured electrode materials in the future.  

4.2 Future work 

By finishing this thesis, we have obtained many structure information of 

nanostructured TiO2 and Li4Ti5O12 under high pressure. However, there are still some 

work needs to be done in the future. 
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For Chapter 2, the high-pressure behaviours of anatase nanostructured TiO2 is well 

studied under high pressure. Compared with anatase TiO2, lots work still needs to be 

done for ruitle phase TiO2. For example, in most cases, the size and morphology 

effects on high-pressure coexist; which one plays the dominant roles in phase 

transition is not clear yet. To solve these problems, further studies can focus on the 

high-pressure studies of 1D TiO2 nanomaterials with different size and different 

crystal growth orientation. In addition to pure TiO2 nanomaterials, investigating some 

other composite such as doped- TiO2 nanomaterials are also be of great interest as ion 

doping is an effective way to improve its applications in energy conversion and 

storage. The comparison study of the designed TiO2 and its corresponding pure phase 

under high pressure is of great interest.1-3 For example, Lu et al.4 recently reported the 

Nb-doped anatase TiO2 nanoparticles under high pressure show a significant 

enhancement in electron transport properties of the pressure-treated TiO2 in 

comparison to the pristine anatase phase. 

For Chapter 3, Li4Ti5O12 nanomaterials are the first time studied under high pressure. 

In order to further study the size- and morphology- effect on the high pressure 

behaviors of Li4Ti5O12 nanomaterials, more samples with different morphologies are 

needed to investigate under high pressure.  
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Appendix I Data analysis methods 

A 1.1 FIT2D 

FIT2D is a one and two dimensional data analysis program which is mostly be used 

on European Synchrotron Research Facility beam lines and lots of crystallography 

groups all over the world. FIT2D is widely used for both interactive and “batch” data 

processing, and is used for various purposes by many user communities. In this thesis, 

FIT2D is used to process the X-ray diffraction (XRD) data collected by MAR 

detector. 

By using FIT2D, two dimensional XRD data which collected as Debye-Scherrer rings 

can be integrated into one dimensional profile with 2θ or radial direction. This 

provides a number of different output configurations. For instance, a number of 

different 2θ scans, for different azimuth ranges, a one dimensional profile of intensity 

of a ring as a function of azimuth, or a polar transform of the data can be obtained. 

Moreover, there are also different options of the output formats, which include GSAS 

formats, Cerius formats, as well as ASCII format. In the following, the GSAS format 

will be used in the Rietveld refinement analysis.  
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                        
 Website:http://www.esrf.eu/computing/scientific/FIT2D/ 
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A 1.2 Rietveld refinement method 

Rietveld refinement method is developed by Hugo Rietveld for use in the 

characterization of crystalline materials. The principle of Rietveld refinement is to 

refine a calculated line profile by a least squares method and make the calculated line 

fits the observed profiles. The height, width and position of peaks in neutron or X-ray 

diffraction can provide us lots of information of the materials’ structures, such as the 

unit cell parameters, positions of atoms, etc.  

Many programs can be used to process Rietveld refinement, such as GSAS + 

EXPGUI, Fullprof and PowderCel, which can be freely downloaded from internet. 

There are also many commercial programs are available, such as MDI Jade and 

Bruker TOPAS. In this thesis, the GSAS + EXPGUI program is used to process all 

the refinements.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                        
 Website:http://www.ccp14.ac.uk/ccp/web-mirrors/lutterotti/~luttero/laboratoriomateriali/Rietveld.pdf 
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Appendix II Selected Rietveld refinements for 1D rutile TiO2 

nanomaterials 
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Figure A1 Rietveld refinement of XRD pattern for rutile TiO2 nanowires at (a) 5.2 GPa, 

(b) 19.3 GPa and (c) 25.1 GPa upon compression. The red cross is experimental X-ray 

intensity, whereas the green solid line is the calculated diffraction pattern based on 

refinement with the black curve at the bottom showing the difference between the calculated 

and observed intensities. The vertical bars with different colors indicate the characteristic 

reflections of different phases. 
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Table A1 Unit cell parameters of three phases for rutile TiO2 nanowires. 

Rutile phase Baddeleyite phase α-PbO2 phase 
P (GPa) a = b (Å) c (Å) P (GPa) a (Å) b (Å) c (Å) β (º) P (GPa) a (Å) b (Å) c (Å) 

1.0 4.5894 2.9574 25.1 4.6970 4.8050 4.6721 97.1637 0.7 4.5267 5.5090 4.9726 

3.4 4.5760 
 

2.9541 
 

30.6 4.8527 4.5893 4.7142 96.4629     

5.2 4.5527 
 

2.9461 
 

36.3 4.7092 4.5960 4.8549 96.1235     

12.1 4.5187 
 

2.9301 
 

         

14.6 4.4978 
 

2.9230 
 

         

17.6 4.4731 
 

2.9156 
 

         

19.6 4.4551 
 

2.9014 
 

         

25.1 4.4299 2.9214          

30.6 4.4149 2.9167          

36.3 4.3820 3.1213          
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Figure A2 Rietveld refinement of XRD pattern for rutile TiO2 flower-like nanorods at (a) 

0.9 GPa, (b) 8.3 GPa, (c) 16.6 GPa, (d) 24.8 GPa and (e) 34.9 GPa upon compression. See 

Figure A14 for figure caption. 
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Table A2 Unit cell parameters of three phases for rutile TiO2 flower-like nanorods. 

Rutile phase Baddeleyite phase α-PbO2 phase 
P (GPa) a = b (Å) c (Å) P (GPa) a (Å) b (Å) c (Å) β (º) P (GPa) a (Å) b (Å) c (Å) 

0.9 4.5909 2.9581 18.3 4.4978 4.9274 4.8663 98.4336 0.7 4.5246 5.5038 4.9261 

3.1 4.5757 2.9514 20.2 4.5303 4.8841 4.7316 98.6446     

6.2 4.557 2.9417 22.7 4.5304 4.8841 4.7316 98.6446     

8.3 4.54305 
 

2.9378 
 

27.8 4.6651 4.7815 4.6991 98.4874     

10.0 4.5345 2.9381 29.6 4.6109 4.7489 4.7142 98.5169     

14.8 4.5061 2.9287 31.6 4.6109 4.7489 4.7142 98.5169     

16.6 4.4824 2.9158 34.9 4.5817 4.8290 4.7278 98.5295     

18.3 4.4738 2.9153          

20.2 4.4624 2.8997          

22.7 4.4549 2.8583          

27.8 4.4414 2.9792          

29.6 4.4317 2.9844          

31.6 4.4311 2.9805          
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Figure A3 Rietveld refinement of XRD pattern for rutile TiO2 nanotubes at (a) 1.0 GPa, 

(b) 18.2 GPa, (c) 22.6 GPa, (d) 24.3 GPa, (e) 28.6 GPa and (f) 35.0 GPa upon 

compression. See Figure A14 for figure caption. 
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Table A3 Unit cell parameters of three phases for rutile TiO2 nanotubes. 

Rutile phase Baddeleyite phase α-PbO2 phase 
P (GPa) a = b (Å) c (Å) P (GPa) a (Å) b (Å) c (Å) β (º) P (GPa) a (Å) b (Å) c (Å) 

1.0 4.5822 2.9554 20.8 4.5779 4.9099 4.7286 98.6093 0.3 4.5373 5.5043 4.9331 

4.7 4.5568 2.9467 22.6 4.5892 4.8566 4.7718 98.3511     

7.5 4.5357 2.9382 24.3 4.5773 4.8931 4.6989 98.5945     

11.1 4.5108 2.9296 28.6 4.5016 4.9437 4.6662 98.7810     

13.2 4.4971 2.9198 35.0 4.5074 4.8175 4.6946 97.7956     

15.2 4.4840 2.9169          

18.2 4.4629 2.9056          

20.8 4.4395 2.8864          

22.6 4.4540 2.9043          

24.3 4.4371 2.8779          
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Appendix III Selected Rietveld refinements for nanoparticles 

Li4Ti5O12 (LTO-2) 
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Figure A4 Rietveld refinement of XRD pattern for Li4Ti5O12 nanoparticles at (a) 1.3 

GPa upon compression and (b) recovered phase at 0.5 GPa. See Figure A14 for figure 

caption. 
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