
FULL PAPER    

1 

 

Correlation between mechanical strength of amorphous TiO2 nanotubes and 

their solid state crystallization pathways 

Zhonghui Gao,[a] Zhangxiang Hao,[f] Min Yi,[d] Ying Huang,[e] Yiming Xu,[b] Ying Zhao,[d] Zhaoyang Li,[b] 

Shengli Zhu,[b] Baixiang Xu,[d] Porun Liu,*[c] Feng Ryan Wang,*[f] Yunhui Huang,*[a] Huijun Zhao[c] and 

Xianjin Yang[b] 

 

Abstract: Developing TiO2 crystals with specific morphologies and 

nanostructured architectures is highly desirable in energy storage, 

conversion and catalysis. Thermally activated amorphous-to-crystal 

transition provides effective growth of poly or monocrystalline TiO2, 

while the understanding of different crystallization pathways at the 

solid state is still a challenge. Herein, we report a successful 

correlation between mechanical strength of the TiO2 precursors and 

their different crystallization pathways. Well-defined anatase TiO2 

single nanocrystals or anatase polycrystalline nanotubes are 

obtained via rapid heating of two amorphous TiO2 precursors. Those 

two precursors have similar morphology and do not show any 

difference in SEM, XRD, XPS and Raman analysis while 

nanoindentation indicates that single TiO2 crystals are formed from 

the precursor with less mechanical strength. This correlation will help 

optimize the precursor synthesis and predict the crystallization 

pathways in the solid state precursor. Thus well-defined 

nanocrystals with controlled morphology will be achieved. Such 

single TiO2 crystals show higher storage capacity of Na+ than that of 

polycrystalline ones in sodium ion batteries. 

Introduction 

The control of crystal growth at nanometer scale is of key 

importance for achieving desired materials properties. To this 

end, a number of approaches, such as wet chemical, vapor 

deposition and thermal activated solid-state growth methods, 

have been developed to thermodynamically or kinetically control 

the crystal growth.[1-6] Surface capping agents are widely used in 

the liquid phase to achieved desired particle shapes.[7] In the gas 

phase, catalysts are used to structurally direct the growth of 

materials at the vapor-catalyst interface.[8] In comparison, 

nanocrystal synthesis via solid state crystallization of precursor 

materials is less understood and lack of effective control. Unlike 

the molecular precursors in the liquid and gas phase synthesis, 

the precursors here are composite, amorphous or poor 

crystalline solids that are pre-synthesized via sol-gel, 

electrochemical, and co-precipitation methods.[9-11] Those 

precursors usually have ill-defined structures[12,13] that are 

difficult to analyze via conventional chemical characterization 

methods such as X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS) and Raman spectroscopy. Here we 

introduce nanoindentation as the mechanical characterization 

technique to probe the overall mechanical strength of the 

precursor materials. The results are then correlated to the 

crystallization performance of the precursors, suggesting a new 

way to predict and optimize solid state synthesis of 

nanomaterials. 

TiO2 anatase crystals are chosen to be the target materials 

due to their wide applications in photovoltaic, photocatalytic 

water splitting, photonic and optoelectronic devices and 

electrochemical energy storage.[14] Recently, they are suggested 

to be an attractive anode material for Na-ion battery.[15] The 

interaction between Na+ and TiO2 nanocrytals is shape 

dependent and plays a huge role in the Na+ intercalation. Two 

amorphous TiO2 nanotubes are synthesized via electrochemical 

deposition under different potentials. Those two nanotubes have 

similar morphology and do not show any difference in scanning 

transmission microscopy (SEM), XRD, XPS and Raman analysis. 

Nanoindentation is then introduced and shows that nanotubes 

formed at higher voltages have lower mechanical strength, 

suggesting a smaller particle domain inside the tubes. Single 

TiO2 crystals (s-crystal) are then formed from such precursor 

while polycrystalline TiO2 nanotubes (p-tube) are obtained from 

precursor with higher mechanical strength.  

The Na ion battery equipped with s-crystal anodes 

demonstrates higher rate and longer cyclability than those with 
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p-tube anodes, due to the presence of more exposed {001} 

facets at s-crystal. 

Results and Discussion 

TiO2 nanotubes with controlled sizes are prepared via 

electrochemical deposition over Ti substrate at anodization 

voltages of 40 V and 60 V. The obtained tubes are 

monodispersed, ordered and well orientated. The hole diameter, 

bottom diameter and length of the tubes are 120 ± 7.5 nm, 122 ± 

4 nm and 9.5 ± 1 μm for 40 V TiO2, and 165.8 ± 8 nm, 176.2 ± 

11 nm and 18.5 ± 2 μm for 60 V TiO2, respectively (Figure 1a,d 

and Figure S1, Supporting Information). As a result, the average 

numbers of tubes per 1 m2 are 94 to 56.8. A rapid thermal 

annealing at 450 C is applied to both tubes for 2 min, forming p-

tube from 40 V TiO2 and s-crystal from 60 V TiO2 (Figure 

1b,c,e,f,). Selected area electron diffraction (SAED) confirms 

polycrystallinity and monocrystallinity of the p-tube and s-crystal, 

respectively. P-tubes retain the tubular shape of the original 

precursor, while S-crystals are in quasi-decahedral shapes 

around the size of 170 ± 31 nm. According to the 

crystallographic symmetries of anatase TiO2 single nanocrystals, 

the flat surfaces at both ends are (001) facets (Figure 1e). 

 

Figure 1. The amorphous-to-crystalline transitions of TiO2 nanotubes formed 

at 40 V and 60 V. (a,d) SEM image of TiO2 nanotubes anodized at 40 V (a) 

and 60 V (d). (b,c) SEM (b) and transmission electron microscopy (TEM) (c) 

images of p-tubes. (e,f) SEM (e) and TEM (f) images of s-crystals. The insets 

in (e) and (f) are corresponded SAED patterns. 

The formation of p-tubes and s-crystals are monitored by taking 

SEM images at different annealing stages. No obvious 

morphology change is observed for 40 V TiO2 nanotubes (Figure 

2a). This then leads to the formation of p-tubes. In comparison, 

polyhedral nanocrystals are found with 60 V TiO2 nanotubes 

within 30 s thermal treatment (Figure 5b). As the reaction time 

extended to 50 s, all the TiO2 nanotubes have been converted 

into s-crystals. 

 

Figure 2. SEM images obtained by rapid heating of 40 V (a) and 60 V (b) TiO2 

nanotubes for 10 s and 20, 30, 40, and 50 s at 450 C. All scale bars are 100 

nm. 

All diffraction peaks of the TiO2 precursors show only the 

characteristics of α-Ti substrate while that of the p-tubes and s-

crystals are indexed to the crystalline anatase TiO2 (space group 

I41/amd, Figure 3a). The characteristic peaks for p-tubes and s-

crystals are identified as 25.3° (101), 37.8° (004), 48° (200), 

53.9° (105), 55.1° (211), and 62.7° (204). The peak intensities of 

s-crystals are higher than those of p-tubes, suggesting higher 

crystallinity of the former. Diffraction peaks of the α-Ti substrate 

can be found on the p-tube samples, indicating the weak 

diffraction of x-ray from the p-tubes. This further confirms their 
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pore crystallinity. Typical Raman scattering finger prints are also 

found for p-tubes and s-crystals (Figure 3b). The 400 cm-1, 520 

cm-1 and 640 cm-1 scatterings correspond to the B1g, A1g, E1g 

vibration modes, respectively. Those scatterings are absent for 

the TiO2 precursors, further confirming their amorphous nature. 

 

Figure 3. (a) XRD patterns of p-tubes, s-crystals and TiO2 precursor. (b) 

Corresponded Raman spectra. 

XPS is used to probe the surface chemical composition of 

both precursors and nanocrystals. In general, there are no 

visible difference among the two precursors, the p-tubes and the 

s-crystals (Figure 4). Titanium (Ti 2p), oxygen (O 1s) and 

fluorine (F 1s) are found at the TiO2 surface. The photoemission 

at 458.9 eV and 464.7 eV are typical transition for Ti 2p (3/2) 

and Ti 2p (1/2), suggesting the presence of Ti4+ (Figure 4a,d). 

Deconvolution of the O peaks is performed via a curve fitting 

procedure using Gaussian/Lorentzian product functions.[16] Ti-O 

(530.3 eV), Ti-OH (531.5 eV) and (CH2OH)2 (531.5 eV) signals 

are identified (Figure 4b,e).[17]. The fluorine component at 684.6 

eV is assigned to TiF6
2- (Figure 4c,f).[18] F- comes from the NH4F, 

which is used to etch the surface TiO2 film into tubes while 

(CH2OH)2 is used to control the speed of F- etching. 

 

Figure 4. (a-c) XPS at Ti 2p, O 1s, and F 1s regions for two amorphous 

precursors. (d-f) XPS at Ti 2p, O 1s, and F 1s regions for n-tubes and s-

crystals. The red and blue solid lines in b and e are the raw data of the XPS, 

and the colored lines in them represent the fitted lines. 

The SEM, XRD, Raman and XPS studies do not reveal any 

obvious difference between the two TiO2 precursors that are 

synthesized at 40 V and 60 V. However, they do behave 

differently during crystallization, forming p-tubes and s-crystals 

that are distinct from each other. We hypothesize that this due to 

the difference in the microscopic structures between the 

amorphous precursors, which is difficult to characterize. Such 

difference in microscopic structures can be possibly reflected by 

the mechanical properties of the materials. We therefore 

introduce the nanoindentation technique that is widely applied in 

the characterization of mechanical strength in thin film coatings. 

Such technique presses the thin film with a very precisely 

shaped tip as an indenter, and measures the load of the force P 

as a function of volume that is changed (Displacement h). 

Hardness (H) of the materials can then be calculated. 

Here, the measurement takes place in the longitudinal 

direction of the TiO2 nanotube precursors (40 V and 60 V) 

(Figure S2a,b, supporting information). The morphology of two 

precursors obtained at the maximum load Pmax = 1000 μN with a 

8 μm tip indenter are very similar (Figure S2c,d), indicating the 

same route deformation of the nanotubes. The indenter tip is in 

contact with all the tubes within its cross section. The tube walls 

are broken by the tips and collapsed into particles that partially 

clogged the rest of the tubes. The fracture of the tube was 

localized at the contact region of the tip intender and does not 

expand to the surrounding tubes. There was no pile-up behavior. 

The tube walls are broken by the tips and collapsed into 

particles that partially clogged the rest of the tubes.  

Figure 5 shows the loading-unloading curves for both TiO2 

precursors at Pmax= 80, 300, 1000, and 3000 μN. The sharp 

slopes of the unloading curves shows the no elastic deformation 

and the brittleness of TiO2 tubes.[19-21] For both TiO2 tubes, h 

significantly increases in the early stage of loading up to 1000 

N. No obvious difference between the two TiO2 tubes is found 

at low Pmax. When the Pmax is increased to 3000 μN, the TiO2 

tubes that are formed at 60 V give a larger displacement h of 

800 nm than that formed at 40 V. This larger displacement is 

reproducible, as indicated in Figure 5c where the average of 10 

measurements is given.  

 

Figure 5. (a,b) Force–displacement responses of the 40 V (a) and 60 V (b) 

TiO2 nanotubes. (c) The average force–displacement responses at 3000 μN of 

10 measurements for both samples. (d-e) The hardness (d), Young’s modulus 

(e). 

The nanotube hardness increases as the displacement 

under maximum load (hmax) is increased for both 40 V and 60 V 

TiO2 nanotubes (Figure 5d). This is due to the filling of the holes 

by the new cracked TiO2 particles which then increases the 
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overall mechanical strength of the tubes. The higher hardness of 

40 V TiO2 nanotubes than that of the 60 V ones at different 

displacements is due the fast filling of small holes (120 ± 7.5 nm 

for 40 V TiO2 and 165.8 ± 8 nm for 60 V ones) in the former. The 

similar phenomenon at different sizes of holes is also found for 

the Young’s modulus (Figure 5e). 

We further use a reported fracture model to calculate the 

apparent fracture stress of TiO2 nanotubes.[22-24] The calculation 

is based on the assumption that: (1) The radial direction of the 

nanotubes is neglected due to the small thickness of tube wall; 

(2) the lose of fragmented TiO2 species to the surround is not 

considered; (3) the mechanical interaction within the nanotubes 

themselves are also negligible. The apparent fracture stress of 

the TiO2 nanotube can be then calculated as:[22] 

 

𝜎𝑎 =
𝐹

𝐴𝑑
=

𝜋𝑑2 tan ∅𝛿𝑓𝜎𝑐

𝐴𝑑
=

𝜋𝑑2 tan ∅𝛿𝑓𝜎𝑐𝐿

𝐴𝑑

𝛿𝑓

𝐿
≡ 𝐶휀𝑎   (1) 

Where, 2∅ is the angle between the inner and outer walls, 𝛿𝑓 is 

the fracture displacement, 𝜎𝑐  is the compressive strength, 𝐴𝑑  is 

the force per unit area, 𝐿 is the length of the tube, 휀𝛼 = 𝛿𝑓/𝐿 is 

defined as the apparent fracture strain. The C value reveals the 

apparent stress-strain relationship in the longitudinal direction of 

the nanotubes. A higher C value 0.14 is obtained for 60 V TiO2 

nanotubes than that of 40 V (C value 0.08), indicates the 

accelerated the densification of broken species for the 60 V TiO2 

tubes. 

The overall mechanical study indeed shows that the 

mechanical strength (in the forms of hardness and Young’s 

modulus) of 40 V TiO2 nanotubes is higher than that of 60 V 

TiO2 nanotubes. This is so far the only difference in the materials 

property between those two amorphous precursors. We then 

correlate this with the crystallization behaviors of those 

precursors under thermal treatment. Thus, s-crystals are formed 

from the TiO2 precursors with weak mechanical strength. The 

use of mechanical measurement is then serves as the indication 

of particle crystallization behaviors. 

We further evaluation the Na+ storage capacity of p-tubes 

and s-crystals as anode materials in Na ion batteries. In the first 

cathodic scan during cyclic voltammetry (CV), the current 

beginning at 0.55 V is attributed to formation of the solid 

electrolyte interface (SEI). For both samples, the pair of redox 

peaks locate at approximately 0.65 V (cathodic) and 0.8 V 

(anodic) (Figure 6a,b), corresponding to the discharge and 

charge process.[25-27] High rate measurement is the key 

challenge for rechargeable Na-ion batteries due to the difficulty 

in insertion and extraction of the large Na ions (1.02 Å) into the 

host structure of TiO2, which inevitably cause an irreversible 

damage to its crystal structure. For the s-crystals, the discharge 

capacity reaches approximate 215 mAh g-1 at the 50 mAh g-1, 

and decreases to 157, 100, 57, 44, and 24 mAh g-1at the rates of 

100, 200, 400, 600, and 800 mAh g-1, respectively (Figure 6c). 

The p-tubes give slightly higher capacity of 220 mAh g-1 at 50 

mAh g-1, while the capacity become slightly lower to 160, 101, 

51, 33, and 11 mAh g-1 at the rate of 100, 200, 400, 600, and 

800 mAh g-1, respectively. When the rate is reset to 50 mAh g-1 

after various rates, the discharge capacity of s-crystals (163 

mAh g-1) becomes higher than that of n-tubes (146 mAh g-1). 

This indicates that s-crystal is more stable than p-tubes at high-

rate cycling. The s-crystals also show a better long-term cycling 

performance than that of n-tube, especially after 90th cycle 

(Figure 6d). The coulombic efficiencies of both of s-crystal and 

p-tube systems become higher than 90% after 13 cycles. In 

summary, these results suggest that a better high-rate and long-

term cyclability performances are obtained by using s-crystals as 

the anode materials than that of the p-tubes. 

 

Figure 6. Electrochemical performances of the TiO2 s-crystal and p-tubes. 

(a,b) CV curves of s-crystal (a) and p tubes (b) at a scan rate of 0.1 mV S-1. (c) 

Cycle performance of both materials at various charge and discharge rates. 

(d) Cyclic performance and Coulombic efficiency of both materials in Na-ion 

half cells at a current density of 500 mAh g-1. 

The better rate performance of s-crystal is due to the more 

exposed (001) facets, which have the high reactivity with Na 

ions in the electrolyte. Density function theory (DFT) simulation 

shows that the required energy to adsorbed Na+ on (001) 

surface is lower than that of (101) surface (Figure 7 and Table 

1).[28] Surface F- is considered due to observation of fluorine via 

XPS. For anatase TiO2 (101) surface, the adsorption energy of 

Na+ onto hollow and top site is 4.89 and 4.85 eV, respectively. 

They are higher than the energy at (001) surface, which are 2.94 

and 2.35 eV, respectively. The same trend is also observed with 

F- free surface (Figure S3 and Table S1, supporting information). 

Those results show a strong facet dependent Na+ adsorption. 

 

Figure 7. Adsorption energies of Na+ on the (101) and (001) surfaces of 

anatase TiO2 via DFT simulations. (a) TiO2 (101) surface (1 × 3 × 1 unit cell). 

(b-c) Na+ adsorption on hollow and top site of TiO2 (101) surface. (d) TiO2 (001) 

surface (2 × 2 × 1 unit cell). (e-f) Na+ adsorption on hollow and top site of TiO2 

(001) surface. 
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Table 1 Adsorption energy of Na+ 

Anatase TiO2 surface Adsorption site nS Ead (eV) 

(001) surface with F- 
hollow site 2.9372 

top site 2.3489 

(101) surface with F- 
hollow site 4.896 

top site 4.845 

Conclusions 

We have successfully demonstrated the correlation between 

materials mechanical strength and their solid phase 

crystallization pathways. The materials with weak mechanical 

strength will lead to fast crystallization upon thermal treatment, 

forming high crystalline products. Here the formation of TiO2 

single nanocrystal and polycrystalline tubes are verified by this 

correlation. The use of mechanical characterization in the 

crystallization field will help probe and optimize materials 

crystallization pathways, achieving well defined products for in 

energy storage, conversion and catalysis applications. 

Experimental Section 

Preparation of anatase TiO2 materials. All chemicals were used as 

received. Ammonium fluoride (NH4F), ethylene glycol, and anhydrous 

ethanol were purchased from Tianjin Chemical Reagent Factory (China). 

The surfaces of 1 mm thick titanium (Ti) (99.9% purity) substrates were 

mechanically polished using 600 #, 1000 #, and 1500 # abrasive papers, 

rinsed for 10 min in an ultrasonic bath filled with ethanol, and then dried 

in air. After ultrasonic cleaning, the surfaces were anodized with a two-

electrode cell with pure Ti foil as the working electrode and platinum foil 

as the counter electrode. The Ti foils were anodized at different direct 

current (DC) voltages applied by a DC power supply in an electrolyte 

solution containing ethylene glycol, H2O, and 0.5 wt % NH4F. The holding 

voltage was set as 40 V and 60 V, respectively. The holding time was 1 h 

for 40 V and 60 V. The electrolyte type and the temperature (25 °C) were 

maintained constant for all anodizing experiments. After anodization, the 

prepared samples were thoroughly rinsed with DI water and dried in air. 

The as-prepared amorphous TiO2 nanotubes were annealed at 450 °C 

for 2 min to get the s-crystals and p-tubes without distinguishable 

morphology change. The rapid thermal treatment method in this study is 

studied in detail in our submitted manuscript.[29] 

Characterization of the mechanical strength of TiO2 nanotube. The 

mechanical properties of the anodized TiO2 nanotubes were probed by 

nanoindentation. Nanoindentation experiments in the longitudinal 

direction of the nanotubes were conducted using a nanoindenter (Nano 

DMA II/III transducer). A flat tip indenter with a diameter of approximately 

8 μm was used. Different stress states can be applied to the tip contact 

region. The inherent strength of the nanotubes is then evaluated. The 

applied force P was increased at a constant loading rate up to the 

maximum force Pmax and then unloaded to zero at the same loading rate. 

Chemical characterizations. Field-emission scanning electron 

microscopy (FE-SEM S4800, Hitachi, Japan) and transmission electron 

microscopy (TEM TecnaiG2F20, Philips, the Netherlands) were used to 

observed the morphology of the TiO2 materials. The SEM and TEM 

measurements were obtained at an acceleration voltage of 10 kV and 

200 kV, respectively. X-Ray diffraction (XRD) patterns were obtained on 

a conventional powder diffractometer (Rigaku DMAX 2500, Japan) using 

Cu Kα irradiation at a scan rate (2θ) of 0.02° s-1 to determine the 

structures of the obtained samples. Raman spectra were acquired with a 

Renishaw 100 system Raman spectrometer using 632.8 nm He-Ne laser. 

The XPS data was detected by using a Kratos Analytical Axis Ultra X–ray 

photoelectron spectrometer equipped with a monochromatic Al X-ray 

source (Al Kα, 1.487 keV). The C 1s was used as the charge reference 

with a binding energy of 284.8 eV.  

Electrochemical measurements. The coin cell contains the working 

electrode, Na metal as the counter and reference electrode, glass fibre 

membrane (GF/D, Whatman) as the separator and 1 M NaClO4 in a 

mixture of ethylene carbonate and propylene carbonate (2:1 by volume) 

as the electrolyte. Galvanostatic charge–discharge tests were carried out 

on a Neware battery measurement system at various current densities 

with a cutoff potential window of 0.05–3V at room temperature. CV 

measurements at various scan rates from 0.1 mV s–1 were carried out on 

a CHI 660E potentiostat.  

Density-functional theory (DFT) modeling. The adsorption energy of 

Na+ on the one side of (001) and (101) surfaces of anatase was 

calculated in the slab model by using the computational code 

OpenMX,[30] which is based on optimized pseudopotentials and pseudo-

atomic-orbital basis functions within DFT. The generalized gradient 

approximation (GGA) was employed with the exchange-correlation 

functional of Perdew-Burke-Ernzerhof (PBE). The cutoff energy was set 

to be 500 Ry. For the slab model, the (2×2) anatase (001) and (3×1) 

anatase (101) surfaces are used. Both the anatase surfaces with and 

without fluorine (F) coverage were considered. F atoms at the surface 

were set to directly interact with the 5-fold coordinated Ti (Ti5f) surface 

cations.[31] For relaxation of the slab model, 11×11×1 k-point mesh was 

used in the full Brillouin zone. The convergence criteria for the maximum 

force on each atom and the total energy were 2×10-4 Hartree/Bohr and 

2×10-6 Hartree, respectively. In the self-consistent calculations of the total 

energy, 17×17×1 k-point mesh and energy convergence criteria of 10-6 

Hartree were used. The adsorption energy was calculated by 

𝐸ad = (𝐸TiO2 + 𝐸Na − 𝐸TiO2+Na)/(𝑛𝑆), 

in which 𝐸TiO2  is the energy of the anatase surfaces with or without F 

coverage, 𝐸Na the energy of single Na+, 𝐸TiO2+Na the energy of surface 

covered by n Na+ (here n=1), and S the surface area. 
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strength of the TiO2 precursors with 

their different crystallization pathways 

and their structural properties, e.g., 

the high-rate and long-term cyclability 

in sodium ion batteries. 
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