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a b s t r a c t

Titanium dioxide (TiO2) is a promising negative electrode for sodium ion batteries (SIBs). Although TiO2

materials with amorphous (A-TiO2) and single-phase crystalline structures (CeTiO2) have been separately
explored, the study to compare the fundamental electrochemistry of A-TiO2 and CeTiO2 is limited. In this
work, we investigated A-TiO2 and CeTiO2 nanoparticles with identical chemical composition and
morphology. CeTiO2 exhibits enhanced electrochemical performance than A-TiO2 in terms of rate
capability and cycle life. Cyclic voltammetry (CV) analysis suggests reversible Na ion insertion/extraction
in CeTiO2. However, such process is irreversible in the case of A-TiO2. The charge storage mechanisms in
both samples were studied to show that diffusion-controlled intercalation process becomes significant in
CeTiO2 sample. The CeTiO2 sample has a better Naþ diffusivity measured through the galvanostatic
intermittent titration technique (GITT) compared to A-TiO2, which corroborates well with the rate
capability study. Furthermore, the evolution of local structure of the TiO2 samples was analyzed by ex situ
pair distribution function (PDF) to understand the variation in electrochemical properties. It reveals that
the corner-shared TieTi distance along Na ion diffusion pathway increases with the increase of crys-
tallinity, leading to the expanded diffusion channels and therefore more active sites and faster diffusion.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Sodium ion batteries (SIB) are attractive alternatives to lithium
ion batteries due to the abundant sodium resources and the utili-
zation of aluminum current collector for negative electrodes,
leading to reduced cost and making it particularly promising for
large-scale energy storage systems [1e4]. Nevertheless, graphite
that has been widely used as the most popular negative electrode
material for lithium ion batteries is not suitable with conventional
Na electrolytes due to the instability of Na-graphite intercalation
compound formation [5]. Therefore, efforts have been made to
search for new negative electrode materials for SIB. Hard carbon
has been intensively studied but the low intercalation voltages
(0e0.1 V vs Na/Naþ) is close to that of sodium plating, which could
ng).
lead to dendrite formation and unsafe operation [6]. Alloy-type
anodes including P, Sn and Sb, possess high theoretical capacities
but suffer from large volume changes which leads to poor cycling
performance [7e9]. Organic materials are also investigated as the
negative electrodematerials for SIB, however, they have issues with
poor electronic conductivity and dissolution in the organic elec-
trolyte [10,11].

Titanium dioxide (TiO2) is a promising negative electrode ma-
terial due to the safe operation voltage, structural stability during
cycling, and acceptable electronic conductivity [12]. Amorphous
[13], anatase [14e18], bronze [19], and rutile [20] TiO2 materials
have been studied for SIB. Xiong et al. directly grew amorphous
anodic TiO2 nanotubes on the Ti current collector without binders
and additives, and the electrochemical performance was evaluated
within a sodium half-cell. The amorphous TiO2 nanotube electrode
exhibits a capacity of 150 mAh g�1 at 0.05 A g�1 [13]. Wu et al.
prepared anatase TiO2 nanoparticles for high-power sodium ion
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batteries, where 100 mAh g�1 at 5.5C was obtained after 1000 cy-
cles without significant capacity decay [14]. Furthermore, they
investigated the sodium ion insertion process and proposed a new
reaction mechanism that sodium ion insertion partially reduces the
stable titanium oxide and forms metallic titanium, sodium oxide,
and amorphous sodium titanate [15]. The newly-formed amor-
phous sodium titanate contributes to the most of the reversible
capacity [15]. Moreover, Li et al. investigated the sodium insertion/
extraction mechanism in anatase TiO2, where sodium ion insertion
leads to the phase transition from anatase (I41/amd) to layered
NaxTiO2 (R-3m) with high degree of disorder, and the local struc-
ture of the anatase was recovered with short-range order after
sodium extraction [16]. Zhang et al. reported a hierarchical porous
anatase TiO2 anode from an iso-polyoxotitanate cluster, showing
great rate capability [21]. Huang et al. reported TiO2(B) nanotubes
with a 50 mAh g�1 capacity after 90 cycles and identified that the
sodium insertion along (001) interlayer plane [19]. Gu et al. pre-
pared hierarchical tubular rutile TiO2 nanorods with a high
reversible capacity of 79 mAh g�1 at 0.3C after 1000 cycles [20].

Although TiO2 materials with various crystalline structures and
morphologies have been studied by different research groups, the
study to compare Na ion storage in amorphous and crystalline TiO2
materials with identical chemical composition and morphology is
limited. Su et al. compared the electrochemical performance of
amorphous, mixed anatase/rutile and pure anatase TiO2 hollow
nanospheres in SIB [22]. However, the amorphous TiO2 is deposited
on the carbon hollow spheres that makes the chemical composition
different from the pure anatase one. Bella et al. investigated the Na
storage in amorphous and crystalline TiO2 nanotubes [23].
Although both amorphous and anatase nanotubes are composed of
TiO2, the morphology of amorphous nanotubes is different as the
anatase TiO2 nanotubes exhibit increase in wall roughness and the
walls become thinner going from the bottom to the top of the array
[23]. It has been reported that the behavior of Na ion storage is
largely dependent on the morphology of the host materials [24]. In
terms of TiO2 materials particularly, the electronic [25], mechanic
[26], catalytic [27], thermal [28] properties as well as alkali ion
storage [29] are closely related to the morphology of the materials.
Zero-dimensional solid nanoparticles provide short diffusion
pathway from the core to the surface [30]. Moreover, solid rather
than hollow geometry is assumed to offer higher volumetric energy
density in theory. Therefore, in addition to hollow nanospheres [22]
and one-dimensional nanotubes [23], it is also necessary to inves-
tigate the effect of crystallinity on solid TiO2 nanoparticles for
sodium-ion batteries.

Herein, we report a study of crystallinity effect on electro-
chemical charge storage properties of mesoporous TiO2 nano-
particles as a negative electrode for SIB. We have prepared
amorphous (A-TiO2) and crystalline (CeTiO2) anatase TiO2 nano-
spheres with identical chemical composition and particle size (i.e.,
~200 nm) for the investigation. The crystallinity was characterized
by X-ray diffraction (XRD), Raman spectroscopy and transmission
electron spectroscopy (TEM), respectively. A-TiO2 sample demon-
strates a sloping characteristic in voltage profile during charging
and discharging processes, indicative of a single solid solution
behavior. On the other hand, CeTiO2 sample exhibits plateaus upon
discharging and a sloping curve on the charging process during the
first cycle, suggesting the irreversible phase transition during Na
ion insertion [15]. The electrochemical performance in terms of rate
capability and cycle life directly relates to the crystallinity of the
materials, where crystalline TiO2 exhibits higher capacity. Cyclic
voltammetry (CV) with varying scan rates was conducted to un-
derstand the Na ion charge storage mechanism. It is suggested that
the diffusion-controlled intercalation process becomes significant
in CeTiO2 sample. Results from the galvanostatic intermittent
titration technique (GITT) suggest that the CeTiO2 sample has a
better Naþ diffusivity compared to A-TiO2, which corroborates well
with the rate capability study. Furthermore, the local structure of
the TiO2 samples was analyzed by ex situ pair distribution function
(PDF), which shows that the corner-shared TieTi distance along Na
ion diffusion pathway increases with the increase of crystallinity,
leading to the expanded diffusion channels and therefore more
active sites and faster diffusion. Our study provides guidance to-
ward the design rules for electrode materials with the same
composition but tunable crystallinity for improved electrochemical
performance for different applications in SIBs.

2. Experimental section

2.1. Synthesis

A-TiO2 and CeTiO2 samples were prepared by the water-
assisted sol-gel method reported previously [31]. In brief, 0.85mL
of tetrabutyl orthotitanate (TBOT) was added to a mixture of 50mL
of 200-proof ethanol, 0.15 g of hydroxypropyl cellulose (HPC) and
300 mL of sodium chloride (0.04M). After stirring in air for 3 h, the
precipitate was obtained by centrifuging and was washed several
times by both 200-proof ethanol and de-ionized (DI) water. The
product was well-dispersed in a mixture of 19mL of DI water and
1mL of NaF solution (1 mg/10mL) by sonication. Subsequently, the
solution was stirred and heated for 30min at the temperature of
50 �C and 100 �C for the A-TiO2 and CeTiO2, respectively. The
samples were washed with 200-proof ethanol and de-ionized (DI)
water and dried.

2.2. Material characterization

XRD was conducted by Rigaku Miniflex 600 with Cu-Ka radia-
tion (l¼ 1.5418Å), at a scan rate of 0.05�/s in the 2q range of
20e80�. Raman spectroscopy was obtained by a Horiba Scientific
Lab RAM HR Evolution spectrometer using the 442 nm He:Cd laser
with signal accumulations of three 30s scans. The incident laser
powerwas 100mW, and samples were viewed at amagnification of
100�. TEM characterizations were performed by FEI Titan 80e300
ST at the accelerating voltage of 200 kV. The surface area of TiO2
materials is measured by nitrogen gas adsorption and desorption
isotherms by a NOVA 3200e Quantachrome surface and pore size
analyzer and calculated by the standard multipoint Brunauer-
Emmett-Teller (BET) method. Ex situ PDF was conducted by Syn-
chrotron X-ray with the wavelength of 0.24128 Å at beamline 17-
BM of the Advanced Photon Source in Argonne National Labora-
tory. The pristine and cycled samples were sealedwith Kapton tape.
The data was collected by a PerkinElmer amorphous silicon de-
tector in transition mode. The collected 2D diffraction data were
integrated into 1D diffraction intensity versus 2q through program
GSAS-II [32]. The 1D data in reciprocal space was subsequently
converted to PDF profiles with program PDFgetX3 [33].

2.3. Electrochemical characterization

The electrochemical performance of TiO2 samples was evaluated
in coin-type half cells. The cells were assembled in an argon filled
glovebox ([O2]<0.5 ppm) using glassy fiber as the separator, 1M
sodium perchlorate (NaClO4) in propylene carbonate (PC) as the
electrolyte, metallic sodium as the counter electrode and laminated
electrodes as the working electrode. The laminated electrodes are
composed of 80% of TiO2 active materials, 10% of super carbon C45
(Timcal America Inc.) and 10% of sodium carboxymethylcellulose
(CMC, Dow Chemical Company). The coin cells were tested with a
potential window of 0.1e2 V in an Arbin battery tester. Cyclic
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voltammograms were recorded in three-electrode cells (EL Cell,
ECC-REF) with the potential window from 0.1 to 2 V at varying scan
rates of 0.1e10mV s�1. GITT was conducted in a three-electrode cell
(ECC-Ref. EL-CELL) between 0.1 and 2 V at a current rate of
10mA g�1 for a 30-min pulse followed by a rest period of 12 h to
approach the steady-state value.
3. Results and discussion

3.1. Materials characterization

The structures of TiO2 samples are identified by XRD (Fig. 1a).
There are no pronounced peaks in the XRD of the A-TiO2 sample,
suggesting its amorphous structure. CeTiO2 sample exhibits broad
characteristic peaks due to its nanoscale crystallite size, which can
be indexed as the anatase phase (space group: I41/amd) [34]. The
crystallite size calculated by Scherrer's equation [35] is 4.7 nm.

Raman spectroscopy as a local probe is very sensitive to the
crystallinity of materials where the scatterings become weak and
the corresponding peaks become broad when the sample has local
lattice imperfections [36]. The Raman spectra of TiO2 samples are
shown in Fig. 1b. Anatase TiO2 has a tetragonal structure (space
group I41/amd) and is comprised of two TiO2 units per primitive
cell, leading to six Raman activemodes in the vibrational spectrum:
Fig. 1. (a) XRD and (b) Raman spectra of pristine TiO2 nanoparticle samples.
three Eg modes centered around 144, 196, 639 cm�1 (Eg(1), Eg(2) and
Eg(3), respectively), two B1g modes centered around 397 and
519 cm�1 (B1g(1), and B1g(2), respectively), and an A1g mode at
513 cm�1 [37]. The Raman spectra of A-TiO2 shows no distinct
peaks, which suggests that the structure is amorphous. As for
CeTiO2 sample, the intensity of the Eg(1) peak (148 cm�1) signifi-
cantly increases and the high-frequency peaks become pro-
nounced, suggesting the highly-crystalline structure.

The morphology and structure of TiO2 nanoparticle samples are
further investigated by TEM. Despite of different crystallinity, A-
TiO2 (Fig. 2a) and CeTiO2 (Fig. 2b) samples are composed of
spherical nanoparticles with similar particle size, approximately
200 nm, consistent with our previous study [31]. The degree of
ordering of the samples are examined by high resolution TEM
(HRTEM) and selected area electron diffraction (SAED). The lack of
pronounced lattice fringes (Fig. 2c) and the characteristic diffusive
ring in SAED (Fig. 2e) suggest that the A-TiO2 sample is amorphous.
For the CeTiO2 sample, the HRTEM image is composed of lattice
fringes of anatase (101) planes where the d-spacing is 3.51 Å
(Fig. 2d), and the SAED pattern shows well-defined and pro-
nounced diffraction rings attributed to anatase structure (Fig. 2f),
both of which indicate the highly-crystalline anatase structure of
CeTiO2 sample. The morphology and crystallinity of TiO2 samples
are also investigated after 20 cycles by TEM (Fig. S1, Supporting
Information). The results suggest that both A-TiO2 (Fig. S1a) and
CeTiO2 (Fig. S1b) maintained spherical morphology. In addition, A-
TiO2 (Fig. S1c) and CeTiO2 (Fig. S1d) remained amorphous and
anatase phase after cycling, respectively.

3.2. Electrochemical performance

The electrochemical performance of TiO2 samples is shown in
Fig. 3. The voltage profiles of the first and 20th cycle at the rate of
20mA g�1 with the potential window of 0.1e2.0 V is shown in
Fig. 3a. At the first cycle, A-TiO2 sample exhibits sloping feature on
both charging and discharging curves, suggesting Na ion diffusion
through single solid solution. However, CeTiO2 sample has a small
plateau at 0.40 V on the discharging curve, suggesting the possible
phase transition of the metastable sodium titanate phase further
into metallic titanium, sodium superoxide and amorphous sodium
titanate phase [15]. A slightly different plateau voltage is found in
comparison to the reported one (0.3 V), which possibly is associ-
ated with the variation in particle size and/or defects of the sample
[38]. The small plateau is absent in the charge curve, suggesting
irreversible phase transformation in CeTiO2 during the first dis-
charging process, consistent with a previous study [15]. The first
cycle Coulombic efficiency (CE) of A-TiO2 and CeTiO2 is 27% and
47%, respectively. The low first cycle CE of both samples is possibly
related to the formation of solid electrolyte interphase (SEI) [39],
irreversible phase transformation in TiO2 [15], electrolyte decom-
position, as well as side reactions. At the 20th cycle, the Coulombic
efficiency of A-TiO2 and CeTiO2 samples increases to 98% and 94%
with the reversible capacity of 65 and 124 mAh g�1, respectively.
The rate capability of the samples is evaluated and presented using
the discharge capacity (Fig. 3b) at the current rate of 0.02 A g�1,
0.1 A g�1, and 0.5 A g�1, respectively. The reversible capacity at
0.02 A g�1 of A-TiO2 and CeTiO2 sample is 65mAh g�1 and 124mAh
g�1, respectively. The capacity moderately drops with the increase
of current rates. At the high rate of 0.5 A g�1, the A-TiO2, and CeTiO2
sample delivers 26 mAh g�1 and 76 mAh g�1, respectively. When
the current rate is ramped back to 0.02 A g�1, the capacity of the A-
TiO2 and CeTiO2 sample recovers to 59 mAh g�1and 112 mAh g�1,
suggesting good capacity retention and rate capability. Moreover,
the cycle life performance at the rate of 100mA g�1 of the samples
is shown in Fig. 3c. The A-TiO2 and CeTiO2 sample deliver reversible



Fig. 2. TEM images of (a) A-TiO2 and (b) CeTiO2; HRTEM images of (c) A-TiO2 and (d) CeTiO2; SAED patterns of (e) A-TiO2 and (f) CeTiO2.
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capacity of 50 mAh g�1 and 99 mAh g�1 after 100 cycles, respec-
tively. Note that both rate capability and cycle life study show that
the CeTiO2 electrode performs much better than that of the A-TiO2
sample, suggesting the electrochemical properties of TiO2 nano-
particle electrode are related to the crystallinity of the materials.

3.3. Electrochemical charge storage and transport mechanisms

CV is conducted to understand the sodium insertion and
extraction in TiO2 nanoparticle samples. Fig. 4a shows the CV
curves of TiO2 samples at the rate of 0.2mV s�1 after 3 pre-cycles.
The CeTiO2 sample shows a broad redox pair where the
reduction and oxidation peak is located at 0.60 V and 0.83 V,
respectively. On the other hand, there is an irreversible reduction
peak of the A-TiO2 sample located at 0.88 V, suggesting the irre-
versible sodium insertion into the A-TiO2 host structure. It indicates
the sodium ions are trapped in the A-TiO2 sample, which possibly
leads to a lower specific capacity and Coulombic efficiency than the
CeTiO2 sample. The voltammetry with various scan rates of 0.1, 0.2,
0.5, 1 and 2mV s�1 of A-TiO2 and CeTiO2 sample are shown in
Fig. 4c and (d), respectively to investigate the charge storage
mechanism, which can be analyzed according to the power law
relationship [40e42]:



Fig. 3. Electrochemical properties of the TiO2 nanoparticle electrodes: (a) voltage
profile, (b) rate capability and (c) cycle life performance of TiO2 samples. The voltage
window for all of galvanic testing is 0.1e2.0 V.
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i ¼ avb (1)

Where i is the observed current, v as the scan rate, a and b as the
adjustable parameters. The b-values of 0.5 and 1 represent that the
charge storage is limited by diffusion controlled intercalation and
capacitive processes, respectively [40,41]. The b-values vs. voltage
plots of TiO2 samples during the discharging process are shown in
Fig. 4b. The b-values of A-TiO2 sample are in general larger than that
of CeTiO2 sample throughout the whole discharging process, sug-
gesting the amorphous component in the structure leads to the
increase of capacitive contribution. As for CeTiO2 sample, the b-
values are larger than 0.9 when discharge potentials are above
0.8 V, suggesting a significantly capacitive-controlled process when
less Na ions are incorporated [15]. When discharged below 0.8 V,
the b-values of CeTiO2 sample continuously decrease, suggesting a
gradual transition from a capacitive-limiting mechanism to mixed
contributions by diffusion [15] and surface capacitive processes.

In addition, the charge storage can be quantitatively determined
by the following equation:

iðVÞ¼ k1vþ k2v
1=2 (2)

where k1v and k2v1=2 represent the capacitive contribution and
diffusion-controlled intercalation respectively [40,43]. Therefore,
we are able to quantitatively investigate the charge storage
mechanism by the fraction of k1v and k2v1=2. Fig. 4d and (f)
demonstrated the CV curve of A-TiO2 and CeTiO2 sample at a slow
scan rate of 0.1mV s�1, respectively, where the shaded area indi-
cated the capacitive contribution to the charge storage. The
capacitive contribution of A-TiO2 and CeTiO2 sample is 57% and
45%, respectively. More than half of the charge storage is comprised
of the capacitive contribution in the A-TiO2 sample. However, the
contribution from the diffusion controlled intercalation is more
significant than the capacitive contribution in CeTiO2 sample. The
BET surface area of A-TiO2 and CeTiO2 sample are 385 and
251m2 g�1, respectively, comparable to the reported TiO2 nanoscale
materials (Table S1, Supporting Information). The larger surface
area in A-TiO2 sample leads to higher capacitive contribution.

We conducted GITT of TiO2 samples (Fig. 5a) to quantitatively
investigate the Naþ diffusivity in the TiO2 samples (details of the
GITT analysis can be found in the Supporting Information). The log
plot of the sodium ion diffusivity in the insertion process as a
function of voltage is shown in Fig. 5b. The Naþ diffusivity of the
CeTiO2 sample gradually decreases with the sodium insertion
process from 1.2 V to 0.4 V, possibly because the sodium insertion
leads to the sluggish formation of a metastable sodium titanate
phase and subsequent solid state sodium diffusion [15]. When
cycled below 0.4 V, the diffusivity of the CeTiO2 sample slightly
increased due to the formation of the amorphous sodium titanate
phase [15] where the disordered structure with defects could offer
active sites and spatial channels for the sodium diffusion [13]. In
terms of A-TiO2 sample, the diffusivity gradually decreased from
0.88 V to 0.28 V, possibly due to the limited access to active sites
with the continuous insertion of sodium ions. It is worth noting
that the diffusivity of CeTiO2 sample is higher than that of A-TiO2
sample across the whole voltage window, consistent with the re-
sults from rate study.

3.4. Local structural evolution of TiO2 nanoparticle samples

In addition to electrochemical characterizations, ex situ PDF was
conducted to investigate the structural evolution of the TiO2 sam-
ples. Although XRD has been successfully applied to investigate the
crystalline structure of materials for decades, it has limits to char-
acterize nanoscale crystallites and highly-disordered structures
[44]. The PDF technique, however, reveals the short- and
intermediate-range order of the materials, offering a new oppor-
tunity to investigate disordered and partially ordered materials
[45]. The PDF results of TiO2 samples at the pristine state are shown
in Fig. 6a. The intensity in PDF damps at approximately 8 Å and 48 Å
for A-TiO2, and CeTiO2 samples, respectively, suggesting the
increased ordering with the increase of crystallinity. Moreover, the
stronger amplitude of CeTiO2 sample also indicates better-defined
crystallinity than that of A-TiO2 sample in short-range ordering
region. The ex situ local atomic feature is presented in Fig. 6b in the
low real-space region (1.5 Å �9 Å), where 1st discharged and 1st
charged samples are plotted together to understand the structural



Fig. 4. (a) CV curves of TiO2 samples at the scan rate of 0.2mV s�1 with the voltage window of 0.1e2.0 V; (b) The b-value of TiO2 samples; and the CV curves of (c) A-TiO2 and (e)
CeTiO2 at various scan rates; The charge storage mechanism of (d) A-TiO2 and (f) CeTiO2 samples at the rate of 0.1mV s�1.
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evolution during cycling. After the 1st cycle, both TiO2 samples
show a weakened amplitude, suggesting decreased ordering after
Na ion (de)insertion process. The peaks in the pristine TiO2 samples
at 1.93 Å, 2.51 Å, 3.01 Å and 3.75 Å can be indexed to the TieO, OeO,
TieTi bond distance, respectively [16,46]. At the 1st discharged
state where Na ions are inserted, the distinct OeO peak becomes a
subtle shoulder (2.41 Å), which can be assigned to the newly-
formed NaeO bond [16], suggesting the declined OeO ordering.
Such change is possibly due to the phase transition from anatase
TiO2 (space group: I41/amd) to layered NaxTiO2 (space group: R-
3m) where cationic mixing and vacancies were initiated after Na
insertion [16]. The OeO ordering does not recover after Na ions are
extracted (1st charged state), suggesting the irreversible Na ion
insertion process. The unit cell of anatase TiO2 crystal structure is
shown in Fig. 6c where black and red balls indicate Ti atoms and O
atoms, respectively. It has been reported that the active sites for Na
ion insertion are the empty tetrahedral and octahedral sites along
the zigzag TiO6 channel [47,48]. The channel for sodium diffusion is
directly related to the TieTi distance in corner-sharing TiO6 octa-
hedra (highlighted in dashed purple lines in Fig. 6b and c. The TieTi



Fig. 5. (a) GITT profiles and (b) Log diffusivity vs. voltage during discharge process of
TiO2 samples.

Fig. 6. (a) The PDF curves of pristine, 1st charged and 1st discharged TiO2 samples with
the atomic distance ranged from 1 to 60Å.; (b) The pristine, 1st charged and 1st dis-
charged PDF curves of TiO2 samples with the enlarged range of 1 Å �9 Å. The purple
line illustrated the corner-shared TieTi distance. (c) The scheme of crystal structure of
anatase TiO2. The purple dashed line represents TieTi in corner-sharing TiO6 octahe-
dral distances. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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distance of A-TiO2 and CeTiO2 samples is 3.75 Å and 3.85 Å, which
increases with the increase of crystallinity. Because the large TieTi
distance offers more active sites and expanded zigzag channels for
Na ion diffusion, CeTiO2 sample with larger TieTi distance exhibits
the higher specific capacity and enhanced rate capability than the
A-TiO2 sample. Though the TieTi distance decreased for both TiO2
samples after Na ion insertion and/or extraction process due to the
irreversible phase transition, CeTiO2 sample demonstrates strong
amplitudes and well-defined peaks, suggesting greater TieTi
ordering which possibly contributes to its better Naþ diffusivity
compared to A-TiO2 sample.

4. Conclusions

Amorphous and highly-crystalline TiO2 nanoparticles were
successfully prepared by a sol-gel process with different heat
treatments. The uniform particle size distribution of all TiO2 sam-
ples was confirmed by TEM images. The amorphous and crystalline
features were confirmed at bulk, molecular, and atomic scale by
XRD, Raman spectroscopy, TEM, PDF, respectively. The increase of
crystallinity leads to better electrochemical performance in terms
of Coulombic efficiency, rate capability and cycle life. An irrevers-
ible Na insertion process of A-TiO2 sample is indicated in CV, which
is possibly associated with its lower specific capacity and
Coulombic efficiency compared to that of the CeTiO2 sample. The
Na ion diffusion coefficient was evaluated by GITT where more
crystallinity led to a larger diffusion coefficient. The charge storage
mechanism of the TiO2 nanoparticle samples were evaluated by CV
with varying scan rates. It was found that A-TiO2 sample has higher
capacitive contribution compared to the CeTiO2 sample. In addi-
tion to electrochemical evaluation, PDF was conducted to under-
stand the local structural evolution of the TiO2 nanoparticle
samples upon cycling. The Na ion diffusion pathway was evaluated
by the corner-shared TieTi distance, which increased with the
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increase of crystallinity. The increased TieTi distance in CeTiO2
sample leads to larger diffusion channels, more active sites and
faster Na ion diffusion than the A-TiO2 sample. Although the TieTi
distance decreases for both TiO2 samples after the Na ion insertion/
extraction processes due to the irreversible phase transitions,
CeTiO2 sample exhibits strong amplitude and well-defined peaks
in PDF, suggesting better TieTi ordering which possibly contributes
to its higher capacity, great rate capability and cycling performance.
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