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Rate-independent and ultra-stable low-temperature sodium 
storage in pseudocapacitive TiO2 nanowires  
Dongmei Lin,‡a Kaikai Li,‡a Qian Wang,a Linlong Lyu,a Baohua Li*b and Limin Zhou*a

Sodium-ion batteries (SIBs) face with several challenges, including low capacity, short cycle life, and poor low-temperature 
performance. In this work, TiO2–B/anatase dual-phase nanowires are synthesized and applied as SIB anode to address above 
challenges. For the first time, we find the excellent Na-storage performance of the nanowire anode like rate-independent 
capacities and ultra-stable cycling stability at low temperature. Operando Raman spectroscopy shows that the nanowires 
are completely amorphized after cycling at 303 K; however, the TiO2–B phase of the dual-phase nanowires remains 
crystalline after cycling at 273 K. The different sodiation mechanism at different temperatures results in a lower capacity 
but a more stable structure during cycling at 273 K than at 303 K. Kinetic analysis shows that the nanowire anode possesses 
ultralow charge-transfer energy barrier and resistance with higher apparent Na diffusion coefficient at 273 K than at 303 K 
during desodiation, which significantly enhances the Na+ intercalation pseudocapacitive process at low temperature. The 
synergy between structural transition and diffusion kinetics leads to rate-independent and ultra-stable Na-storage 
performance at low temperature. This work provides new perspectives for the understanding and design of low-
temperature SIBs with high rate capability and long cycle life.

Introduction 
Energy storage is one of the most important research fields in 
the 21st century, with the goal of reducing society’s 
dependence on fossil fuels.1-3 Lithium-ion batteries (LIBs) have 
become the most rapidly developed and widely commercialized 
energy storage devices in the past 25 years and play an 
increasingly important role in electric vehicles (EVs).4-6 
However, the growth of the global EV market has been much 
slower than initially predicted, which reflects the main 
challenges faced by the battery industry—extending the driving 
range (by increasing the energy density) and decreasing the 
price of EVs.4,7 These challenges have motivated battery 
researchers to achieve a significant breakthrough by 
substituting the current electrode materials with mass-
produced high-capacity and low-cost electrode materials,7,8 
which has been the focus of research in recent years. Regarding 
low-cost techniques, sodium-ion batteries (SIBs) are a viable 
alternative to LIBs because sodium (Na) resources are 
inexhaustible.8 Recent advances in SIBs suggest that some Na 
compounds have more promise than their lithium analogs.9-11 
However, SIBs are still limited by either poor cycling stabilities 
or low capacities.  

In addition to exhibiting high energy density and extended 
cycle life, rechargeable batteries also need to provide stable  
output and rapid charge/discharge cycling at low temperatures, 
especially to power an EV or hybrid EV. However, in reality, 
rechargeable batteries, including both Li-ion batteries and Na-
ion batteries, often experience significant capacity loss at low 
temperatures, which is a huge barrier, especially for EVs and 
aerospace applications. These limitations might be alleviated by 
the discovery of more suitable electrolytes and active 
materials.12 Current efforts to improve the low-temperature 
performance of LIBs or SIBs have focused on increasing the ion 
transport kinetics in the electrolyte via formulation of the 
electrolyte by tuning its composition and additives.13-15 Few 
studies have investigated the low-temperature performance of 
electrode materials. Alberto Varzi et al. investigated the 
electrochemical activity of porous CuZn intermetallic alloys 
toward Li and showed that the CuZn alloys possess superior Li-
storage capability at low temperature because of the high 
electronic conductivity provided by Cu and the porous electrode 
morphology.16 In addition, another study found that reducing 
the particle size of the LiFePO4/C material can improve its low-
temperature performance.17 Studies of SIB electrode materials 
at subzero are very rare. Ya You et al. studied Prussian blue as 
the SIB cathode material and found that it demonstrates 
outstanding low-temperature performance in terms of energy 
density, rate capability, and long cycle life at −25 °C.18 Guo et al. 
investigated Na3V2(PO4)2O2F nano-tetraprisms as the SIB 
cathode material, which exhibits outstanding rate capability, 
ultra-long cycling stability, and superior low-temperature 
performance.19 Capacity retention of up to 76.4% at −25 °C and 
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0.2 C was achieved. However, to date, no study has investigated 
SIB anode materials, which is crucially to understand how 
temperature influences the Na-storage performance and to 
promote the future development and application of SIBs.  

 
Some hard carbon and metallic antimony, tin, and their 

related compounds can exhibit high capacities, but these 
materials often face some important issues such as safety 
problems due to Na dendritic growth,20 poor structural stability, 
and low rate capability due to the huge volume variation upon 
Na cycling.21, 22 Studies have shown that titanium dioxide (TiO2) 
is an attractive, low-cost, and sustainable choice for use an SIB 
electrode material, especially if high rate capabilities and 
negligible volume changes can be obtained.23-26 In this study, we 
develop TiO2 nanowire SIB anode with two different phases in a 
single nanowire. The obtained TiO2–B/anatase dual-phase 
nanowires exhibit excellent capacity, rapid charging capability, 
and long cycle life at low temperature, with better high-rate 
capacities at 273 K than those reported in the literature on 
TiO2–based anodes at room temperature. The capacity 
performance of the dual-phase nanowire anode is nearly 
independent of the current density. Operando Raman 
spectroscopy, cyclic voltammetry (CV), temperature-dependent 
electrochemical impedance spectroscopy (EIS), and 
galvanostatic intermittent titration technique (GITT) analyses 
reveal that the excellent low-temperature Na-storage 
performance is induced by the stable structure during cycling, 
the ultra-low charge-transfer energy barrier and resistance, and 
the high apparent sodium diffusion coefficient during 
desodiation that improves the Na+ intercalation pseudo-
capacitive process. We believe that this work provides a deeper 
understanding of the effect of low temperature on the 
structural transitions and Na-storage kinetics in SIB electrodes 
and can guide the future development of low-temperature SIBs. 

 

Results and discussion 
Morphology and structure of the dual-phase TiO2 nanowires 
The dual-phase TiO2 nanowires were prepared using a facile and 
cost-effective hydrothermal method, as illustrated in Fig. 1a. 
The raw anatase TiO2 nanoparticles with ~ 50 nm diameter (Fig. 
S1) were finally transformed into TiO2 nanowires with two 
phases (anatase and TiO2–B phases). The morphology and 

structure of the dual-phase TiO2 nanowires were characterized 
by scanning transmission electron microscopy (STEM). Fig. 1b 
shows that the length of the dual-phase nanowires was several 
hundreds of nanometers and that the diameter was less than 
10 nm. The high-resolution transmission electron microscopy 
(HRTEM) images in Fig. 1c and S2 show the coexistence of lattice 
fringes of the TiO2–B phase [(001) plane d-spacing of ~ 0.65 nm] 
and the anatase phase [(101) plane d-spacing of ~ 0.35 nm, 
(103) plane d-spacing of ~ 0.24 nm] in a single nanowire. The 
coexistence of two phases in a single nanowire induced the 
formation of heterogenous interfaces. The red curves in Fig. 1c 

show that several phase boundaries were present in the 
nanowire samples because the TiO2–B phase was not 
continuously distributed in the nanowire. Nanowires consisting 
of pure anatase (A) phase and TiO2-B (B) phase were also 
prepared by changing the temperature of heat treatment. As 
shown in Fig. S3, only lattice fringe of TiO2–B phase or lattice 
fringe of anatase phase can be identified in the two samples, 
meaning that the nanowires are composed of pure TiO2–B 
phase (Fig. S3a) or pure anatase phase (Fig. S3b). 
Heterogeneous interfaces generated from two phases have 
been reported to improve Li ion diffusion.27-29 They can also 
improve Na+ diffusion and consequently enhance the Na-
storage capacity at high rates as reported recently.30, 31 This is 
also demonstrated by the following comparative study of the 
electrochemical performance using nanowires with different 
phases. The diffraction rings in the selected area electron 
diffraction (SAED) pattern shown in Figure 1d further confirm 
the coexistence of the two phases (A: anatase phase; B: TiO2–B 
phase).  

 

 
 

Fig. 1 (a) Schematic illustration of the fabrication process of the 
dual-phase TiO2 nanowires. (b) STEM and (c) HRTEM images of 
the dual-phase TiO2 nanowires. The yellow lines in (c) indicate 
the lattices of TiO2–B and anatase phases, and the red line 
marks the interface between two phases. (d) SAED pattern with 
the anatase phase being designated as A and TiO2–B phase as B.  
 
      Fig. 2a shows the X-ray powder diffraction (XRD) pattern of 
the obtained nanowires. The black and purple vertical lines 
mark the theoretical peak positions of the pure anatase phase 
(JCPDS 21-1272) and the pure TiO2–B phase (JCPDS 74-1940). 
Indeed, the obtained nanowires comprise both the TiO2–B and 
anatase phases. Fitting of the XRD pattern revealed the phase 
composition of the nanowires as 51 wt% TiO2–B phase and 49 
wt% anatase phase. The Raman spectrum in Fig. 2b also 
demonstrates the dual-phase characteristic of the obtained 
nanowires as the spectrum possesses Raman bands of both the 
TiO2–B and anatase phases.32 Fig. S4 shows the X-ray 
photoelectron spectroscopy (XPS) spectrum of the dual-phase 
TiO2 nanowires. The high-resolution XPS Ti 2p spectrum (Fig. 2c) 
and O 1s spectrum (Fig. 2d) show that the existence of Ti3+ in 
the dual-phase nanowires, indicating the presence of oxygen 
vacancies. These oxygen vacancies may have originated from 
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the two-phase interface or the surface of the nanowire and will 
provide additional active sites for Na-storage. Moreover, the 
Brunauer–Emmett–Teller (BET) results (Fig. S5) demonstrate 
that the dual-phase TiO2 nanowires had a high surface area 
(171.01 m2 g−1). The large specific surface area results in larger 
contact area between the electrode and the electrolyte, which 
may be beneficial for rapid Na insertion/extraction. 

 

Fig. 2 (a) XRD pattern, (b) Raman spectrum, (c) XPS Ti 2p 
spectrum, and (d) XPS O 1s spectrum of the dual-phase TiO2 
nanowires. 

Electrochemical performance    
The dual-phase nature, heterogenous interface, small size, 
oxygen vacancies and high surface area are expected to endow 
the material with high capacity and high rate capability.27,33,34 
Fig. 3 shows the electrochemical performance of the dual-phase 
TiO2 nanowires for SIBs. Fig. S6 shows the first three charge–
discharge voltage profiles at a rate of 0.25 C (1 C = 335 mA g−1) 
between 0.01 V and 3 V at 303 K and 273 K.  The charge–
discharge curves show a continuous slope without plateaus at 
both temperatures, implying that the sodiation of the dual-
phase TiO2 nanowires was probably a single-phase transition 
process.35 The first discharge and charge capacities were 
measured to be 438.5 and 305.3 mAh g−1 at 303 K, respectively, 
resulting in an initial coulombic efficiency (CE) of 70%, which is 
much higher than that of other TiO2–based electrodes reported 
in the literature (Table S1). When the temperature was 
decreased to 273 K, the first discharge and charge capacities 
were measured to be 340.9 and 173.6 mAh g−1, respectively, 
corresponding to an initial CE of 51%. Apparently, the decrease 
in temperature reduced both the capacity and initial CE of the 
nanowire anode at a low rate. Nevertheless, the capacity and 
initial CE of the dual-phase nanowire anode at 273 K and 0.25 C 
remain better than those of some TiO2–based SIB anodes at 
room temperature reported in the literature (Fig. 3d and Table 
S1). In subsequent cycles, the performance of the electrode 

tended to be stable, and the CE reached almost 100% at both 
temperatures.  

 
Achieving a high rate performance is always a challenge for 

rechargeable SIBs owing to the difficulty insertion and 
extraction of Na+ into the host structure, and the rate 
performance of SIBs at low temperatures has not yet been 
assessed. As mentioned above, introducing heterogeneous 
interfaces may improve the electrochemical performance of 
electrode materials. Here we compared the rate performance 
of nanowires with different phases. As shown in Fig. S7, the 
dual-phase nanowires exhibited obviously better rate 
performance than nanowires consisting of only one phase. We 
then compared the rate performance of the dual-phase 
nanowire anode at 303 K and 273 K, as shown in Fig. 3a–c. Fig. 
3a displays the charge–discharge voltage profiles of the anode 
at different rates at 303 K. Increasing the rate from 0.25 C to 20 
C decreased the reversible capacity from 290.1 to 148.1 mAh 
g−1. The capacity loss as the rate increased was significant, but 
the capacity at 20 C remained much higher than the capacities 
at the same rate reported in the literature (Fig. 3d).  Similar rate-
performance was obtained for a cell with a larger mass loading 
at 303 K (Fig. S8). Fig. 3b shows the charge–discharge voltage 
profiles of the anode at different rates at 273 K. It is interesting 
that increasing the rate from 0.25 C to 20 C resulted in little 
capacity loss, as evident in Fig. 3c. This finding implies that the 
capacity of the dual-phase nanowire anode was almost rate 
independent at 273 K. Meanwhile, the capacity at 20 C reached 
141.5 mAh g−1 at 273 K, which was comparable to that obtained 
at 303 K and higher than the capacities at room temperature 
reported in the literature. Fig. 3d compares the rate capabilities 
of TiO2–based anodes for SIBs,26, 36-43 showing that the 
performance of dual-phase nanowire anode is among the best. 
Even at low temperature, the high rate performance of the 
present dual-phase nanowire anode was much better than the 
performances reported at room temperature in the literature. 
We further tested the rate-performance and cycle performance 
of the dual-phase nanowires at 248 K (Fig. S9 and Fig. S10), and 
found that, at such a low temperature, the capacity of the 
nanowires was also relatively high and nearly independent of 
the current density. A reversible capacity of 122 mAh g-1 was 
achieved at 10 C and maintained almost constant for more than 
1000 cycles. These results demonstrate that the dual-phase TiO2 
nanowire anode possesses excellent rate performance, 
especially at low temperature, and that its capacity at low 
temperature is almost rate independent.  

 
The cycling performance of the dual-phase TiO2 nanowire 

anode at 303 K and 273 K was measured at 0.5, 1, 5, and 10 C, 
as shown in Fig. 3e–f, and S11-S13. When cycling at 1 C and 303 
K, the nanowire anode showed a high capacity of ~ 250 mAh g−1 
in the initial 100 cycles. However, the capacity gradually 
decreased to ~ 165 mAh g−1 after 200 cycles (Fig. S11). Although 
the capacity at 1 C and 273 K was ~ 100 mAh g−1 lower than that 
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obtained at 303 K in the initial 100 cycles, the capacity at 273 K 
was extremely stable during the 1 C cycling. Even after 1000 
cycles, the capacity at 273 K still remained as high as 140 mAh 
g−1 with neglectable capacity decay. When cycling at a high rate 
like 10 C, as shown in Fig. 3f, obvious capacity decay was 
observed at 303 K. However, the nanowire anode exhibits 
excellent cycling stability at 273 K with an ultralow capacity 
decay rate of ~ 0.023% per cycle. Meanwhile, the capacities at 
10 C and 1 C when cycling at 273 K were also similar. These 
results indicate that the dual-phase TiO2 nanowire anode 
possesses excellent cycling performance at 273 K at both high 
and low rates. 

 
Fig. 3 Electrochemical performance of the dual-phase TiO2 
nanowire anode (SCapacity: Specific capacity). (a, b) The charge–
discharge voltage profiles at different rates of 0.25 C–20 C at (a) 
303 K and (b) 273 K. (c) Rate performance at different 
temperatures. (d) Comparison of the rate capability of the dual-
phase TiO2 nanowire anode with other TiO2–based electrodes 
reported. (e, f) Cycling performance at rates of (e) 1 C and (f) 10 C 
at different temperatures.  

 

Structural evolution 
To identify the origin of the rate-independent and ultra-stable 
low-temperature Na-storage performance of the dual-phase TiO2 
nanowire anode, operando Raman spectroscopy, scan rate-
dependent CV, temperature-dependent EIS and GITT were 
conducted to investigate the phase transitions and sodiation 
kinetics of the anode materials during electrochemical cycling. 
Fig. 4a and c show the operando Raman spectra of the nanowire 
anode during 1 C discharge–charge cycle at 303 K and 273 K, 
respectively.  In both cases, the intensities of the Raman peaks 
gradually decreased with discharging and all peaks nearly 
disappeared after complete discharge. After complete charge, the 

Raman peaks did not reappear at 303 K (Fig. 4b), but those of the 
TiO2–B phase reappeared when cycling at 273 K, although the 
intensities were not as high as those before cycling. Reportedly, 
the sodiation of anatase TiO2 results in the formation of an 
amorphous sodium titanate phase, that functions as the host for 
Na+ storage in the subsequent cycles.44 In addition, one study 
reported the sodiation of TiO2–B is a single-phase process and 
that it also leads to the formation of an amorphous host.45 In our 
study, the Raman spectra evolution trend when cycling at 303 K 
was found to be totally consistent with the above-mentioned 
sodiation mechanism that the crystalline nanowire transforms 
into  an amorphous structure after cycling. However, when 
cycling at 273 K, the anatase phase in the nanowire was 
amorphized, but the TiO2–B phase remained crystalline. The 
capacity performance of the nanowire anode was closely related 
to the structural transition during sodiation–desodiation. The 
sodiation of TiO2–B should be an intercalation reaction because 
of its large d-spacing, followed by the amorphization process. The 
amorphization process will then lead to a higher capacity than the 
intercalation reaction. At low temperature, the amorphization of 
the TiO2–B phase is inhibited, which explains the reason why 
lower capacity was observed at 273 K than at 303 K.  However, 
the intercalation mechanism ensures the structure stability of the 
nanowire during cycling and is beneficial for both the cycling 
performance and rate performance46 because amorphization 
generally results in large volume expansion and cracks. The 
operando Raman spectra results indicate that the nanowire 
structure is more stable during low-temperature cycling than 
during high-temperature cycling. 

 
Fig. 4 2D intensity map of the operando Raman spectroscopy of 
the dual-phase TiO2 nanowire anode during the first 
sodiation/desodiation cycle at the rate of 1 C at (a-b) 303 K and 
(c-d) 273 K. (b) The Raman spectra before and after cycle at 303 
K. (d) The Raman spectra before and after cycle at 273 K. 
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Kinetic analysis 
The CV curves of the dual-phase TiO2 nanowire anode measured 
at increasing scan rates from 0.1 to 20 mVs−1 at 303 K and 273 K 
are shown in Fig. 5a, b and S14. All CV curves show similar shapes 
with broad peaks for Na+ insertion/extraction. The neglectable 
peak shifts with increasing scan rates indicate ultralow 
polarizations, implying fast Na+ diffusion kinetics in the nanowire 
anode. In addition, the CV results showed that the sodium storage 
of the dual-phase TiO2 nanowire anode was controlled by both 
diffusion and capacitance. The total charge in a CV scan includes 
the faradaic contributions from pseudo-capacitance and Na+ 
diffusion and a non-faradaic contribution from the double-layer 
charging.47 These capacitive effects can be distinguished from Na+ 
diffusion by analyzing the CV data at various scan rates based on 
the following relationship:48 

i = aυb         (1) 
where i is the measured current, υ is the scan rate, and a and 

b are coefficients. The value of b can be calculated from the slope 
of the log(i)-log(υ) plots. In particular, b = 0.5 indicates a total 
diffusion-controlled process, whereas b = 1.0 indicates a 
capacitive process. Fig. 5c shows that the log(i) is linearly related 
to the log(υ). Therefore, the b values at various potentials can be 
determined using the above relationship, and the results are 
shown in Fig. 5d. Clearly, the b values at both temperatures are 
much higher than 0.5, indicating that the sodiation of the dual-
phase TiO2 nanowire anode was a combination of diffusion and 
capacitance. Meanwhile, the b values are higher at low 
temperature than at high temperature, indicating that the 
contribution of capacitive charge was larger at low temperature 
than at high temperature. Most of the total charge at 273 K 
originated from the capacitive process. The ultralow polarizations 
and enhanced capacitive effect at low temperature endowed the 
dual-phase TiO2 nanowire anode with excellent rate performance 
and cycling stability. 

 
Fig. 5 (a) Cyclic voltammograms (CV) curves of the dual-phase TiO2 
nanowires anode at various can rates from 0.2 to 20 mV s−1 at 303 
K. (b) CV curves at 273 K. (c) The log(i) vs log (υ) relationship at 
selected potentials. (d) The b-values at various potentials 
determined using the relationship between current and scan rate 
i = aυb. 

 
To gain more fundamental insights into the fast Na+ diffusion 

kinetics of the nanowire anode, temperature-dependent EIS and 
GITT measurements were obtained to investigate the kinetic 
properties including the charge-transfer resistance and energy 
barrier and the diffusion coefficient of Na ions in the cell system. 
Fig. 6a shows the EIS spectra measured at various temperatures. 
All spectra contain a semicircle, which is related to the charge 
transfer resistance.49 The charge-transfer resistance Rct can be 
calculated as follows:50 

Rct = RT/(F2Aksx0.5(1-x)0.5)         (2) 
where F is the Faraday constant, T is the absolute temperature, 

R is the gas constant, ks is the standard exchange rate constant, A 
is the total electroactive surface area, and x is the Na 
concentration. Rct is proportional to T and inversely proportional 
to A. The charge-transfer resistance of the nanowire anode can 
be calculated by fitting the EIS spectra using the equivalent circuit 
shown in Fig. 6b. The charge-transfer resistances at all 
temperatures were much smaller than those reported for TiO2–
based SIB anodes in the literature (Tables S2 and S3). For example, 
the resistance was merely 5 Ω at 20 °C. The change in Rct with 
decreasing temperature was very small. The total electroactive 
surface area is a crucial factor in determining the capacity 
especially when cycling at high rates. Thus, when cycling at 273 K 
at high rates, the anode can exhibit capacities as high as it exhibits 
when cycling at 303 K. The small change in Rct with decreasing 
temperature also implies a very low charge-transfer energy 
barrier, and the charge-transfer energy barrier Ea, ct can be 
calculated by fitting the temperature-dependent resistance, as 
shown in Fig. 6b. The Arrhenius plot shown in Fig. 6b was used to 
determine the charge-transfer energy barrier:51 

σT=Aexp(-Ea/kBT)         (3) 
Where σ is the ionic conductivity, T is the absolute 

temperature, A is the pre-exponential factor, Ea is the apparent 
activation energy for ion transport, and kB is the Boltzmann 
constant. The charge-transfer energy barrier calculated using the 
slope of the line was 79.2 meV, representing a significantly lower 
charge-transfer energy barrier than that of a previously reported 
TiO2/graphene nanocomposite SIB anode.26 This low energy 
barrier indicates that at any temperature, the transport of Na+ 
was very fast in the cell. The low charge-transfer resistance and 
energy barrier ensure fast sodiation kinetics and consequent 
enhancement of the capacitive process, which contributes to the 
excellent capacity and rate capability of the dual-phase TiO2 
nanowire anode. Fig. 6c and S15 show the GITT voltage profiles 
and equilibrium potentials of the nanowire anode at 303 K and 
273 K. The anode possesses similar polarizations during 
sodiation–desodiation at different temperatures. The capacity 
measured by GITT at 273 K was lower than at 303 K, indicating 
that the capacity performance at low temperature was 
determined mainly by the active materials. In addition, because 
GITT measures the theoretically maximum capacity, tailoring the 
nature of the active materials is an effective way to improve the 
low-temperature capacity of SIBs. These findings are consistent 
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with the operando Raman results that the structural change of 
the active materials is temperature dependent. The apparent Na 
diffusion coefficients Dapp at different states of discharge/charge 
could be calculated using GITT, and the results are shown in Fig. 
6d. Clearly, the anode exhibited similar Dapp during sodiation at 
different temperatures, indicating that decreasing the 
temperature did not retard the Na diffusion in the active 
materials in the current case. Meanwhile, GITT results show that 
the Dapp during desodiation was higher at low temperature than 
at high temperature, which is seemingly contrary to our 
traditional knowledge that diffusion coefficient increases with 
increasing temperature. This is probably due to the formation of 
different structures after discharging at different temperatures. 
At low temperature, the nanowires remained certain extent of 
crystallinity after full discharging, while the nanowires were 
totally amorphized at high temperature. The CV analyses also 
proved that the Na+ intercalation pseudocapacitance dominated 
significantly at low temperature, indicating faster diffusion 
kinetics. The higher Dapp is absolutely beneficial for the rate 
performance of the nanowire anode at low temperature. 

 

 
Fig. 6 (a) Temperature-dependent Nyquist plots of the nanowire 
electrode at various temperatures from 0 to 50 °C. (b) Arrhenius 
plot of the charge transfer resistance Rct, with the derived charge 
transfer energy barrier Ea, ct and the proposed equivalent circuit 
for fitting the EIS spectra in Fig. 6a. (c) GITT voltage profiles and 
equilibrium potentials during sodiation–desodiation. (d) The 
apparent Na diffusion coefficient Dapp at various states of 
discharge/charge determined from the GITT voltage profiles at 
different temperatures. 

Conclusions 
In this study, TiO2–B/anatase dual-phase nanowires were 
successfully fabricated using a simple hydrothermal and heat 
treatment method and were applied as SIB anode. The dual-
phase TiO2 nanowire anode showed high rate capability and 
excellent long-term cycling stability at low temperature. In 

particular, increasing the current density from 1 C to 20 C 
induced only less than 3% reduction of the specific capacity at 
273 K. After 1000 cycles at 1 C and 273 K, ~ 140 mAh g−1 capacity 
was still achieved, corresponding to an ultralow capacity decay 
rate of ~ 0.02% per cycle. Operando Raman spectroscopy 
showed that the dual-phase nanowires were completely 
amorphized when cycling at 303 K. However, when cycling at 
273 K, only the anatase phase of the nanowires was amorphized 
and the TiO2–B phase remained crystalline. The different 
sodiation mechanism resulted in lower capacity but a more 
stable structure at low temperature. CV analysis demonstrated 
that Na+ intercalation pseudo-capacitance contributed most of 
the capacity of the nanowire anode at low temperature. 
Furthermore, temperature-dependent EIS and GITT verified 
that the dual-phase TiO2 nanowires possessed an ultralow 
charge-transfer resistance and energy barrier and a high 
apparent Na diffusion coefficient during desodiation, which 
significantly improved the Na+ diffusion kinetics and the 
capacitive process at low temperature. The synergy between 
favorable structural transition and fast Na diffusion kinetics 
provided an excellent Na-storage performance of the dual-
phase TiO2 nanowire at low temperature. The rationale 
obtained in this work provides a deeper understanding of the 
effect of low temperature on the Na-storage behavior and an 
effective strategy to resolve the critical issues of SIB anodes and 
can be extended to a variety of electrode materials. 
 
Experimental Section 
 
Synthesis of dual-phase TiO2 nanowires  

The fabrication method was similar to that reported by Li.30 First, 
2 g of raw TiO2 nanoparticles (average diameter: 50 nm), 
purchased from MKnano, M K Impex Corp., were uniformly 
dispersed in 80 mL of KOH solution (10 M), and the mixture was 
heated in a 100-mL Teflon-lined autoclave at 200 °C for 24 h. 
The mixture was then cooled to room temperature. After the 
hydrothermal treatment, the TiO2 nanoparticles were 
transformed to K2Ti6O13 nanowires which were then centrifuged 
and washed three times with deionized (DI) water. The K2Ti6O13 
nanowires were then ion-exchanged using a 0.5 M HCl solution 
with homogeneous stirring for 4 h and isolated by 
centrifugation. The obtained products were washed three times 
with DI water and dried at 60 °C for 12 h. Finally, the products 
were heat treated at 350 °C in air for 5 h in a high-temperature 
muffle furnace to obtain dual-phase TiO2 nanowires. The 
fabrication of pure TiO2-B and anatase phase TiO2 nanowires 
was similar to above process, except for the different heat 
treatment temperatures of 300 °C and 500 °C for TiO2-B and 
anatase phase, respectively.  

 
Material characterizations 

The morphology and structure of the TiO2 nanowires were 
characterized with a STEM (JEOL, JEM-2010F, 200 kV). XRD 
patterns were recorded on a Rigaku diffractometer equipped 
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with a Cu Kα radiation source operated at 40 kV and 120 mA in 
the range of 10° to 80°. The Raman spectra were recorded using 
a MicroRaman system (LabRAM HR spectrometer, Horiba) 
equipped with an Olympus BX microscope and an argon ion 
laser (532.05 nm, 50 mW). XPS were recorded using a PHI 5000 
VersaProbe II spectrometer with a monochromatic Al Kα X-ray 
source. Nitrogen adsorption–desorption isotherms and the BET 
surface area were characterized using a Micromeritics ASAP 
2020 analyzer.  

 
Electrochemical measurements 

For electrochemical measurements, the dual-phase TiO2 
nanowires were mixed with polyvinylidene fluoride (PVDF) and 
Ketjen black at a weight ratio of 70:10:20 in N-methyl-2-
pyrrolidene (NMP). The obtained slurry was then coated on a 
copper foil and dried in a vacuum oven at 100 °C for 12 h to 
obtain the working electrode. The 2032 coin-type cells were 
assembled in an argon-filled glove-box (MBRAUN, MB-OX-SE1), 
and both moisture and oxygen contents of less than 0.5 ppm 
were ensured. The Na foil served as the counter electrode, 1.0 
M NaCF3SO3 in diglyme served as the cell electrolyte, and glass 
fiber acted as the separator. The galvanostatic charging–
discharging measurements were conducted on battery testers 
(LAND CT-2001A) with voltage windows of 0.01 – 3.0 V for the 
SIB. The CV tests were performed between 0.01 and 3.0 V. 
Variable-temperature EIS measurements (0 °C, 10 °C, 20 °C, 30 
°C, 40 °C, and 50 °C) were obtained using an electrochemical 
workstation (PARSTAT 4000) from 105 Hz to 0.1 Hz with a 
voltage amplitude of 10 mV. GITT measurements were obtained 
using a current density of 0.5 C (1 C = 335 mA g−1) as the pulse 
and equal pulse durations of 2.5 min. After each pulse, the cells 
rested in an open circuit for 2.5 h to reach the equilibrium 
potential.  
 
Operando Raman spectroscopy 

The electrode for the operando Raman measurement was 
fabricated by mixing the TiO2 nanowires with polyvinylidene 
fluoride (PVDF) and Ketjen black at a weight ratio of 70:10:20 in 
N-methyl-2-pyrrolidene (NMP), coating the mixture on a 
stainless-steel mesh, and drying the coated mesh in a vacuum 
oven at 100 °C for 10 h. A delicate airtight electrochemical cell 
with a quartz window on the top was designed and used for the 
operando Raman spectroscopy tests. The cell was assembled in 
an argon-filled glove box (O2 ≤ 0.5 ppm, H2O ≤ 0.5 ppm) with Na 
foil as the counter electrode, and 1.0 M NaCF3SO3 in diglyme as 
the electrolyte. The Raman spectra were recorded using a 
MicroRaman system (LabRAM HR spectrometer, Horiba) 
equipped with an Olympus BX microscope and an argon ion 
laser (532.05 nm). The D2 filter was chosen to avoid electrode 
degradation. Each spectrum required 20 s measurement-time 
with two times accumulation. The spectra were collected in the 
galvanostatic mode because the operando Raman cell was 
under a constant current density of 1 C (1 C = 335 mA g−1). The 
galvanostatic discharge–charge cycling of the cell was 

controlled using an electrochemical workstation (PARSTAT 
4000). 
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