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1. Introduction

With the ever-growing demands for energy and the intense 
appeal for reducing carbon emissions, the innovation of energy 
storage devices has received worldwide concerns in the past 
decades.[1] Among numerous available candidates, lithium-
ion batteries (LIBs) as a predominant power source have been 

The achievement of the superior rate capability and cycling stability is always 
the pursuit of sodium-ion batteries (SIBs). However, it is mainly restricted 
by the sluggish reaction kinetics and large volume change of SIBs during the 
discharge/charge process. This study reports a facile and scalable strategy to 
fabricate hierarchical architectures where TiO2 nanotube clusters are coated 
with the composites of ultrafine MoO2 nanoparticles embedded in carbon 
matrix (TiO2@MoO2-C), and demonstrates the superior electrochemical per-
formance as the anode material for SIBs. The ultrafine MoO2 nanoparticles 
and the unique nanorod structure of TiO2@MoO2-C help to decrease the Na+ 
diffusion length and to accommodate the accompanying volume expansion. 
The good integration of MoO2 nanoparticles into carbon matrix and the 
cable core role of TiO2 nanotube clusters enable the rapid electron transfer 
during discharge/charge process. Benefiting from these structure merits, the 
as-made TiO2@MoO2-C can deliver an excellent cycling stability up to 10 000 
cycles even at a high current density of 10 A g−1. Additionally, it exhibits supe-
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contribution.
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successfully employed in portable elec-
tronic devices (PEDs) and electric vehicles 
(EVs).[2] However, the large-scale applica-
tion of LIBs for storing sustainable energy 
is overwhelmed by the high cost and the 
scarcity of lithium resources. In this case, 
sodium-ion batteries (SIBs) are attracting 
more and more attention as one of the 
potential and promising alternatives to 
LIBs due to the similar work mechanism 
and the overwhelming advantages with 
regard to the low cost and abundance of 
sodium resources.[2b,3] Nevertheless, how 
to achieve high-rate capability and long 
cycle life in SIBs still remains a great chal-
lenge due to the sluggish reaction kinetics 
and large volume expansion rooted in 
larger Na ionic radius.[2c,4] As such, it is 
important and urgent to accelerate the 
solid-state ion diffusion and accommodate 
the accompanying volume change.

The incorporation of pseudocapaci-
tive charge storage into SIBs is one of the 
effective and promising approaches to 

overcoming the sluggish kinetics and achieving the high-rate 
capability.[5] Pseudocapacitive charge storage is based on the 
faradic reaction that occurs on or near the surface of the elec-
trode materials.[6] It has been demonstrated that the rational 
design of electrode materials with high pseudocapacitive charge 
storage can effectively integrate these advantages containing 
the high energy density of battery materials and the high power 
density of electrical double layer capacitor materials.[6] Up to 
date, many inorganic compounds with pseudocapacitive fea-
tures including the intrinsic pseudocapacitive materials (RuO2, 
MnO2, and T-Nb2O5) and extrinsic pseudocapacitive materials 
(MoS2, MoO2, V2O5, TiO2, and SnS, etc.) have been successfully 
applied in SIBs and made a great breakthrough in rate capa-
bility.[7] In addition, for the sake of high pseudocapacitive charge 
storage, it is essential to design and construct extrinsic pseudo-
capacitive materials with a tuned structure that is favorable for 
rapid mass transport and fast electron transfer. And some com-
pounds with unique structure, such as mesoporous structure, 
ultrathin nanosheets, nanoparticles, nanowires, etc., have been 
successfully fabricated, leading to high pseudocapacitive charge 
storage and an excellent rate capability in SIBs.[7d,f,8] Never-
theless, the inferior cycling stability caused by large volume 
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expansion remains a bottleneck problem and severely inhibits 
the practical applications of SIBs.

The ultrafine nanoparticles (smaller than 5 nm) possess 
small particle size and high ratio of surface area to volume that 
can significantly facilitate the ion transport and accommodate 
the mechanical strain much better than that of the large particle 
materials during sodium ion insertion/extraction process.[3b,9] 
Moreover, constructing the electrode materials with hierar-
chical structure is also another effective strategy to decrease the 
solid-state ion diffusion distance and release the volume expan-
sion.[10] Thus, integrating ultrafine nanoparticles into highly 
conductive carbon matrixes with a hierarchical structure may 
be a promising approach to simultaneously achieving the out-
standing rate capability and long cycle life.

Here, we report a novel approach to the rational design of 
the hierarchical architecture in which TiO2 nanotube clusters 
are coated with the composites of ultrafine MoO2 nanoparti-
cles embedded in carbon matrix (TiO2@MoO2-C). The unique 
rod-shaped core–shell nanoarchitecture and the ultrafine MoO2 
nanoparticle can not only obviously decrease the ion diffusion 
length but also effectively accommodate the volume expansion. 
And the carbon matrix serves as conductive framework and 
TiO2 nanotube clusters acts as cable core, which synergistically 
ensure the rapid electron transfer even at a high discharge/
charge current density. Bacause of this, the as-made TiO2@
MoO2-C as the anode material for SIBs has exhibited an excel-
lent electrochemical performance, evidenced by the ultralong 
cycle life up to 10 000 cycles at a high current density of 10 A g−1 
and the excellent rate capability of 110 and 76 mA h g−1 at high 
current densities of 10 and 20 A g−1, respectively.

2. Results and Discussion

Scheme 1 illustrates the typical synthesis process of TiO2@
MoO2-C composites. Briefly, the TiO2@MoO2-C was synthe-
sized via an in situ complexation and polymerization reac-
tions of ammonium molybdate and dopamine in the presence 
of the TiO2 nanotube templates, and followed by annealing. 
For comparison, the composites obtained by template-free 

polymerization (MoO2-C) were also prepared following the 
same process in the absence of the TiO2 nanotube templates.

The morphologies and structure of the as-made samples 
were examined by scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM), of which the rep-
resentative images are shown in Figure 1. Figure 1a and 
Figures S1–S3 (Supporting Information) show that the MoO2-C 
composites have a uniform sphere-shaped structure made of 
nanosheets, with a diameter of ≈500 nm. However, this is not 
the case for the TiO2@MoO2-C. It can be clearly seen from 
Figure 1b,c that the TiO2@MoO2-C composites feature a typical 
nanorod-shaped structure with a reduced diameter of ≈250 nm 
due to the template-guided effects of TiO2 nanotube clusters, 
which is in favor of reducing the ion diffusion length during 
the discharge/charge process. Meanwhile, the TiO2 nano-
tube clusters served as the role of cable core can facilitate the 
electron transfer throughout the overall composites, which 
is further confirmed by the electrochemical results discussed 
below. The MoO2-C coating layer on TiO2 nanotube clusters is 
assembled by the curved thin nanosheets, and shows a rough 
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Scheme 1. Schematic illustration for the synthesis of the as-made TiO2@
MoO2-C, and the Na+ transfer behaviors within the TiO2@MoO2-C elec-
trode matrix.

Figure 1. SEM images of a) MoO2-C and b,c) TiO2@MoO2-C. d,e) TEM and f) HR-TEM images of the as-made TiO2@MoO2-C; the inset in panel (e) 
shows the size distribution of the MoO2 particles in the TiO2@MoO2-C composites.
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surface that helps to increase the effective and contactable area 
between electrolyte and electrode.

The more detailed microscopic structure of TiO2@MoO2-C 
was investigated by TEM, of which the results are shown 
in Figure 1d–f. The typical core–shell structure of TiO2@
MoO2-C can be clearly observed. As shown in Figure 1d, the 
TiO2 nanotube clusters as the cable core are uniformly coated 
with the MoO2-C composites with a thickness of ≈50 nm, 
which is much smaller than the size of MoO2-C nanospheres. 
Benefiting from this characteristic, the Na+ diffusion length 
will be shortened, and the mass transport will also be acceler-
ated during electrochemical reaction process.[11] The further 
magnified TEM image (Figure 1e) shows that the MoO2 fea-
tures ultrafine nanoparticles with an average size of ≈2.2 nm 
(inset in Figure 1e), which is vitally important for the high 
efficient utilization, especially for a surface-controlled pseu-
docapacitance reaction involved in the electrochemical pro-
cess. And the ultrafine MoO2 nanoparticles are embedded 
in the highly conductive carbon matrix, which can help to 
facilitate electron transfer and accommodate the volume 
expansion during discharge/charge process.[12] Figure 1f 
shows the high-resolution TEM (HR-TEM) image of TiO2@
MoO2-C. It can be clearly noted that the well-resolved lattice 
spacing of 0.359 nm corresponds to the (101) crystal plane of 
TiO2 phase. The particles show the spacing between adjacent 
fringes of 0.249 nm, which can be assigned to the (111) plane 
of MoO2. The pore structure of the as-made TiO2, MoO2-C, 
and TiO2@MoO2-C samples was analyzed by nitrogen 
adsorption technique. As shown in Figure S4a (Supporting 
Information), all the samples show the type IV adsorption 
and desorption isotherms. Meanwhile, the TiO2@ MoO2-C 
features the highest Brunauer-Emmett-Teller (BET) specific 
surface area (130 m2 g−1) than that of MoO2-C (121 m2 g−1) 
and TiO2 (42 m2 g−1). The pore size distribution shown in 
Figure S4b (Supporting Information) reveals that the TiO2@
MoO2-C features relatively large pore size in comparison 
with the as-made MoO2-C, which is beneficial for the electro-
lyte transport.

The composition and surface chemical states of the compos-
ites were analyzed by Raman, X-ray diffraction (XRD), X-ray 
photoelectron spectroscopy (XPS), and thermogravimetric 
analysis (Figure S5, Supporting Information). As shown in 
the Raman spectra (Figure 2a), the TiO2@MoO2-C exhibits 
two remarkable peaks at 1369 and 1596 cm−1 corresponding 
to the D-band and the G-band of carbon materials, respec-
tively, and there are also typically characteristic peaks of TiO2 
and MoO2.[13] Meanwhile, relatively weak MoO3 characteristic 
peaks are present due to the oxidization of the external MoO2 in 
air. Figure 2b shows the XRD patterns of the TiO2 and TiO2@
MoO2-C. It is noted that the TiO2@MoO2-C reveals the typical 
diffraction peaks of TiO2 and MoO2. Besides, the MoO3 dif-
fraction peaks can be observed in the XRD pattern of TiO2@
MoO2-C, which is consistent with the Raman results.

XPS survey spectrum shows that the as-made TiO2@MoO2-C 
mainly consists of C, Mo, Ti, and O elements (Figure S6, Sup-
porting Information). As shown in the high-resolution C 1s 
spectrum (Figure 2c), the peaks of the C 1s can be resolved into 
three components: the main peak centered at 284.6 eV corre-
sponds to CC, whereas the peaks at the 285.5 and 288.9 eV 
can be fitted to CO and OCO, respectively. According to 
the high-resolution Ti 2p spectrum shown in Figure 2d, three 
characteristic peaks centered at 458.9, 464.7, and 472.3 eV can 
be attributed to the Ti 2p3/2, Ti 2p1/2 spin-orbit split peaks, 
and a satellite peak of Ti4+, respectively. The energy separa-
tion between the 2p3/2 and 2p1/2 peaks is 5.8 eV, which is 
well consistent with that of TiO2. From the surface high-reso-
lution Mo 3d spectra (Figure 2e), it can be seen that the Mo 
mainly exists in the form of Mo4+ (3d3/2, 233.0 eV) and Mo6+ 
(3d3/2, 235.9 eV).[7c] To further investigate the electronic states 
inside the composites, the depth Mo 3d XPS spectra of TiO2@
MoO2-C are shown in Figure 2f, which were examined after 
different plasma etching time. Obviously, the peak intensity of 
Mo6+ decreases sharply with an increase of etching time, and 
inside the composite almost all is Mo4+ after 90 s etching, dem-
onstrating that the Mo6+ only exists on the surface of TiO2@
MoO2-C, which may be attributed to the surface oxidation when 
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Figure 2. a) Raman spectra and b) XRD patterns of the as-made TiO2 and TiO2@MoO2-C. c) C 1s and d) Ti 2p XPS spectra of TiO2@MoO2-C. e) Mo 
3d XPS spectra of TiO2@MoO2-C without plasma etching. f) Mo 3d depth XPS spectra of TiO2@MoO2-C at different plasma etching time.
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exposed into the air. This is also consistent with the results 
of XRD and Raman characterizations. All these results have 
shown that the TiO2@MoO2-C nanorods are successfully fab-
ricated, in which the TiO2 nanotube clusters serve as the core 
are coated with the composites of ultrafine MoO2 nanoparticles 
embedded in carbon matrix. These integrated components and 
structure merits will be beneficial for electrochemical perfor-
mances in SIBs.

The SIBs performances of the as-made TiO2@MoO2-C 
were tested using a 2032-type coin cells by galvanostatic dis-
charge–charge and cyclic voltammetry (CV, Figure S7, Sup-
porting Information) methods with a voltage window of 
0.01–3.0 V. Figure 3a shows the first three galvanostatic dis-
charge–charge profiles of the TiO2@MoO2-C at a current den-
sity of 50 mA g−1. A high initial discharge specific capacity of 
699 mA h g−1 is delivered, with a high reversible charge spe-
cific capacity of 297 mA h g−1 that is higher than that of the 
MoO2-C (238 mA h g−1 of charge specific capacity, Figure S8b, 
Supporting Information) and TiO2 (50 mA h g−1 of charge spe-
cific capacity, Figure S8a, Supporting Information). The large 
irreversible capacity in the first cycle mainly stems from the 
formation of the solid electrolyte interface layer on the elec-
trode surface.[14] The cycle performance of the TiO2@MoO2-C 
was evaluated by galvanostatic discharge–charge measurement. 
As shown in Figure 3b, the TiO2, MoO2-C, and TiO2@MoO2-C 

electrodes all exhibit excellent cycling stability at a current den-
sity of 1 A g−1, but TiO2@MoO2-C electrode achieves the most 
appreciable capacity. After 500 cycles, the TiO2@MoO2-C elec-
trode shows a high reversible capacity of 210 mA h g−1, which is 
higher than 146 mA h g−1 of MoO2-C and 56 mA h g−1 of TiO2. 
It is also higher than that of the N-doped carbon derived from 
polydopamine (NC, 49 mA h g−1 at 1 A g−1) and the TiO2@ 
N-doped carbon (TiO2@NC, 128 mA h g−1 at 1 A g−1, Figure S9, 
Supporting Information). In order to evaluate the long-term 
and high-rate cycling stability, the TiO2@MoO2-C was further 
evaluated at high current densities of 5 and 10 A g−1 (Figure 3c). 
It is notable that the battery delivers an ultralong cycle life up 
to 10 000 cycles without obvious decay. Furthermore, the rate 
capability of the TiO2@MoO2-C was investigated by increasing 
the current densities from 0.05 to 20 A g−1 (Figure 3d). The high 
specific capacities of 110 and 76 mA h g−1 can be obtained even 
at large current densities of 10 and 20 A g−1, respectively, which 
significantly outperform those of the MoO2-C and TiO2. Mean-
while, these high capacities correspond to ≈37.8 and 26.1% of 
the discharge capacity (291 mA h g−1) at 0.05 A g−1 although the 
current densities increase 200-fold and 400-fold, respectively. In 
this case, the battery can achieve full discharge or charge in just 
13.7 s, which is vitally important and promising for the fast-
charging PEDs and EVs. In addition, when the current density 
is back to 0.05 A g−1 again, the reversible capacity can recover 
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Figure 3. Electrochemical performances of the as-made TiO2@MoO2-C. a) The first three discharge–charge profiles of the TiO2@MoO2-C at a current 
density of 50 mA g−1. b) The cycle performances of TiO2, MoO2-C, and TiO2@MoO2-C at a current density of 1 A g−1. c) The cycle performance of 
TiO2@MoO2-C at current densities of 5 and 10 A g−1. d) The rate performances of TiO2, MoO2-C, and TiO2@MoO2-C at different current densities.  
e) The discharge–charge profiles of TiO2@MoO2-C at different current densities.
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to 286 mA h g−1 corresponding to the 98.3% of the initial value, 
indicative of the outstanding electrochemical reversibility. 
These results manifest that the TiO2@MoO2-C exhibits the 
excellent electrochemical performances in terms of both cycling 
stability and rate capability. Figure 4 shows the comparisons of 
the rate performance and cycling stability of anode materials 
between the present work and previous work in the literature. 
It can be seen that the rate capability and cycling stability of 
the as-made TiO2@MoO2-C are comparable to the best perfor-
mances reported in the literature.[15]

To further figure out the reason for the excellent rate per-
formance of TiO2@MoO2-C, electrochemical impedance spec-
troscopy (EIS) was performed within the frequency range from 
100 kHz to 0.01 Hz at open circuit potential. According to the 
Nyquist plots shown in Figure 5a, the TiO2@MoO2-C electrode 
shows a smaller diameter of the semicircle in the high-medium 
frequency region, indicative of a lower charge-transfer resist-
ance (Rct) and higher conductivity of TiO2@MoO2-C than that 
of MoO2-C. This is due to the high conductivity of TiO2, which 
is also confirmed by the lowest Rct value (Figure 5a). Moreover, 
the TiO2@MoO2-C electrode shows a larger slope than that of 
MoO2-C electrode in the low-frequency region of Nyquist plots, 
suggesting a small Warburg impedance that corresponds to a 
fast solid-state ion diffusion in the electrode bulk.[16] The supe-
rior electronic and ionic conductivity is attributed to the cable 
core role of TiO2 nanotube clusters and the nanorod-shaped 
core–shell hierarchical structure of TiO2@MoO2-C. The pseu-
docapacitive nature of TiO2@MoO2-C can be demonstrated by 
the sloping discharge–charge profiles without distinct plateau 
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Figure 4. The comparison of a) the rate performance and b) cycling 
stability of anode materials in the present work and previous work in 
literature.

Figure 5. a) Nyquist plots of the TiO2, MoO2-C, and TiO2@MoO2-C electrodes tested at open circuit potential. b) CV curves of the TiO2@MoO2-C at 
different scan rates. c) b values plotted against battery voltage of the TiO2@MoO2-C for cathodic scans, the inset is the current response plotted against 
scan rates of TiO2@MoO2-C at different voltages. d) The percentage of capacitance contribution at different scan rates.
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regions at different current densities, which is a typical charac-
teristic of pseudocapacitive materials (Figure 3e).[7d,8a]

To further have thorough insights into the pseudocapaci-
tive contribution in the electrochemical performance, the CV 
tests of the TiO2@MoO2-C were carried out at various scan 
rates from 0.1 to 10 mV s−1, of which the results are shown 
in Figure 5b. In this case, the current response at a particular 
voltage can be considered to contain capacitive contribution 
(k1v) and diffusion-controlled contribution (k2v

1/2). Also, it can 
be assumed that the current response obeys an exponential 
relationship with the scan rate[6,17]

= + =1 2
1/2i k v k v avb  (1)

Here, k1, k2, and a are constants, v is the scan rate. b is 
a value ranging from 0.5 (diffusion-controlled contribu-
tion) to 1 (capacitive contribution). As shown in Figure 5c, it 
exhibits a series of b values larger than 0.8, which represents  
a high capacitive contribution for the as-made TiO2@MoO2-C 
electrode.[7b,f ] Through calculating the k1 and k2 values at dif-
ferent voltages (Figure S10, Supporting Information), the ratios 
of capacitive contribution can be quantitatively determined and 
the results are shown in Figure 5d and Figure 6.[6] It can be 
found that with the increase of scan rates, the capacitive con-
tribution further increases. And a high ratio of 88.0% can be 
achieved at a scan rate of 10 mV s−1, which is also higher than 
that of the MoO2-C electrode (Figures S11 and S12, Supporting 
Information). The high capacitive contribution is ascribed 
to the short ion diffusion length and rapid electron transfer, 
which is also the reason for the high-rate capability of TiO2@
MoO2-C electrode.

3. Conclusion

In summary, we reported a facile and scalable method for 
rational design and configuration of the nanorod-shaped core–
shell architecture where TiO2 nanotube clusters are coated with 
the composites of the ultrafine MoO2 nanoparticles embedded 
in carbon matrix. The hierarchical structure of TiO2@MoO2-C 
and the ultrafine MoO2 nanoparticles combines to effectively 
relieve the large volume change during discharge/charge pro-
cess. Because of this, the TiO2@MoO2-C shows an excellent 
cycling stability up to 10 000 cycles. Furthermore, the core–shell 
structure of TiO2@MoO2-C and the ultrafine nanoparticles of 
MoO2 help to decrease the ion diffusion length and facilitate 
the ion transport; meanwhile, the good integration of MoO2 
nanoparticles into the carbon matrix and the cable core role of 
TiO2 nanotube clusters enable the rapid electron transfer. As 
a result, the as-made TiO2@MoO2-C electrode exhibits high 
capacitance and excellent rate capability. This work may help 
to inspire the configuration of advanced electrode materials for 
high-rate and long-life SIBs.

4. Experimental Section
Material Preparation: All reagents used in the present work were of 

analytical grade, and used without further purification.
Synthesis of the TiO2 Nanotube Clusters Precursor: The TiO2 nanotube 

clusters precursor were synthesized by a conventional method as 
reported in literature.[18] Typically, 0.4 g of P25 was dissolved into 60 mL 
of 10 m NaOH solution and then transferred to a Teflon-lined stainless 
steel autoclave of 80 mL, and held at 130 °C for 24 h with a strong 
magnetic stirring of 550 r min−1. After cooling down, the product was 
washed with deionized water until pH ≈ 9. Finally, the obtained sample 
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Figure 6. The capacitive contribution to charge storage of TiO2@MoO2-C at different scan rates of a) 0.1, b) 0.2, c) 0.5, d) 1, e) 5, and f) 10 mV s−1.
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was undergone a hydrogen ion exchange process in a diluted HNO3 
solution (0.1 m) and then washed for several times till pH ≈ 7. After that, 
the TiO2 nanotube clusters precursor was dried for further use.

Synthesis of TiO2@MoO2-C, MoO2-C, and TiO2: 100 mg of TiO2 
nanotube clusters precursor was dispersed into 80 mL of deionized 
water under ultrasonic treatment for 15 min. Then 800 mg of 
(NH4)6Mo7O24·4H2O and 200 mg of dopamine were dissolved into 
above dispersed solution. 160 mL of ethanol was added and followed 
by strong magnetic stirring for 5 min. After that, 1.2 mL of ammonia 
solution (28%–30%) was added, and the solution was subjected to 
continuous stirring for 1.5 h at room temperature. The precursor was 
obtained by centrifugation with ethanol for two times and vacuum drying 
at 50 °C for 10 h. Finally, the TiO2@MoO2-C composites were made by 
treating the precursor at 750 °C for 3 h at a ramping rate of 5 °C min−1 
in flowing Ar atmosphere. For comparison, the MoO2-C was fabricated 
in the absence of TiO2 nanotube clusters precursor, and the TiO2 was 
also prepared by annealing TiO2 nanotube clusters precursor under the 
same conditions. The NC and TiO2@NC were also prepared under the 
same conditions in the absence of Mo source and TiO2, and Mo source, 
respectively.

Materials Characterization: The morphology, structure, and 
composition of the as-made samples were examined by SEM (Hitachi 
S-4800), TEM (FEI TF30), XRD (Bruker D8 Advance, Cu K α X-ray 
source), Raman (HORIBA Scientific LabRAM HR), and XPS (Thermo 
ESCALAB 250).

Electrochemical Measurements: The electrochemical performances of 
the as-made samples were evaluated by a 2032-type coin cell. The anode 
was prepared by casting the slurry containing 80 wt% of the as-made 
samples (TiO2@MoO2-C, MoO2-C, and TiO2), 10 wt% of polyvinylidene 
difluoride binder, and 10 wt% of carbon black in N-methyl-2-pyrrolidone 
solvent onto the Cu foil and then dried at 85 °C for 10 h. The assembly 
of the sodium-ion cell was carried out in an argon-filled glove box 
with a sodium foil, electrolyte (1 m NaClO4 in ethylene carbonate and 
diethyl carbonate (volume ratio of 1:1) with 10 wt% of fluoroethylene 
carbonate additive), a glass fiber separator, and the as-made anodes. 
The galvanostatic discharge/charge tests were performed in an Arbin 
battery test station with a voltage window of 0.01–3.0 V at 25 °C. The CV 
and EIS tests were conducted on a Biologic electrochemical workstation. 
The average areal loading amount of active materials in the electrode 
was 0.7–0.8 mg cm−2.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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