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abundance, as well as almost unlimited 
sodium resources on earth, sodium-ion 
batteries (SIBs or NIBs) are continuously 
attracting increasing attentions in both 
of the academic and industrial fields as 
competitive alternatives for the possible 
replacement of LIBs.[2–4] Similar with the 
performance limit issues in LIB systems, 
the key challenges for the application and 
commercialization of NIBs are regarded 
as the appropriate electrode material selec-
tion and design.[5–7] Among the various 
candidates for NIB anodes, titanium 
dioxide (TiO2) is a promising choice on 
account of its several superiorities such 
as structural stability based on intercala-
tion mechanism, safety insurance due to 
the high working voltage, environmental 
friendly, and low cost.[8–13] However, the 
relatively low specific capacity and infe-
rior rate capability of TiO2-based anode 

materials make them still have the necessity of promotion and 
optimization. To relieve these natural drawbacks, hollow, hier-
archical, and porous architectures are proved to be effective for 
meliorating the sluggish Na+ diffusion kinetics, increasing the 

Insertion-type anode materials with beneficial micro- and nanostructures 
are proved to be promising for high-performance electrochemical metal ion 
storage. In this work, heterostructured TiO2 shperes with tunable interiors 
and shells are controllably fabricated through newly proposed programs, 
resulting in enhanced pseudocapacitive response as well as favorable 
Na+ storage kinetics and performances. In addition, reasonably designed 
nanosheets in the extrinsic shells are also able to reduce the excess space 
generated by hierarchical structure, thus improving the packing density 
of TiO2 shperes. Lastly, detailed density functional theory calculations 
with regard to sodium intercalation and diffusion in TiO2 crystal units are 
also employed, further proving the significance of the surface-controlled 
pseudocapacitive Na+ storage mechanism. The structure design strategies 
and experimental results demonstrated in this work are meaningful 
for electrode material preparation with high rate performance and volume 
energy density.
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Along with the rapid growth of electronic market, the con-
sumption demand of lithium-ion batteries (LIBs) are gradu-
ally increased in the past 20 years.[1] Very recently, owing to the 
natural limits of lithium resources such as distribution and 
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active facets for Na+ storage, as well as strengthening the struc-
tural stability of electrodes.[14–17]

From another point of view, pseudocapacitive charge storage 
occurred at the surface and/or subsurface of electrode is certi-
fied to be significant for the nanostructured crystalline mate-
rials, especially under high current densities.[18–20] This effect 
is able to enhance both of the rate performance and capacity 
reversibility of advanced energy storage devices. Compared to 
the corresponding diffusion-controlled charge storage process 
which is mainly determined by the inherent crystalline struc-
ture and charge storage mechanisms of electrode materials, 
pseudocapacitive response is much more dependent upon the 
appropriate electrode material fabrication toward rich extrinsic 
active sites.[21,22] Very recently, several previous works present 
some effective approaches for promoting the pseudocapaci-
tive Li+/Na+ storage through structural design and optimiza-
tion of electrode materials, such as oxygen vacancy creation 
of metal oxides, size-decreasing, and active facets exposing of 
nanosheets, interlayer spacing expansion of 2D materials.[23–27] 
As far as we know, the relationship between pseudocapacitance 
and interior/shell adjustments of spherical materials has rarely 
been involved.

Besides, recent TiO2 anode related works prove that the 
combination of different crystalline phases (bronze/anatase) 
is able to generate beneficial synergistic effect for the enhance-
ment of Li+/Na+ intercalation.[14,28] This kind of heterojunction 
can not only enhance the structural stability of electrode due 
to the relatively high crystallization degree, but also maintain 
the favorable Na+ storage property associated with the open 
structure of bronze phase. On the other hand, compared to 
solid particles, the empty spaces exist in hollow and hierar-
chical structures are capable of decreasing the material packing 
densities, thus leading to low volumetric energy densities.[29–32] 
Until now, multishelled and asymmetric particles are designed 
to solve this drawback caused by the “hollow characteristic,” but 
the extra and wasted space generated by the “hierarchical char-
acteristic” has rarely been noticed to best of our knowledge.

Herein, we employ a simple approach to synthesize a kind of 
amorphous TiO2 solid spheres (abbreviated as TiO2-S) with uni-
form size, smooth surface, and good monodispersity (Figure S1, 
Supporting Information). Afterward, two newly designed pro-
grams are introduced to construct TiO2 hierarchical and hollow 

spheres with different core cavities and external shells. Detailed 
synthesis procedures together with the representative scanning 
electron microscopy (SEM) images of single TiO2 sphere are 
shown in Figure 1. According to their morphologies, the TiO2 
yolk-like spheres with bigger nanosheets are named as TiO2-
YB, and the TiO2 hollow spheres formed by smaller nanosheets 
are denoted as TiO2-HS. The detailed formation mechanism 
discussions of these two morphologies are provided in the note 
of the Supporting Information. Interestingly, the as-prepared 
TiO2-HS sample possesses higher packing density than that of 
TiO2-YB due to the size-decreasing of extrinsic nanosheets. As 
a result, the TiO2-HS sample exhibits the best sodium storage 
properties among the three anodes, including rate capability, 
specific capacity as well as cycling stability. In addition, the TiO2-
HS anode also displays better electrochemical performances 
than many other previously reported TiO2-based structures. To 
deeply discuss these facts, detailed Na+ storage kinetics inves-
tigations of the three TiO2 anodes are also employed, proving 
the significant connections between high rate Na+ storage prop-
erty and pseudocapacitive behavior. In addition, related den-
sity functional theory (DFT) calculations including both of the 
anatase and bronze TiO2 phases are also simulated based on 
the first principles, further demonstrating the rationality of our 
structural design and optimization strategies.

Figure 2a–f and Figure S2 (Supporting Information) show 
the detailed morphology and structure observation results of 
the TiO2-YB and TiO2-HS products by transmission electron 
microscopy (TEM) and SEM facilities. From the low-resolution 
TEM images, it can be clearly confirmed that TiO2-YB and 
TiO2-HS possess yolk-like and hollow interiors, respectively 
(Figure 2a,b,d,e). In addition, both of the TiO2 samples display 
uniform spherical shapes as well as diameters based on the 
SEM images shown in Figure S2 of the Supporting Informa-
tion, due to the suitable self-template technique employed in 
this work. Particularly, Figure 2c,f illustrates the typical shell 
investigations of the two TiO2 structures by higher resolution 
TEM images. As a result, the thickness of the TiO2-HS shell 
is about 150 nm and half of the TiO2-YB, and the nanosheet 
density of TiO2-HS shell is apparent larger than that of TiO2-
YB. Figure 2g shows the typical high-resolution TEM (HRTEM) 
image of TiO2-HS, the (001) plane of bronze phase (0.62 nm) 
and the (101) plane of anatase phase (0.35 nm) can be identified, 
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Figure 1. Schematic diagram of the synthesis routes for different TiO2 spheres and corresponding SEM images of single spheres (scale bars: 200 nm).
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indicating a well formed heterostructure interface. The selected 
area electron diffraction (SAED) pattern results of heterostruc-
tured and anatase TiO2-HS samples are illustrated in Figure S3  
of the Supporting Information. As can be seen, the SAED pat-
tern of heterostructured TiO2-HS shows obvious concentric 
circles, indicating the existence of mixed crystal structures, 
which are coincident with the previously reported the 
anatase/bronze TiO2 samples.[28] Moreover, the SAED pat-
tern of anatase TiO2-HS calcinated at 500 °C displays clear 
point matrix, suggesting that the single crystal structure is 
more dominant. In addition, the element mapping images of 
TiO2-HS demonstrate that both of the Ti and O are contained 
in the final product (Figure S4, Supporting Information). Fur-
thermore, the tap density evaluation results of TiO2-HS and 
TiO2-YB samples are illustrated in Figure 2h. As shown in the 
digital photograph, TiO2-HS is able to save about 30% excess 
volume compared to the TiO2-YB under the same weight con-
dition. The improved tap density of hollow and hierarchical 
structures can not only maintain their favorable characteristics 
for reversible Li+/Na+ storage, but also be promising for high 
volumetric energy density devices in terms of nano- and micro-
scale electrode materials.[29,33,34] In addition, Figure 2i displays 
the schematic description of the reason for the previous result: 
decreasing the size of nanosheets is effective for eliminating 
the excess space generated by hierarchical structure.

The crystal structures of the three TiO2 spheres are further 
detected by X-ray diffraction (XRD), with the patterns illustrated 
in Figure S5 of the Supporting Information. In Figure S5a of 
the Supporting Information, the similar and apparent peaks 

exhibited by the three TiO2 samples can be classified as 
tetragonal anatase-phase (JCPDS 21–1272).[13] Particularly, the 
enlarged XRD curves of TiO2-YB and TiO2-HS are made com-
parisons with the standard peaks of monoclinic bronze-phase 
(TiO2 (B), JCPDS 46–1237).[35] As shown in Figure S5b,c of the 
Supporting Information, some characteristic peaks at 28.6° 
(0 0 2), 29.7° (−4 0 1), 29.9° (1 1 1), 43.5° (0 0 3), and 44.5° 
(−6 0 1) are reflected as weak peaks located at the XRD curves of 
TiO2-YB and TiO2-HS. These facts are also consistent with the 
previously discussed results based on HRTEM image. To con-
firm the accurate elemental composition of the final product, 
X-ray photoelectron spectroscopy is employed and the TiO2-HS 
sample is tested as a representative, with the related patterns 
exhibited in Figure S6 of the Supporting Information. The 
survey spectrum of the TiO2-HS displays its characteristic peaks 
including Ti 3p, Ti 3s, Ti 2p, O 1s, and Ti 2s located at expected 
positions (Figure S6a, Supporting Information). Particularly, 
from Figure S6b of the Supporting Information, the apparent 
peaks at 458.3 eV (Ti 2p3/2) and 464.3 eV (Ti 2p1/2) represent 
the existence of Ti4+ species.[28] In addition, another sharp peak 
located at 529.5 eV in O 1s spectra certifies that O-Ti4+ bond 
is contained in the TiO2-HS sample (Figure S6c, Supporting 
Information).[11] Furthermore, N2 adsorption–desorption iso-
therms are also employed to investigate the specific surface 
areas of as-prepared TiO2 samples (Figure S7, Supporting 
Information). The calculated results demonstrate that the spe-
cific surface areas of TiO2-HS and TiO2-YB (93 and 88 m2 g−1) 
are much larger than that of TiO2-S (31 m2 g−1), which are able 
to provide more sites for electrolyte and solvated Na+ access 
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Figure 2. a–f) TEM images of TiO2-YB (a–c) and TiO2-HS (d–f). g) HRTEM image of TiO2-HS showing heterostructure of bronze and anatase phases. 
h) Digital photograph of tapped TiO2-HS and TiO2-YB samples with the same mass of 100 mg. The TiO2-HS shows a volume ratio of 70% compared 
to the TiO2-YB (volume ratio is defined as 100%). i) Simplified schematic description of packed TiO2-YB and TiO2-HS.
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(Figure S7a–c, Supporting Information). In addition, pore-size 
distribution results of the TiO2 samples are also demonstrated 
in Figure S7d–f of the Supporting Information. The pore width 
ranges of TiO2-S, TiO2-YB, and TiO2-HS are mainly 2–5, 4–37, 
and 4–25 nm, respectively. Thermogravimetric analysis results 
of the three uncalcined TiO2 samples are displayed in Figure S8  
of the Supporting Information to show the formation pro-
cesses of final TiO2 spheres. The weight-loss during the heating 
process can be ascribed to the conversion of H2TiO3 to TiO2 
and the decomposition of involatile organic substances. In view 
of the previously reported work, TiO2 samples with amorphous 
structure exhibit poor rate and cycling performances, which 
can be ascribed to their unstable architecture for Na+ diffusion 
and storage.[28] Besides, the involatile organic substances may 
be unfavorable for the electrolyte, resulting in inferior battery 
performance. Thus, proper calcination process is significant for 
improving the quality of electrode materials.

The electrochemical sodium storage behaviors and properties 
of these TiO2 samples are investigated via assembled half-cells, 
with the rate and cycling results shown in Figure 3. First, the ini-
tial galvanostatic discharge–charge profiles of the electrodes at 
0.1 A g−1 are made a contrast in Figure 3a. Clearly, the TiO2-HS 
anode shows obvious higher voltage platform during the  
sodiation process as well as lower polarization, indicating that 
relatively lower energy barrier for Na+ storage and diffusion is 
generated. Due to the reasonable optimization for the interior 
and shell of TiO2 spheres, the TiO2-HS is able to acquire higher 
surface area as well as more exposed active crystal facets, which 
is significant for enhancing the Na+ adsorption and transporta-
tion processes, and these facts will be simulated by theoretical 
calculations and discussed later.[20,24] In addition, the TiO2-S 

electrode displays typical battery-like galvanostatic profiles, indi-
cating the limited surface-controlled charge storage.[21] Next, 
rate capability results under progressively increased current 
densities (from 0.1 to 12.8 A g−1) are revealed in Figure 3b. As 
can be seen, the specific capacities of TiO2-HS are similar with 
that of TiO2-YB, but much larger than that of TiO2-S at lower 
current densities. Furthermore, the TiO2-HS is able to output 
obviously larger specific capacities compared to TiO2-YB during 
higher rates. As a result, the TiO2-HS demonstrates a capacity 
of 112 mAh g−1 at the maximum current density, which is more 
remarkable compared to many other recently prefabricated pure 
TiO2 anodes as well as TiO2–carbon composites (Figure S9, Sup-
porting Information).[28,35–40] On the other side, cycling proper-
ties of the different TiO2 anodes at constant currents are also 
tested in detail. Figure 3c shows the typical discharge–charge 
voltage profiles of TiO2-HS electrode at 0.2 A g−1 corresponding 
to the 1st, 2nd, 10th, and 20th loops. After the first several 
cycles, the curves illustrate apparent high voltage plateaus and 
become well overlapped, suggesting much safer sodium storage 
by avoiding the dendritic growth, as well as favorable capacity 
reversibility. Notably, there is a substantial difference between 
the charge–discharge curves of the 2nd and 10th cycles, which 
is consistent with the previously reported TiO2 anodes and 
termed as activation process.[41,42] Figure 3d demonstrates the 
cycling properties of the three as-prepared TiO2 samples at low 
rate of 0.2 A g−1. Significantly, both of the TiO2-HS and TiO2-YB 
display similar and stable cycling performances, with much 
larger capacities compared to the TiO2-S electrode, which can be 
attributed to the numerous active sites provided by the hollow 
and hierarchical structures. As a comparison, anatase TiO2-HS 
sample is also tested at 0.2 A g−1, which shows lower capacities 
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Figure 3. Na+ storage properties of different TiO2 anode materials. a) Initial charge–discharge profiles of TiO2-HS, TiO2-YB, and TiO2-S anodes at 0.1 A g−1,  
respectively. b) Comparative rate capabilities of the three TiO2 anodes at stepwisely changed current densities. c) Several charge–discharge profiles of 
TiO2-HS anode at 0.2 A g−1. d) Cycling investigations of the three TiO2 anodes at 0.2 A g−1. e) Cycling properties of TiO2-HS and TiO2-YB anodes at 
1 A g−1, respectively. f) Long-term cycling performance of TiO2-HS and TiO2-YB anodes at 5 A g−1.
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of 162 mAh g−1 than that of heterostructured TiO2-HS, thus 
further proving the favorable synergetic effect of bronze and 
anatase phases (Figure S10, Supporting Information). Further-
more, TiO2-HS and TiO2-YB anodes are selected and tested at 
higher rate of 1 A g−1 and the results are shown in Figure 3e. 
After the prolonged 1000 cycles, TiO2-HS illustrates more stable 
capacity retention ability than that of TiO2-YB. This is because 
that more quantity and smaller size of nanosheets are able to 
reduce the energy barrier of Na+ diffusion as well as increase 
the structural stability of the TiO2 anodes, which will be dis-
cussed later. Even after 4000 cycles at 5 A g−1, the TiO2-HS elec-
trode can still deliver a specific capacity of 119 mAh g−1, leading 
to around 2.8% reversible capacity loss per 1000 cycles, which 
is still better than that of TiO2-YB sample (Figure 3f). Besides, 
the initial Coulombic efficiency values of the rate and cycling 
tests are summarized in Table S2 of the Supporting Informa-
tion, which are in the range of 35–55%. This phenomenon is 

common for metal oxide/sulfide based anodes in the fields of 
LIBs and NIBs.[24–29,35–40] The irreversible loss of capacity in 
these anodes can in some cases be offset by prelithiation/sodia-
tion technologies.[43,44] The morphologies of three TiO2 anodes 
after the repeated sodiation and desodiation processes are also 
investigated, with the results demonstrated in Figure S11 of 
the Supporting Information. The well maintained micro- and 
nanostructures of these TiO2 spheres intuitively explained their 
cycling stabilities. Moreover, Nyquist plots of the three TiO2 
electrodes before cycles are also tested with the results shown in 
Figure S12 of the Supporting Information. Figure S12a,b of the 
Supporting Information shows the complete and partial curves 
of the three samples in the frequency range of 0.01–1 000 000 
and 0.1–1 000 000 Hz, respectively. To be more accurate, the 
fitted curves, equivalent circuit models as well as obtained 
impedance parameters are demonstrated in Figure S12c,d of 
the Supporting Information. As a result, the charge-transfer 
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Figure 4. Quantitative analysis of Na+ storage kinetics for the TiO2-HS and TiO2-YB samples. a,b) CV curves of TiO2-HS (a) and bTiO2-YB (b) anodes 
at 0.2–2 mV, respectively. c) Normalized capacity versus scan rate−1/2 plots for both of the TiO2-HS and TiO2-YB anodes. d,g) Logarithm peak current 
versus logarithm scan rate curves, e,h) separation of capacitive and diffusion controlled currents at 1 mV s−1, and f,i) pseudocapacitive contribution 
ratio during different sweep rates for the TiO2-HS and TiO2-YB anodes, respectively.
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resistances (Rct) of the TiO2-HS, TiO2-YB, and TiO2-S electrodes 
show very limited increasing trend, suggesting that the mor-
phology change of TiO2 spheres possesses relatively small influ-
ence on the electroconductivity of whole electrodes.

From the previous morphology and performance evaluations, 
it is found that the structure change of anode materials possess 
strong relationship with the capacity and stability of batteries. 
To analyze this relationship more deeply and accurately, further 
Na+ storage kinetics analysis of different TiO2 samples is con-
ducted based on cyclic voltammetry (CV) profiles. Figure 4a,b 
and Figure S14 of the Supporting Information display the con-
tinuous CV curves (from 0.2 to 100 mV s−1) of TiO2-HS and 
TiO2-YB anodes with obvious pseudocapacitive behavior. As 
can be distinguished, the corresponding anodic and cathodic 
peaks of the two anodes revealed slight discrepancies, sug-
gesting dissimilar Na+ storage kinetics. Figure 4c illustrates 
the relationship between normalized capacities and scan rates 
(v−1/2) of the two TiO2 electrodes. Coincidence with the previous  
rate performance results, the capacity retention ability of 
TiO2-HS is more outstanding than that of TiO2-YB. Furthermore, 
according to the CV results and power-law equation: i = avb, b 
values can be calculated to evaluate the Na+ storage approaches 
including capacitive- and diffusion-controlled processes.[19–21] 
Taking the TiO2-HS anode for example, the b values can be cal-
culated as 0.91 and 0.84 for cathodic and anodic peaks when 
the scan rates are below 10 mV s−1, as well as 0.59 and 0.61 

along with the scan rates increased to more than 10 mV s−1, 
indicating that mixed processes are generated (Figure 4d). In 
addition, the capacitive-controlled (i1) and diffusion-dominated 
(i2) currents are also able to be divided by another equation of 
i = i1 + i2 = k1v + k2v

1/2. As illustrated in Figure 4e, at the scan 
rate of 1 mV s−1, the capacitive-controlled charge storage per-
centage of TiO2-HS anode is around 86%. As a comparison, the 
calculated b values of TiO2-YB (0.79 and 0.77, below 10 mV s−1; 
0.55 and 0.59, above 10 mV s−1) are totally smaller than the cor-
responding results of TiO2-HS, demonstrating that the capac-
itive-controlled Na+ storage process of TiO2-YB is weaker than 
that of TiO2-HS (Figure 4g). In addition, the capacitive contribu-
tion of TiO2-YB is about 80% at 1 mV s−1 (Figure 4h), as well as 
the whole calculated results (from 0.2 to 2 mV s−1) are smaller  
than that of TiO2-HS (Figure 4f,i). Furthermore, as expected, 
the calculated kinetics results of TiO2-S are also presented in 
Figure S15 of the Supporting Information, indicating much 
stronger diffusion-controlled Na+ storage mechanism. In one 
word, these facts prove that the evolution of surface-controlled 
capacitive behavior generated by morphology change of TiO2 
spheres is the pivotal reason for high rate Na+ storage.

Based on the former experimental data, sodium storage 
behaviors and performances of the TiO2 samples display 
obvious differences due to the morphology and structure 
changes. Moreover, increased surface area also means more 
exposed facets for nanoscale crystal materials. To further 
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Figure 5. Theoretical calculations of Na storage and diffusion in anatase TiO2. a–d) Optimized models of Na adsorption in/on the bulk structure, 
exposed (001), (010), and (100) facets, respectively. e–h) Na diffusion paths in/on the bulk structure, exposed (001), (010), and (100) facets, respec-
tively. i) Energy barrier-diffusion path profiles of different models.
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understand these facts, detailed DFT simulations of the Na 
storage and diffusion based on the first principles are employed. 
As shown in Figure 5a–d, the optimized models of single Na 
storage in/on anatase TiO2 crystal units including bulk struc-
ture, exposed (001), (101), and (100) facets are established. The 
corresponding adsorption energies can be calculated as −0.66, 
−1.52, −2.25, and −2.14 eV, respectively. As for the bronze TiO2, 
Na adsorption energies of the bulk structure, exposed (001), 
(010), and (100) facets are also obtained as −1.71, −0.75, −2.39, 
and −3.15 eV, respectively (Figure S16, Supporting Informa-
tion). As a comparison, bronze TiO2 phase is more beneficial 
for Na storage with relatively lower adsorption energies, which 
can be attributed to its open crystal framework. In addition, 
exposed active facets also demonstrate more stable Na storage 
characteristics compared to the bulk TiO2, thus certificating the 
significance of surface capacitive-controlled Na storage process 
again. In addition, according to the optimized single Na dif-
fusion paths of bulk structure, exposed (001), (101), and (100) 
facets (Figure 5e–h), the calculated energy barriers for each 
model are 1.48, 0.76, 0.48, and 0.23 eV, respectively, as summa-
rized in Figure 5i. These results further prove that exposed facet 
and surface Na storage is significant for reducing the internal 
energy consumption as well as increasing structure stability of 
TiO2 electrode. The DFT calculation results are well consistent 
with the previous experimental facts as well as pointing out 
the more favorable material design route with regard to crystal 
structure and exposed facets.

In this work, a series of TiO2 spheres are designed and 
fabricated toward advanced NIB anodes. Taking advantage of 
the newly developed synthesis programs, two kinds of TiO2 
spheres with tunable interiors and shells are obtained beasd 
on the suitable self-template technique. After calcination, het-
erostructured TiO2 spheres with anatase and bronze phases are 
produced. Interestingly, decreasing the size and increasing the 
density of nanosheets in the extrinsic shells are able to signifi-
cantly reduce the extra and wasted space, thus improving the 
tap density of hierarchical and hollow spheres for future high 
volumetric energy devices. In addition, the TiO2-HS possesses 
the highest surface area among the three TiO2 spheres, sug-
gesting the most exposed active facets. When tested for revers-
ible sodium storage, TiO2-HS shows the best electrochemical 
properties among the three anode materials, including rate 
capability, specific capacity as well as cycling stability. Moreover, 
detailed kinetics analysis further confirms the significance of 
the relationship between pseudocapacitive behavior and rate 
capability, as well as the suitable structure design. Lastly, DFT 
calculations are employed to theoretically investigate the Na 
storage and diffussion in/on different exposed facets and lattice 
of TiO2, resulting in solid consistency with the previous experi-
mental facts and conclusions. In summary, the research experi-
ences and results based on TiO2 are promising for many other 
electrode materials, toward high-performance electrochemical 
energy storage devices in the future.
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