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ABSTRACT: Niobium pentoxides have received considerable attention and are promising anode 

materials for lithium-ion batteries (LIBs), due to their fast Li storage kinetics and high capacity. 

However, their cycling stability and rate performance are still limited owing to the intrinsic 

insulating properties and structural degradation during charging and discharging. Herein, a series 

of mesoporous Nb2O5@TiO2 core-shell spherical heterostructures have been prepared for the first 

time by a sol-gel method and investigated as anode materials in LIBs. The mesoporosity can 

provide numerous open and short pathways for Li+ diffusion, meanwhile, heterostructures can 

simultaneously enhance the electronic conductivity, and thus improve the rate capability. The TiO2 

coating layer shows robust crystalline skeletons during repeated lithium insertion and extraction 

processes, retaining high structural integrity and, thereby, enhancing cycling stability. The 

electrochemical behavior is strongly dependent on the thickness of the TiO2 layer. After 

optimization, a mesoporous Nb2O5@TiO2 core-shell structure with a ~13 nm thick TiO2 layer 

delivers a high specific capacity of 136 mAh g-1 at 5 A g-1, and exceptional cycling stability (88.3% 

retention over 1000 cycles at 0.5 A g-1). This work provides a facile strategy to obtain mesoporous 

Nb2O5@TiO2 core-shell spherical structures and underlines the importance of structural 

engineering for improving the performance of battery materials.  

 

1. INTRODUCTION 

To meet the growing demand for next-generation energy storage devices, many efforts have been 

made to explore alternative electrode materials with high capacity and long-term cycling stability 

for advanced lithium-ion batteries (LIBs).1-3 Recently, Nb2O5 has been considered as a promising 

anode material due to its fast Li-(de)intercalation kinetics, promising capacity, and safe working 

potential (>1 V vs. Li+/Li).4-6 Among the different crystal structures of Nb2O5, the orthorhombic 

phase (T-Nb2O5) is the most suitable phase for LIBs, owing to its unique alternating dense-loose 

atomic packing arrangement, which offers low steric hindrance transport for Li-ions, and thus leads 

to fast Li-ion storage.7-9 Nb2O5 anodes with various nanostructures, such as nanosheets,10, 11 

nanorods,12 nanowires,13, 14 nanobelts,15 nanofibers,16 nanoparticles,17 and others, have been 

studied and achieve high-performance lithium storage. Moreover, Nb2O5 coated with various 

carbon materials has been reported and exhibits outstanding electrochemical behavior.5, 18-21  



It is notable that the large surface area of nanomaterials plays a major role in improving the 

electrolyte infiltration and shortening the Li-ion diffusion in the solid active material particles and 

thus facilitating the interfacial adsorption and the interfacial Faradaic reactions in the batteries, 

leading to enhanced capacity.22 However, it inevitably results in more severe side reactions, such 

as decomposition of the electrolyte, which leads to additional SEI formation.23, 24 Alternatively, 

developing micro-scale electrode materials, which are generally synthesized by solid-state 

reactions, has been widely studied in recent years. For example, Li’s group reported that N-

C@MSC-Nb2O5 achieved a high reversible capacity of 170 mAh g-1 at 2.0 A g-1 after 1000 

cycles.25 Grey’s group demonstrated that micrometer-sized particles of bronze-phase Nb2O5 

exhibited remarkable rate capability.9 In addition, porous materials have attracted extensive 

interest as they can provide large surface areas and a large number of pathways for fast Li-ion 

diffusion, and thus improve the electrochemical performance.26-28 Therefore, porous Nb2O5 with 

various structures has been widely investigated. Previous work demonstrated that mesoporous T-

Nb2O5 nanofibers,16, 29 mesoporous T-Nb2O5 nanobelts,15 mesoporous Nb2O5/carbon 

composites,30, 31 partially single-crystalline mesoporous T-Nb2O5 nanosheets,32 and mesoporous 

Nb2O5 microspheres33, 34 could provide high specific capacity and rate performance. However, 

these porous Nb2O5 structures are usually made of interconnected nanoparticles, which have a 

large amount of grain boundaries and undergo severe structural degradation during long cycling.  

Interestingly, it has been demonstrated that heterostructures can not only increase the 

electronic conductivity but also enhance the structural integrity.35-41 Consequently, improved 

electrochemical properties of heterostructured electrode materials can be expected. Creating 

heterostructures with carbon materials has been considered as an effective way to improve the rate 

capability and cycling stability.5, 16, 17, 30, 31, 33, 42 However, this approach still suffers from some 

drawbacks. These additives or conductive layers just alter the electron transfer on the external 

layer or at the interface of the neighboring active materials, instead of improving the intrinsically 

poor conductivity of the inner core.43 Besides, the low density of carbon will cause low packing 

efficiency of the electrode materials and thus result in low volumetric capacity, which limit their 

practical application.25, 44 Nevertheless, heterostructures, formed by coupling nanocrystals with 

different band gaps, can establish an internal electric field at the interface, which will facilitate 

charge transfer and enhance the reaction kinetics.37, 39, 40, 45, 46 It is well known that TiO2 shows low 

strain properties upon lithiation, and the lithiated TiO2 can increase the electrical conductivity of 



the electrode.38, 48 Therefore, TiO2 with anatase and rutile phases have been reported as promising 

and effective encapsulating layers to create core-shell heterostructures.38, 48-51  

Compared to heterostructuring, the utilization of mixed oxides such as titanium niobium oxide, 

which has a crystallographic shear structure with 3×3 blocks of MO6 (M = Ti, Nb) octahedra, is 

also an effective method to improve the structural stability and long-term cyclability of Nb2O5 

upon repetitive de-/intercalation of Li-ions, as these blocks are connected by sharing edges and 

bounded by crystallographic shear planes, guaranteeing a high structural stability and providing 

numerous vacant sites for Li-ion insertion.50 For example, Guo’s group prepared 2D nanoporous 

TiNb2O7 with a sol-gel method, delivering long-term cyclability (200 mAh g-1 after 1000 cycles 

at 5 C).52 Chen’s group reported that Ti2Nb10O29 exhibited the similar crystal structure as TiNb2O7, 
and achieved a high reversible capacity of 144 mAh g-1 at 10 C after 800 cycles.53 However, pure 

titanium niobium oxides exhibit a low Li-ion diffusion coefficient and poor electronic conductivity, 

which is attributed to the empty 3d/4d orbitals in the Ti/Nb metal d-band,54 limiting the fast-

charging capability of batteries. 

In this work, we designed and fabricated mesoporous Nb2O5@TiO2 core-shell spherical 

heterostructures with various shell thicknesses via a facile and reproducible sol-gel method, in 

which Nb2O5 spheres act as the core and TiO2 is the shell layer. This strategy allows us to control 

the composition, morphology, and thickness of the coating layer, and to tailor the electrochemical 

behavior of the heterostructured materials. Though there have been reports of heterostructures 

between Nb2O5 and TiO2 for LIBs,55-57 the novel non-hydrolytic sol-gel synthesis developed in 

this work allows for precisely controlling the morphology of mesoporous Nb2O5 spheres. 

Meanwhile, Nb2O5@TiO2 core-shell heterostructures with various controlled shell crystallinity 

and thicknesses are successfully synthesized for the first time, allowing for comprehending in 

detail the role of the TiO2 shell in the core-shell heterostructures during de-/lithiation of the Nb2O5 

core. Owing to the synergistic effects of mesoporous Nb2O5, which provides a high specific 

capacity, and TiO2, which can help to maintain the structural integrity, the optimized mesoporous 

Nb2O5@TiO2 core-shell spheres exhibit excellent rate capability and long-term cycling lifetime 

which is superior to Nb2O5 and TiO2 alone.  

2. RESULTS AND DISCUSSION 



 

Figure 1. Schematic illustration of the formation of Nb2O5 and Nb2O5@TiO2.  

The synthesis of Nb2O5@TiO2 core-shell spherical heterostructures is schematically depicted 

in Figure 1. First, Nb2O5 spherical structures with low crystallinity are formed by aldol 

condensation reaction of acetophenone in the presence of Co2+ ions, catalyzed by the NbCl5 (Lewis 

acid). The proposed reaction mechanism has been reported in our previous work.5, 58 The cobalt 

additive only acts as a promoter for the self-assembly of the nanocrystals,59 and was not detected 

in the final products by energy dispersive X-ray spectroscopy (EDX) and X-ray photoelectron 

spectroscopy (XPS) characterization (Figure S1). Then, a thermal treatment was applied to obtain 

Nb2O5 with high crystallinity. Afterwards, amorphous TiO2 shells are uniformly deposited on the 

surface of Nb2O5 spheres via a sol-gel coating method (Nb2O5@TiO2a-X, where X is the thickness 

of the TiO2 shell in nm). Finally, Nb2O5@TiO2a-X is thermally treated at 400 ℃	under	air	to	

crystallize	the	TiO2	shell	(Nb2O5@TiO2c-X where X is the thickness of the TiO2 shell in nm). In 

addition, TiO2 nanoparticles are fabricated directly by sol-gel processes and then calcinated in air. 

 



 

Figure 2. TEM images of (a, d) Nb2O5, (b, e) Nb2O5@TiO2a-14, and (c, f) Nb2O5@TiO2c-13. 

STEM-HAADF images and the corresponding EDX elemental mappings of (g) Nb2O5@TiO2a-14, 

and (h) Nb2O5@TiO2c-13. 



The morphology and microstructure of the composites were characterized by scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM). As shown in Figure 

S2a and 2a, Nb2O5 exhibits spherical morphology with a rough surface, and the spherical 

diameters are in the range of 200-400 nm. The rough surface of the Nb2O5 spheres can provide 

high energy nucleation sites for the tight growth of TiO2 during the synthesis process.43 After being 

coated with a TiO2 layer, the spherical morphology stays unchanged, and Nb2O5 spheres are 

uniformly encapsulated by the TiO2 layers (Figure S2b, S2c, 2b, and 2c). Such a structure can 

prevent the structural collapse of the Nb2O5 spheres caused by Li+ insertion, enhancing its 

structural stability.46, 47, 49 For comparison, TiO2 was prepared using the same sol-gel method 

without the addition of Nb2O5 spheres, leading to agglomerated nanoparticles (Figure S2d, S3a). 

High-resolution TEM images and selected area electron diffraction (SAED) patterns (Figure 2d, 

S3b-f) demonstrate the polycrystalline nature of Nb2O5 and TiO2, and match well with the 

orthorhombic Nb2O5 (T-Nb2O5) and tetragonal anatase TiO2 phases. The lattice fringes with an 

interlayer spacing of 0.392 nm can be assigned to the (001) plane of T-Nb2O5. Meanwhile, the 

plane spacing of 0.354 nm matches well with the (101) plane of anatase TiO2. The HRTEM image 

and SAED pattern of Nb2O5@TiO2a-14 (Figure 2e, S3e) reveals the amorphous nature of the TiO2 

layer, as no lattice fringes or diffraction rings can be observed. The maximum and minimum 

thicknesses of amorphous TiO2 layer are 20.4 nm and 6.3 nm, respectively, and the average 

thickness is about 14 nm (Figure S4a). After thermal treatment, the amorphous TiO2 layer is 

converted into a crystalline structure (Figure 2f). The maximum and minimum thicknesses of 

anatase TiO2 layer are 20.7 nm and 4.3 nm, respectively, with an average thickness of about 13 

nm (Figure S4b). Moreover, the coexistence of diffraction rings of Nb2O5 and TiO2 in the 

corresponding SAED pattern (Figure S3f) confirms the formation of a crystalline Nb2O5@TiO2 

heterostructure. The scanning transmission electron microscopy images, using a high-angle 

annular dark-field detector (HAADF-STEM), of a single Nb2O5@TiO2a-14 or Nb2O5@TiO2c-13 

sphere, combined with the corresponding elemental mappings for O, Ti, and Nb, demonstrate a 

well-defined core-shell structure with a homogeneous TiO2 layer onto the Nb2O5 sphere (Figure 

2g, 2h). 

To study the specific surface areas and pore size distributions of the composites, nitrogen 

adsorption-desorption experiments were performed and the results are presented in Figure S5. All 

the samples display a typical type IV isotherm, which is characteristic of mesoporous materials. 



Moreover, TiO2 exhibits a sharp capillary condensation step in the high pressure region, due to the 

aggregated nanoparticles structure,47 which has been demonstrated by SEM and TEM analysis 

(Figure S2d, S3a). The Brunauer-Emmett-Teller (BET) specific surface areas of TiO2, Nb2O5, 

Nb2O5@TiO2a-14, and Nb2O5@TiO2c-13 are 15, 21, 73, 33 m2 g-1, respectively. Nb2O5, 

Nb2O5@TiO2a-14, and Nb2O5@TiO2c-13 have mainly pores of size 23-30 nm. Noting that 

Nb2O5@TiO2a-14 possesses larger specific surface areas than Nb2O5@TiO2c-13, which could be 

ascribed to its poor crystallinity and the presence of numerous TiO2 nanograins, leading to 

abundant small pores in between.46 During annealing, the tiny nanograins tend to aggregate to 

minimize the total surface energy, resulting in a reduced specific surface area for Nb2O5@TiO2c-

13. TiO2 nanoparticles alone tend to agglomerate and thus exhibit the smallest specific surface 

area. 

The composition and crystal structure of the samples were analyzed by X-ray diffraction 

(XRD). As illustrated in Figure 3a, the XRD pattern of TiO2 can be well indexed to tetragonal 

anatase (ICDD No. 084-1286), and the XRD pattern of Nb2O5 matches well with the orthorhombic 

Nb2O5 phase (ICDD No. 030-0873). The XRD pattern of Nb2O5@TiO2c-13 includes all the 

reflections of TiO2, which are not present in that of Nb2O5@TiO2a-14, further confirming the 

amorphous nature of TiO2 in Nb2O5@TiO2a-14 and its successful crystallization in 

Nb2O5@TiO2c-13, in agreement with the TEM results. It is worth noting that no crystalline 

impurities are detected in all the samples. The structure of the samples is further studied by Raman 

spectroscopy (Figure 3b). The spectrum of TiO2 is typical for crystalline anatase TiO2,60, 61 with 

the same contributions also present in the spectrum of Nb2O5@TiO2c-13. Nb2O5 and 

Nb2O5@TiO2a-14 show characteristic Raman modes of orthorhombic Nb2O5 phase.5, 8 The 

absence of Raman bands corresponding to anatase TiO2 in Nb2O5@TiO2a-14 heterostructures 

further confirms that the TiO2 layer is amorphous.  

X-ray photoelectron spectroscopy (XPS) was conducted to evaluate the chemical 

compositions and chemical states of the composites. The Nb2O5 sample (Figure S1b) only 

contains O and Nb (besides C and a small amount of Si from the carbon tape). The Nb 3d spectrum 

(Figure 3c) exhibits two peaks centered at 207.7 and 210.4 eV assigned to Nb 3d5/2 and Nb 3d3/2, 

indicating the presence of Nb5+ in Nb2O5.45 Figure S6a shows that only O and Ti are present in 

the anatase TiO2 sample. The Ti 2p core level of TiO2 (Figure 3d) exhibits symmetrical Ti 



2p doublets from Ti4+ ions.62 In Nb2O5@TiO2a-14 and Nb2O5@TiO2c-13, O, Ti, and Nb can be 

observed in the survey spectra (Figure S6b). Noticeably, compared to the pristine anatase TiO2, 

the binding energies (BEs) of Ti 2p in Nb2O5@TiO2a-14 and Nb2O5@TiO2c-13 shift to higher BE, 

while the Nb 3d BEs of Nb2O5@TiO2a-14 and Nb2O5@TiO2c-13 shift to lower values in 

comparison with those of Nb2O5, suggesting an interface interaction caused by an electron transfer 

from TiO2 to Nb2O5, resulting in an enhanced ionic and electronic conductivity due to the internal 

electric field at the heterointerfaces.37, 39, 45, 63 The XPS survey spectra of Nb2O5@TiO2a-14 and 

Nb2O5@TiO2c-13 show decreased intensity of Nb 3d peaks and a distinct peak of Ti 2p compared 

to pure Nb2O5 spheres, further confirming that the Nb2O5 cores are well encapsulated by the TiO2 

shells (Figure S6b), which is consistent with the SEM and TEM observations. 

 

Figure 3. (a) XRD, (b) Raman, and (c, d) Nb 3d and Ti 2p XPS spectra of anatase TiO2, Nb2O5, 

Nb2O5@TiO2a-14, and Nb2O5@TiO2c-13.  

Based on the above discussion, we can confirm that the Nb2O5@TiO2 core-shell sphere 

heterostructure has been successfully synthesized. In order to demonstrate the controllability of 



the strategy and to find out the optimal synthesis parameters of the Nb2O5@TiO2 core-shell sphere 

heterostructure for lithium-ion storage application, Nb2O5@TiO2 core-shell spheres with different 

thicknesses of the crystalline TiO2 layer (i.e. 5, 8, 13, and 22 nm) have been produced by modifying 

the concentration of the titanium precursor during the synthesis (TBOT, see experimental section). 

As shown in Figure S7, at low TBOT concentration, anatase TiO2 shells can be deposited on the 

surface of Nb2O5 spheres, but not uniformly. With increasing the concentration of the TBOT, the 

homogeneity as well as the thickness of the anatase TiO2 layer increase. Table S1 shows the weight 

ratio between Nb2O5 and anatase TiO2. We further conducted XRD measurements for all these 

samples to evaluate their phases and purities. Figure S8 shows that all the patterns can be indexed 

to the tetragonal anatase (ICDD No. 084-1286) and orthorhombic Nb2O5 (ICDD No. 030-0873), 

and no peaks for other impurities are observed, suggesting the coexistence of anatase TiO2 and T-

Nb2O5, and the successful synthesis of Nb2O5@TiO2 core-shell like heterostructures. 

To optimize the thickness of the anatase TiO2 layer for improved Li-ion storage performance, 

the Nb2O5@TiO2c-5, Nb2O5@TiO2c-8, Nb2O5@TiO2c-13 and Nb2O5@TiO2c-22 were 

electrochemically tested as electrode materials in LIBs. Figure S9a shows the rate capability of 

these composites at various current densities. As we can see, Nb2O5@TiO2c-13 achieves larger 

capacities and superior rate capability over the other samples. When cycled at 0.1, 0.2, 0.5, 1, and 

2 A g-1, the Nb2O5@TiO2c-13 electrode delivers reversible capacities of 206, 204, 192, 179, and 

161 mAh g-1, respectively. Even at 5 A g-1, the capacity can still be maintained at 132 mAh g-1, 

corresponding to a capacity retention of 64%, which is higher than that of Nb2O5@TiO2c-5, 

Nb2O5@TiO2c-8, and Nb2O5@TiO2c-22 (47%, 55%, and 38%, respectively). Importantly, as the 

current density is reset to 0.1 A g-1, 219 mAh g-1 can be recovered, indicating its excellent 

reversibility. The increase of capacity can be related to the electrochemical activation processes of 

the electrode materials, resulting in an improved accessibility of Li-ions in the inner part of the 

active materials, and more active sites available for Li-ion storage. Similar activation process has 

been reported in literature.64-66 Moreover, when these four electrodes are cycled at a current density 

of 0.5 A g-1 (Figure S9b), a high capacity retention ratio of 88.3% is obtained for Nb2O5@TiO2c-

13 after 1000 cycles, which is higher than that of Nb2O5@TiO2c-5 (78%), Nb2O5@TiO2c-8 

(86.5%), and Nb2O5@TiO2c-22 (85.2%). Post-mortem TEM results (Figure S10) demonstrate that 

the thin anatase TiO2 (5 and 8 nm) layer cracks and peels off, whereas the core-shell structure can 

be retained with relatively thicker (13 and 22 nm) anatase TiO2 layer after long-term cycling.  



Electrochemical impedance spectroscopy (EIS) tests were carried out to investigate the 

electrochemical kinetics of Nb2O5@TiO2c electrodes with different thickness. As shown in Figure 

S9c, with increasing thickness of the anatase TiO2 layer, the charge transfer resistance decreases, 

and Nb2O5@TiO2c-13 exhibits the best charge transfer kinetics. This might be because a thinner 

anatase TiO2 layer could not build an effective inner electric field at the heterointerface as it cannot 

cover the entire surface of the Nb2O5 nanocrystals. However, the excessively thick anatase TiO2 

layer result in significant increase of charge transfer resistance, owing to its poor intrinsic 

electronic conductivity. 

To sum up, 13 nm anatase TiO2 coating layer leads to the best rate capability and cycling 

stability. When the anatase TiO2 layer is thinner, the coating layer is not homogeneous and/or not 

strong enough to tolerate volume variation of the Nb2O5 core, and hence, the anatase TiO2 shell 

tends to crack and detach from the Nb2O5 core, resulting in poor structural stability (see also below). 

However, if the coating layer is too thick, although strong enough to withstand the volume changes 

during cycling, the capacity is severely compromised. This can be ascribed to the sluggish Li+ 

diffusion kinetics in anatase TiO2 that results in less-efficient lithiation of thick anatase TiO2 layers, 

leading to compromised electronic conduction as compared to thin anatase TiO2.49, 64, 67 

The optimization of synthesis parameters is crucial to achieve a highly conformal and 

homogeneous Nb2O5@TiO2 core-shell like heterostructures with outstanding electrochemical 

performance. However, how the heterostructure affects the electrochemical properties in LIBs is 

still unclear. 

 



 

Figure 4. Electrochemical performances of Nb2O5, anatase TiO2, and Nb2O5@TiO2c-13 as anodes 

in Li-ion half cells. (a, b, c) CV curves at a scanning rate of 0.1 mV s-1. (d) Rate performance. (e) 

Cycling performance at a current density of 0.5 A g-1. Note that before cycling at 0.5 A g-1, all the 

samples were dis-/charged for 5 cycles at 0.1 A g-1. (f) EIS measurement. 

To elucidate structure-electrochemical property relationships toward improvement of battery 

performance, various electrochemical measurements were carried out to investigate the Li-ion 

storage properties of the as-prepared Nb2O5@TiO2c-13, Nb2O5, and anatase TiO2 as anode 

materials for LIBs. First, we conducted cyclic voltammogram (CV) measurements at a scan rate 

of 0.1 mV s-1. Figure 4a shows the first five CV curves of the Nb2O5 electrode, the broad cathodic 

and anodic peaks are attributed to the reversible insertion/extraction of Li-ion in the niobium oxide 

structure. After the first cycle, the CV curves are nearly overlapping, suggesting a good 

reversibility and cycling stability of the lithium storage reactions. The Li-ion insertion/extraction 

reactions of Nb2O5 can be expressed as Nb2O5 + xLi+ + xe- ↔ LixNb2O5, where x is the mole 

fraction of the inserted Li-ions which can be up to 2.5, 7 The distinct reduction peak at ~1.71 V and 

oxidation peak at ~2.06 V correspond to the typical lithiation and delithiation processes of anatase 

TiO2, respectively (Figure 4b).47, 64 Generally, the Li-ion insertion/extraction reactions of TiO2 

can be expressed as TiO2 + xLi+ + xe- ↔ LixTiO2, and the maximum capacity is x = 1. However, 

the maximum value of x is taken as 0.5 for the reversible reaction, due to the sluggish reaction 

kinetics at x > 0.5, corresponding to a capacity of 168 mAh g-1.68 It is noteworthy that the CV 



curves of the Nb2O5@TiO2c-13 electrode exhibit the combined features of Nb2O5 and anatase TiO2 

(Figure 4c). 

 Figure S11 shows the first two discharge-charge curves of Nb2O5, anatase TiO2, and 

Nb2O5@TiO2c-13 at 0.1 A g-1. The initial discharge/charge capacities for Nb2O5@TiO2c-13, 

Nb2O5, and anatase TiO2 anodes are 232.1/204.9, 190.5/168.1, and 112.4/91.6 mAh g-1, 

corresponding to initial Coulombic efficiencies (CEs) of 88.3%, 88.2%, 81.5%, respectively. The 

initial capacity loss is probably due to the formation of solid electrolyte interphase (SEI) layer on 

the surface of electrodes as well as the sluggish kinetics of Li-ion diffusion in TiO2, especially 

during delithation.67, 69 To compensate the initial capacity loss, several strategies have been 

reported to improve the CE, such as suppressing the SEI formation,70 prelithiation,71 and creating 

an artificial SEI layer.72 In comparison, the achieved CEs are much higher compared to carbon-

based anode materials (~50%),66 benefiting from suppressed SEI formation due to their higher 

working voltages. 

 The rate performance of the samples was measured at various current densities ranging from 

0.1 to 5 A g-1 (Figure 4d). Compared to Nb2O5 and anatase TiO2, the specific capacity of 

Nb2O5@TiO2c-13 is substantially increased, especially at high current densities. At 0.1 A g-1, the 

reversible specific capacities of Nb2O5 and anatase TiO2 are 194 and 112 mAh g-1, respectively, 

while at a high current density of 5 A g-1, Nb2O5 and anatase TiO2 can only deliver a capacity of 

98 and 21 mAh g-1, respectively. In contrast, the capacity retention of Nb2O5@TiO2c-13 at 5 A g-

1 is remarkably increased to 132 mAh g-1, resulting from the improved electrochemical reaction 

kinetics benefiting from the heterostructure. Specially, the low capacity retention for anatase TiO2 

is rooted in its large particle size and agglomeration structure, which leads to sluggish kinetics for 

ion migration. The superiority of the core-shell Nb2O5@TiO2c-13 heterostructures is also 

manifested by their prevailing cycling stability as shown in Figure 4e and Figure S12. 166 mAh 

g-1 is obtained for Nb2O5@TiO2c-13 at 0.5 A g-1 after 1000 cycles, corresponding to a high capacity 

retention ratio of 88.3%, which is significantly higher than that of Nb2O5 (106 mAh g-1, 62.3%), 

revealing its remarkable structural stability, which can be ascribed to the anatase TiO2 layer and 

its low strain properties.38, 47, 50 Notably, anatase TiO2 exhibits very low specific capacity of ~60 

mAh g-1 despite its good cycling stability. The capacity increased gradually in the initial ~30 cycles, 

which could be attributed to the activation of the active materials for reversible electrochemical 



de-/lithiation during battery operation. Furthermore, as shown in Figure S13, after cycling at 0.1 

A g-1 for 500 cycles, 195 mAh g-1 can be obtained for Nb2O5@TiO2c-13, with a capacity fade rate 

of 0.014% per cycle, while only 156 mAh g-1 can be obtained for Nb2O5, demonstrating enhanced 

cycling stability, which could be due to the presence of anatase TiO2 shell layer that can alleviate 

the mechanical stress generated in Nb2O5 and thus increase the structural integrity over cycling. 

In addition, the electrochemical properties of Nb2O5@TiO2a-14 has also been investigated to 

compare the influence of crystalline and amorphous forms of TiO2 layer on Li-ion storage 

properties. As shown in Figure S14, the electrochemical performance of Nb2O5@TiO2c-13 is 

superior to that of Nb2O5@TiO2a-14, which might be due to the amorphous TiO2’s lower 

electronic conductivity,73 as well as lack of well-defined sites for Li-ion insertion due to its 

disordered atomic arrangement.74 Moreover, it has been demonstrated that amorphous TiO2 

exhibits larger volume changes during repetitive de-/lithiation processes,74 which aggravates the 

limited cycle life of Nb2O5@TiO2a-14. 

Finally, electrochemical impedance spectroscopy (EIS) tests were conducted to investigate 

the electrochemical kinetics of Nb2O5, anatase TiO2, and Nb2O5@TiO2c-13 electrodes. Figure 4f 

shows that all the Nyquist plots consist of a depressed semicircle in the high-to-medium frequency 

region and a straight line in the low-frequency region. The former is attributed to charge transfer 

resistance at the electrode/electrolyte interface, while the latter is related to the Warburg 

impedance, which depends on the solid-state diffusion of Li-ions in the bulk electrode material. 

The high-frequency intercept at the x-axis is the total resistance of the electrolyte, separator, and 

electrode.67, 75 Nb2O5@TiO2c-13 has the lowest charge-transfer resistance, suggesting fast 

electrochemical reaction kinetics for Li+ insertion/extraction. Besides, Nb2O5@TiO2c-13 exhibits 

the highest slope in the low-frequency region, indicating its rapid Li+ diffusion property.40  

In order to reveal the kinetics of Li-ion storage, Figure S15 compares the CV curves of 

Nb2O5@TiO2c-13, Nb2O5, and TiO2 electrodes at scan rates of 0.1-1.0 mV s-1. As the scan rate 

increases, the CV curves maintain similar shapes and redox peaks become stronger, meanwhile, a 

shift in peak position can be observed, suggesting a slight polarization phenomenon. Generally, 

The relationship between the current (i) and the sweep rates (v) follows the power law:7 

𝑖 = 𝑎𝑣!                                                                                  (1)              



Where a and b are variable parameters and the b parameter can be obtained from the slope of 

the log (𝑖) versus log (𝑣) plot. In particular, b=1 represents the capacitive-dominated behavior, 

b=0.5 represents the diffusion-controlled process. As shown in Figure S15b, d, and f, all these b 

values are between 0.5 and 1.0, indicative of fast surface redox kinetics, which means the achieved 

capacities are mainly derived from capacitive-controlled pseudocapacitive reaction. In addition, 

the contribution of capacitive-controlled (𝑘"𝑣) and diffusion-controlled (𝑘#𝑣$.&) processes can be 

further quantified according to:76 

𝑖 = 𝑘"𝑣 + 𝑘#𝑣$.&                                                                    (2) 

Where 𝑣 is the sweep rate, constants (𝑘" and 𝑘#) can be calculated from the plots of 𝑖 𝑣$.&⁄  

versus 𝑣$.&  followed by linear regression. The results were concluded in Figure S16, with 

increasing the scan rate, the capacitive contribution of Nb2O5@TiO2c-13 gradually increased from 

84.9% to 94.7%, demonstrating that the capacitive-controlled process is dominant. Meanwhile, the 

capacitive contributions of Nb2O5 and TiO2 exhibit a similar trend with the increasing scan rate 

but remarkably lower than those of Nb2O5@TiO2c-13. This could be related to its larger specific 

surface area, facilitating fast kinetics of Li-ion insertion/extraction. Besides, the presence of the 

internal electric field at the heterointerfaces of Nb2O5 and TiO2 also contribute to the 

pseudocapacitive reaction, as it can result in an enhanced ionic and electronic conductivity, and 

thus, increased rate capability of Nb2O5@TiO2c-13.45 

Galvanostatic intermittent titration technique (GITT) analysis was further carried out to 

evaluate the Li-ion diffusion kinetics in Nb2O5@TiO2c-13, Nb2O5, and TiO2 during de-/lithiation. 

Figure S17a and b show the GITT curves of these three samples. The Li-ion diffusion coefficient 

(D0) can be estimated by using Fick’s second law through the following equation:17 

𝐷$ =
'
()
(*!	+#
,!-

)#(∆/$
∆/%
)#(𝜏 ≪ 0&

1'
)                                               (3) 

Where VM is the molar volume of the active material, MB is the molecular mass of the active 

material, mB is the mass of the active material in the electrode, L is the electrode thickness, S is the 

surface area of the electrode, τ is the duration of a current pulse, ∆ES is the change in the 

equilibrium potential, and ∆Eτ is the change in potential after the pulse. The last two parameters 

can be obtained from the voltage profiles during the GITT test (Figure S18). As shown in Figure 

S17c and d, TiO2 and Nb2O5 exhibit the lowest and highest D0 values, respectively, during 



lithiation, indicating that the Li-ion diffusion kinetics in TiO2 is kinetically more sluggish and thus 

is the kinetic limiting factor of Li-ion diffusion in the heterostructure during the uptake of Li-ions. 

Different from the lithiation process, the diffusion coefficient of the Nb2O5@TiO2c-13 

heterostructure is higher than those of TiO2 and Nb2O5 during delithiation, which could be caused 

by the enhanced ionic conductivity at the heterointerfaces of Nb2O5 and TiO2.  

 
Figure 5. TEM images of (a) Nb2O5 and (b) Nb2O5@TiO2c-13 after 1000 cycles at 0.5 A g-1 and 

their structural evolution scheme during de-/lithiation processes. 

TEM was employed to investigate the morphologies of Nb2O5, anatase TiO2, and 

Nb2O5@TiO2c-13 after 1000 cycles at 0.5 A g-1. As shown in Figure 5a, it is observed that the 

spherical Nb2O5 is fractured, resulting from the volume expansion and contraction during cycling. 

In contrast, anatase TiO2 maintains its original morphology (Figure S19). It should be emphasized 

that Nb2O5@TiO2c-13 retains the core-shell spherical structure without apparent structural 

deformation (Figure 5b), demonstrating that the anatase TiO2 shell is stable and mechanically 

strong enough to tolerate volume expansion/contraction of the Nb2O5 core upon repetitive lithium 

insertion and extraction. Moreover, to check the crystallinity of the Nb2O5@TiO2c-13 electrode 

after cycling, XRD analysis of the cycled electrode was performed. As shown in Figure S20, The 

diffraction intensity of the cycled Nb2O5@TiO2c-13 electrode is slightly reduced, indicating that 

the crystallinity slightly reduces upon cycling. 

On the account of the above results and analyses, the core-shell heterostructure plays the key 

role in enhancing the rate capability and cycling stability, which can facilitate charge transport and 



enhance the surface reaction kinetics, as demonstrated in previous works.37, 39, 40, 45 Furthermore, 

the anatase TiO2 shell acts as a protective layer for the Nb2O5 core, providing it with greater 

resistance to the volume changes it suffers during the lithiation/de-lithiation process, therefore, 

resulting in remarkably enhanced cycling performance.47, 49 Comparing the heterostructured 

Nb2O5@TiO2 with single-phase titanium niobium oxides, the core-shell structure can not only 

effectively improve the intrinsically poor conductivity of the inner core and, thereby, improve rate 

capability, but also alleviate the mechanical stress generated in Nb2O5 during cycling, and thus 

increase the structural integrity. The mesoporous structure is another essential factor for the 

superior electrochemical behavior, as it possess abundant mesopores, which not only provides 

more accessible sites for Li-ion storage, but also facilitates the Li-ion diffusion.32, 40 

3. CONCLUSION 

In summary, we have successfully synthesized mesoporous Nb2O5@TiO2 core-shell 

heterostructures by a facile and reproducible sol-gel approach, and measured their electrochemical 

performance as electrode materials for LIBs. The results show that the lithium storage efficiency 

and stability strongly depend on the thickness of the anatase TiO2 shell layer and the Nb2O5 spheres 

with 13 nm anatase TiO2 coating layer achieve the best performance. Owing to the synergistic 

effects of the heterojunction and core-shell structure, the optimized material achieves higher 

electrochemical performance as compared to Nb2O5 and anatase TiO2, with a high reversible 

capacity (206 mAh g-1 at 0.1 A g-1), superior rate capability (132 mAh g-1 at 5 A g-1), and excellent 

cycling stability (88.3% capacity retention after 1000 cycles). Such improvements emphasize the 

importance of the heterostructure in modifying the electrochemical behavior, which is helpful for 

designing battery materials with high performance. 

4. EXPERIMENTAL METHODS 

Materials: Titanium(IV) butoxide (97%, TBOT), cobalt(II) acetylacetonate (97%), and 
acetophenone (99%) were purchased from Sigma Aldrich. Niobium(V) chloride was purchased 
from ABCR. 

Synthesis of Nb2O5 spheres: Nb2O5 was synthesized by dissolving each niobium chloride (0.5 

mmol) and cobalt(II) acetylacetonate (0.5 mmol) in acetophenone (10 mL). Afterwards, the two 

solutions were mixed together. After being stirred for 24 h under argon, the solution was 



transferred into a stainless-steel autoclave with a Teflon liner, and carefully sealed. The autoclave 

was heated in an oven at 220 °C for 6 h. The products were collected by centrifugation, thoroughly 

washed with acetone and ethanol, and dried at 70 °C in air. Subsequently, the product was calcined 

at 600 °C for 2 h in air. 

Synthesis of anatase TiO2: Anatase TiO2 was synthesized by dissolving 0.3 mL TBOT in 10 mL 

ethanol, then the solution was added dropwise into a mixture of water and ethanol with a volume 

ratio of 1:20 under vigorous stirring. After 3 h of stirring, the products were collected by 

centrifugation, thoroughly washed with ethanol, and dried at 70 °C in air. Subsequently, the 

product was calcined at 400 °C for 1 h in air. 

Synthesis of Nb2O5 spheres coated with TiO2: For preparing the Nb2O5@TiO2 with an anatase 

TiO2 layer thickness of 13 nm, 45 μL TBOT was dissolved in 6 mL ethanol. 30 mg of Nb2O5 

spheres was dissolved in a mixture solution of 0.6 mL water and 12 mL ethanol, to which the 

TBOT solution was added dropwise under vigorous stirring. After being stirred for 3 h, the 

products were collected by centrifugation, thoroughly washed with ethanol, and dried at 70 °C in 

air, denoted as Nb2O5@TiO2a-14. Subsequently, the product was calcined at 400 °C for 1 h in air, 

denoted as Nb2O5@TiO2c-13. Samples with other thickness of anatase TiO2 (5 nm, 8 nm, and 22 

nm) were prepared by following the same procedure, just varying the concentration of TBOT (15 

μL, 30 μL, and 60 μL, respectively). The samples are denoted as Nb2O5@TiO2c-5, Nb2O5@TiO2c-

8, and Nb2O5@TiO2c-22 for anatase TiO2 thicknesses of 5, 8, and 22 nm, respectively. 

Characterizations: XRD patterns were recorded with a STOE MP diffractometer in transmission 

configuration using Mo Kα radiation (λ=0.70930 Å). Transmission electron microscopy (TEM) 

and high resolution TEM (HRTEM) images were obtained on a Philips CM 200 and FEI Talos 

200S microscope operated at 200 kV. Raman spectra were obtained on a DXR Raman 

spectrometer (Thermo Scientific) with a 532 nm laser for illumination. The scattered light from 

the sample was dispersed by a 1200 lines/mm grating and collected by an Olympus microscope 

with a 100X objective. All X-ray photoelectron spectroscopy (XPS) measurements shown in the 

main manuscript were performed in an ultrahigh vacuum setup with a base pressure of 3×10-

10 mbar, employing the Kα radiation of a non-monochromated Mg X-ray source (hν = 1253.6 eV) 

for excitation and an Omicron EA 125 hemispherical analyzer with a pass energy of 50 (20) eV 

for the survey (detail) scans to detect the kinetic energy of the emitted electrons. Additional 



measurements shown in the Supporting Information were recorded at the ENERGIZE endstation 

at the Bessy II synchrotron facility, in an ultrahigh vacuum setup with a base pressure of 2×10-

10 mbar, employing the Kα radiation of a non-monochromated Al X-ray source (hν = 1486.6 eV) 

for excitation and an ScientaOmicron DA30L hemispherical analyzer with a pass energy of 100 

(50) eV for the survey (detail) scans. The powders were evenly distributed on carbon tape and 

measured without further treatment. The C1s peak of the carbon tape was set to 285.0 eV as a 

binding energy reference. Nitrogen sorption isotherms at −196 °C were acquired on a 

Micromeritics ASAP 2020, after degassing the solids at 180 °C overnight. 

Electrochemical measurements: Electrochemical properties of active materials (anatase TiO2, 

Nb2O5, Nb2O5@TiO2c-5, Nb2O5@TiO2c-8, Nb2O5@TiO2c-13, and Nb2O5@TiO2c-22) were 

evaluated by using CR2032-type coin cells, which were assembled in an Ar-filled glovebox. First, 

70% active materials, 20% conductive carbon black (Super P, Timcal) and 10% polyvinylidene 

fluoride (PVDF, Alfa Aesar) were homogeneously mixed with N-methyl-2-pyrrolidone (NMP, 

anhydrous 99.5 %, Sigma-Aldrich). The resulting slurry was uniformly cast on Cu foil 

(Goodfellow, UK) with a doctor blade apparatus and then dried in a vacuum oven at 60 °C for 1 

hour. After a cold-laminating step, electrodes with a diameter of 12 mm were punched out and 

dried overnight at 120 °C under vacuum using a Büchi glass oven. The mass loading of the active 

material is ≈ 1.5 mg cm-2. Lithium metal foil was used as both counter and reference electrodes. 1 

M LiPF6 (ABCR, 99.9% battery grade) solution in a mixture of ethylene carbonate (EC, 99.9 %, 

ABCR), diethyl carbonate (DEC, 99.9%, ABCR) and dimethyl carbonate (DMC, 99.9%, ABCR) 

with 1:1:1 volume ratio was used as the electrolyte. A glass microfiber filter (Whatman) was used 

as a separator.  

Galvanostatic charge-discharge cycling was carried out at room temperature using a CT2001 A 

battery testing system (Landt Instruments). Cyclic voltammograms (CVs) were measured on a 

Bio-Logic VMP3 multichannel potentiostat/galvanostat with a built-in electrochemical impedance 

spectroscopy (EIS) analyzer. EIS was tested at open-circuit potential (OCP), in the frequency range 

of 100 kHz to 0.1 Hz with an amplitude of 10 mV. Galvanostatic intermittent titration technique 

(GITT) analyses of Nb2O5@TiO2c-13, Nb2O5, and TiO2 was performed at a current density of 20 

mA g-1, with a current pulse of 10 min followed with a relaxation step of 100 min. It should be 



noted that, for electrochemical activation, the batteries were cycled for three cycles at a current 

density of 20 mA g-1 (without pulses) before the GITT tests. 

SUPPORTING INFORMATION 

EDX spectra of Nb2O5. XPS spectra of Nb2O5, Nb2O5@TiO2a-14, Nb2O5@TiO2c-13, and anatase 

TiO2. SEM and TEM images of Nb2O5, Nb2O5@TiO2a-14, Nb2O5@TiO2c-13, and anatase TiO2. 

BET data of anatase TiO2, Nb2O5, Nb2O5@TiO2a-14, and Nb2O5@TiO2c-13. TEM and HRTEM 

images of Nb2O5@TiO2c-5, Nb2O5@TiO2c-8, and Nb2O5@TiO2c-22. The weight ratio between 

Nb2O5 and anatase TiO2. XRD of Nb2O5@TiO2c-5, Nb2O5@TiO2c-8, and Nb2O5@TiO2c-22. 

Electrochemical performances of Nb2O5@TiO2c-5, Nb2O5@TiO2c-8, and Nb2O5@TiO2c-22 as 

anodes in Li-ion half cells. TEM images of Nb2O5@TiO2c-5, Nb2O5@TiO2c-8, and 

Nb2O5@TiO2c-22 after cycling stability tests. The first two Galvanostatic discharge-charge curves 

of Nb2O5, TiO2, and Nb2O5@TiO2c-13 at 0.1 A g-1. Galvanostatic charge and discharge curves of 

Nb2O5, TiO2, and Nb2O5@TiO2c-13 cycled at different cycles. Electrochemical performances of 

Nb2O5, TiO2, and Nb2O5@TiO2c-13 at a current density of 0.1 A g-1. Electrochemical 

performances of Nb2O5@TiO2c-14 as anodes in Li-ion half cells. CV curves of Nb2O5@TiO2c-13, 

Nb2O5, and TiO2 at various scan rate, and derived b values of Nb2O5@TiO2c-13, Nb2O5, and TiO2. 

Capacitive-controlled contributions of Nb2O5@TiO2c-13, Nb2O5, and TiO2. Galvanostatic 

intermittent titration technique (GITT) curves of Nb2O5@TiO2c-13, Nb2O5, and TiO2. The 

calculated Li-ion diffusion coefficients from GITT. GITT voltage profile of a single current pulse-

relaxation step. TEM image of anatase TiO2 after 1000 cycles at 0.5 A g-1. XRD of Nb2O5@TiO2c-

13 before and after 1000 cycles at 0.5 A g-1. 
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Heterostructured mesoporous Nb2O5@TiO2 core-shell spheres have been synthesized by a facile 
sol-gel method. The synergistic effect of the heterojuction and core-shell structure is investigated 
for a high-performance anode in lithium-ion batteries (LIBs). By controlling the thickness of TiO2 
shell layer, the heterostructured material exhibits superior electrochemical performance as 
compared to pure Nb2O5 and anatase TiO2, due to the improved electronic conductivity and 
structural stability. 
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