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a b s t r a c t 

Phase engineering has gained significant attention in energy-storage applications due to its ability to tailor the 

physicochemical properties and functionalities of electrode materials. In this study, we demonstrate the in-situ 

partial phase conversion of niobium pentoxide (Nb2 O5 ), resulting in the formation of a monoclinic/orthorhombic 

(H/T-Nb2 O5 ) heterophase homojunction. This study further confirms that the unique heterophase interface plays 

a crucial role in regulating the local electronic environment, resulting in charge redistribution, the formation of 

an internal electric field, and enhanced electron transfer. Moreover, the presence of abundant phase interfaces 

offers additional reactive sites for Li+ ion adsorption, thereby enhancing reaction dynamics. The synergistic effects 

within the H/T-Nb2 O5 homojunction are reflected in its high Li+ storage capacity (413 mAh g− 1 at 100 mA g− 1 ), 

superior rate capability, and cycling stability. Thus, this study demonstrates that the construction of heterophase 

homojunctions offers a promising strategy for developing high-performance anode materials for efficient Li-ion 

storage. 
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. Introduction 

Lithium-ion batteries (LIBs) are the main power sources for

ortable electronic devices and electric vehicles [ 1-3 ]. However, tra-

itional graphite-based LIBs face persistent challenges such as slow

harge/discharge rate and lithium dendrite formation [ 4-6 ], which com-

romise safety and performance. As a result, there is an urgent need

o develop advanced anode materials for safer and more efficient LIBs.

b2 O5 , a typical intercalation-type transition metal oxide (TMO), has

merged as a promising anode material due to its high work potential,

xcellent chemical stability, and abundant resources [ 7 , 8 ]. Nonetheless,

b2 O5 suffers from slow lithium-ion kinetics at high rates, leading to sig-

ificant polarization and limiting its effectiveness in reversible lithium

torage [ 9 , 10 ]. To address these limitations, extensive research has fo-

used on improving the reaction kinetics of Nb2 O5 to promote its elec-

rochemical performance. Key strategies include: (i) Fabricating nano-

nd micro-architectures with unique morphologies to increase the con-

act area with the electrolyte and shorten the path length of Li+ diffusion

 11 , 12 ], (ii) incorporating highly conductive carbon matrices to prevent

elf-aggregation and enhance structural stability [ 13 ], and (iii) introduc-

ng defects to provide active sites and reduce the Li+ diffusion energy
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arrier [ 14 ]. Despite improvements in structural stability and electrical

onductivity through morphology engineering and coating strategies,

he intrinsic slow electrochemical reaction activity of Nb2 O5 remains

 challenge. This issue has deterred its industrial adoption due to un-

eliable processing methods. Therefore, developing effective strategies

o enhance the rate performance and capacity of Nb2 O5 is critical for

dvancing LIB technology. 

The crystal phases of nanomaterials strongly influence their physic-

chemical properties and functionalities. Therefore, tailoring phase

ransformations is a feasible approach to enhancing the electrochem-

cal performance of electrode materials [ 15-18 ]. For instance, Song

t al. demonstrated that cubic/orthorhombic-CoSe2 phase-junctions via

hemical vapor deposition, facilitated homogeneous interfacial elec-

ronic migration and ion diffusion, thereby improving electrochemical

eaction kinetics for sodium and potassium storage [ 19 ]. Similarly, Cao

t al. synthesized different crystal phases of Mnx Co1− x O using a cation

egulation strategy, which enhanced the electrical and catalytic prop-

rties of Li-O2 batteries [ 20 ]. Inspired by these studies, we explored

he properties of Nb2 O5 with different crystal phases to study the im-

act of the phase structure on its electrochemical performance. Nb2 O5 

ypically possesses two structural phases: the orthorhombic phase
tember 2024 

Ai Communications Co. Ltd. This is an open access article under the CC 

https://doi.org/10.1016/j.chphma.2024.09.002
http://www.ScienceDirect.com/science/journal/27725715
https://www.keaipublishing.com/en/journals/chemphysmater/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chphma.2024.09.002&domain=pdf
mailto:jblian@ujs.edu.cn
https://doi.org/10.1016/j.chphma.2024.09.002
http://creativecommons.org/licenses/by-nc-nd/4.0/


S. Li, J. Li, W. Zhang et al. ChemPhysMater 4 (2025) 3–8

(  

t  

t  

j  

e

 

N  

c  

o  

t  

e  

d  

h  

i  

o

2

2

 

w  

(  

w  

f  

l  

T  

m

 

a

s

2

 

w  

o  

a  

S  

c  

t  

a  

t

2

 

e  

E  

(  

s  

i  

t  

e  

b  

a  

i  

d  

t  

o  

c  

t  

c

3

 

a  

t  

m  

b  

s

e  

o  

s  

s  

fi  

c

 

N  

s  

w  

N  

p  

N  

T  

t  

s  

N  

o  

2  

A

s  

T  

5  

a

i

 

t  

g

w  

i  

p  

a

(  

a  

(  

c

 

e  

1

e  

t  

t  

m  

p  

t  

e

c  

d  

T  

t  

f  

t  

v  

0  

p  

e  

t  

m  
T-Nb2 O5 ) and monoclinic phase (H-Nb2 O5 ) [ 21 , 22 ]. The distinct crys-

allographic structure of these phases significantly influences their elec-

rochemical properties. Therefore, constructing a heterophase homo-

unction with these two phases offers a promising strategy for achieving

xcellent electrochemical performance of Nb2 O5 -based electrodes. 

In this study, we designed orthorhombic/monoclinic Nb2 O5 (H/T-

b2 O5 ) homojunctions through partial phase transformation at a spe-

ific temperature. This approach combines the unique advantages of the

rthorhombic and monoclinic phases. At the homojunction interfaces,

he spontaneous imbalance in charge distribution creates an internal

lectric field promoting interfacial charge transport and providing ad-

itional reactive sites. Consequently, the H/T-Nb2 O5 homojunction ex-

ibits superior electrochemical performance. Our findings offer valuable

nsights into the application of crystal phase engineering in the devel-

pment of advanced energy storage. 

. Materials and methods 

.1. Preparation of H-Nb2 O5 , H/T-Nb2 O5 and T-Nb2 O5 microflowers 

All chemicals used in this study were analytical reagents and

ere used without purification. Initially, 7.5 mmol of niobium oxalate

C10 H5 NbO20 ) and 1.5 mmol of ammonium carbonate ((NH4 )2 CO3 )

ere added to 30 mL of deionized water. The mixture was sonicated

or 30 min. The resulting suspension was then transferred to a Teflon-

ined stainless-steel autoclave (50 mL) and heated at 200 °C for 12 h.

hereafter, the product was collected, washed, and dried to obtain

onoclinic-Nb2 O5 (H-Nb2 O5 ) sample. 

To obtain orthorhombic-Nb2 O5 (T-Nb2 O5 ), the H-Nb2 O5 sample was

nnealed at 700 °C for 1 h in air. 

The H/T-Nb2 O5 sample was obtained by annealing the H-Nb2 O5 

ample at 500 °C for 1 h in air. 

.2. Characterization 

Powder X-ray diffraction (XRD, German Bruker D8 diffractometer)

ith Cu radiation was used to characterize the crystalline structure

f the samples. The morphologies and microstructures of the materi-

ls were studied using field-emission scanning electron microscopy (FE-

EM, JEOL, JSM-7800F) and high-resolution transmission electron mi-

roscopy (HRTEM, FEI Tecnai G2 F30 S-Twin TEM). X-ray photoelec-

ron spectroscopy (XPS, Thermo Scientific ESCALAB 250Xi system with

 monochromated Al K 𝛼 X-ray source 1486.6 eV) was used to measure

he surface elemental composition and chemical states of the samples. 

.3. Electrochemical measurements 

The electrode preparation involved dispersing Nb2 O5 microflow-

rs (80 wt.%), super conductive carbon black (SCCB, Ketjenblack

C-600JD, Lion Corporation) (10 wt.%), and polyvinylidene fluoride

PVDF) (10 wt.%) in N-methyl-2-pyrrolidone (NMP). The resulting

lurry was then coated onto copper foil as a current collector. The load-

ng mass ranged from 1.0 to 1.2 mg cm− 2 . Lithium metal served as both

he reference and counter electrode, with a 1 M LiPF6 EC/DMC/DC

lectrolyte solution and a Celgard 2400 porous polypropylene mem-

rane as the separator. CR2032-type coin cells were assembled in

n Ar-filled glovebox (O2 /H2 O < 0.01 ppm) for electrochemical test-

ng. Cyclic voltammetry (CV) was performed within the potential win-

ow of 0.01− 3.00 V vs Li/Li+ , and electrochemical impedance spec-

roscopy (EIS) measurements were performed using an AC perturbation

f 5 mV on a Gamry Interface 1000E Potentiostat. Galvanostatic dis-

harge/charge and galvanostatic intermittent titration technique (GITT)

ests (at 0.1 A g− 1 , with pulse time of 5 min and 1 h rest intervals) were

onducted using the NEWARE-CT-4008 battery testing system. 
4

. Results and discussion 

Fig. 1 shows the FE-SEM and TEM images of H-Nb2 O5 ( Figs. 1(a)(d) )

nd H/T-Nb2 O5 ( Figs. 1(b)(e) ), which reveal their microflower struc-

ures composed of nanosheets. In contrast, T-Nb2 O5 exhibits a coral-like

orphology ( Figs. 1(c)(f) ), resulting from a phase transition induced

y high-temperature treatment. Their microstructures were further ob-

erved using HRTEM ( Figs. 1(g)–(i) ). As shown in Fig. 1(g) , H-Nb2 O5 

xhibits a lattice spacing of 0.358 nm, corresponding to the (121) plane

f the monoclinic phase [ 13 ]. The (200) plane of T-Nb2 O5 with a lattice

pacing of 0.309 nm is shown in Fig. 1(i) [ 23 ]. Fig. 1(h) shows the lattice

pacings for both H-Nb2 O5 (0.358 nm) and T-Nb2 O5 (0.309 nm), con-

rming the successful formation of a heterohomojunction with intimate

ontact between the orthorhombic and monoclinic phases. 

Fig. 2(a) shows the crystal structure features and phase purity of

b2 O5 obtained using XRD. The diffraction peaks of H-Nb2 O5 corre-

pond to the standard monoclinic phase (PDF No 19–0862) [ 13 , 21 ],

hereas the peaks for T-Nb2 O5 match the orthorhombic phase (PDF

o 27–1003) [ 24 ]. The absence of additional peaks indicates the high

hase purity of the sample. As expected, the diffraction peaks of H/T-

b2 O5 indicate the coexistence of monoclinic and orthorhombic phases.

he HRTEM and XRD results demonstrate the successful phase modula-

ion of Nb2 O5 samples. XPS was employed to characterize the chemical

tates of Nb2 O5 in different samples. The survey spectra revealed strong

b and O signals in Nb2 O5 (Fig. S1). The Nb 3d core-level spectrum

f H/T-Nb2 O5 in Fig. 2(b) shows two characteristic peaks at 209.9 and

07.2 eV, corresponding to Nb 3d3/2 and Nb 3d5/2 for Nb5 + [ 14 , 25 ].

 shift toward lower binding energies in both H/T-Nb2 O5 and T-Nb2 O5 

pectra suggests electron migration and a strong coupling effect [ 14 ].

he high-resolution O 1s spectra ( Fig. 2(c) ) show a dominant peak at

30.3 eV, attributed to the O− Nb bond, and a peak at 531.4 eV associ-

ted with oxygen defects [ 26 ]. The heterophase structure of H/T-Nb2 O5 

s expected to deliver enhanced electrochemical performance. 

To investigate the Li+ storage behavior of Nb2 O5 with different crys-

al structures, CV tests were conducted at a scan rate of 0.1 mV s− 1 and

alvanostatic charge-discharge (GCD) tests were performed at 0.1 A g− 1 

ithin a potential window of 0.01–3.0 V (Fig. S2). Fig. S2(a) shows the

nitial three CV cycles of H/T-Nb2 O5 . In the first cathodic sweep, three

rominent peaks were observed at 2.1, 1.3, and 0.65 V. The peaks at 2.1

nd 1.3 V (broad) correspond to the intercalation of Li+ ions into Nb2 O5 

Nb2 O5 + x Li+ + x e− ↔ Lix Nb2 O5 ) [ 27 ]. The irreversible cathodic peak

t 0.64 V, resulting from the formation of a solid electrolyte interphase

SEI), disappeared in subsequent cycles [ 28 , 29 ]. During the anodic pro-

ess, a single peak at 1.75 V indicated delithiation [ 22 ]. 

Fig. 3(a) shows the integrated CV curves of the Nb2 O5 electrode. It is

vident that broad cathodic and anodic peaks appeared at 1.55/1.75 V,

.38/1.64 V, and 1.66/1.87 V for H/T-Nb2 O5 , H-Nb2 O5 , and T-Nb2 O5 

lectrodes, respectively, corresponding to the reversible Li+ inser-

ion/extraction during discharge/charge cycles. Among the electrodes,

he H/T-Nb2 O5 exhibited the smallest potential difference of approxi-

ately 0.2 V, indicating lower polarization and higher Li+ kinetics com-

ared to the other two electrodes [ 30 ]. Notably, Fig. 3(a) shows that

he main capacity contribution potential intervals differed between the

lectrodes: H-Nb2 O5 primarily contributed below 1.5 V, while T-Nb2 O5 

ontributed above 1.2 V. These differences in Li+ storage potential win-

ow were also apparent in their GCD profiles at 0.1 A g− 1 ( Fig. 3(b) ).

hus, the H/T-Nb2 O5 heterophase homojunction combined the advan-

ages of H-Nb2 O5 and T-Nb2 O5 , demonstrating superior Li+ storage per-

ormance. Fig. 3(c) presents the rate and cycling performances of the

hree electrodes. The H/T-Nb2 O5 homojunction delivered excellent re-

ersible capacities of 413, 333, 287, 247, 201, and 146 mAh g− 1 at 0.1,

.25, 0.5, 1.0, 2.5, and 5.0 A g− 1 , respectively. The corresponding GCD

rofiles (Fig. S3) indicate that the H/T-Nb2 O5 homojunction electrode

xhibited less polarization with increasing current density. Furthermore,

he H/T-Nb2 O5 homojunction maintained a reversible capacity of 236

Ah g− 1 with a capacity retention of 92% after 600 cycles at 1.0 A g− 1 .
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Fig. 1. Morphological characterization of Nb2 O5 samples. FE-SEM, TEM, and HRTEM images of H-Nb2 O5 (a)(d)(g), H/T-Nb2 O5 (b)(e)(h) and T-Nb2 O5 (c)(f)(i), 

respectively. 
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n contrast, the H-Nb2 O5 and T-Nb2 O5 electrodes showed inferior rate

erformance (55 and 92 mAh g− 1 at 5.0 A g− 1 ) and cycling performances

76% and 78% retention at 1.0 A g− 1 ). This highlights the superiority of

he designed H/T-Nb2 O5 homojunction, which can be attributed to the

uilt-in electric field at the intimate interface that enhances electron/ion

ransport, effectively reducing electrode polarization and accelerating

eaction kinetics at high current densities. As summarized in Table S1,

he rate capability and cycling stability of H/T-Nb2 O5 surpass those of

reviously reported Nb2 O5 -based anodes. 

CV profiles at scan rates ranging from 0.1 to 5.0 mV s− 1 were inves-

igated to explore the Li+ storage kinetics. The CV and b -value analy-

es are shown in Fig. S4, with additional details provided in the Sup-
5

lementary Materials. To gain deeper insights into the enhanced elec-

ron/ion transfer kinetics of the H/T-Nb2 O5 homojunction, EIS and the

alvanostatic intermittent titration technique (GITT) were employed.

ig. 4(a) displays the Nyquist plots of the Nb2 O5 electrodes, where a

emicircle in the high-frequency region corresponds to the charge trans-

er resistance ( Rct ) and a line in the low-frequency region corresponds

o the Warburg impedance ( Z
𝜔 
). The Rct value of H/T-Nb2 O5 is lower

han that of H-Nb2 O5 and T-Nb2 O5 , indicating faster electron trans-

er at the phase interface, thereby reducing charge-transfer resistance

 19 ]. Fig. 4(b) shows the Z ′ - 𝜔− 1/2 plots, where the slope of the fitted

ines represents the Warburg impedance coefficient ( 𝜎
𝜔 
). The smaller

𝜔 
value for H/T-Nb2 O5 suggests easier Li+ diffusion within the elec-
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Fig. 2. Structural characterization of Nb2 O5 samples. (a) XRD patterns. High-resolution XPS spectra of (b) Nb 3d and (c) O 1s. 

Fig. 3. Electrochemical properties of the Nb2 O5 electrodes. (a) Integrated CV curves at 0.1 mV s− 1 . (b) Integrated discharge-charge profiles at 0.1 A g− 1 . (c) Rate 

and cycling performance. 

6
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Fig. 4. Kinetic analyses of the Nb2 O5 electrodes. (a) Nyquist plots. (b) Z ′‒𝜔− 1/2 plots. (c) Lithium-ion diffusion coefficients in the discharge process and (d) charge 

process. 
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rode. These results were further validated by GITT (Fig. S5(a)), where

he H/T-Nb2 O5 electrode exhibited longer cycle times, implying higher

apacity. A detailed enlarged pulse curve is shown in Fig. S5(b). The cal-

ulated diffusion coefficient ( DLi+ ) values for the Nb2 O5 electrodes dur-

ng lithiation and delithiation are plotted in Figs. 4(c)(d) , respectively.

ll three electrodes exhibited significant plateaus during the charge-

ischarge process, consistent with the peaks observed in the CV curves.

otably, Li+ diffusion in H/T-Nb2 O5 was faster than in H-Nb2 O5 and

-Nb2 O5 . The lower resistance and improved diffusion kinetics con-

ributed to the significantly better rate performance of the H/T-Nb2 O5 

omojunction. 

. Conclusions 

In this study, a unique H/T-Nb2 O5 heterophase homojunction was

uccessfully synthesized through a simple heat treatment process. The

omogeneous interface induced a built-in electric field, which signifi-

antly enhanced charge-transfer kinetics. This hetero-phase homojunc-

ion demonstrated high specific capacity and rate capability, achieving

13 mAh g− 1 at 0.1 A g− 1 and 146 mAh g− 1 at 5.0 A g− 1 . This study pro-

ides a promising strategy for improving electrochemical performance

hrough phase engineering. 
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