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ABSTRACT 

Niobium pentoxide (Nb2O5) is in the limelight as a negative electrode material for advanced 

electrical energy storage devices owing to its unique pseudocapacitive behavior. However, its 

intrinsic poor electronic conductivity restricts its electrochemical performance. In this study, 

argon-ion bombardment is employed to enhance the interfacial properties of the Nb2O5 negative 

electrode by introducing highly conductive NbOx (1 ≤ x ≤ 2) species on the electrode surface. 

Detailed analysis by X-ray photoelectron spectroscopy analyses (XPS) and transition electron 

microscope (TEM) observation reveals that introducing the surface NbOx layer which promotes 

charge transfer at the electrode surface and breaks the limitations of charge transfer resistance in 

electrochemical measurements. The NbOx surface architecture fosters improvements in the 

electrochemical performance of the argon-ion bombarded electrode, exhibiting a higher reversible 

capacity of 211 mAh g‒1 than that of pristine electrodes (138 mAh g‒1). Electrochemical impedance 

spectroscopic analysis reveals that introducing the surface NbOx layer promotes charge transfer at 

the electrode surface and breaks the limitations of charge transfer resistance. The result provides a 

pathway to enhance intrinsic shortness of conductivity and to establish surface modification 

simultaneously via a simple argon-ion bombardment method, thus achieving the improved 

electrochemical performance of Nb2O5. 

 

Keywords: niobium oxides; Ar-ion bombardment; lithium-ion batteries; rate capabilities; 

electronic conductivity 
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INTRODUCTION 

The surging demand for advanced electrochemical storage devices has shifted development focus 

into high energy- and power-density electrode materials in efforts to meet modern energy needs.1-

5 Among secondary batteries, niobium pentoxide (Nb2O5), specifically its orthorhombic polymorph has 

gained attention as a high-performance negative electrode material with a high theoretical capacity of 201.7 

mAh g–1 based on Nb5+/Nb4+, exhibiting superior electrochemical performances emanating from 

pseudocapacitive Li+ insertion mechanism(s).2, 6-10 Even so, the stoichiometric Nb2O5 is an insulator 

with a wide bandgap (between 3.2 and 4.0 eV) which engenders poor electronic conductivity (σ ~ 

3×10‒6 S cm‒1 at 300 K), thereby improving the poor electronic conductivity is key to achieve a 

high-rate performance of Nb2O5 which eventually facilitate the realization of fast rechargeable 

energy devices.11-13 To overcome the drawback, considerable efforts have been devoted to 

investigating fabrication techniques such as building special morphology, introducing conductive 

carbon networks, doping foreign elements for adequate utilization, and nanoarchitecture current 

collector.14-29 Although materials with the utilization of these methods show certain enhancements, 

the compatibility with the ongoing manufacturing line remains challenging to meet the 

requirement of practical utilization of as mentioned methods. A simple experimental design is still 

highly desirable to circumvent the multistep or complicated synthesis routes.  

 The modified transition metal oxides, such as the oxides with lower oxidation state, often 

lead to improved electronic conductivity and electrochemical performance.30-32 In the niobium 

oxides, lower oxidation states of Nb-O systems (NbOx, 1 ≤ x ≤ 2) exhibit significantly smaller 

band gaps and higher electrical conductivities (Figure 1). NbO is known to show metallic behavior 

(10–2 to 101 S cm–1).33-34 This behavior was investigated by calculating its band structure, where 

the rock salt type structure with low Nb and O occupancies (75%) results in the lowering of Nb 4d 
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orbital with respect to O 2s and the zero band gap state.32-34 NbO2 is a semiconductor with a small 

band gap of 0.3 eV which is smaller than that of stoichiometric Nb2O5 (theoretically indirect band 

gap of 2.55 eV), showing electronic conductivities (~10‒4 S cm‒1) approximately two orders of 

magnitude higher than the orthorhombic Nb2O5.
35-36 The band gaps of Nb2O5 and NbO2 calculated 

in a previous paper indicated that the band structure significantly changes from Nb2O5 and NbO2 

along with the change in the crystal structure.33 The different transition modes (G to A for Nb2O5 

and N to G for NbO2) and orbital contributions (valence bond maximum state: hybridization of O 

2p and Nb 4d orbitals with a little contribution of Nb 4s orbital for Nb2O5 and hybridization of O 

2p and Nb 4d orbitals for NbO) causes this difference in the band gap.  

Argon-ion bombardment (AIB) is widely used for the freshness and removal of the surface 

of the materials, whereas the concomitant reduction of some metal oxides, such as iron, cobalt, 

titanium, and niobium by ion-beam bombardment due to preferential sputtering of oxygen has 

been investigated since the 1970s but remained rarely well-known.37-39 Previous studies revealed 

two target processes occur during the AIB: (i) Argon ions and oxygen atoms collide and oxygen 

atoms subsequently reflect from niobium atoms; (ii) argon ions backscattered from niobium atoms 

sputter oxygen atoms. These two mechanisms effectively remove oxygen atoms from the surface 

of Nb2O5 especially in a lower energy regime, because deeper penetration of argon ions make these 

mechanisms less applicable in a higher energy regime. As illustrated in Figure 1, it is expected 

that the introduction of conductive NbOx species and surface modification could be achieved 

simultaneously to improve the electrochemical performance via a short-term AIB exposure for 

several seconds.  

In a bid to exploit this strategy, we report a one-step approach for introducing highly 

conductive NbOx species on the surface of a Nb2O5 electrode through low-energy AIB. Herein, 
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Nb2O5 electrodes treated by AIB for varied durations are characterized and subjected to 

electrochemical performance tests to determine their feasibility as Li-ion battery negative 

electrodes. Moreover, the present methodological strategy provides a simple and competitive way 

to improve low-conductivity of Nb2O5 compared to other reduction methods.40 

 

EXPERIMENTAL SECTION 

Materials and Handling. All the materials were handled under a dry Ar atmosphere in a glove 

box (H2O < 1 ppm and O2 <1 ppm). Nb2O5 (Wako Pure Chemical Industries, purity: 99.9%) was 

used to prepare electrode materials without further purification. The organic electrolyte, 1 M 

LiPF6-EC/DMC (1:1 v/v; battery grade), was purchased from Kishida Chemical and used without 

further purification. The Li[FSA]-[C2C1im][FSA] ([FSA]- = bis(fluorosulfonyl)amide and 

[C2C1im]+ = 1-ethyl-3-methylimidazolium) ionic liquid electrolyte was prepared by mixing 

Li[FSA] and [C2C1im][FSA] in 20:80 mol% (1.1 mol dm–3). 

Preparation of Electrodes and Cells. A slurry was prepared by mixing the commercial Nb2O5, 

Super C65 (Timcal Ltd.), and Polyamide-imide (PAI) binder in the ratio of 70:20:10 wt% in N-

methylpyrrolidone (NMP) using a planetary mixer (AR-100, Thinky). The resulting slurry was 

pasted on Cu foil and was dried under vacuum at 120 °C for 12 h. The electrodes were punched 

into 10 mm diameter discs. The Argon-ion bombardment (AIB) was carried using a Kaufman-type 

high etching rate ion gun (JEOL, XP-02300HRIS) at a beam energy of 500 eV and ion current of 

8.9 mA. The Argon-ion beam was flashed to the Nb2O5 electrode for 15, 30, 60, 90, 120 and 180 

s. Each AIB treatment was applied several times of 15 s duration and 15 s rests to avoid overheating. 

Prepared electrodes have an average mass loading of around 1.2 mg cm‒2 with a thickness of 50 

µm. Coin cells of type-2032 were assembled with the 1 M LiPF6-EC/DMC (1:1 v/v) electrolyte, 
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the prepared Nb2O5 electrode, and Li metal (Sigma-Aldrich Chemistry, 99.95% purity) fixed on 

stainless steel (SUS316L) plate as a counter electrode.  

 

Material Characterization. The change of oxidation state of Nb2O5 after AIB was analyzed by 

XPS (JOEL, JPS-9030) with MgKα line as the exciting radiation. The morphology of the prepared 

samples was observed by field emission scanning electron microscopy (FE-SEM) (Hitachi, SU-

8020). X-ray diffraction patterns of the samples were recorded in the Bragg-Brentano geometry 

using a Rigaku SmartLab diffractometer with Ni-filtered Cu-Kα radiation (40 kV and 30 mA) and 

a silicon strip high-speed detector (Rigaku D/teX Ultra 250). For the TEM samples preparation, 

the samples were scratched from the electrodes and put into airtight bottles in a glovebox. 5 mL 

of super dehydrated NMP was added to the bottles and sonicated for 5 minutes. The Cu grids were 

immersed in the bottles for 5 sec, and vacuum dried for 24 h at 60 °C. The resulting sample was 

observed by transmission electron microscopy (TEM, JEOL JEM-2100F) at 60 kV. 

 

Electrochemical Measurements. The electrochemical data were measured by an HJ-SD8 charge-

discharge system (Hokuto Denko) and VSP potentiostat (Bio-Logic) at 25 °C. A current density 

of 200 mA g–1 was applied to charge-discharge tests. Discharge rate performance was performed 

at various discharge current rates from 200 to 40000 mA g–1 while the charge current rate was 

maintained to be 200 mA g–1. Cyclic voltammetry (CV) was performed at a scan rate from 0.5 to 

5 mV s–1. Electrochemical impedance spectroscopy (EIS) was conducted in a frequency range 

from 0.01 Hz to 100 kHz. The half-cell EIS was conducted using the Nb2O5 electrode and Li metal 

counter electrode. The symmetric-cell EIS was conducted using the electrodes after adjusting their 

voltage to 1.5 V in a half-cell setup. 
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RESULTS AND DISCUSSION  

Characterization of Nb2O5 Electrode and AIB Treatment. X-ray photoelectron spectroscopy 

(XPS) was performed on Nb2O5 electrodes exposed to AIB for varied durations (hereafter, Nb2O5-

AIBxx where xx denotes the AIB duration in seconds) to ascertain the presence of NbOx species 

(Figure 2a,b). The pristine Nb2O5 spectra display Nb 3d5/2 and 3d3/2 peaks, which are assigned to 

NbV, at the binding energies of 206.3 and 209.6 eV, respectively.41 The additional peaks at lower 

binding energy observed in the Nb2O5-AIBxx spectra ascribed to the NbIV and NbII oxidation 

states.42-43 The additional peaks at lower binding energy observed in the Nb2O5-AIBxx spectra 

ascribed to the NbIV and NbII oxidation states with protracted treatment, suggesting progressive 

Nb2O5 reduction resulting from the extending the AIB durations (see Figure 2b and Table S1 for 

details of deconvoluted peak assignments). To investigate the effect of AIB irradiation on the phase 

composition of Nb2O5 electrodes, all samples are examined by X-ray diffraction (XRD) (Figure 

2c). XRD patterns reveal that the orthorhombic Nb2O5 crystal lattice is preserved irrespective of 

the AIB duration, indicating the NbIV and NbII species exclusively exist on the Nb2O5 electrode 

surface. The FE-SEM images show morphology changes in the surface, seen particle edges 

becoming rougher and blurred with protracted AIB exposure due to extended oxygen sputtering 

from the Nb2O5 surface (Figure 2d).37, 39 The surface modification by AIB was manifested by 

TEM observation. The high-resolution (HR)-TEM micrographs and the fast Fourier transform 
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(FFT) power suggest that AIB treatment reduces the surface (~5 nm) of Nb2O5 to NbO2, showing 

lattice fringes with d = 0.406 nm corresponding to the diffraction indices of 001 for Nb2O5, d = 

0.334 and 0.282 nm for 400 and 112 of NbO2 respectively, d = 0.221 nm indicate 200 of NbO 

(Figure 3). Additional TEM images in Figure S1 provide more evidence of the existence of a 

reduced NbOx layer, showing distinguished phases with different d-spacing values in regions A 

and B, near and away from the surface, respectively. On the one hand, the d-spacing value of 0.169 

nm is assigned to the diffraction index of 800 for NbO2 or 211 for NbO observed in the near-

surface region (region A), which is in agreement with XPS results of the existence of NbIV and 

NbII species after the AIB treatment. On the other hand, in region B, the d-spacing values of 0.578, 

0.325, and 0.323 nm correspond to the diffraction indices of 120, 111, and 121 for Nb2O5, 

respectively. The TEM observation confirms the successful introduction of NbOx species on the 

surface of the particle of Nb2O5 electrode materials through AIB treatment.  

 

Electrochemical Performance of Nb2O5-AIB Electrodes. The electrochemical performance of 

the pristine Nb2O5 and Nb2O5-AIB electrodes was investigated using Li/Nb2O5 cells with 1 M 

LiPF6-EC/DMC electrolyte at 25 °C. In the 1.0−2.3 V voltage range, lithium insertion occurs into 

Nb2O5, which was proved by the reversible XRD diffraction peaks during (de)lithiation.10, 44 Figure 

4a shows Nb2O5-AIB30 attained a considerably higher capacity of 211 mAh g–1, than the pristine 

Nb2O5 (138 mAh g–1) at a current density of 40 mA g–1, which reaches the theoretical capacity of 

NbV/IV reaction (211 mAh g–1). For insight into the rate capabilities, current density was varied 

between 200 and 40000 mA g–1 during discharge and fixed at 200 mA g–1 during charge (Figure 

4b, S2 and Table S2). Here, Nb2O5-AIB30 achieves higher rate capabilities than the pristine Nb2O5, 

delivering capacities of 132, 76, and 22 mAh g–1 at the discharge rates of 200, 2000, and 10000 



 9 

mA g–1, respectively. Rate capability tests were also performed under the same charging and 

discharging current densities, which demonstrated the similar beneficial effect of AIB treatment 

on rate capabilities (Figure S3). However, it is worth noting that although prolonged AIB 

treatment yielded higher amounts of NbOx, the rate capability did not improve when the AIB 

duration was extended to 120 s (Figure S2e,f). It is thought that protracted AIB treatment-induced 

chemical damage on the electrode material, conductive material, and binder (see Figure 2d for 

morphology changes during AIB treatment), results in inferior rate performance, as exhibited by 

Nb2O5-AIB180. The previous studies reported high rate capability with nanostructured or 

nanosized Nb2O5,
25,42,43 which may give the impression that the AIB-treated samples are not 

competitive to the previous reports. However, it is worth noting that materials with high surface 

area inevitably face redundant irreversible capacity and low Coulombic efficiency due to 

electrolyte decomposition and SEI formation.42,43 It is worth noting that the Nb2O5 utilized in the 

current study is in the bulk state, reaching the theoretical capacity as AIB-treated and improving 

rate performance as well. 

 Moreover, the corresponding dQ/dV plots (Figure 4c) indicate that voltage polarization 

was lower in Nb2O5-AIB30 than in pristine Nb2O5, which was in the agreement with CV results 

showing higher current value and lower polarization in the AIB30 electrodes (Figure S4). These 

impressive results indicate the beneficial influence of induced NbOx species on electronic 

conductivity. Although the direct measurement of electronic conductivity was difficult for the 

AIB-treated Nb2O5, the electrical conductivities of pristine Nb2O5 and Nb2O5-AIB30 electrodes 

were evaluated from DC resistances utilizing a two-electrode ion-blocking cell configuration, and 

the corresponding illustration is shown in Figure S5. It was quantitively proved that the electrical 

conductivity of the entire increases over an order of magnitude, from pristine Nb2O5 (2.5×10‒4 S 
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cm‒1) electrode to Nb2O5-AIB30 (1.3×10‒3 S cm‒1) electrode. Additionally, cycle performance 

tests were conducted at the current density of 200 mA g–1 after an aging process entailing 5 cycles 

at 40 mA g–1 followed by 5 cycles at 100 mA g–1 (Figure 4d, S6 and Table S3). Stable cycling 

performance is achieved over 300 cycles, wherein the Nb2O5-AIB30 delivers discharge capacities 

150% higher than the pristine Nb2O5. Moreover, the higher capacity retention of 300th vs. 1st cycle 

is seen in the measurement of and cycling performance for Nb2O5-AIB30 electrode than that of 

the pristine electrode (80% for Nb2O5-AIB30 and 66% for pristine Nb2O5, Table S3). The FE-

SEM images (Figure S7) show differences in the surface condition between pristine and Nb2O5-

AIB30 electrodes after cycle tests. The edges of Nb2O5-AIB30 particle sustain clearly after cycling 

test which may indicate a higher conductive layer induced by AIB is a more favorable interfacial 

environment for the cycling tests. Indicating a higher conductive layer of AIB-induced NbOx 

species may provide a more favorable interfacial environment for cycling tests. These results, 

therefore, establish the beneficial influence of AIB-induced NbOx species on the electrochemical 

performance of AIB30 electrodes, and NbOx species is maintained after the cycling test (see 

Figure S8 for XPS measurement after 300 cycles). Cycling performance tests were also conducted 

under a high current density of 2000 mA g‒1 (ionic liquid electrolyte was used to maintain a stable 

performance Li metal counter electrode),45 which demonstrated a similar beneficial effect of AIB 

treatment on discharge capacities (Figure S9). 

 

Electrochemical Impedance Spectroscopy Analysis. To assess the electrode interfacial behavior, 

electrochemical impedance spectroscopy (EIS) was performed on half- and symmetric-cell 

configurations at 1.5 V. The symmetric cell EIS is a simple and powerful method which comprises 

two identical electrodes to eliminate the influence of the counter electrode. Typically, two identical 

half-cells are prepared for electrochemical measurements, and the two targeting electrodes are used 
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for the symmetric cell.46-49 According to the Nyquist plots of the pristine Nb2O5 and Nb2O5-AIB30 

electrodes obtained in half and symmetric cell EIS (Figure 5a,b, S10), a substantial decrease was 

observed in the semi-circles corresponding to the resistance upon AIB treatment, evincing that 

AIB introduced NbOx promotes charge transfer at the electrode surface (see Figure S11 and Table 

S4 for EIS fitting results and utilized equivalent circuit). This is an explicit explanation for rate 

capability improvement and decrease of polarization after AIB treatment on Nb2O5 electrode. To 

gain a more quantitative measure for the kinetics of electrochemical reaction for Nb2O5-AIB 

electrodes, the EIS was conducted in symmetric cell configuration at various temperatures from 

10 to 25 °C, and the activation energies of Rct were calculated in the following equation.50-51  

ln (
1

𝑅
) = −(

𝐸𝑎
𝑅𝑔
) (

1

𝑇
) + ln(𝐴) 

Here, A is the frequency factor, R is the resistance of charge transfer, Rg is the gas constant and T 

is the absolute temperature. Ea is activation energy and calculated by the slope of the linear fitted 

line shown in Figure 5c. The Ea value for R–1 is 86.9 kJ mol–1 at a duration of the pristine Nb2O5 

and decreased to 62.4 kJ mol–1 for the Nb2O5-AIB30. The corresponding Arrhenius plot manifested 

lower activation energy in Nb2O5-AIB30 (compared to the pristine electrode) for the reciprocal 

charge transfer resistance, contributing to the obtained enhanced electrochemical. 

 

CONCLUSIONS 

This study proposes an expedient one-step strategy for ameliorating the limited electronic 

conductivity of the Nb2O5 negative electrode using low-energy AIB. Electrodes exposed to AIB 

exhibit significantly enhanced electrochemical performance attributed to the presence of 
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electrically conductive NbOx species on the electrode surface. Therefore, this report demonstrates 

surface modification as a straightforward avenue for broadening the utility of low electronic 

conductivity materials in advanced energy storage systems. Although the batch treatment 

procedure for AIB limits the treatable area, the short treatment time is its big advantage. The AIB 

methodology is expected to be applied in the practical process flow of electrode materials by 

developing a suitable technology on Argon-ion beam exposure in the near future. Even so, 

information on the atomistic mechanisms behind the interfacial properties remains limited, 

highlighting the need for further experimental and theoretical inquests into AIB. 
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Figure 1. Schematic illustration of niobium oxides electronic band structure including Nb2O5, 

NbO2 and NbO, and introducing NbOx conductive layer on Nb2O5 electrode by AIB treatment. 
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Figure 2. Characterization of pristine Nb2O5 and Nb2O5-AIBxx (xx =15, 30, 60, 90, 120, and 180 

seconds) electrodes. (a) XPS spectra of the pristine Nb2O5 and Nb2O5-AIBxx electrodes. The Nb 

3d peaks show the changes in Nb valence states with increasing AIB duration. (b) Ratio of Nb 

oxidation states on the surface of pristine Nb2O5 and Nb2O5-AIBxx electrodes. See Table S1 for 

peak assignment and deconvoluted ratios of each Nb2O5-AIBxx electrode sample. (c) XRD 

patterns of the pristine Nb2O5 and Nb2O5-AIBxx electrodes. Reference patterns of the 

orthorhombic Nb2O5 are reproduced from previous data (JCPDS 01-071-0336).52 (d) FE-SEM 

images of pristine Nb2O5, Nb2O5-AIB30, and Nb2O5-AIB180. 
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Figure 3. HR-TEM and corresponding FFT of the pristine Nb2O5 and Nb2O5-AIB30 electrodes. 

See Figure S1 for additional TEM images for Nb2O5-AIB30 electrodes. 
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Figure 4. Electrochemical performance of pristine Nb2O5 and Nb2O5-AIB30 electrodes. 

Electrolyte: 1M LiPF6-ECDMC. (a) Charge-discharge curves in the 1.0–2.3 V cutoff voltage range 

at the current density of 40 mA g‒1. (b) Comparative rate capabilities. Current density during 

charge: 200 mA g‒1. Current density during discharge: 200–40000 mA g‒1 (see Figure S2 for the 

respective discharge profiles and Table S2 for capacity and capacity retention). (c) Corresponding 

dQ/dV plots for the rate capability tests in (b). (d) Comparative cycle performance. Current 

densities for both charge and discharge: 200 mA g–1 and cutoff voltage range: 1.0‒2.3 V (see 

Figure S6 for the corresponding charge-discharge curves and Table S3 for details of capacity and 

capacity retention during cycle performance). 
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Figure 5. Comparative (a, b) Nyquist plots of the pristine Nb2O5 and Nb2O5-AIB30 symmetric 

cells at state of charge of 1.5 V at various temperatures. The high-frequency region of (a,b) are 

shown in the inset, respectively. Electrolyte: 1M LiPF6-ECDMC. (c) Corresponding Arrhenius 

plots of symmetric cells. Frequency range: 0.01 Hz – 100 kHz. AC amplitude: 10 mV. 

Characteristic frequencies for the semicircle are: 1 – 0.5 Hz. See Figure S11 and Table S4 for 

utilized equivalent circuit to fit the Nyquist plots and fitting results.  
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