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A B S T R A C T   

In2O3 is one of the post-transition metal oxides that can be a potential anode material for the Li-ion batteries 
(LIBs) because of its high theoretical capacity (869 mAh g− 1) and low operating voltage (0.8 V vs Li/Li+) 
compared to other metal oxides. However, they have rarely been used in practical applications because of typical 
challenges such as irreversible capacity, unstable cycling stability, and poor coulombic efficiency. In this study, 
carbon nanotubes (CNTs) were successfully combined with In2O3 nanoparticles (NPs) via a solvothermal process. 
The In2O3 NPs and CNTs were homogeneously mixed by controlling the CNT dispersion (functionalization and 
appropriate solvent) and mixing sequence (dissolving the In2O3 precursor in the CNT-dispersed solution followed 
by thermal annealing). In addition, an increase in the oxygen vacancies in the In2O3 NPs by controlling the 
thermal annealing conditions (In2O3/CNT_Ar) could enhance robust binding with CNTs, increase the number of 
Li-ion binding sites, and improve the electrical conductivity. Therefore, at an appropriate ratio of In2O3 and CNT 
(92:8, w/w), the In2O3/CNT_Ar demonstrated remarkable cycling performance (830 mAh g− 1 at a current density 
of 200 mA g− 1 after 100 cycles) and rate capability (65% retention at 5 A g− 1 relative to 100 mA g− 1), which 
outperformed most In2O3-based anodes previously studied. Therefore, In2O3/CNT_Ar is a promising anode ma
terial for use in next-generation LIBs.   

1. Introduction 

With the advent of global warming and climate crises, it has become 
essential to seek green energy sources that can replace conventional 
fossil energy [1–3]. Lithium-ion batteries (LIBs) have emerged as one of 
the most promising candidates for green energy solutions [4,5]. How
ever, commercialized graphite anodes used in LIBs are not suitable for 
electric vehicles (EVs) or portable electronic devices that require high 
energy density, owing to their low theoretical capacity (372 mAh g− 1) 
and poor Li-ion conductivity [6–9]. Recently, numerous studies have 
been conducted on anode materials that can replace commercial 
graphite. Metal oxides (e.g., SnO2, TiO2, Fe2O3, CuO, and Co3O4) are 
considered suitable materials because of their high theoretical specific 
capacities and low operating voltage [10]. 

Indium(III) oxide (In2O3) is a promising metal oxide candidate anode 
material. In2O3 is an n-type semiconductor that is commonly used in 
sensors and various electronic devices such as solar cells, flat-panel 
liquid-crystal displays, and gas detectors. It has relatively higher 

electric conductivity (1 S cm− 1) than most other metal oxides (e.g. SnO2, 
TiO2, Fe2O3, and Sb2O3) [11,12]. As an LIB electrode, it has a large 
theoretical capacity (869 mAh g− 1, In2O3 + 6Li → 2In + 3Li2O, In + 3Li+

+ 3e → Li3In, corresponding to 9 Li-ions per In2O3) [13,14]. However, 
the practical application of In2O3 in LIB anodes is difficult because of its 
insufficiently high electrical conductivity (associated with its high band 
gap (~ 3.5 eV)) and large volume expansion during lithiation, which 
results in electrode pulverization and cycling performance deteriora
tion. To improve these properties, many researchers have designed 
nanosized novel structures such as nanosheets [15], nanofibers [16], 
and nanospheres [17] that can shorten the Li-ion diffusion length and 
mitigate the volume expansion of the active materials. 

The incorporation of various carbonaceous materials into active 
materials is another efficient strategy for improving the anode perfor
mance in batteries. For example, Zhao et al. introduced carbon fibers to 
In2O3, which could deliver 435 mAh g− 1 after 500 cycles at 100 mA g− 1 

[6]. Yang et al. combined graphene and SnO2, thereby achieving good 
performance with 962 mAh g− 1 after 50 cycles at 60 mA g− 1 [18]. 
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Carbon nanotubes (CNTs) are considered potential carbonaceous ma
terials owing to their exceptional mechanical properties, large surface 
area, and high electrical conductivity. In particular, a high aspect ratio 
of 1D CNT easily forms a percolation network structure with a very small 
loading amount compared to other carbonaceous materials (mostly 
0D-based carbon particles), thus achieving a high specific capacity. 
However, their superiority is often hindered by dispersion difficulties 
arising from high van der Waals forces, which limit their practical uti
lization [19]. 

In this study, we synthesized In2O3/CNT composites using a facile 
solvothermal process. The CNTs were homogeneously dispersed by 
carefully designing the mixing sequence of the precursor materials in a 
sol-gel process and choosing an appropriate solvent. In addition, the 
oxygen vacancies in In2O3 were controlled by the heat-treatment con
ditions (air vs. Ar environment). A high proportion of oxygen vacancies 
increases the electrical conductivity of In2O3 and the number of Li-ion 
binding sites, thereby enhancing the performance of In2O3/CNT com
posite electrodes [20]. As a result, the In2O3/CNT anode demonstrated 
good cycling performance (830 mAh g− 1 after 100 cycles at 
200 mA g− 1)_and rate capability (65% retention at 5 A g− 1 relative to 
100 mA g− 1). In addition, the electrochemical kinetics of the In2O3-
based electrodes were studied to understand the superior electro
chemical performance of In2O3/CNT. 

2. Experimental 

2.1. Material synthesis 

In2O3-based composites (In2O3/CNT) were synthesized via simple 
solvothermal synthesis followed by heat treatment. Various weights 
(0.02, 0.083, and 0.174 g) of multi-walled CNTs functionalized by 
carboxylate groups (CNT-COOH, Cheaptubes Inc., 99%, functional 
content: ~8.5%; average diameter: 13–18 nm; length: 3–30 μm) were 
dispersed in 120 ml of co-solvent (N, N-dimethylformamide (DMF):H2O, 
(1:1, v/v)) using a tip sonicator (Sonics, Vibra-Cell) for 60 min at room 
temperature. 2 g of In(NO3)3⋅xH2O was added into CNT-dispersed so
lution and stirred overnight at room temperature. During mixing, a 

solution pH was adjusted to 9 by slowly dropping NH4OH (Alfa Aesar, 
25%) into the above solution. The resulting solution was transferred into 
a 200 ml Teflon-lined stainless-steel autoclave and temperature was 
maintained at 180 ◦C for 22 h for the following sol-gel reaction. 

In(NO3)3 • xH2O+3NH4OH →
H2O /DMF

In(OH)3↓+ 3NH4NO3 (1)  

2In(OH)3→
Δ In2O3 +3H2O (2) 

Subsequently, the as-synthesized sample was naturally cooled to 
room temperature, collected by centrifugation (8000 rpm for 5 min), 
and thoroughly washed five times with deionized water and ethanol. 
The precipitates were dried at 80 ◦C in the vacuum oven for 12 h and 
then annealed at 400 ◦C for 3 h (ramping rate: 10 ◦C/min) in air or Ar 
atmosphere. These were denoted as In2O3/CNT_Air and In2O3/CNT_Ar, 
respectively. Separately, pure In2O3 was prepared using the same pro
cedure (annealed under air) but without CNT addition (denoted as 
In2O3). The above procedure is illustrated in Fig. 1. 

2.2. Characterization 

The crystal structure of as-prepared products was characterized 
using X-ray diffraction (XRD, Rigaku D/max 2200 PC V diffractometer) 
operating with Cu Kα radiation (λ = 1.5406 Å) at a scan rate of 2◦ min− 1, 
with 2θ scan range of 20◦− 80◦. The chemical bonding states were 
analyzed using X-ray photoelectron spectroscopy (XPS, Theta Probe 
Instrument (Thermo Fisher Scientific, UK)). The powder morphology 
was observed by field-emission scanning electron microscopy (SEM, 
Hitachi S4700 at the Smart Materials Research Center for IoT at Gachon 
University for its instrumental support) and transmission electron mi
croscopy (TEM, JEOL JEM-2100 F) with EDX mapping. The N2 
adsorption and desorption isotherms of the samples were obtained using 
a micrometric instrument (ASAP 2020). The surface areas of the fabri
cated samples were analyzed using the Brunauer-Emmett-Teller (BET) 
method. Raman spectral analysis was performed to obtain chemical and 
structural information (Olympus BX51). Thermogravimetric analysis 
(TGA, Perkin Elmer TGA 4000) was used to determine the weight con
tent of CNT and In2O3 in the In2O3/CNT composite. UV–visible (UV-Vis) 

Fig. 1. Schematic of In2O3/CNT synthesis by solvothermal method.  
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spectrometry (LAMDA750, Perkin Elmer, Waltham, USA) was used to 
compare the CNT dispersions in different solvents. 

2.3. Electrode fabrication 

The slurry was prepared by mixing the as-synthesized active mate
rial, binder (polyacrylic acid, average Mv ~450,000, Sigma-Aldrich), 
and conductive material (Super P, 99+%, metal basis, Alfa Aesar) in 
absolute ethanol (99.9%, Daejung) at a ratio of 70:15:15 (w/w/w) for 
24 h with stirring. The slurry was cast on a Cu foil using doctor blade 
with a mass loading of 1− 2 mg and then dried in vacuum oven at 70 ◦C 
overnight. A coin-type cell (CR 2032) was used for electrochemical 
measurements. The fabricated electrode was punched into a circular 
shape (diameter of 12 mm) and used as the working electrode. Li foil 
(99.9%, metal basis, thickness = 0.75 mm, diameter = 12.5 mm, Alfa 
Aesar) was used as the counter electrode. A 1 M LiPF6 solution (dis
solved in ethylene carbonate (EC)/ dimethyl carbonate ((DEC), 1:1 v/v) 
and polyethylene membrane were used as the electrolyte and separator, 
respectively. All the coin cells were assembled in an Ar-filled glove box. 

2.4. Electrochemical measurements 

Galvanostatic charge/discharge (GCD) tests were carried out in the 
voltage range of 0.01− 3.0 V (vs. Li/Li+) using a battery cycler 
(WBCS3000, Won-A-Tech, South Korea) at various current densities. 
Cyclic voltammetry (CV) was performed in the voltage range of 
0.01− 3.0 V (vs. Li/Li+) at different voltage scan rates with a ZIVE MP1 
workstation. The electrochemical impedance spectroscopy (EIS) was 
performed in the frequency range 100 kHz to 0.1 Hz at an alternative 
current amplitude of 5 mV with a ZIVE MP1 workstation. All measure
ments were conducted on half-cell configurations at room temperature. 

3. Results and discussion 

3.1. Characterization of In2O3, In2O3/CNT_Air, and In2O3/CNT_Ar 
powder 

The In2O3/CNT composite was prepared using a solvothermal pro
cess and heat treatment (Fig. 1). Fig. 2a¡c show the morphologies of the 

Fig. 2. SEM images of (a) In2O3, (b) In2O3/CNT_Air, (c) In2O3/CNT_Ar, (d) TEM, (e) HRTEM, (f) SAED pattern images, and (g) EDX mapping of In2O3/CNT_Ar.  
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as-synthesized In2O3, In2O3/CNT_Air, and In2O3/CNT_Ar. According to 
the particle size distribution analysis (Fig. S1), the diameter of the In2O3 
nanoparticles (NPs) was in the range of 5–55 nm. Notably, the particle 
size of In2O3/CNT_Ar is slightly greater than that of In2O3/CNT_Air. This 
seems to be associated with different CNT defect density. Because In2O3 
nanoparticles are grown on the CNT surface during sol-gel process, the 
nucleation and growth of In2O3 can be influenced by the CNT defect 
density. It is speculated that the defects on CNT facilitate more effective 
bonding between In2O3 and CNT and promote In2O3 nucleation and 
growth. Due to higher CNT defect density of In2O3/CNT_Ar than that of 
In2O3/CNT_Air (which will be discussed later), the In2O3 particle size of 
In2O3/CNT_Ar is greater than that of In2O3/CNT_Air. From the results in  
Fig. 3d (Raman spectra), the CNT defect density in In2O3/CNT_Ar is 
higher than that of In2O3/CNT_Air. CNTs were introduced into In2O3 
because of their (i) high aspect ratio that shortens the Li-ion diffusion 
pathways, ii) high electronic conductivity (49.5 S cm− 1) [21], and iii) 
good mechanical properties (Young’s modulus: 10 GPa) [22]. However, 
homogeneously dispersing CNTs and preventing their aggregation is 
challenging due to their high van der Waals forces. To resolve this issue, 
we used CNT-COOH, in which the carboxylate functional groups render 
electrostatic repulsion and reduce CNT aggregation. The selection of an 
appropriate solvent (DMF/H2O co-solvent) is another important factor 
in CNT dispersion. Indeed, we confirmed superior CNT dispersion with 
the DMF/H2O co-solvent compared with pure ethanol (Fig. S2). At the 
same concentration, CNTs dispersed in the DMF/H2O co-solvent showed 
higher absorbance in the measured wavelength range (300–1100 nm) 
than those dispersed in pure ethanol (Fig. S2a). Additionally, 

photographs of the dispersed CNTs after 3 days of incubation indicate 
more homogeneous CNT dispersion in the co-solvent (Fig. S2b-S2c). This 
enhanced dispersion was attributed to the high polarity of DMF, which 
induces polar interactions with the carboxyl groups (–COOH) of the CNT 
[23,24]. In addition, In2O3 NPs and CNT were mixed by dissolving In2O3 
precursor (In(NO3)3⋅xH2O) rather than directly dispersing In2O3 NPs in 
CNT-dispersed solution for the uniform mixture of two components. The 
use of CNT-COOH, a co-solvent, and dissolution of the In2O3 precursor in 
the CNT-dispersed solution ensured good CNT dispersion and uniformly 
distributed In2O3 NPs and CNTs. Fig. 2b¡2c confirm the homogeneous 
dispersion of In2O3 and CNT in In2O3/CNT without significant aggre
gation. From this morphology, it is expected that individual active In2O3 
NPs can participate equally in electrochemical reactions, and Li-ions can 
easily diffuse into the In2O3 NPs. Fig. 2d¡2 g show the TEM, 
high-resolution TEM (HRTEM), selected area electron diffraction 
(SAED), and EDX mapping of In2O3/CNT_Ar. The In2O3 NPs adhered 
strongly to the CNT via their functional moieties (Fig. 2d). The HRTEM 
image shows interplanar distances of ~0.178 and 0.292 nm, corre
sponding to the (440) and (222) planes of the In2O3 lattice, respectively 
(Fig. 2e). These planes were also confirmed in the SAED pattern (Fig. 2f). 
The EDX mapping images show a uniform distribution of the elements 
(In, O, and C) in In2O3/CNT (Fig. 2g). 

Fig. 3a shows the XRD patterns of the as-prepared In2O3, In2O3/ 
CNT_Air, and In2O3/CNT_Ar powders. The peaks observed at 21.5◦, 
30.6◦, 35.5◦, 37.7◦, 41.2◦, 45.7◦, 51◦, 56◦, and 60.7◦ correspond to the (2 
1 1), (2 2 2), (4 0 0), (4 1 1), (3 3 2), (4 3 1), (4 4 0), (6 1 1), and (6 2 2) 
lattice planes of In2O3, respectively. Comparing this result with the XRD 

Fig. 3. (a) XRD analysis, (b) TGA curves in air environment, (c) Nitrogen adsorption-desorption isotherms and the corresponding pore-size distribution curves (inset) 
for the In2O3/CNT_Ar, and (d) Raman spectra of the samples. 

M. Kim et al.                                                                                                                                                                                                                                     



Journal of Alloys and Compounds 996 (2024) 174796

5

pattern of In(OH)3/CNT (before thermal annealing, Fig. S3) confirmed 
the complete and successful conversion of In(OH)3 to In2O3 through 
thermal annealing without any residue. Notably, CNT peaks were not 
observed because of the much higher In2O3 content (92 wt%) compared 
to the CNT (8 wt%) (the exact CNT content is discussed later in the TGA 
analysis in Fig. 3b). In addition, as the number of oxygen vacancies 
increased, the crystal lattice of In2O3 became more disordered, and 
structural rearrangement occurred. This can be confirmed from the 
slight left shift of the (222) peak of In2O3/CNT_Ar compared to that of 
In2O3/CNT_Air (Fig. S4), suggesting that the lattice interplanar spacing 
expanded owing to oxygen vacancies, according to Bragg’s law [25,26]. 
Fig. 3b displays TGA analysis of the In2O3, In2O3/CNT_Air, and 
In2O3/CNT_Ar from 25 ◦C to 750 ◦C in air atmosphere. All of the samples 
showed a gradual weight decrease until ~400 ℃ which is associated 
with the decomposition of residual water and adsorbed organic mole
cules. After ~400 ℃, the weight of both the In2O3/CNT_Air and 
In2O3/CNT_Ar were rapidly decreased owing to the CNT combustion (C 
+ O2 → CO2) [27]. The weight loss for both the In2O3/CNT_Air and 
In2O3/CNT_Ar were similar (~8%) because of the same amount of CNT 
added during the solvothermal synthesis. This can rule out the effect of 
the CNT quantity, which can cause differences in the electrochemical 
performance between In2O3/CNT_Air and In2O3/CNT_Ar. Based on 
these results, the theoretical capacity of the In2O3/CNT composite was 
calculated to be 829.24 mAh g− 1 (869 mAh g− 1 × 0.92 + 372 mAh g− 1 ×

0.08 = 829.24 mAh g− 1, theoretical capacity: In2O3 (869 mAh g− 1) [13, 
[28]and CNT (372 mAh g− 1). The pore size distribution obtained by the 
BET analysis (Fig. 3c) revealed that In2O3/CNT_Ar exhibited slightly 
larger pores (30–40 nm) than In2O3/CNT_Air (20–30 nm) (Fig. S5). The 

mesoporous structures of In2O3/CNT_Ar and In2O3/CNT_Air provided a 
large surface area and shortened the Li-ion pathways, enabling high 
capacity and rapid Li-ion diffusion. 

Raman spectral analysis was conducted to further understand the 
structural characteristics, as shown in Fig. 3d. The D and G bands reflect 
defects and vibrations in sp2-bonded carbon of carbon-based materials. 
In2O3/CNT_Ar exhibited a higher ID/IG value (~1.04) than In2O3/ 
CNT_Air (~1.00). Defects generally occur during the transition from 
planar sp2 to sp3 bonding, which may facilitate the formation of favor
able binding sites for In2O3 NPs in the sol-gel process [29,30]. During 
the nucleation and growth of In2O3 particles during sol-gel process, 
In2O3 particles tend to be more strongly bound on the defect sites of the 
CNTs. This is because of the reduced activation energy when introducing 
new functional groups or foreign species on CNT defect sites [30–32]. 
Therefore, it can be thought that overall binding stability of In2O3 par
ticles on the In2O3/CNT_Air (with more CNT defects) is higher than that 
on the In2O3/CNT_Ar (with less CNT defects). The strong binding be
tween the In2O3 NPs and CNT in In2O3/CNT_Ar is expected to enhance 
the mechanical stability of the composite [33]. 

X-ray photoelectron spectroscopy (XPS) was used to investigate the 
chemical bonding states of In2O3/CNT_Ar (Fig. 4). The XPS survey 
spectra (Fig. 4a) indicated the presence of In, O, and C, which is 
consistent with the EDX mapping results (Fig. 2g). In In 3d orbital level, 
peaks at 452.4 and 444.9 eV were assigned to In 3d5/2 and In 3d3/2 for 
In2O3, respectively (Fig. 4b) [34]. The peaks at 285.27 and 284.44 eV in 
C 1 s spectra corresponded to sp3 bonding of C-C and sp2 bonding of 
C––C, respectively (Fig. 4c) [35]. In Fig. 4d, the peaks observed at 530.3 
and 531.6 eV in the O 1 s level spectrum represent the chemical bonding 

Fig. 4. (a) XPS survey and (b) In 3d, (c) C 1 s, and (d) O 1 s spectra of In2O3 /CNT_Ar.  
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states of In-O-In and oxygen vacancies, respectively [17]. From the 
deconvolution of the O 1 s spectra (Fig. S6), the oxygen vacancy of 
In2O3/CNT_Ar (58.57%) was higher than that of In2O3/CNT_Air 
(48.15%). This is due to the different thermal annealing conditions; the 
number of oxygen vacancies decreased for In2O3/CNT_Air because of the 
relatively oxygen-rich environment in the air atmosphere. In contrast, 
more oxygen defects were formed in In2O3/CNT_Ar in the absence of an 
oxygen atmosphere. More oxygen defects in In2O3/CNT_Ar are expected 
to increase the number of reaction sites in active In2O3, resulting in a 
higher capacity. The presence of oxygen vacancy in In2O3 NPs was 
further confirmed by the photoluminescence measurement. As shown in 
Fig. S7, two different PL regions are generally observed in metal oxides, 
so-called near band emission (NBE) and deep level emission (DLE).[36, 
37] NBE represents the radiative recombination based on electron 
transition associated with energy bandgap. DLE originates from the 
subgap energy levels of various defect sites including oxygen vacancy 
(VO). [38] As reported in previous literatures, in the case of In2O3, the PL 
emission spectra range from 400 to 500 nm result from the existence of 
singly ionized VO species, [39,40] and the PL signal from 500 to 650 nm 
wavelengths is due to the deep VO levels of In2O3. [41,42] As displayed 

in our PL results (Fig. S7), our In2O3 NPs exhibited broad range of DLE 
PLs indicating subgap energy transitions originating from VO, which 
clearly demonstrates the presence of VO defects in the In2O3 NPs. 

3.2. Electrochemical performance 

To study the electrochemical reaction behavior of In2O3/CNT during 
charge/discharge, the cyclic voltammetry (CV) was conducted at a scan 
rate of 0.2 mV s− 1 in the voltage range from 0.01 to 3.0 V (vs. Li/Li+) 
(Fig. 5a). In the first cycle, a strong cathodic peak at 0.6 V showed the 
conversion reaction of In2O3 to metallic In and the formation of SEI film 
(In2O3 + 6Li → 2In + 3Li2O). This electrochemical reaction is believed to 
be irreversible; thus, this peak did not appear in subsequent cycles. This 
electrochemical reaction was confirmed by the XRD peaks at 33◦ and 55◦

(corresponding to In) in the D-0.5 V in Fig. 5b. In the subsequent cycles, 
this cathodic peak shifted and splitted into 0.35 and 0.48 V. These peaks 
indicate the formation of Li-In alloys [10]. At the fully discharged state 
(D-0.01 V in Fig. 5b), XRD results suggest the formation of a Li-In alloy 
(In + xLi+ + xe → LixIn). Correspondingly, the XRD patterns in the fully 
discharged state (0.01 V) exhibited the characteristic peaks of the LixIn 

Fig. 5. (a) Cyclic voltammogram of In2O3/CNT_Ar at a scan rate of 0.2 mV s− 1 (b) ex-situ XRD analysis of In2O3/CNT_Ar during 1st charge/discharge, ex-situ HRTEM 
of In2O3/CNT_Ar at fully (c) discharged and (d) charged state. 
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alloy. Additionally, ex situ high-resolution transmission electron mi
croscopy (HRTEM) confirmed the presence of the LixIn alloy along with 
residual In phases (Fig. 5c). During the charging process in the first 
cycle, two anodic peaks appeared at 0.72, and 1.76 V (Fig. 5a). These 
peaks indicate partial Li dealloying reaction (LixIn → In + xLi+ + xe). In 
the fully charged state (3.0 V), the previously observed diffraction peaks 
of LixIn completely disappeared and In peak still remained in the XRD 
patterns, indicating a further de-alloying reaction (LixIn → In + xLi+ +

xe). HRTEM analysis (Fig. 5d) further confirmed the remaining In 
phases, with the overall electrochemical reactions summarized in (3)−
(5) [43,44]. After first cycle, active In undergoes reversible 

electrochemical reactions as follows: 
First discharge process:  

In2O3 + 6Li+ → 2In + 3Li2O at 0.6 V (vs. Li/Li+)                            (3)  

In + xLi+ + xe → LixIn at 0.01 V (vs. Li/Li+)                                  (4) 

First charge process:  

LixIn → In + xLi+ + xe at 0.7 and 1.8 V (vs. Li/Li+)                        (5) 

After second discharge process:  

Fig. 6. Electrochemical performance: (a) Voltage profiles (0.2 A g− 1 with 0.01–3.00 V (vs. Li/Li+), long-term cycling performance at current densities of (b) 
0.2 A g− 1 (c) 0.5 A g− 1. (d) Rate capability and (e) normalized capacity retention from rate capability. 
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In + xLi+ + xe → LixIn                                                                   (6) 

After second charge process:  

LixIn → In + xLi+ (7) 

Fig. 6a shows voltage profiles of all electrodes (In2O3, In2O3/ 
CNT_Air, and In2O3/CNT_Ar) in the first cycle at a current density of 
0.2 A g− 1 over the voltage range from 0.01 to 3.0 V (vs. Li/Li+). The 
initial discharge/charge capacities of the In2O3, In2O3/CNT_Air, and 
In2O3/CNT_Ar were 1016.77/656.07 mAh g− 1, 1092.26/687.63 mAh 
g− 1, and 1131.19/830.29 mAh g− 1, corresponding to the initial 

coulombic efficiencies (ICE) of 64.5%, 63.0% and 73.4% for In2O3, 
In2O3/CNT_Air, and In2O3/CNT_Ar, respectively. The low ICEs of the 
electrodes are attributed to the formation of a solid electrolyte interface 
(SEI) film on the electrode surface. Nevertheless, the In2O3/CNT_Ar 
electrode exhibited the highest ICE (73.4%) compared to other elec
trodes (64.5 and 63%). When comparing the CEs for up to 10 cycles, 
In2O3/CNT_Ar showed consistently higher CEs than the other electrodes, 
demonstrating superior reversibility (Table S1). The long-term cycling 
performance of In2O3-based electrodes was tested from GCD measure
ment in the voltage range from 0.01 to 3.0 V (vs. Li/Li+) with a half-cell 

Fig. 7. (a) Cyclic voltammetry at various scan rates, (b) linear fitting of log v vs. log i to calculate the b value, and (c) contribution ratio between capacitive and 
diffusion-controlled behavior at various scan rates for the In2O3/CNT_Ar. (d) Nyquist plots, (e) linear fitting of ω− 0.5 versus Z’ plot based on EIS measurement for 
Warburg factor estimation, and (f) Li-ion diffusion coefficient. 
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configuration (Fig. 6b¡6c). The specific discharge capacities of In2O3, 
In2O3/CNT_Air, and In2O3/CNT_Ar were 306, 617, and 830 mAh g− 1 

after 100 cycles at a current density of 0.2 A g− 1 and 243, 458, and 570 
mAh g− 1 after 200 cycles at a current density of 0.5 A g− 1, respectively. 
In2O3/CNT_Ar showed the highest specific capacity of all the In2O3- 
based electrodes. The good electrochemical performance of In2O3/ 
CNT_Ar is associated with the following synergetic attributes: (i) In2O3 
NPs provide high surface area and shorter Li-ion diffusion path (ii) Well- 
distributed CNTs prevent In2O3 NPs aggregation and mitigate the vol
ume change during charge/discharge [45] (iii) Appropriate oxygen 
vacancies promote ionic conductivity through elevated Li-ion diffusion 
coefficient, which serves as a significant contributing factor to higher 
specific capacity [46] iv) A large number of pores in In2O3/CNT_Ar al
leviates the structural stress during charge/discharge [47]. During the 
initial cycles, specific capacities gradually decreased due to SEI forma
tion and the unstable buffering role of CNTs. In contrast, after approx
imately 20 cycles, the specific capacities of the In2O3/CNT composites 
(In2O3/CNT_Air and In2O3/CNT_Ar) gradually increased. This tendency 
was more pronounced for the In2O3/Ar in both current densities (200 
and 500 mA g− 1 in Figs. 6b and 6c). This phenomenon often occurs in 
metal oxide anodes and is associated with additional pseudo-capacitor 
formation due to electrolyte decomposition, which acts as additional 
Li-ion storage (so-called electrode activation) [48]. In the case of 
In2O3/CNT_Ar, the higher oxygen vacancy defects function as redox 
reaction sites, thereby enhancing the electrode activation more effec
tively [49]. Additionally, an appropriate concentration of oxygen va
cancies provides high conductivity, resulting in high reversible capacity 
and Li-ion mobility. Therefore, the In2O3/CNT_Ar sample did not exhibit 
visible fine cracks and maintained a relatively smooth surface compared 
with the other samples (Fig. S8). Another reason for the gradual increase 
in capacity is the highly porous nature of the In2O3/CNT electrodes. As 
confirmed by BET analysis, the specific surface area (SSA) of the In2O3, 
In2O3/CNT_Air, and In2O3/CNT_Ar were 22.97, 44.98, and 72.88 m2 

g− 1, respectively. The higher SSA of In2O3/CNT_Air and In2O3/CNT_Ar 
than that of In2O3 is attributed to the presence of porous CNT with high 
surface area. The higher SSA of In2O3/CNT_Ar than that of In2O3/CN
T_Air can be associated with more CNT defects in In2O3/CNT_Ar as 
confirmed from Raman spectroscopy measurements (Fig. 3d). The 
highest SSA of In2O3/CNT_Ar can increase accessible active sites for 
Li-ions, resulting in the increased capacity. Figs. 6d and 6e show the rate 
capability and normalized capacity retention of In2O3-based electrodes 
at current densities of 0.1− 5 A g− 1. Consistent with the cycling perfor
mance, In2O3/CNT_Ar exhibited higher capacities than the other elec
trodes at all current densities (Fig. 6d). The average specific capacities of 
In2O3/CNT_Ar electrode were 791, 630, 594, 575, 546, and 517 mAh 
g− 1 at current densities of 0.1, 0.3, 0.5, 1.0, 3.0, and 5.0 A g− 1, corre
sponding to the capacity retentions of 100%, 80%, 75%, 73%, 69%, and 
65%, respectively (Fig. 6e). When returning to the low current density of 
0.1 A g− 1, the recovered capacity was 83%, indicating highly reversible 
properties even after undergoing harsh current density conditions. The 
good performance of In2O3/CNT_Ar was attributed to its micro and 
macroscopic structural features, excellent charge transfer kinetics, and 
high electrical conductivity. Additionally, a high concentration of oxy
gen vacancies provided free charges and improved the electronic con
ductivity, thus enhancing the rate capability of In2O3/CNT_Ar. 
Furthermore, to determine the optimum ratio of In2O3 to CNT in 
In2O3/CNT_Ar, the cycling performances of In2O3/CNT_Ar at various 
ratios were measured. On the basis of precursor ratio (In(NO3)3⋅xH2O: 
CNT), the In2O3/CNT_Ar containing 4 wt% CNT (In(NO3)3⋅xH2O: CNT =
96:4 (w:w)) showed the best performance (Fig. S9), which corresponds 
to 8 wt% CNT in the final composite (In2O3:CNT = 92:8 (w:w)), as 
estimated by TGA (Fig. 3b). 

To investigate the electrochemical kinetics In2O3/CNT_Ar, CV anal
ysis was conducted at various scan rates (0.4, 0.6, 0.8, 1.0, and 
1.2 mV s− 1) in the range of 0.01− 3.00 V (Fig. 7a). As the scan rate 
increased, the peak current also increased. The current dependence of 

the scan rate is expressed by the following electrochemical formula [50] 

i = avb (8)  

logi = blogv+ loga (9)  

where i is the current, v is the scan rate, and a and b are parameters 
associated with this equation. Specifically, b values of 0.5 and 1 corre
spond to diffusion (battery, sharp peak shape) and surface-controlled 
(capacitor, rectangular shape) reactions, respectively. The b values of 
the five peaks in Fig. 7a obtained from the linear fitting of the log v vs. 
log i plot were 0.718, 0.672, 0.689, 0.662, and 0.738 (Fig. 7b), indi
cating contributions from both diffusion-controlled and pseudo- 
capacitive behavior. Their quantitative contributions can be obtained 
using Dunn’s method as follows [1] 

i = k1v+ k2v1/2 (10)  

iv− 1/2 = k1v1/2 + k2 (11)  

where k1 and k2 are parameters associated with the diffusion-controlled 
and pseudo-capacitive reactions, respectively. These contributions can 
be quantified from the linear fitting of iv− 1/2 vs. v1/2 graph in Fig. S10. 
As shown in Fig. 7c, the contribution of the pseudo-capacitance 
increased with an increase in the scan rate. The same analysis was 
applied to the control samples (In2O3 and In2O3/CNT_Air). As shown in 
Fig. S11, the contribution of the pseudo-capacitance exhibited an 
increasing trend with increasing scan rate to all samples. Among them, 
In2O3/CNT_Ar demonstrated the highest current values with various 
scan rates, indicating superior electrochemical kinetics. 

To gain further insight into the electrochemical kinetics, EIS analysis 
was performed on In2O, In2O3/CNT_Air, and In2O3/CNT_Ar. As shown in 
Fig. 7d and Fig. S12-S13, the Nyquist plots and EIS circuits of all the 
samples were acquired before cycling and upon reaching a fully charged 
state (3.0 V) after 30 cycles, where Rb is the intrinsic resistance derived 
from the internal bulk materials inside the cell, RSEI is the resistance 
value attributed to the SEI layer, CPE is utilized as a constant phase 
element to complement a non-ideal capacitor, Rct is the charge transfer 
resistance related to the electrochemical kinetics, and W is the Warburg 
impedance appearing in the low-frequency region behind the semicircle, 
which is associated with Li-ion diffusion [51]. As summarized in 
Table S2, the Rct values of In2O3, In2O3/CNT_Air, and In2O3/CNT_Ar 
were 89.2, 57.7, 36.1 Ω before cycling and 71.2 Ω, 48.9 Ω, and 34.7 Ω 
after 30 cycles, respectively, further demonstrating that In2O3/CNT_Ar 
has the lowest Rct value. The Li-ion diffusion coefficient was obtained 
using the following equation [52] 

Zreal = Rs +Rct + σω− 0.5 (12)  

DLi+ =
R2T2

2A2n4F4C2σ2 (13)  

where R, T, A, n, F, C, and σ correspond to gas constant, absolute tem
perature, the number of Li-ions involved in the electrochemical reaction, 
the Faraday constant, concentration of lithium ions in the electrolyte, 
and the parameter associated with Warburg impedance, respectively. 
First, σ value (slope) was obtained through linear fitting with w− 1/2 vs. 
Zreal (Fig. 7e), then DLi+ was determined with known parameters and 
obtained σ for all the samples (Fig. 7f). The DLi+ of In2O3, In2O3/ 
CNT-Air, and In2O3/CNT_Ar were 3.04× 10− 12, 7.63× 10− 12, and 2.56×

10− 11 cm2/s, respectively, indicating that the diffusion coefficient of 
In2O3/CNT composites was at least eight times greater than that of pure 
In2O3. This phenomenon can be explained by the porous structure and 
presence of CNT along with the nanosized active In2O3 particles, which 
significantly shorten the Li-ion pathways and construct an efficient 
percolation network. The enhanced Li-ion transport efficiency was 
further confirmed by the galvanostatic intermittent titration technique 
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(GITT) [53,54]. Fig. S14a shows voltage-time curves for three different 
electrodes. Lithium ion diffusivity (DLi+) can be calculated using the 
following equation. 

DLi + =
4
πτ(

nmVm

S
)

2
(
ΔEs

ΔEt
)

2 (14)  

where, τ is the duration of the current pulse (s), nm is the number of 
moles (mol), Vm is the molar volume of the electrode (cm3 mol− 1), S is 
the electrode/electrolyte contact area (cm2), ΔEs is the steady-state 
voltage change due to the current pulse, ΔEt is the voltage change 
during the constant current pulse, eliminating the iR drop. The DLi+ of 
In2O3/CNT_Ar was in the range of 2.84 × 10− 10 to 3.69× 10− 12 cm2 

s− 1 and 1.45 × 10− 10 to 6.76× 10− 12 cm2 s− 1 for the discharge 
(Fig. S14b) and charge process (Fig. S14c), respectively. The DLi+ of 
In2O3/CNT_Ar was higher than those of In2O3/CNT_Air and In2O3 
regardless of the potential, indicating the superior lithium ion transport 
efficiency of In2O3/CNT_Ar, as consistent with the results from EIS 
analysis (Fig. 7f). Fig. 8 schematically illustrates the charge transport in 
In2O3/CNT_Ar during the charge-discharge process. Owing to the syn
ergetic effects of the 0D In2O3-1D CNT structural characteristics and 

high oxygen vacancies, In2O3/CNT_Ar showed excellent electrochemical 
performance and kinetics compared to previously reported In2O3-based 
electrodes (Table S3). 

Fig. 9 shows the full battery performance using In2O3/CNT_Ar as an 
anode and LiNi0.6Co0.2Mn0.2O2 (NCM622) as a cathode (NP ratio of 
1:1.1). The In2O3/CNT_Ar||NCM622 full battery exhibited a reversible 
specific capacity of 120 mAh g− 1 at a current density of 100 mA g− 1 

after 100 cycles, corresponding to the energy density of 348 Wh kg− 1. 
The obtained energy density is superior to those of full batteries recently 
reported (Table S4). 

4. Conclusion 

In this study, In2O3/CNT_Ar is proposed as a promising anode ma
terial for LIBs. In2O3/CNT_Ar was synthesized via solvothermal sol-gel 
synthesis followed by thermal annealing. Homogeneous distribution of 
In2O3 and CNT was achieved by using functionalized CNTs, selecting an 
appropriate dispersing solvent, and dissolving the In2O3 precursor in the 
CNT-dispersed solution, as confirmed by various analyses (SEM, TEM, 
and UV–vis spectroscopy). In addition, controlling the thermal 

Fig. 8. Schematic of electrochemical reaction of In2O3/CNT_Ar electrode in half cell.  

Fig. 9. (a) Cycling performance, (b) voltage profile of the In2O3/CNT_Ar||NCM622 full battery.  

M. Kim et al.                                                                                                                                                                                                                                     



Journal of Alloys and Compounds 996 (2024) 174796

11

annealing conditions increased the number of oxygen vacancies in In2O3 
and the surface area, which in turn increased the specific capacity, 
alleviated the volume change, and facilitated Li-ion diffusion during 
electrochemical reactions. CV and EIS measurements validated the 
enhanced kinetics of In2O3/CNT_Ar compared to those of its counter
parts (In2O3/CNT_Air and In2O3). In2O3/CNT_Ar, with an optimized 
In2O3 to CNT ratio of 92:8 (w/w), demonstrated superior cycling per
formance compared to previous In2O3-based electrodes. It achieved a 
capacity of 830 mAh g− 1 at a current density of 200 mA g− 1 after 100 
cycles, and 570 mAh g− 1 at 500 mA g− 1 after 200 cycles. Additionally, 
its rate capability was notable, maintaining 65% capacity retention at 
5 A g− 1 compared to 100 mA g− 1. Therefore, this study presents a new 
composite electrode that can be utilized in next-generation LIBs. 
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