
Electrochimica Acta 389 (2021) 138773 

Contents lists available at ScienceDirect 

Electrochimica Acta 

journal homepage: www.elsevier.com/locate/electacta 

Structural and electrochemical properties of undoped and In 

3 + -doped 

multi-phase zinc- antimony oxide for a high-performance 

pseudocapacitor 

Duanghatai Raknual a , Supparat Charoenphon 

b , c , Pakpoom Reunchan 

b , c , 
Auttasit Tubtimtae 

d , ∗

a Department of Chemistry, Faculty of Liberal Arts and Science, Kasetsart University, Kamphaeng Saen Campus, Nakhon Pathom, 73140, Thailand 
b Department of Physics, Faculty of Science, Kasetsart University, Bangkok, 10900, Thailand 
c Thailand Center of Excellence in Physics (ThEP Center), Ministry of Higher Education, Science, Research and Innovation, 328 Si Ayutthaya Road, Bangkok, 

10400, Thailand 
d Department of Physics, Faculty of Liberal Arts and Science, Kasetsart University, Kamphaeng Saen Campus, Nakhon Pathom, 73140, Thailand 

a r t i c l e i n f o 

Article history: 

Received 16 February 2021 

Revised 31 May 2021 

Accepted 10 June 2021 

Available online 13 June 2021 

Keywords: 

Indium doping 

Multi-phase zinc-antimony oxide 

Pseudocapacitor 

Structural properties 

Electrochemical properties 

a b s t r a c t 

Pseudocapacitive charge storage devices based on undoped and In 3 + -doped multi-phase zinc- antimony 

oxide (ZAO) with high potential insertion/removal processes of disulfide ions the electrodes were per- 

formed. The thin film morphologies related to a more regular grain shape, leading to enhanced surface 

mobility and nucleation density. The sizes of the nanoparticles (NPs) for undoped and In 3 + -doped ZAO 

were uniformly distributed between ~ 100 − 500 nm. Based on electronic structure calculations, the 

In 3 + -doped ZnSb 2 O 4 behaves as a weak p -type semiconductor with a lower-than-band gap optical ab- 

sorption and has greater charge storage performance diffused into the surface of electrode. This results in 

it obtaining a lower barrier layer and charge transfer resistance at the interface. In 3 + doping in the ZAO 

electrode was driven in increments of energy density (77.34 Wh kg −1 ), power density (13.92 kW kg −1 ), 

specific capacitance (470 mAh g −1 @10 mV s −1 ), and average capacitance retention (~87%). It is noted that 

the synthesized material in the present study and the importance of In 3 + doping should be further con- 

sidered for high-performance pseudocapacitor applications. 

© 2021 Elsevier Ltd. All rights reserved. 

1

s

i  

[  

m

f

i

d

p

i

b

a

[

d

s

h

c

s

m

r

c

t

i

c

i

t

h

0

. Introduction 

Transition metal oxides (TMOs)-based thin film or nanoparticle 

emiconductors of various structural phases (i.e., molybdenum ox- 

de (MoO 3 ) [1] , bismuth oxide (Bi 2 O 3 ) [2] , tungsten oxide (WO 3-x )

 3 , 4 ], vanadium pentoxide (V 2 O 5 ) [5] , copper oxide (CuO) [6] , and

anganese oxide (MnO 2 ) [7] ) have attracted significant attention 

or electrodes in electrochemical energy storage applications, for 

nstance as supercapacitors or pseudocapacitors due to their abun- 

ant, non-toxic, low-cost, and safe characteristics along with im- 

roving the specific capacitance and enhancing the capability of 

onic charging and discharging behavior into the layer of electrodes 

y surface reversible redox pseudocapacitance reactions that occur 

t or near the surface of a material in contact with an electrolyte 

8] . 
∗ Corresponding author. 

E-mail address: tubtimtae@gmail.com (A. Tubtimtae). 
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Supercapacitors (SCs) can typically be categorized into electric 

ouble-layer capacitors 

(EDLC) and pseudocapacitor due to their different charge 

torage mechanism [9] . Among of them, pseudocapacitors 

ave attracted greater attention due to their fast-reversible 

harge/discharge behavior, which can provide higher energy den- 

ities compared to EDLC [ 10 , 11 ]. Nonetheless, although SC-type 

aterials have high specific capacity, they still show poor kinetics 

ate performance, poor conductivity, low stability, and low rate 

apability of the electrodes, which is related to the slow charge 

ransfer and insertion and correspond to the sluggish phase change 

n the charge/discharge processes [ 12 , 13 ]. These have worsened the 

apacitive and electrochemical performance. To overcome these 

ssues, numerous researchers have attempted to find the strategies 

o improve specific surface area by tuning in the nanoscale of 

orphological characteristics [ 14 , 15 ] and increase the volumetric 

apacitance based on higher mass loading with three-dimensional 

3D) porous network [16] . These can serve to achieve excellent 

https://doi.org/10.1016/j.electacta.2021.138773
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2021.138773&domain=pdf
mailto:tubtimtae@gmail.com
https://doi.org/10.1016/j.electacta.2021.138773
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apacitive rate performance along with high power density and 

nergy density. 

From our knowledge, ZnO is a widely used material with vari- 

us industrial and technological applications, such as in optical and 

lectronic devices [17] . Another application of ZnO is in electro- 

hemical or energy storage devices. Consecutively, most n -type and 

 -type elements are usually also introduced in ZnO thin films to 

orm ternary TMOs for a battery-type supercapacitor electrode, for 

xample cobalt [18] , aluminum [19] , iron [20] , boron [21] , gallium

22] , and chromium [23] . This leads to them having advantages in 

he form of an excellent structure and electrochemical properties 

or energy storage and capacitive devices. 

Another spinel-ternary transition metal oxide material was ex- 

lored for use in non-linear device applications [24] , including 

lectrochemical and energy storage devices, i.e. zinc antimony ox- 

de (ZAO). ZAO is a typical ceramic material with excellent electri- 

al/magnetic properties, high electrochemical/thermal stability, re- 

ersibility, and high specific capacitance [ 25 , 26 ]. In addition, ZAO 

lso has a tetragonal crystal structure with the P42/mbc(135) space 

roup and with cell parameters a = b = 0.8527 nm, c = 0.5942

m [27] . Furthermore, ZAO is mineralogically known as ordenezite 

nd crystallizes in trirutile-type structure, with the space group 

41/mnm [28] . Most previous studies focus on the preparation 

f ZAO nanostructures including nanowires, nanobelts, and thin 

lms [25] , such as Aoki et al. which reported on p -type ZnO 

hin films obtained by Sb doping using the excimer laser dif- 

usion method [29] and Zeng et al. which fabricated pinel-type 

nSb 2 O 4 nanowires and nanobelts synthesized by an indirect ther- 

al evaporation [30] . Consequently, performance improvement of 

AO in various applications has also been further treated by dop- 

ng elements. From previous studies, Arunkumar et al. synthesized 

rirutile antimonate N - doped nanocrystalline ZnSb 2 O 6 by a facile 

olution combustion method for photocatalytic activity enhance- 

ent [28] . Nanocrystalline Tb 3 + /Eu 

3 + -doped ZnSb 2 O 6 was synthe- 

ized by a facile sonochemical method for application as a white 

ight emitter and as an efficient material for photocatalysis [31] . 

owever, this material have currently been studied to as a promis- 

ng electrochemical and energy storage material for supercapac- 

tors based on its significant specific energy density, availability, 

nd low cost [26] . The main purpose is to enhance the capacitive 

erformance of the oxide electrodes by morphology modification, 

nternal porous, and composite structure formations. For exam- 

le, Balasubramaniam et al. synthesized Sn-doped ZnSb 2 O 6 nanos- 

ructures as an electrode material using a chemical precipitation 

ethod for supercapacitors in order to investigate its electrochem- 

cal stability and potentiality as an energy storage material. The 

esults indicate a significant specific capacitance of 222 F g −1 at 

 current density of 0.5 A g −1 . After charging and discharging 

ver 1,0 0 0 cycles, the capacitance retention was enhanced to 105% 

hich presents its stability and electrochemical activeness [32] . 

dditionally, graphene-doped ZnSb 2 O 6 nanocomposites were pre- 

ared by the probe ultrasonication and precipitation methods. The 

aximum specific capacitance obtained was 1470.25 F g −1 at a 

urrent density of 1 A g −1 with capacitance retention of 100%, 

hile during the cyclic period the capacitance increased to 105% 

nd 110% [33] . 

In the present study, zinc antimony oxide (ZAO, ZnSb 2 O 4 ) was 

ynthesized via Sb 3 + doping in ZnO using the dropped casting and 

creening method from the wet chemical solution due to it pro- 

ides simple preparation, inexpensiveness, and eco-friendliness. In- 

ium (In 

3 + ) was also doped into the ZAO material to compare per- 

ormance. The specific capacitance of the ZAO electrode of 434 

Ah g −1 was obtained and increased to 470 mAh g −1 after In 

3 + 

oping in the ZAO electrode at a scan rate of 10 mV s −1 , which is

ncreasing 8.3%. The increment of ~ 1.4 fold in energy density and 

ower density was also obtained after In 

3 + doping with a capaci- 
2 
ance retention and coulombic efficiency of ~ 81 and 93% after 150 

ycles, respectively. In addition, the electronic structure calcula- 

ions based on density-functional theory (DFT) were performed to 

nderstand the fundamental properties and possibility of In doping 

n ZAO. The overall results clearly indicate that this newly demon- 

trated electrode material with In 

3 + doping has a potential use as 

 pseudocapacitor and in future energy storage devices. 

. Experimental section 

.1. Preparation of undoped and In 3 + -doped multi-phase 

inc-antimony oxide thin films 

The starting materials for the synthesis of multi-phase zinc- 

ntimony oxide thin films were 0.12 g sodium hydroxide (NaOH, 

8%, Fisher Chemical) mixed with 0.228 g antimony (III) chloride 

SbCl 3 , ≥ 99.95%, Aldrich) in 10 mL deionized water (DI water) and 

hen vigorously stirred for 10 min until a white precipitate of the 

olution was formed. The reaction of the synthesis for Sb 3 + ions is 

epicted as: 

bCl 3 + 3NaOH → Sb(OH) 3 + 3NaCl (1) 

b(OH) 3 → Sb 

3+ + 3OH 

- (2) 

The precipitate of antimony (III) hydroxide (Sb(OH) 3 ) was fil- 

ered by filter paper and transferred onto a slide glass, followed by 

eating at 80 °C until it dried. The precipitate was then scratched 

ut from the slide glass to form a powder, which is the precursor 

f Sb 3 + ions. 

The Sb(OH) 3 powder was mixed with 5 g of zinc oxide pow- 

er (ZnO, 99%, Loba Chemie) in 25 mL DI water and vigorously 

tirred again for 2 h until a homogeneous white Zn-Sb-O solution 

as formed, which is the precursor of Zn 

2 + , Sb 3 + , and O 

2 − ions.

his homogeneous solution was filtered to obtain a white precipi- 

ate and transferred again onto a slide glass which was kept heated 

o 80 °C until it dried. After scratching out the precipitate from a 

lide glass to form a powder, the Zn-Sb-O powder was then trans- 

erred into an alumina cup which was sintered continuously in a 

igh temperature furnace at 550 °C for 1 hour, as in the following 

eaction: 

Sb+ ( 3 / 2 ) O 2 +ZnO → ZnS b 2 O 4 (3) 

To form undoped and In 

3 + -doped Zn-Sb-O thin films, 0.3 g of 

n-Sb-O powder was mixed with 0.2 g polyethylene glycol (PEG 

00,MERCK premium quality Synthesis Grade) in 2 mL of ethanol 

nd 2 mL of α-terpineol (90%, Aldrich). Finally, a mixed precur- 

or was vigorously stirred for 20 min and then the Zn-Sb-O solu- 

ion was dropped cast and screened onto a cleaned fluorine-doped 

in oxide (FTO) glass substrate with a dimension of 10 × 10 mm 

2 . 

ater, an undoped Zn-Sb-O coated FTO glass substrate was heated 

t 100 °C for 6 hour to form a ZAO thin film on the FTO glass sub-

trate. To compare performance, various concentrations (wt%) of 

ndium (III) chloride (InCl 3 , 99.995%, Acros Organics) were added 

nto the above-mixed precursor to form the In 

3 + -doped Zn-Sb-O 

olution, followed by a similar procedure to form an In 

3 + -doped 

AO thin film on the FTO glass substrate. The Tafel plot was illus- 

rated from the rising part of the cyclic voltammetry curve of each 

ndium doping concentration and shown in Fig. S1 in the supple- 

entary information. The intercept on the y -axis of linear fit was 

bserved to investigate the highest exchange current density ( J 0 ) 

or the optimal concentration of indium doping in the ZAO elec- 

rode. The J values are depicted in Table S1. 
0 



D. Raknual, S. Charoenphon, P. Reunchan et al. Electrochimica Acta 389 (2021) 138773 

2

u

J

(

d

i

e

c

D

a

p

f

r

p

t

w

w

2

l

a

a

m

t

i

s

2

e

S

a  

d

t

a

1  

(

a

a

a  

s

l  

a

t

f

i

−
d

d

2

d

t

B

i

w

(  

i

b

t

a

g

D

w

c

e

n

P

4

t

w

f

d

o

o

z

w

b  

a

F

fi

E

[

w

a

o

v

i

c

t

(

Z

t

�

c

w

m

j

w  

p

o

a

c

(

t

s

s

t

w

h

3

3

a

c

a

t

w

h

N

u

.2. Characterization 

The undoped and In 

3 + -doped ZAO thin films were characterized 

sing field-emission scanning electron microscopy (FESEM, JEOL, 

SM-6301 F) and high-resolution transmission electron microscopy 

HRTEM, FEI–Tecnai G 

2 20 S-TWIN) operating at 200 kV. Energy 

ispersive spectroscopy (INCA, PentaPET × 3) was used to exam- 

ne the stoichiometry of elements of the thin films. X-ray photo- 

lectron spectroscopy (XPS) analysis was also used to detect the 

hemical states in the as-prepared thin films using an AXIS Ultra 

LD (Kratos Analytical Ltd.) with a soft X-ray beam produced from 

 source of monochromated Al K α anode. The energy of incident 

hotons was 1486.6 eV, which was calibrated based on the work 

unction and the Fermi energy level ( E f ) of the spectrometer. The 

esultant XPS spectra were calibrated against the C1s photoelectron 

eak with binding energy of 285 eV from contamination, in order 

o compensate for any charge-induced shifts. The crystal structure 

as characterized by X-ray diffractometer (XRD) of λ = 1.5406 Å 

ith Cu-K α radiation (D8 Advance, Bruker AXS) in the range 20 ° ≤
 θ ≤ 80 ° with a resolution of 0.01 °. 

Furthermore, a Brunauer-Emmett-Teller (BET) surface area ana- 

yzer (Micrometrics, TriStar II 3020) was used to determine their 

dsorption capacities and physiochemical properties. The undoped 

nd In 

3 + -doped ZAO powders were pretreated before measure- 

ent with ultrahigh purity N 2 as absorptive gas at a bath tempera- 

ure of 77.3 K (-195.85 °C). Finally, the vibrational mode of elements 

n the thin films was performed using Fourier Transform Infrared 

pectroscopy (FTIR, PerkinElmer Frontier TM ). 

.3. Electrochemical measurements 

Electrochemical measurements were performed using a three- 

lectrode configuration with an electrochemical analyzer (PG- 

TAT101, Metrohm Autolab). Various scan rates of 10, 30, 50, 70, 

nd 100 mV s −1 was used for the experiment. An undoped or In 

3 + -
oped ZAO thin film as a working electrode, a CuS counter elec- 

rode (CE), and an Ag/AgCl reference electrode were immersed in 

 polysulfide electrolyte solution consisting of 0.25 M Na 2 S •9H 2 O, 

 M Sulfur, 0.2 M KCl, and 0.1 M KI dissolved in a methanol/water

7:3 v/v) solution to obtain oxidation and reduction peaks from 

 cyclic-voltammetry measurement. A CuS CE was prepared by 

 drop-cast method of a 0.5M Cu(NO 3 ) 2 •3H 2 O methanol solution 

nd followed by a 1 M Na 2 S •9H 2 O methanol and DI water (7:3 v/v)

olution onto a cleaned FTO glass for four cycles. Then the CuS- 

ayered FTO glass was heated at 120 °C for 30 min on a hotplate in

mbient air, followed by cooling to room temperature [34] . Elec- 

rochemical impedance spectroscopy (EIS) measurement was per- 

ormed via a Metrohm Autolab instrument (model PGSTAT302 N) 

n the range of 100 kHz − 100 mHz, at an applied potential of 

0.1 V with an oscillation amplitude of 5 mV. The mass of the un- 

oped and In 

3 + -doped ZAO thin films was measured using a four 

ecimal place balance (OHAUS Corporation, USA). 

.4. Computational methods 

To investigate the electronic structure of pristine and In 

3 + - 
oped ZAO, we employed density-functional calculations within 

he generalized gradient approximation (GGA) proposed by Perdew 

urke and Ernzerhof (PBE) [35] as implemented in the Vienna ab- 

nitio -simulation package (VASP) code [36] . Projector-augmented 

ave potentials with 12, 5, and 6 valence electrons for Zn 

3 d 10 4 s 2 ), Sb(5 s 2 5 p 3 ), and O (2 s 2 2 p 4 ) were adopted to describe

onic-core-valence electron interactions. The calculated band gap 

ased on PBE functional is 2.74 eV, smaller than the experimen- 

al value of 4.70 eV [24] . The local and semi-local functionals such 

s GGA are well known to significantly underestimate the band 
3 
ap of metal oxides, partially due to the self-interaction error in 

FT. The test calculations based on screened hybrid-functional—

hich partially correct the band gap and improve the defect levels 

ompared to GGA functional—indicate that the core results for the 

lectronic structure remain. Here, we focused on ZAO in tetrago- 

al crystal structure with chemical formula Zn 2 SbO 4 (space group 

4 2 /mbc). A primitive cell of Zn 2 SbO 4 which consist of 8 Zn atoms, 

 Sb atoms, and 16 O atoms was used in the calculations of pris- 

ine Zn 2 SbO 4 . A 3 × 3 × 3 mesh of special Monkhost-Pack k -point 

as employed for the Brillouin zone integration. The energy cutoff

or the plane-wave expansion was set to 520 eV. To simulate In 

3 + - 
oped ZnSb 2 O 4 , a 56-atom supercell which is 1 × 1 × 2 repetition 

f the 28-atom primitive cell was adopted and a 2 × 2 × 2 mesh 

f special Monkhost-Pack k -point was employed for the Brillouin 

one integration. All atoms were relaxed until the residual forces 

ere smaller than 0.02 eV/ Å. 

The likelihood of the In impurities formation can be determined 

y the formation energy of a defect as a function of the Sb and In

tomic chemical potentials ( ̃  μSb , ˜ μZn ) for all possible charge state. 

or instance, the formation energy of In Sb in charge state q is de- 

ned by: 

 f 

(
In 

q 

Sb 

)
= E tot 

(
In 

q 

Sb 

)
− E tot ( ZnS b 2 O 4 ) − [ ̃  μIn + E tot ( I n metal ) ] + 

 ̃

 μSb + E tot ( S b metal ) ] + q ( E F + E V ) 
(4) 

here E tot ( In 

q 
Sb 

) is the total energy of the supercell with an In 

tom substituted for Sb (In Sb ) and E tot ( Z nS b 2 O 4 ) is the total energy 

f the defect-free supercell. The indium atom is taken from reser- 

oir with energy μIn = ˜ μIn + E tot [ I n metal ] and the Sb atom is placed 

n a reservoir with energy μSb = ˜ μSb + E tot [ S b metal ] . The chemi- 

al potential ( ̃  μ) can vary to represent the experimental condi- 

ions during growth or annealing, which can range from O-rich 

Sb-poor) to O-poor (Sb-rich) condition. In equilibrium growth of 

nSb 2 O 4 , the chemical potentials ˜ μZn , ˜ μSb and ˜ μO must satisfy 

he stability condition ˜ μZn + 2 ̃  μSb + 4 ̃  μO = �H f ( ZnS b 2 O 4 ) , where 

H f ( ZnS b 2 O 4 ) is the enthalpy of the formation of ZnSb 2 O 4 . Our 

alculated �H f ( ZnS b 2 O 4 ) was ~ −9.56 eV. Their values were taken 

ith respect to the total energy per atom of Zn, Sb and O 2 

olecules. The chemical potential ˜ μZn , ˜ μSb and ˜ μO are also sub- 

ect to bounds in order to avoid the formation of secondary phases 

hich are ZnO, ZnO 2 , Sb 2 O 3 , Sb 2 O 5 and SbO 2 . The O-rich and O-

oor conditions corresponded to the oxygen chemical potential 

f ˜ μO = 0 and ˜ μO = [ �H f ( ZnS b 2 O 4 ) − ˜ μZn − 2 ̃  μSb ] / 4 = −1 . 10 eV 

s shown as point A and C, respectively in Fig. S2. The indium 

hemical potential is limited by the formation of In 2 O 3 , ˜ μIn = 

 �H f ( I n 2 O 3 − 3 ̃  μO ) ) / 2 . For the experimental growth condition, 

he oxygen chemical potential ˜ μO was estimated to be −0.78 eV as 

hown in Fig. S2. The detail for the estimation is illustrated in the 

upplementary information. The formation energy also depends on 

he energy of the electron reservoir in ZnSb 2 O 4 or Fermi level E F , 

hich is referenced to the valence band maximum (VBM) of the 

ost material ( E V ) . 

. Results and discussion 

.1. Morphological characteristics and chemical compositions 

As-grown nanoparticles (NPs) of undoped and In 

3 + -doped ZAO 

re shown by FESEM micrograph in Figs. 1 (a,c), respectively. The 

learly visible similar characteristics did not change substantially 

nd agglomerated crystalline NPs were formed, both before and af- 

er In 

3 + doping. The grain boundaries were also clearly observed, 

hich is related to a more regular grain shape, leading to an en- 

ancement of surface mobility and nucleation density. The size of 

Ps for undoped and In 

3 + -doped ZAO were ~ 100 −500 nm and 

niformly distributed on the surface of the FTO glass substrate. Yet 
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Fig. 1. FESEM micrographs of (a,c) surface morphologies and (b,d) cross sectional images ofthe undoped and In 3 + -doped ZAO thin films, respectively. 
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ggregated, rougher interparticles and the high porosity of both 

ndoped and In 

3 + -doped ZAO NPs facilitate electrolyte penetration 

nd can obtain faster ion transportation through the surface of the 

lectrodes, leading to better electrical conductivity and may help it 

o have good capacitive behavior [37] . The thicknesses of the un- 

oped and In 

3 + -doped ZAO thin films in Figs. 1 (b,d) were deter- 

ined from the cross-sectional images, which were ~ 5 and 8 μm, 

espectively. 

The characteristics of the undoped and In 

3 + -doped ZAO NPs 

ere also investigated and confirmed using HRTEM images in 

igs. 2 (a −b), respectively. This reveals that the size and character- 

stics of the undoped and In 

3 + -doped ZAO NPs are similar to the 

mages in the FESEM micrograph in Figs. 1 (a,c). Next, Figs. 2 (c −d)

llustrate the selected region of the undoped and In 

3 + -doped ZAO 

Ps, and inter planar d -spacing was observed of 2.38 and 2.40 Å, 

espectively, corresponding to the (311) plane. Fig. 3 shows the 

hemical composition of the undoped and In 

3 + -doped ZAO elec- 

rodes. The EDS spectrum in Fig. 3 (a) shows the weight and atomic 

ercentages of each chemical composition and confirms the pres- 

nce of O, Zn, and Sb in the electrode. The presence of In in the

pectrum ( Fig. 3 (b)) confirms the successful doping of In 

3 + into the 

AO electrode. 

.2. Structural characteristics 

The as-prepared undoped and In 

3 + -doped ZAO thin films were 

xamined by XRD patterns, as shown in Fig. 4 . For the undoped 

AO thin film, all the observed diffraction peaks were found of 

b 3 + -doped ZnO and it can be indexed the possible multi-phases 

s tetragonal ZnSb 2 O 4 with a space group of P42/mbc(135) (JCPDS 

o. 075-2184, a = b = 8.5270 Å, and c = 5.9420 Å), corre-

ponding to the plane of (311), (204), and (423) at 2 θ = 36.56 °, 
6.61 °, and 68.20 °, respectively. Further, tetragonal ZnSb 2 O 4 with 

he same space group (JCPDS no. 088-2118, a = b = 8.5010 Å, 
m

4 
nd c = 5.9210 Å), corresponding to the plane of (420) and (523) 

t 2 θ = 47.83 ° and 77.19 °, respectively. Moreover, the secondary 

hase of tetragonal ZnSb 2 O 6 with a space group of P-4n2(118) 

JCPDS no. 003-0455, a = b = 6.5980 Å, and c = 5.1670 Å) was

ound at 2 θ = 34.72 ° for the (002) plane, and finally the third 

hase of orthorhombic Zn 7 Sb 2 O 12 with a space group of Cmma(67) 

as observed at the 2 θ position of 56.87 ° and 63.12 °, which are 

n good agreement to the planes of (623) and (592), respectively 

JCPDS no. 036-1445, a = 12.1030 Å, b = 18.5590 Å, and c = 8.5180
˚ ). All diffraction peaks were observed with lower intensity and 

hifted to the lower 2 θ position after In 

3 + doping. This may be due 

o more observed aggregation and interconnect of NPs and consis- 

ent with the previous report of P. Suttiyarak et al. [38] . The main

eak of the (311) plane of undoped and In 

3 + -doped ZAO was in- 

estigated for the lattice parameters ( a = b , and c ) and inter planar

 -spacing value. The calculated lattice parameters ( a = b = 8.144 
˚ , and c = 4.911 Å) and d (311) = 2.456 Å were obtained for un-

oped ZAO compared with a = b = 8.207 Å, and c = 4.949 Å) and

 (311) = 2.474 Å for In 

3 + -doped ZAO. A slightly higher value of lat- 

ice parameters and inter planar d -spacing is agreed with the pre- 

ious reported literatures of J.U. Brehm et al. [39] , E.N.A .A . Armah 

t al. [40] , and P. Suttiyarak et al. [41] , which are likely associated

ith the larger ionic radius of In 

3 + (0.80 Å) than the ionic radii 

f Zn 

2 + (0.74 ̊A) and Sb 3 + (0.76 ̊A) [42] . However, this occurrence 

eads to more randomly oriented crystallites, contributing to more 

icro-strain and lattice disorder in the ZAO structure, which may 

rovide more surface grains, pore volume, and increase the total 

efect creation energy with respect to the bulk crystal because 

hese grains generate additional interface surface area, as the In 

3 + 

ons acting as Frenkel defects in the ZAO lattice [43] . This may also 

ttribute to more inducing the morphological transformation [44] . 

et the two binary phases of Sb 2 O 3 and Sb 2 O 4 that were observed

n the XRD patterns may be due to imperfect growth during the 

aterial synthesis. 
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Fig. 2. TEM images in bright field imaging mode of (a,b) nanoparticle characteristics and (c,d) the HRTEM lattice images of undoped and In 3 + -doped ZAO NPs, respectively. 
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.3. XPS analysis 

Chemical compositional analysis was investigated by XPS. 

igs. 5 (a-b) show the survey scan spectral in the wide range of 

ndoped and In 

3 + -doped ZAO, respectively, and it is apparent that 

he undoped ZAO thin film is composed of Zn, Sb, and O (KLL) pho-

oelectron lines. The O KLL region shows that the oxygen atoms 

ere incorporated in the sample [45] . The C 1s spectrum gives 

 peak at 284.5 eV, attributed to bonds between sp 

2 hybridized 

arbon atoms [46] . Meanwhile, the In 

3 + -doped ZAO thin film con- 

titutes Zn, Sb, O (KLL), and In photoelectron lines without any 

bserved impurities. The peaks for the Zn 2p 3/2 and Zn 2 p 1/2 

 Fig 5 (c)) are respectively centered at 1020.8 eV and 1043.9 eV, 

orresponding to the binding energy of Zn 

2 + in the sample and 

he spin energy separation of Zn 2p 3/2 and Zn 2p 1/2 is found to 

e 23.1 eV. The results indicate that the chemical valence of Zn is 

 2 oxidation state [47] . A Sb3d 5/2 region ( Fig. 5 (d)) was observed

t the binding energy of 531.3 eV and suggested that the oxidized 

ntimony corresponds closely to bulk Sb 2 O 3 [48] . The O 1s region 

n Fig. 5 (e) shows the peak at 530.6 eV, which is attributed to Zn-

 lattice oxygen (O L ) [49] . Finally, the oxidation states of In in ZAO

attice in Fig. 5 (f) were deconvoluted to In 3d 5/2 at 443.7 eV and

n 3d 3/2 at 449.9 eV, corresponding to indium oxide hydroxide (In- 

OH) and indium hydroxide (In(OH) 3 ), respectively, and these can 

e transformed to indium oxide (In 2 O 3 ) [50] . 
5 
.4. BET surface analysis 

The equilibrium N 2 adsorption-desorption isotherms curves of 

ndoped and In 

3 + -doped ZAO are displayed in Figs. 6 (a) and 6(d), 

espectively. The isotherm curves provide an increasing adsorption 

urve and then decline sharply in a desorption curve at the satura- 

ion pressure. The characteristics of these isotherm curves can be 

scribed to the type II shape of the Brunauer–Deming–Deming–

eller (BDDT) classification. This classification indicates that the 

AO thin films consisting of interconnected mesoporous structures 

nd N 2 adsorption occurred in these structures [51] , correspond- 

ng with the pore-size distribution calculated using the Barrett–

oyner–Halenda (BJH) method in Figs. 6 (b) and 6(e), respectively. 

urthermore, the linear multipoint Brunauer-Emmet-Teller (BET) 

lots for nitrogen adsorption are shown in Figs. 6 (c) and 6(f). The 

arameter values of the BET surface area analysis are also depicted 

n Table 1 for undoped and In 

3 + -doped ZAO electrodes, respec- 

ively. The pore structure alteration (pore volume, pore size, and 

icropore area) after In 

3 + doping can be further confirmed by the 

arger pore size distribution of the ZAO thin film. The lower surface 

rea to volume ratio after In 

3 + doping in ZAO due to the slightly 

arger pore volume ratio (~ 1.20 times) than that of the ratio of a 

icro pore area (~ 1.14 times). This is explained in Section 3.2 by 

he influence of In 

3 + doping acting as Frenkel defects in the ZAO 

tructure. 
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Fig. 3. EDS spectra of (a) undoped and (b) In 3 + -doped ZAO thin films. 

Fig. 4. XRD patterns of the undoped and In 3 + -doped ZAO thin films. 
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.5. FTIR analysis 

The FTIR spectra of undoped and In 

3 + -doped ZAO are shown in 

ig. 7 and indicate that the peaks at 470 cm 

−1 and ranging from 

40 cm 

−1 to 540 cm 

−1 for undoped and In 

3 + -doped ZAO are as- 

igned to the stretching mode wurtzite lattice vibrations of metal- 

xygen bonds of Zn–O [ 24 , 26 , 52 ]. The peaks at 796 and 881 cm 

−1 

orrespond to Sb −O stretching vibration [53] and the deformation 

ibrations of the C–C bond [54] , respectively. The two bands ob- 

erved at 918 and 1050 cm 

−1 could be assigned to δ SbOH de- 

ormation modes [55] . The peaks at 1374 and 1739 cm 

−1 are as- 

igned to wagging of CH 

2 + group and the existence of the COO −
on in Zwitter ionic form [56] . The bands characteristic to the C–

 bond appear in the ranges ~ 140 0–150 0 cm 

−1 and 280 0–30 0 0
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Fig. 5. XPS spectra survey scan of (a) undoped and (b) In 3 + -doped ZAO. The deconvoluted spectra of (c) Zn 2p, (d) Sb 3d, (e) O 1s, and (f) In 3d. 

c

b

v  

fi

d  

s

3

i

i  

s

m

a

n

C

t

s

t

8

t  

(

m 

−1 , which are attributed to the–CH2– groups [57] . Finally, the 

road absorption band peak at 3462 cm 

−1 is due to the stretching 

ibration of O–H [58] . In the case of In 

3 + doping in the ZAO thin

lm, the intensity of most peaks are slightly reduced and may be 

ue to the formation of In NPs on the surface of the ZAO thin film,

imilar to previous works in Ref. [ 52 , 59 ]. 

.6. Density-functional calculations of In 

3 + -doped ZnSb 2 O 4 

Fig. 8 shows the 28-atom primitive cell of ZnSb 2 O 4 which is 

sostructural to “red lead” (Pb 3 O 4 ). Here, ZnSb 2 O 4 is crystallized 

n the space group of P4 /mbc similar to Pb O . In this crystal
2 3 4 

7 
tructure, Zn atoms are at 8 h Wyckoff position, connecting pyra- 

idally with three nearest-neighbors oxygen and Sb atoms are 

t 4 d Wyckoff position, forming a distorted tetrahedron with six 

earest neighbor oxygen. Only a few materials, including TiSn 2 O 4 , 

oSb 2 O 4 , and SnPb 2 O 4 [60] are formed in this unique crystal struc- 

ure. A noticeable hollow in the center of the crystal structure is 

uggested to be stabilized by the van der Waals interactions be- 

ween the lone pair electron [61] . 

Based on GGA-PBE, the calculated lattice parameters a and c are 

.656 and 6.081 Å, respectively, slightly larger than the experimen- 

al values of a = 8.5270 Å (JCPDS no. 075-2184) or a = 8.5010 Å

JCPDS no. 088-2118) and c = 5.9420 Å (JCPDS no. 075-2184) or 
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Fig. 6. (a, d) N 2 adsorption/desorption isotherm curves, (b,e) linear multipoint BET plots for nitrogen adsorption, (c,f) pore size distribution curves for undoped and In 3 + - 
doped ZAO, respectively. 

Fig. 7. FTIR spectra of undoped and In 3 + -doped ZAO. 
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Fig. 8. Crystalline structure of undoped ZnSb 2 O 4 . The Sb distorted octahedra are 

shaded. The primitive unit cell is also shown. 
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 = 5.9210 Å (JCPDS no. 088-2118). We found that ZnSb 2 O 4 is a di-

ect band gap material with the band gap of 2.74 eV at � point 

n the Brillouin zone. The calculated band gap using semi-local 

r local functional such as GGA is well known to be significantly 

maller than the measured value. However, the relative stability 

nd major electrical behavior of the In impurities should remain 

alid. This was tested in our previous DFT calculations of point de- 

ects in metal oxides [62] . 

Our calculated formation energies of In impurities, including In 

ubstituted for Sb (In Sb ), In substituted for Zn (In Zn ), and In at in-

erstitial site (In i ) for the O-poor, intermediate and O-rich condi- 

ions are shown in Fig. 9 . It is found that In Sb is stable in the neu-

ral, 1 − and 2 − charge states, acting as double acceptor, which is 

onsistent with the fact that In atom has two valence electrons 

ewer than Sb. On the other hand, In atom has an extra valence 

lectron when substituted for Zn; thus In exclusively occurs in 
Zn 

8 
 + charge state for all Fermi-level positions in the band gap, acting 

s a shallow donor. For In i , it can donate three valence electrons 

o neighboring host atoms and occurs in the neutral, 1 + and 3 + 

harge states, acting as a triple donor. Figs. 9 (a-c) show that In Sb 

as relatively low formation energy for almost the entire range of 

he Fermi level for all growth conditions. This is possibly because 

he ionic radii of In 

3 + and Sb 3 + are almost identical, thereby cost- 

ng small energy for In Sb formation. Besides, for the experimental 

rowth condition ( Fig. 9 (b)), In Sb has low formation energy and is 

nergetically favorable compared to other In impurities in p -type 

nSb 2 O 4 (in our case), in which the Fermi level lies near the VBM. 

his indicates that In Sb will form readily during the doping process 

nd its concentration is relatively high. 



D. Raknual, S. Charoenphon, P. Reunchan et al. Electrochimica Acta 389 (2021) 138773 

Fig. 9. Formation energies of In impurities as a function of Fermi level ranging from 0 to the calculated band gap of 2.7 eV under (a) O-rich (b) experimental, and (c) O-poor 

growth conditions. The slope of the line indicates the charge states of the defects. 
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.7. Electrochemical measurement 

.7.1. CV characteristics and specific capacitance measurement 

The CV characteristics of the undoped and In 

3 + -doped ZAO 

lectrodes at various scan rates (10, 30, 50, 70, and 100 mV s −1 )

re shown in Figs. 10 (a −b), respectively, to compare the electro- 

hemical performances of ion insertion/removal exchange process 

n the electrodes. The CV scan was performed with a linear po- 

ential sweep from -1.0 to + 1.0 V vs. Ag/AgCl and had almost 

dentical redox peaks, suggesting similar electrocatalytic activity 

or sulfur ion reduction [ 63 , 64 ] and confirming the stable capac-

tive behavior of the undoped and In 

3 + -doped ZAO electrodes [65] . 

he asymmetric anodic and cathodic peaks highlight the quasi- 

eversible charge storage mechanism based on the electrochemical 

eaction for the S 2 −insertion/extraction process at the ZAO surface 

s follows: 

 nS b 2 O 4 + x S 2 − ↔ Z nS b 2 O 4 S x + 2 x e − (5) 

The CV curves of the undoped and In 

3 + -doped electrodes 

howed a typical Faradic pseudocapacitance behavior from the 

harge propagation with reversibility in the two pairs of redox re- 

ponse at various scan rates [66] . This was related to the interca- 

ation and deintercalation effects (insertion/removal processes) of 

isulfide ions from the polysulfide electrolyte into the undoped or 

n 

3 + -doped ZAO electrode [67] . However, it can be observed that at 

 lower scan rate, the electrolyte ions have sufficient time to con- 

act the outer and inner active sites of the ZAO mesoporous, which 

ead a large number of charge accumulation correspond to high 

pecific capacitance value. Meanwhile, the increasing scan rates are 

ttributed to the increase in peak current, implying that the slow- 

ng down of processes of ion diffusion or interfacial charge trans- 

er between electrolyte and electrode interfaces as well as reduced 

umbers of charge accretions on the outer capacitive surface of the 

lectrode material [68-70] . 

The specific capacitance ( C s ) values were calculated from 

he average current value ( I avg ) in the CV curves as an 

quation (6) [ 71 , 72 ]: 

 s = 

I a v g �U 

3 . 6 × mV 

(6) 
9 
here �U is the operating potential window, m is the weight of 

ctive materials ( m = 0.0011 ± 0.0 0 01 g with dimensions of 10 

m × 10 mm × 5 μm and 10 mm × 10 mm × 8 μm for the un-

oped and In 

3 + -doped ZAO electrodes, respectively), and V is the 

otential scan rate. The C s plots are displayed in Fig. 10 (c). The 

aximum C s recorded was 470 mAh g −1 at the scan rate of 10 

V s −1 for the In 

3 + -doped ZAO electrode, compared to the un- 

oped ZAO electrode (434 mAh g −1 ). The reduction C s value was 

bserved to 77 mAh g −1 for the In 

3 + -doped ZAO electrode, with 

he higher scan rate of 100 mV s −1 , while the C s value of 57 mAh

 

−1 was yielded for the undoped ZAO electrode. The higher C s after 

n 

3 + doping can be attributed to two potential reasons: (i) indium 

ffects to specific surface area for the ZAO mesoporous; and (ii) 

he minimal aggregation effect of the nanoscale regime in the ZAO 

esoporous [37] . Thus, these will improve its capacity as more 

ulfur ions from the electrolyte can migrate and diffuse easily be- 

ween the structures to access the active sites in the ZAO struc- 

ure [37] , resulting in improved conductivity and enhanced capac- 

tor characteristics for the ZAO electrode [26] . 

.7.2. Specific power density (PD) and energy density (ED) 

The specific PD and ED were respectively calculated based on 

quations (7) and (8) [73] : 

 D = 

C S ( �V ) s 

2 

(7) 

D = 

C S ( �V ) 
2 

2 

(8) 

The Ragone plot of specific power density (PD) and energy den- 

ity (ED) for the undoped and In 

3 + -doped ZAO electrodes was per- 

ormed in Fig. 10 (d). The results confirm that after In 

3 + doping, 

D reached to 13.92 kW kg −1 at the ED equal to 77.34 Wh kg −1 ,

hich are greater than those of the undoped electrode (PD = 10.24 

W kg −1 at ED = 56.87 Wh kg −1 ). The In 

3 + -doped ZAO electrode 

till retains 8.45 kW kg −1 at 470 Wh kg −1 , compared to the un- 

oped electrode (PD = 7.82 kW kg −1 at ED = 434.33 Wh kg −1 ).

t can also be further demonstrated that the In 

3 + doping may im- 

rove the electrochemical and energy storage performance of the 

AO electrode. 
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Fig. 10. CV characteristics with various scan rates of (a) undoped and (b) In 3 + -doped ZAO. (c) specific capacitance vs. scan rate and (d) power density as a function of energy 

density of undoped and In 3 + -doped ZAO. 
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.7.3. Determination of outer surface and total capacitive charge 

The outer surface capacitive charge and total capacitive charge 

an be further calculated by the Trasatti method, as shown in 

igs. 11 (a −b), respectively. The charge stored on the outer surface 

f the undoped and In 

3 + - doped ZAO electrodes ( Fig. 11 (a)) can be

etermined from the intercept of linear plot of specific capacitance 

s. (scan rate) −1/2 based on Equation (9) [74] : 

 ( V ) = Q out + k V 

−1 / 2 (9) 

here V is the potential scan rate, Q out is the charge stored at the

uter surface and k is a constant. The values of charge stored at the 

uter surface of undoped and In 

3 + -doped ZAO electrodes are 143 

nd 147 mAh g −1 , respectively. The linear region in Fig. 11 (a) indi-

ates a limited diffusion process [7] . Consequently, the total capac- 

tive charge ( Q total ) ( Fig. 11 (b)) can be yielded from the intercept

f linear plot of (specific capacitance) −1 vs. (scan rate) 1/2 based on 

quation (10) [75] : 

1 

Q ( V ) 
= 

1 

Q total 

+ k V 

1 / 2 (10) 

The value of the Q total is found to be 188 and 366 mAh g −1 for

he undoped and In 

3 + -doped ZAO electrodes, respectively. The bar 

raph plotted in Fig. 11 (c) represents the total capacitive charge 

nd the outer surface capacitive charge. The difference between 

he obtained total capacitive charge and the outer surface capaci- 

ive charge can give the value of the inner surface capacitive charge 

 7 , 16 ]. All parameter values are listed in Table 2 . It is clear that

he larger inner surface capacitive charge was obtained due to the 

iffusion-controlled redox capacity increased with increasing spe- 

ific surface area in the inner active sites by the influence of In 

3 + 
10 
oping in the ZAO mesoporous thin film [16] , suggesting that the 

harge storage mechanism is strongly dependent upon the adsorp- 

ion/desorption process rather than the capacitive process [ 75 , 76 ]. 

esides, greater porosity in the inner active sites and heteroatom 

oping can play a crucial role in enhancing the electrochemical 

roperty. In addition, external impacts on the electrochemical and 

nergy storage mechanism were also included, for instance the 

igher kinetic rate, ion mobility, charge transfer resistance, and 

lectrode conductivity [ 7 , 77 ]. 

.7.4. The charge storage mechanism determined by power law fitting 

To study the charge storage mechanism of the undoped and 

n 

3 + -doped ZAO electrodes the power law i = a V n can be used, 

here ‘ a ’ and ‘ n ’ are adjustable parameters and V is the scan rate.

he total CV current is the sum of non-Faradic capacitive current 

nd adsorptions/desorption currents. The n value can be deter- 

ined by the slope of the plot of log i vs. log V and varied from

ero to one. The value of n = 0 is indicated for a pure resistor,

 = 0.5 for ideal diffusion control process and n = 1.0 for ad- 

orption control of ideal capacitive response or non-Faradic process 

70] . Logarithmic values of total CV currents were correlated with 

he logarithmic values of scan rate and a linear fit is presented in 

ig. 11 (d). The n value of the undoped ZAO electrode is found to 

e 0.218, which then increased to 0.635 after In 

3 + doping in the 

AO electrode. This result confirms that the dominant diffusion- 

ontrolled redox reaction was expected in the present study [16] . 

owever, it can be noticed that the red dots of the In 

3 + -doped 

AO differs from linearity at high scan rates due to the disparity 

n charge storage for the two different mechanisms (surface ca- 

acitive effects and diffusion-controlled insertion mechanisms) be- 
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Fig. 11. Trasatti method for (a) a plot of specific capacitance vs. (scan rate) −1/2 for the outer surface charge storage determination, (b) a plot of the reciprocal of specific 

capacitance vs. (scan rate) 1/2 for the total charge storage determination, (c) the contribution of surface capacitive and total capacitive, and (d) plot of log I vs. log V for the 

value of n determination. 

Table 2 

Parameter values derived from cyclic voltammetry and electrochemical impedance spectroscopy 

Electrode 

Outer surface capacitive 

charge / mAh g −1 

Total capacitive charge 

/ mAh g −1 

Inner surface capacitive 

charge / mAh g −1 R s / � R ct / � D / cm 

2 s −1 μ / cm 

2 V −1 s −1 

Undoped ZAO 143 188 45 31.92 147.3 6.32 × 10 −4 268.26 × 10 −4 

In 3 + -doped ZAO 147 360 213 15.18 135.2 9.84 × 10 −4 417.67 × 10 −4 

c

c

p

k

n

3

i

t

d

c

h

a

t

e

t

a

c  

i

p

s

a

a

t

b

R

t  

t

Z

(  

a

l

Z

Z

q

o

h

t

f

w

a

τ
This shows that the relaxation time decreased when indium atom 
omes more pronounced at high scan rates because of the rapid 

harge and discharge characteristics corresponded with capacitive 

rocesses. This will be caused by uncompensated ohmic drops and 

inetic irreversible redox transitions according to the lower inter- 

al resistance of ZAO thin films after In 

3 + doping [ 78 , 79 ]. 

.7.5. Electrochemical impedance spectroscopy (EIS) 

EIS was used to analyze ionic and electron transport behavior 

nto the electrodes, with the results shown in Fig. 12 (a). Generally, 

he impedance spectrum shows three semicircles at the high, mid- 

le, and low frequency regions. From the result, the Nyquist plot 

learly shows a semi-circle in the mid-frequency region, but the 

igh frequency semi-circle is not observed in both the undoped 

nd In 

3 + -doped ZAO electrodes. The intercept of the semicircle on 

he x -axis of the Nyquist plot at the high frequency region denotes 

quivalent series resistance (ESR, R s ) of the electrode, denoted from 

he internal resistance of electrode plus ionic electrolyte resistance 

nd resistances of all intrinsic or contacts in the electrochemi- 

al cell system [ 7 , 74 ]. The lower R s value in Table 2 was yielded

n the In 

3 + -doped ZAO electrode. This could be explained by the 

enetration of indium into the ZAO electrode during the synthe- 

is, which resulted in rapid ion transport between the electrolyte 
11 
nd ZAO electrode material. Meanwhile, the mid-frequency region 

rc represents the charge transfer resistance ( R ct ) in parallel with 

he constant phase element (CPE1), which actually reflects dou- 

le layer capacitance effects at the electrode/electrolyte interface. 

 ct is also known as faradaic resistance, which was obtained from 

he intercept of the semicircle on the real horizontal axis ( Z re ) of

he mid-frequency region [73] . A smaller semicircle for In 

3 + -doped 

AO electrode demonstrates the lower R ct value of the electrode 

see in Table 2 ). The bode phase plot is displayed in Fig. 12 (b)

nd the phase angles of 36.62 ° and 47.42 ° were indicated at the 

ow frequency of 79.43 and 158.49 Hz for undoped and In 

3 + -doped 

AO, respectively, which represents the capacitive behavior of the 

AO material [7] . The transitions between the high and low fre- 

uency region are known as the knee frequency ( f knee ) or called 

nset frequency [ 80 , 81 ]. The faster charging and discharging be- 

avior can be accomplished at higher f knee and corresponding to 

he higher rate capability and shorter the relaxation time [7] . The 

 knee for undoped ZAO was investigated at 10,0 0 0 Hz, compared 

ith the higher f knee of 12,589 Hz after In 

3 + doping. The relax- 

tion time ( τ ) can be calculated based on the knee frequency by 

= 1 / f knee [82] and the values are 0.1 and 0.08 ms, respectively. 
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Fig. 12. (a) Nyquist plot and its equivalent circuit (inset), (b) Bode phase plot, (c,d) plots of real impedance ( Z ′ ) and ω 

−1 / 2 (inset: slope of Z ′ and ω 

−1 / 2 for the electrolyte 

ion diffusion resistance), and (e) specific capacitance vs. frequency for undoped and In 3 + -doped ZAO. 
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as incorporated in the ZAO structure. It also refers to the faster 

harge transfer and better power delivering ability of the electrode 

83] . The results of the present study are similar to those of Shan-

ugavani et al. for pseudocapacitor based on the ZnFe 2 O 4 NPs 

reated with Ni(OH) 2 [82] . In Figs. 12 (c −d), the intercepts of hori-

ontal dash lines on the real part of the impedance (Z ′ ) obtained 

rom the Warburg diffusion process, which are equal to 171 and 

43 � for undoped and In 

3 + -doped ZAO, respectively. The lower 

 

′ value corresponding to a smaller semicircular recombination arc 

or the In 

3 + -doped ZAO electrode, attributing to the barrier layer 

s reduced, and the finite diffusion length was increased. The ki- 

etics reaction of charge transfer at electrode/electrolyte interface 

an be indicated by the electrolyte ion diffusion resistance ( σ ) as 

he faster kinetics reaction defined by a lower σ value according 
12 
o Equation (11) [84] : 

 w 

= σω 

− 1 
2 ( 1 − j ) (11) 

The slopes of Z ′ against the reciprocal of the square root of 

requency ( ω 

− 1 
2 ) are shown in the inset of Figs. 12 (c −d) and the

btained σ value decreased from 144.64 � s −1/2 for the undoped 

AO electrode to 59.75 � s −1/2 for the In 

3 + -doped ZAO electrode. 

his could be related to the faster reaction kinetics and better dif- 

usion of charge transfer at electrode/electrolyte interface. More- 

ver, the Faradaic redox process also occurred at the surface of the 

n 

3 + -incorporated electrode with a yielded higher exchange cur- 

ent density. Consequently, the diffusion coefficient can also be cal- 
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Fig. 13. Chronopotentiometry measurement with various applied currents of (a) undoped and (b) In 3 + -doped ZAO. 
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ulated using Equation (12) [7] : 

= 

RT 

n 

2 F 2 A 

√ 

2 

(
1 

D 

1 / 2 C ∗

)
(12) 

here R is universal gas constant, T is temperature (298 K), n is 

harge transfer number (here considering n = 1), F represents the 

araday constant (96,485.3 C mol −1 ), A is referred to as an area 

f the electrode ( A = 10 mm 

2 ), D is diffusion coefficient, and C ∗ is

oncentration of sulfur atoms in the polysulfide electrolyte and CuS 

ounter electrode (0.00325 mol cm 

−3 ). Then, the obtained value of 

 is related to the ionic mobility ( μ) and can be further calculated 

ased on the Nerst-Einstein equation, as in Equation (13) [85] : 

= 

eD 

K B T 
(13) 

here e is the charge value of electron, K B is the Boltzmann con- 

tant and T is the absolute temperature (273.15 K). It can be seen 

hat the D and μ values (listed in Table 2 ) increased for the In 

3 + -
oped ZAO electrode. These enhancements correspond to an im- 

roved ion storage capacity that allows larger ionic concentration 

or the insertion/extraction into/from the ZAO material. Thus, a 

arger ion diffusion coefficient indicates faster movement of S 2 −

nd Na + ions to the working electrode and counter electrode, re- 

pectively, corresponding to a shortened relaxation time of the 

harging and discharging states and effective diffusion path [86] . 

Moreover, the capacitance ( C ) was calculated using the equa- 

ion C = −1/2 π fZ ′′ , where f is the frequency in Hz, and Z ′′ is the

maginary part of the impedance spectrum [87] . The areal specific 

apacitance ( C s = C / S with S = 10 mm 

2 ) is plotted in Fig. 12 (e). As

he frequency decreased from 10 4 to 10 Hz, C s increased for both 

lectrodes, while the ZAO electrode with In 

3 + performed a higher 

 s in the low-frequency region (10 − 100 Hz). This could be at- 

ributed to more electrons diffused into the In 

3 + -incorporated ZAO 

tructure, with a lower barrier layer and charge transfer resistance 

t the interface. Subsequently, the capacitance of the electrode was 

nhanced, with a higher electrical conductivity by the introduc- 

ion of In 

3 + ions. This behavior is similar to the previous report on 

he co-incorporation of Mn 

2 + and Cu 

2 + ions in the Sn 2 S 3 electrode 

or electrochemical devices [88] and confirms the increased energy 

torage performance in the fabricated ZAO electrode, since an elec- 

ron transport pathway was shortened and faster carrier diffusion 

as also induced [89] . 

.7.6. Chronopotentiometry (CP) 

In Figs. 13 (a −b), CP characteristics for undoped and In 

3 + -doped 

AO electrodes are presented with the dynamic voltage response 

n time and various applied constant current (0.5, 2.5, and 5 mA), 
13 
espectively. The chronopotentiometric responses ( Fig. 13 (a)) in the 

otential were stepped from the initial potential to the finite po- 

ential in each applied constant current condition. The spectra 

ere recorded with time to identify transport limitations, charge 

xchange ability, chemical reaction mechanisms, and the rate of 

xidation kinetics [ 90 , 91 ]. With the higher applied current through 

he electrode, the potential curve increases from the open-circuit 

otential (OCP) and continues to increase with time to reach a 

alue at which S 2 − ions diffusing into the electrode through the 

xidation process. This leads a reduction of electrical resistance 

ith time in the electrode, owing to the faster diffusion of the S 2 −

ons. At the applied current of 0.5 – 2.5 mA, the steady-state po- 

ential reached the maximum value, which was approached by a 

teady increase after the transition time [91] . However, after In 

3 + 

oping in the ZAO electrode in Fig. 13 (b), the performance of the 

hronopotentiometric responses are similar to the previous study 

f Wilhelm et al. [91] and explains that the characteristic response 

urves are observed with maximum or overshoot of the electric 

otential at the applied current from 2.5 to 5 mA. This applied 

urrent range is the limiting current for the electrode with In 

3 + 

oping. The depletion process at the interface occurred, which was 

nduced to enable a larger number of faster ion exchange in the 

ipolar junction (i.e., working and CE electrodes). At this applied 

urrent range, the initial increase of the potential was observed 

ue to ion depletion in the diffusion layer of the electrode and 

dditional ion exchange was performed based on the reduction 

f the charge transfer resistance at the electrode/electrolyte inter- 

aces. Next, the ion leakage across the electrode is related to the 

imiting current, observed by the reduction of potential with time. 

his result indicates a negative slope, extended over longer time 

eriod with higher current densities. The negative slope of the po- 

ential with time indicates the self-discharge characteristic of the 

lectrode. At that time, the diffusion processes in the electrode in- 

erface relaxed and produced ions to such an extent recombination 

eaction in the bipolar junction. The self-discharge characteristic in 

ig. 13 (b) is observed at a longer range of time (also referred to as

ischarging time) for a higher current density because the higher 

on dissociation was produced [ 90 , 91 ]. 

.7.7. Charge/discharge characteristics 

The charge and discharge characteristics with various galvano- 

tatic charge and discharge cycles are shown in Figs. 14 (a −b) for 

ndoped and In 

3 + -doped ZAO electrodes, respectively to observe 

he cycling performance and their stability. Both electrodes were 

erformed under 0 to 150 cycles with a scan rate of 0.1 V s −1 and

he specific capacitance of each cycle for charge/discharge from the 
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Fig. 14. (a,b) specific capacitance, (c) capacitance retention, and (d) coulombic efficiency as a function of cycle number of undoped and In 3 + -doped ZAO. 
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V curves was then calculated. The highest C s values of the charge 

nd discharge cycles for the undoped electrode was respectively 

40 and 38 mAh g −1 ( Fig. 14 (a)) with average C s values of ~32

nd 30 mAh g −1 . The increased C s in the charge and discharge 

urves was performed after In 

3 + doping in the ZAO electrode and 

he highest C s values of ~ 54 and 48 mAh g −1 ( Fig. 14 (b)) with

verage C s values of ~ 45 and 41 mAh g −1 were respectively ob- 

ained. Yet the In 

3 + -doped ZAO electrode had the higher discharge 

rocess ~ 9 −11%, compared to the lower discharge process of the 

ndoped ZAO electrode of ~ 5 −6%. In addition, the largest capac- 

tance retention of ~ 104% with an average value of ~ 87 % was 

ound with the In 

3 + -doped ZAO electrode, compared with an aver- 

ge value for the undoped ZAO electrode (~ 79%) ( Fig. 14 (c)). The 

arger capacitance retention possesses a long-term stability of the 

lectrochemical performance, which is another important issue in 

n active electrode for the practical application of supercapacitors. 

rom Fig. 14 (d), the average lower coulombic efficiency of ~ 91% 

or the In 

3 + -doped ZAO electrode reduced from ~94% by the un- 

oped ZAO electrode due to the self-discharge process (explained 

n Section 3.7.6 ). The additional explanation of a self-discharge pro- 

ess for the lower coulombic efficiency can be explained by Knap 

t al. [92] and is related to the polysulfide shuttle mechanism [93] , 

hich is caused by the diffusion of soluble high-order polysul- 

deions ( S 2 −
8 

, S 2 −
6 

, S 2 −
4 

) in the electrolyte from the sulfur electrode

o the ZAO electrode. Then, the reversible process also occurred 

s the high-order polysulfides were reduced to low-order polysul- 

des and the ions could be diffused back to the sulfur electrode 

CE). Meanwhile, the fast kinematics and diffusion process of ion 

ransport induced by indium may lead to electrode material degra- 

ation, which also resulted in the low coulombic efficiency of the 

abricated material [7] . 
14 
. Conclusion 

We demonstrated the simple synthesis of undoped and In 

3 + - 
oped multi-phase ZAO thin films from a wet chemical solution for 

 pseudocapacitor application. Based on electronic structure calcu- 

ations, the In 

3 + -doped ZnSb 2 O 4 behaves similar to a weak p -type 

emiconductor with the lower-than-band gap optical absorption 

nd performs greater charge storage performance diffused into the 

n 

3 + -incorporated ZAO structure. This leads to obtaining a lower 

arrier layer and charge transfer resistance at the interface. The 1.4 

old increment of energy density (from 56.87 to 77.34 Wh kg −1 ) 

nd power density (from 10.24 to 13.92 kW kg −1 ) was yielded af- 

er In 

3 + doping. Thus, the specific capacitance of the electrode also 

nhanced from 434 mAh g −1 to 470 mAh g −1 at the scan rate of 

0 mV s −1 . In addition, the largest capacitance retention of ~ 104% 

ith an average value of ~ 87 % was found for the In 

3 + -doped 

AO electrode. However, the average lower coulombic efficiency of 

91% for the In 

3 + -doped ZAO electrode was performed due to the 

elf-discharge process and the diffusion of soluble high-order poly- 

ulfide ions. Furthermore, ion transport induced by indium may 

ead to electrode material degradation due to the fast kinematics 

nd diffusion process in the electrode interfaces, which also re- 

ulted in the low coulombic efficiency of the fabricated material. 
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