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bstract

Bismuth oxide (Bi2O3) thin films are grown on copper substrates at room temperature by electrodeposition from an aqueous alkaline nitrate
ath. The usefulness of electrochemically deposited Bi2O3 for electrochemical supercapacitors is proposed for the first time. The supercapacitor
roperties of Bi O electrode are studied in aqueous NaOH solution. The Bi O electrode exhibits very good electrochemical supercapacitive
2 3 2 3

haracteristics as well as stability in aqueous NaOH electrolyte. The effect of electrolyte concentration, scan rate, and number of cycles on the
pecific capacitance of Bi2O3 electrodes has been studied. The highest specific capacitance achieved with the electrodeposited Bi2O3 films is
8 F g−1.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Bismuth oxide is known to be an important transition metal
xide due to its characteristic parameters such as energy band-
ap, refractive index, dielectric permitivity and photoconductiv-
ty Ib is suitable for a large range applications, namely, sensors,
ptical coatings, photovoltaic cells and microwave integrated
ircuits [1]. An emerging application of Bi2O3 may be as an elec-
rode material for electrochemical supercapacitors. Nowadays,
onsiderable interest has been placed on developing electro-
hemical capacitors with high specific power and energy. The
upercapacitors usually consist of electrodes made from highly
orous materials (e.g., active carbon) with very high specific
urface area or electroactive materials with several oxidation
tates/structures within the potential window of solvent decom-
osition [2–4]. Since the pseudocapacitance comes mainly from

he reversible redox transitions of the electroactive materials,
ransition metal oxides are considered as promising materials for
upercapacitors [5]. Along with the charge-storage mechanism,
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arge surface area is an essential property of the electrode mate-
ial for the attainment of large capacitance. Since nanocrystalline
i2O3 can offer large surface area, electrochemical stability and
seudocapacitive behaviour, it may make a significant contribu-
ion to the advancement of supercapacitor technology.

As supercapacitor electrodes, many transition metal oxides,
uch as RuOx, NiOx and IrOx, have been shown to be excellent
aterials with their charge-storage mechanisms based on pseu-

ocapacitance [6]. The most success has been achieved using
uthenium oxide. The powder form of amorphous and hydrous
uthenium oxide (RuO2·xH2O) electrode have been obtained
y the sol–gel method and found to be promising materials for
lectrochemical capacitors with high specific power and specific
nergy [7,8]. A maximum specific capacitance of 768 F g−1 has
een obtained from amorphous ruthenium oxide [9,10]. In thin-
lm form, Hu and Huang [4] and Park et al [11] (specific capac-

tance = 788 F g−1) have successfully employed electrochemi-
ally deposited hydrous ruthenium oxide for electrochemical
upercapacitors. Though the ruthenium oxide (�-RuO2·xH2O)
xhibits excellent pseudocapacitive behaviour with large spe-

ific capacitance and good reversibility, the low abundance and
igh cost of the precious metal are major limitations to commer-
ial application [12]. Therefore, there is a strong need to develop
low-cost material with a significant value of capacitance. Con-
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equently, there are increasing attempts to develop cost-effective
upercapacitors based on non-noble transition metal oxides, e.g.,
xides of manganese [13], nickel [14] and cobalt [15,16].

In the present work, Bi2O3 thin films are grown at room
emperature by electrodeposition from an aqueous medium of
ismuth nitrate and for the first time, exploited as a supercapaci-
or electrode in aqueous NaOH electrolyte. The Bi2O3 films are
haracterized in terms of their structural and electrochemical
upercapacitive characteristics.

. Experimental

The bismuth oxide films were electrodeposited at room tem-
erature from an aqueous solution of 0.2 M bismuth (III) nitrate
omplexed with 0.2 M tartaric acid solution. The pH of the
olution was adjusted to ∼12 by addition of aqueous NaOH
olution. The solution was prepared in freshly prepared double-
istilled water. Mirror polished and ultrasonically cleaned cop-
er was used as a substrate. Cyclic voltammetry (CV) studies
ere performed to study the oxidation and reduction mecha-
isms in the electrolytic bath within the potential range of 0 to
1 V. (Note, all voltages are reported with respect to a satu-

ated calomel reference electrode, SCE.) All the voltammetric
urves were obtained with a scanning potentiostat (Model-273

EG and G) by forming a conventional three-electrode cell.
he working electrode was a well-cleaned substrate of dimen-
ions 1 cm × 4 cm × 0.1 cm. The counter electrode was polished
raphite plate of dimensions 1.5 cm × 4 cm × 1 cm. The refer-
nce electrode was a saturated calomel electrode (SCE). The
reparative parameters were optimized to obtain feasible films
or supercapacitor applications.

With optimized parameters, deposition of bismuth oxide was
arried out in galvanostatic mode using chronopotentiometry.

blackish bismuth oxide film was obtained on the copper
ubstrate. The film thickness was determined by the weight
ifference method using a sensitive microbalance. Structural
nalysis was carried out with a Philips diffractrometer (Philips
W-3710) using a copper target of wavelength 1.5405 Å. Super-
apacitive studies of the bismuth oxide on copper substrates
ere performed with cyclic voltammetry using a 273A EG &
Princeton Applied Research potentiostat. The electrochemi-

al cell used a platinum counter electrode, a saturated calomel
lectrode reference electrode in NaOH electrolyte. The effect of
lectrolyte concentration and scan rate on the capacitance was
xamined. For charge–discharge studies of the bismuth oxide
lectrode, a cell was assembled with same configuration and
M NaOH electrolyte and operated under the constant current
f 1 mA cm−2 in the voltage range of 0 and +0.7 V.

. Results and discussions

.1. Cyclic voltammetry curve and film formation
Cyclic voltammetry is a versatile electroanalytical technique
or the study of electroactive species. The procedure consists
f linearly cycling the potential of an electrode immersed in an
nstirred solution while measuring the resulting current. Thus, a

m
(
w
i

ig. 1. Cyclic voltammogram of bismuth oxide from aqueous nitrate bath on a
opper substrate.

oltammogram is a display of current versus potential in which
he direction of the potential is reversed at the end of the first
can. It is a powerful tool for the determination of formal redox
otentials, the detection of chemical reactions that precede or
ollow the electrochemical reaction, and the evaluation of elec-
ron transfer kinetics.

Cyclic voltammogram were obtained from an electrolyte bath
ontaining 0.2 M Bi(NO3)3 complexed with tartaric acid and at
pH ∼12 adjusted using aqueous NaOH and deposited on a Cu

ubstrate at room temperature. A typical CV in the range of 0 to
1 V SCE−1 at a scan rate 20 mV s−1 is shown in Fig. 1. Reduc-

ion and oxidation peaks are seen in the forward and reverse
cans, respectively. The hydroxide ions in the solution, pro-
uced due to the high alkalinity of the solution, are attracted
owards the cathode at high potentials and Bi2O3 is produced
rom Bi(OH)2

+. Thus, the reduction peak at 0.7 V corresponds
o reduction of Bi2O3 to Bi(OH)2

+. At this peak, the higher
otential and alkaline medium assists the formation of Bi2O3,
hich takes place according to:

i3+ + 2OH− ⇒ Bi(OH)2
+ (1)

Bi(OH)2
+ + 2OH− ⇒ Bi2O3 + 3H2O (2)

hus, by analyzing CV plot, the estimated deposition current
or the formation of Bi2O3 films on to the Cu substrate is
2 mA cm−2.

.2. Thickness measurements

The thickness of the Bi2O3 film was measured by the gravi-
etric weight difference method. The density of the deposited

aterial is assumed to be the same as that of the bulk material

ρ = 9.17 g cm−3 for Bi2O3 films). The variation of thickness
ith deposition time is shown in Fig. 2. As the deposition time

s increased, the film thickness also increases. A maximum thick-



T.P. Gujar et al. / Journal of Power Sources 161 (2006) 1479–1485 1481

F
p

n
1
d
s
[

3

t
p
o

F

Table 1
Comparison of observed ‘d’ values with standard ‘d’ values for a thin film of
Bi2O3 on a copper substrate

Serial no. Observed ‘d’ (Å) Standard ‘d’ (Å) (h k l)

1 3.30 3.29 1 1 2
2 2.38 2.38 1 1 3
3 2.03 2.03 0 4 0
4 1.98 1.98 2 3 1
5 1.87 1.87 3 1 1
6 1.81 1.81 1 1 4
7 1.64 1.64 2 2 4
8 1.56 1.56 3 3 1
9 1.51 1.52 0 4 3

10 1.49 1.49 3 3 0
11 1.44 1.45 0 3 4
12 1.33 1.33 0 6 1
1
1
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ig. 2. Variation of film thickness with deposition time. Dotted line indicates
eeling of film from substrate.

ess of 0.74 �m is attained after a deposition of 15 min. Above
5 min, the film peeled off from the substrate and no further
eposition is observed. This can be attributed to the tensile
tress that tends to cause delamination when film becomes thick
17,18].

.3. X-ray diffraction studies (XRD)
The bismuth oxide film on the copper substrate was charac-
erized by X-ray diffraction in the 2θ range 20–80◦. The XRD
attern is shown in Fig. 3 and Table 1 gives a comparison of the
bserved ‘d’ values of Bi2O3 with ‘d’ values taken from stan-

ig. 3. X-ray diffraction pattern of thin film of Bi2O3 on copper substrate.
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3 1.31 1.31 1 6 1
4 1.27 1.27 4 2 0

ard data cards [ASTM data Card No. 76-1730]. There is good
greement between the observed and standard ‘d’ values. This
onfirms the formation of polycrystalline monoclinic Bi2O3. It
hould be noted that the relative peak intensity of the diffrac-
ion arising from the (1 1 2) plane is much stronger than other
eaks that correspond to other planes. This reveals that Bi2O3
s oriented along the (1 1 2) plane. Bohannan et al. [19] have
eported the textured growth of bismuth oxide on a gold sub-
trate by an electrodeposition method. They observed strong
1 1 1) and (2 2 0) preferred orientations on single crystalline
old substrates. By contrast, Switzer et al. [20] obtained ran-
omly oriented nanoscale crystallites of �-Bi2O3 from electrode
osition on stainless steel and glassy carbon substrates. The crys-
allite size of the (1 1 2) plane oriented Bi2O3 film particles was
stimated using Scherrer’s formula:

= 0.9λ/β cos θ (3)

here λ is X-ray wavelength, θ the Bragg angle and β is the full
idth of the diffraction line at half of the maximum intensity.
he crystallite size of Bi2O3 is estimated to be about 39 nm. The
rystalline nature of the electrode, however limits supercapacitor
erformance only through the surface charge transfer reaction.

.4. Supercapacitive studies

The electrodeposited bismuth oxide films were used in elec-
rochemical supercapacitors. Supercapacitive performance was
ested by means of cyclic voltammetry and chronopotentiometry
CP).

.4.1. Cyclic voltammogram of bismuth oxide electrode
Cyclic voltamogramms of a bismuth oxide electrode of thick-

ess 0.21 �m in aqueous electrolytes, viz., 1.0 M solutions of
aOH, KOH, Na2SO3, Na2SO4, NaCl and KCl, were studied

n the voltage range of 0 to −800 mV. In all cases, the elec-

rode exhibited symmetrical CV characteristics in the forward
nd reverse sweeps. The NaOH electrolyte was found to give
he largest current value, namely, two to four times greater than
hat of the other electrolytes. A typical CV for the electrode-



1482 T.P. Gujar et al. / Journal of Power Sources 161 (2006) 1479–1485

F
s

p
1
i
p
r
s
s
s
e
a
a
t
t
f
c
s
t
c

c

C

w
r

b
t
t
t
r
e
n
t
[

F
o

f
e
d
a
c
e
i
i
i
7

3

i
c
c
p
e
c
0
s
t
l
h
t
a
d
t
t
b
c

ig. 4. Typical cyclic voltammogram of Bi2O3 electrode deposited on copper
ubstrate in 1 M NaOH electrolyte at scan rate of 100 mV s−1.

osited Bi2O3 electrode in 1 M NaOH electrolyte at a scan rate of
00 mV s−1 is shown in Fig. 4. The results indicate a good capac-
tive response from the electrode. Note that, one pair of redox
eaks on this cyclic voltammogram is seen, which indicates
edox transitions of bismuth oxide between different valence
tates. News since the voltammetric responses on the positive
weeps are symmetrical with their counterparts on the negative
weeps, this oxide can be employed as an electrode material for
lectrochemical supercapacitors. When a potential difference is
pplied across the electrode in a solution, redox reactions occur
nd the charge builds up on the surface of electrode. Due to elec-
rostatic interactions, ions in the solution migrate to the electrode
o counterbalance the charge on the electrode, i.e., protons travel
rom one electrode to the other through the electrolyte during
harge and discharge. The movement of electrons occurs at the
ame time through the current source or the external load. Thus,
he current–voltage profile of the Bi2O3 electrode is symmetri-
al.

The interfacial capacitance and specific capacitance were cal-
ulated from:

= I

(dv/dt)
(4)

here I is the average current in amperes; dv/dt is the scanning
ate in mV s−1.

The specific capacitance (F g−1) of the electrode is obtained
y dividing the capacitance by the weight when dipped in elec-
rolyte and the interfacial capacitance is calculated by dividing
he capacitance by the area of the electrode dipped in the elec-
rolyte. The obtained values are 0.013 F cm−2 and 68 F g−1,
espectively. This performance is definitely better than newly

mployed materials for supercapacitors. For example, for SnS
anorods, Jayalakshmi et al. [21] obtained a maximum capaci-
ance of less than 20 F g−1 in NaCl and KOH electrolytes. Wu
22] also found a maximum capacitance of less than 20 F g−1

e
a
a
t

ig. 5. Cyclic voltammograms of Bi2O3 electrode in different concentrations
f NaOH electrolyte. Scanning rate 100 mV s−1.

or SnO2 xerogels [22]. The specific capacitance of the Bi2O3
lectrode is smaller than that of conventional electrochemically
eposited electrodes such as RuO2 (>500 F g−1) [4,11,23,24]
nd MnO2 (>200 F g−1) [7,25]. The main reason that limits the
apacitance of Bi2O3 may be the crystalline structure of the
lectrode. This is because the lattice of the crystalline material
s rigid and is difficult to expand when the ions are inserted dur-
ng the redox reaction. The best example of this fact is of RuO2,
.e., the capacitance of amorphous RuO2 is reported to be about
00 F g−1, while that of crystalline RuO2 is about 380 F g−1 [9].

.4.2. Effect of electrolyte concentration
The effect of electrolyte concentration was studied by keep-

ng the scan rate and potential scanning range constant but
hanging the NaOH concentration from 0.1 to 1 M. The CV
urves of Bi2O3 electrode at a scan rate 100 mV s−1 within the
otential range of 0 to −800 mV in NaOH electrolyte of differ-
nt concentrations are presented in Fig. 5. The current under the
urve increases as the NaOH concentration is increased from
.1 to 1 M. Thereafter the current under the curve is fairly con-
tant. It is seen that the voltammograms are more distorted than
hose in Fig. 4 with decrease in electrolyte concentration. At
ow concentrations of NaOH, i.e., for 0.1–0.25 M, the CV curves
ave no well-resolved redox peaks. As the electrolyte concen-
ration is increased from 0.5 to 1.0 M, redox peaks emerged,
nd with concentration the difference in redox peak potential
ecreases. This is due to free-electrolyte starvation since, for
he amount of electrolyte present in the solutions almost all
he ions become adsorbed at the high-area interface and there
y enhance the internal resistance effect towards full state-of-
harge through a combination of the usual distributed resistance

ffects. Similar type of behaviour has been observed by Zheng
nd Jow [26], and by Convey and Pell [27]. For concentrations
bove 1.0 M, no change in the CV curves is observed. The varia-
ion of specific and interfacial capacitance with concentration of
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ig. 6. Variation of specific and interfacial capacitance of Bi2O3 electrode at
ifferent concentrations of NaOH electrolyte. Scanning rate was 100 mV s−1.

lectrolyte is shown in Fig. 6. The specific and interfacial capac-
tances increase with increasing concentration of electrolyte.
he maximum values of interfacial and specific capacitances
re 0.013 F cm−2 and 68 F g−1, respectively.

.4.3. Effect of scan rate
The effect of scan rate on an electrochemical supercapacitor

ormed by electrodeposited bismuth oxide was studied in 1.0 M
aOH in the voltage range of 0 to −800 mV. The resulting cyclic

oltamogramms at different scan rates are presented in Fig. 7.
he current under the curve slowly increases with scan rate. This
hows that the voltammetric currents are directly proportional
o the scan rate and there by indicates ideal capacitive behaviour

ig. 7. Cyclic voltammograms of Bi2O3 electrode at different scanning rates.
oncentration of NaOH electrolyte 1.0 M.
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ig. 8. Variation of specific and interfacial capacitance of Bi2O3 electrode at
ifferent scan rates. Concentration of NaOH electrolyte 1.0 M.

5]. The variation of specific and interfacial capacitances with the
can rate is given in Fig. 8. It is seen that the specific and inter-
acial capacitances decrease from 98 F g−1 and 0.022 F cm−2

o 60 F g−1 and 0.012 F cm−2, respectively, as the scan rate is
ncreased from 20 to 200 mV s−1. The decrease in capacitance
as been attributed to the presence of inner active sites that can-
ot sustain the redox transitions completely at higher scan rates.
his is probably due to the diffusion effect of protons within

he electrode [28]. The decreasing trend of the capacitance sug-
ests that parts of the surface of the electrode are inaccessible
t high charging–discharging rates. Hence, the specific capaci-
ance obtained at the slowest scan rates is believed to be closest
o that of full utilization of the electrode material.

.4.4. Stability of bismuth oxide electrode
The CV curves of a bismuth oxide electrode for different

umber of cycles are presented in Fig. 9. The data show that a
ery stable material has been synthesized by using electrode-
osition. The system can withstand over 1000 cycles without
ny significant decrease in capacity. This demonstrates that the
aterial is suitable for energy-storage applications. The specific

apacitance and interfacial capacitance decrease only by small
alues with cycling (see Fig. 10). As revealed from this data, the
pecific capacitance of all the electrodes declines very fast during
he first 25 cycles but remains almost constant thereafter (until
000 cycles). The active material may be lost, caused by dis-
olution and/or detachment, during the early charge–discharge
ycles [29].

.4.5. Charge–discharge mechanism
The charge–discharge behaviour of bismuth oxide electrodes

as studied by chronopotentiometry at a constant current of

mA cm−2 between 0 and +0.7 V. Non-symmetrical behaviour
f voltage–time curve is seen, i.e., an IR drop is observed
Fig. 11). The discharge profile usually contains two parts,
ewly, a sudden voltage drop (linear portion parallel to y-axis)
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Fig. 9. Cyclic voltammograms of Bi2O3 electrode at different cycles. Scanning
rate and concentration of NaOH electrolyte 100 mV s−1 and 1.0 M, respectively.
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ig. 10. Variation of specific and interfacial capacitance of Bi2O3 electrode
t different cycles. Scanning rate and concentration of NaOH electrolyte
00 mV s−1 and 1.0 M, respectively.

epresenting the voltage change due to the internal resistance and
capacitive component (curved portion) related to the voltage

hange due to change in energy within the capacitor [21].
The average capacitance of the Bi2O3 electrode was calcu-

ated according to the following relation:

= I ×
(

�t

�V

)
(5)
here �t is the time duration (s) of the discharge process; �V
V) is the voltage range. From charge–discharge profile, the
pecific capacitance is estimated to be 57 F g−1, which is com-
arable with the values obtained from CV curves.
ig. 11. Charge–discharge curves of Bi2O3 supercapacitor in 1.0 M NaOH elec-
rolyte.

. Conclusions

Bismuth oxide films have been deposited on a copper sub-
trate at room temperature using an electrochemical method.
lectrochemically-deposited thin films of bismuth oxide have
een successfully employed as supercapacitor electrodes and
ive satisfactory performance, high electrochemical reversibil-
ty, good stability, high power, and high specific capacitance.
hough the Bi2O3 films are crystalline with a monoclinic crys-

al structure, they are capable of giving a specific capacitance of
8 F g−1. Although the performance of the Bi2O3 electrode is
oor compared with a conventional expensive RuO2 electrode, it
s possible that further research to overcome its limitations will
ring it to such a position as to make it a promising candidate
or use in supercapacitors.
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