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In  this  work,  preparation  and  characterization  of  a novel  nanocomposite  containing  bismuth  oxide  (Bi2O3)
nanoparticles  and  multiwalled  carbon  nanotubes  (MWCNTs)  was  presented.  Powder  X-ray  diffraction
(XRD)  studies  revealed  that  as-synthesized  Bi2O3 nanoparticles  are  crystalline  and  belong  to  �-phase
with  monoclinic  symmetry.  Field  emission  scanning  electron  microscopy  (FESEM)  study  results  showed
that  the size  of Bi2O3 nanoparticles  is  50 nm.  Energy-dispersive  X-ray  (EDX)  spectra  of  as-prepared
Bi2O3–MWCNT  nanocomposite  displayed  characteristic  Bi and  C peaks  which  confirmed  the  incorpo-
ration  of  Bi2O3 with  MWCNT.  The  prepared  Bi2O3–MWCNT  was  also  characterized  by  scanning  electron
microscopy  (SEM)  and  atomic  force  microscopy  (AFM)  studies.  The  direct  electron  transfer  of  horseradish
peroxidase  (HRP)  has been  revealed  at Bi2O3–MWCNT  modified  glassy  carbon  electrode  (GCE). In order
to  firmly  anchor  the  HRP  molecules  onto  Bi2O3–MWCNT  matrix,  a  thin  layer  of  1%  nafion  (NF)  solution
was  coated  as  a  binder.  The  fabricated  NF/HRP/Bi2O3–MWCNT/GCE  exhibits  well  defined  quasi-reversible

0 ′
lectrocatalysis
ydrogen  peroxide

redox  peaks  at a formal  potential  (E )  of −0.326  V vs.  Ag/AgCl  reference  electrode  in  0.05  M  phosphate
buffer  solution  (PBS),  pH 7. NF/HRP/Bi2O3–MWCNT  film  remarkably  lowers  the  over potential  for  H2O2

reduction  than  MWCNT,  Bi2O3–MWCNT  and  unmodified  GCEs.  The  proposed  composite  film  exhibits
quick  amperometric  i–t response  (5  s)  towards  H2O2 in  the  linear  range  of  8.34–28.88  mM with  a  sensi-
tivity  of 26.54  �A  �M−1 cm−2. The  developed  NF/HRP/Bi2O3–MWCNT  biosensor  has  a good  operational
stability  and  high  selectivity  towards  H2O2.
. Introduction

In recent years, owing to the large surface area, high mechan-
cal resistance, and high electronic conductivity [1], multiwalled
arbon nanotubes (MWCNTs) and their composites have been
xtensively used for biosensors [2], fuel cells [3], solar cells [4]
nd photovoltaics [5] applications. MWCNT composites with metal
anoparticles [6], metal oxide nanoparticles [7], and conduct-

ng polymers [8,9] have been widely employed for the sensitive
nd selective determination of essential compounds such as
scorbic acid, epinephrine, uric acid, catechol and quinol. Since,
etal oxides possess unique advantages such as high sensitiv-

ty, good selectivity and large surface-to-volume ratio, so far
ncreasing number of researchers have reported the production

f novel CNT–metal oxide nanocomposites for biosensors appli-
ations [10,11]. MWCNT–metal oxide composites have also been

∗ Corresponding author. Tel.: +886 2270 17147; fax: +886 2270 25238.
E-mail  address: smchen78@ms15.hinet.net (S.-M. Chen).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.09.021
© 2011 Elsevier B.V. All rights reserved.

employed in supercapacitors [12], electrochemical capacitors [13],
and lithium ion batteries [14].

Bismuth oxide (Bi2O3) is a well known transition metal oxide
and it has been intensively studied due to its interesting thermal
and electrical transport properties [15]. Moreover, Bi2O3 nanoparti-
cles can offer large surface area and good electrochemical stability.
Recently Bi2O3 nanoparticles have attracted considerable attention
due to their potential applications in electrochemical sensors for
sensing zinc [16], paracetamol [17] and to probe DNA hybridization
[18]. Owing to its unique properties such as nontoxic nature, excel-
lent chemical inertness and biocompatibility, it has been employed
as potential immobilizing platforms for glucose oxidase [19], and
polyphenol oxidase [20].

Hydrogen  peroxide (H2O2) has received considerable attention
because of its good antiseptic and antibacterial property [21]. Due
to its excellent oxidizing and bleaching property, H2O2 has been
widely employed in industries and clinical laboratories. Due to the

immense applications of H2O2, there is always a need for explor-
ing a suitable, cost-effective, sensitive H2O2 quantification tool.
The high specify of enzyme–substrate interactions with the usu-
ally high turnover rates of biocatalysts, enzyme based biosensors
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nanoparticles are closely distributed throughout the film surface.
The Bi2O3 nanoparticles are 50 nm in size. The large surface area and
porous architecture of Bi2O3 nanoparticles can enhance the enzyme
loading.
6 A.P.  Periasamy et al. 

ave attracted significant attention these days [22]. Horseradish
eroxidase (HRP) is an important heme containing redox enzyme
hich belongs to class III (classical secretory plant peroxidases)

f the plant peroxidase super family [23]. HRP contains ferripro-
oporphyrin IX prosthetic group at its active centre. It has been

ajorly used in amperometric H2O2 biosensors due to its unique
bility to catalyze H2O2 reduction process at a specific low poten-
ial via direct electron transfer [24]. Since, bare electrode lacks the
bility to promote the direct electron transfer process; it necessi-
ates exploring novel nanocomposites materials with substantial
roperties to augment the electron transfer phenomena. Previ-
us literature reports shows that direct electrochemistry of HRP
as been revealed at CNTs [25,26] and metal oxides such as zinc
xide (ZnO) [27], titanium dioxide (TiO2) [28], mesoporous TiO2
nd tin oxide (SnO2) [29], SnO2 nanorods [30], SiO2 nanoparti-
les [31], nanostructured cerium oxide (CeO2) [32], nickel oxide
anoparticles (NiO NPs) [33], polyquaternium–manganese oxide
anosheets [34], and zirconia nanocomposites [35]. Recently, we
eported the direct electrochemistry of HRP at RuO2 nanoparticles
odified GCE [36]. However, thorough view of literature reveals

hat no one has attempted to explore the direct electrochemistry
f HRP at Bi2O3–MWCNT nanocomposite.

In  this work, we prepared Bi2O3–MWCNT nanocomposite and
e used it as a novel electrode material to explore the direct elec-

rochemistry of HRP. Bi2O3–MWCNT nanocomposite and HRP films
ere modified sequentially on a GCE surface by simple drop casting
ethod. In order to provide an outer protective coating as well as to

ightly anchor the HRP molecules a thin layer of nafion (NF) coating
as employed as a binder. The developed NF/HRP/Bi2O3–MWCNT
lm exhibits excellent electrocatalytic activity towards H2O2 with
igh sensitivity and selectivity. Moreover, the composite film pos-
esses good biocompatibility and appreciable operational stability.

. Experimental

.1. Reagents

MWCNT with O.D. 10–15 nm,  I.D. 2–6 nm and length 0.1–10 �m
as obtained from Aldrich. Peroxidase, from horseradish, type
I-A was purchased from Sigma. Bismuth (III) nitrate pentahy-
rate, 99.9% was obtained from Wako pure chemical Industries,
td. Polyethylene glycol solution (PEG-4000) was purchased from
igma–Aldrich and used as received. 5 wt% NF perfluorinated ion
xchange resin was purchased from Aldrich and the required NF
oncentrations such as 0.25, 0.5, 0.75, 1.0 and 1.25% were prepared
n definite volume of 95% pure ethanol, obtained from Shimakyu’s
ure chemicals. The supporting electrolyte used in this study was
.05 M phosphate buffer solution (PBS), pH 7 prepared using 0.05 M
a2HPO4 and NaH2PO4 solutions. All the reagents used in this work
ere of analytical grade and all aqueous solutions were prepared
sing doubly distilled water. Prior to each experiment, the exper-

mental solutions were deoxygenated with pre-purified N2 gas for
0 min  and the N2 tube was kept above the solutions to maintain
n inert atmosphere.

.2.  Apparatus

Cyclic voltammetry (CV) experiments were carried out using
HI 1205b work station. A conventional three electrode cell
ontaining freshly prepared 0.05 M PBS (pH 7) was used for
lectrochemical studies. GCE with an electrode surface area of

.079 cm2 was used as working electrode. Pt wire with 0.5 mm
iameter was used as counter electrode and all the potentials
ere referred with respect to standard Ag/AgCl reference elec-

rode. Amperometric (i–t curve) measurements were performed
ta 87 (2011) 15– 23

using  CHI-750 potentiostat with analytical rotator AFMSRX (PINE
instruments, USA). EIM6ex ZAHNER (Kroanch, Germany) was  used
for electrochemical impedance spectroscopy (EIS) studies. Surface
morphological studies were carried out using Hitachi S-3000 H
scanning electron microscope (SEM) and Being nano-instruments
CSPM 4000, atomic force microscope (AFM). Field emission
scanning electron microscope (FESEM), JSM-6500F was  used to
investigate the surface morphology of as-prepared Bi2O3 nanopar-
ticles. Energy-dispersive X-ray (EDX) spectra was recorded using
HORIBA EMAX X-ACT (Model 51-ADD0009, Sensor + 24 V = 16 W,
resolution at 5.9 keV = 129 eV). Powder X-ray diffraction (XRD)
studies were performed in a XPERT-PRO (PANalytical B.V., The
Netherlands) diffractometer using Cu K� radiation (k = 1.54 A◦).
UV–visible absorption spectroscopy measurements were carried
out using Hitachi U-3300 spectrophotometer.

2.3. Preparation and characterization of Bi2O3 nanoparticles
using FESEM studies

Bi2O3 nanoparticles were prepared according to the proce-
dure reported elsewhere in the literature [37]. Transparent Bi3+

aqueous solution was  obtained by dissolving 0.05 mol  Bi(NO3)3
in 30 ml  0.05 M HNO3, to which 20 ml  polyethylene glycol (PEG-
4000) was  added as dispersant. Then 50 ml  of 4 M NaOH aqueous
solution was quickly poured into this solution with vigorous
stirring, which immediately leads to the formation of yellow-
ish precipitate. The whole reaction mixture was kept at 90 ◦C
and stirred continuously for 2 h. Then the as-produced precip-
itates were filtered, washed with alcohol and doubly distilled
water for several times, and then dried at 60 ◦C in an air oven.
Finally, faint yellowish Bi2O3 samples were obtained. Since the
prepared Bi2O3 nanoparticles are sparingly soluble in water, we
dispersed the accurately weighed quantities of Bi2O3 nanopar-
ticles in DMF  solution to obtain a final concentration of 1 mg
ml−1. The as-obtained Bi2O3/DMF dispersion was evenly spread
on a pre-cleaned indium tin oxide electrode (ITO) surface and
dried well in an air oven to evaporate the solvent molecules.
The prepared Bi2O3 nanoparticles coated ITO electrode was  used
for FESEM study. The FESEM image of the Bi2O3 nanoparticles at
100 nm resolutions is shown in Fig. 1. The Bi2O3 nanoparticles pos-
sess highly porous surface morphology. Spherical shaped Bi2O3
Fig. 1. FESEM image of Bi2O3 nanoparticles.
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.4. Preparation of Bi2O3–MWCNT nanocomposite

In  a typical procedure, about 1 mg  of as-synthesized Bi2O3
anoparticles were added in to 1 ml  of MWCNT/DMF solution and
he whole mixture was ultrasonicated for 1 h. Thus uniform, pale
lackish, homogeneous Bi2O3 nanoparticles/DMF dispersion was
btained. In order to explore the role of Bi2O3 in the nanocompos-
te, 1 mg  ml−1 of MWCNT/DMF dispersion was prepared without
ny Bi2O3 nanoparticles addition. Hereafter, the terms MWCNT and
i2O3–MWCNT mentioned elsewhere in this work will indicate
WCNT dispersion prepared without and with Bi2O3 nanoparti-

les.

.5. Biosensor fabrication procedure

5 mg  ml−1 of HRP in 0.05 M PBS (pH 7) and 1% NF in ethanol were
repared separately and stored at 4 ◦C. GCE surface was  polished
ith clean Buehler polishing cloth using 0.05 �m alumina slurry

nd washed with doubly distilled water to remove the loosely
dsorbed alumina particles. 10 �l of Bi2O3–MWCNT dispersion was
rop casted on the clean GCE surface and dried for 30 min. The
esulting Bi2O3–MWCNT modified GCE surface was  drop casted
ith 10 �l of HRP solution and dried at 30 ◦C for 30 min. Finally, 4 �l

f 1% NF solution was evenly spread on the HRP film surface and
ried well at 30 ◦C. As reported by Zhou et al. the isoelectric point
pI) of HRP is 8.9, therefore HRP possess positive surface charge
n pH 7 [38]. Previous study by Huang et al. provides evidence
hat the negative sulphonate groups of NF may  bind to the posi-
ive surface charge of cytochrome c in pH 7 [39]. Similarly, in the
resent study we expect similar electrostatic interaction between
he negative sulphonate groups of NF and positive surface of HRP,
hich may  aid firm anchoring of HRP at the modified electrode
urface. The prepared NF/HRP/Bi2O3–MWCNT/GCE was washed
ew times with doubly distilled water and used for further stud-
es. For comparison studies, HRP, HRP/Bi2O3 and NF/HRP/MWCNT
lm modified electrodes were also prepared. All the modified

Fig. 2. SEM images of (A) Bi2O3 nanoparticles, (B) Bi2O3–MWCN
ta 87 (2011) 15– 23 17

electrodes  were stored in 0.05 M PBS (pH 7) at 4 ◦C when not in
use.

3. Results and discussion

3.1.  Surface morphological characterization studies using SEM
and  AFM

The surface morphology of various films has been investi-
gated using SEM studies. Fig. 2(A) shows the SEM image of Bi2O3
nanocrystals with variable sizes such as nanorods, nanotubes and
spherical nanoparticles. In particular, Bi2O3 nanoparticles appear as
bright spots. The rod or tube structures can be formed due to associ-
ation of smaller Bi2O3 nanoparticles. Fig. 2(B) shows the SEM image
of Bi2O3–MWCNT with bright Bi2O3 nanoparticles coated MWCNT
networks. On the other hand, Fig. 2(C) shows the SEM image of
MWCNTs, where several coiled MWCNT bundles were found along
with few agglomerated MWCNT bundles. Fig. 2(D) shows the SEM
image of NF/HRP/Bi2O3–MWCNT film. The large surface area of
MWCNT and porous nature of Bi2O3 nanoparticles offers a good
platform for anchoring HRP molecules. As a result more amount
of HRP has been immobilized at the Bi2O3–MWCNT matrix. Unlike
Bi2O3–MWCNT film surface, the NF/HRP/Bi2O3–MWCNT film con-
tains slightly larger voids on its surface. However, these voids
are loaded well with HRP, indicating the efficient enzyme load-
ing.

Fig. 3(A) shows the AFM image of Bi2O3 nanoparticles. Sev-
eral small bright spherical shaped Bi2O3 nanoparticles are more
closely anchored throughout the film surface. The size of the Bi2O3
nanoparticles is between 50 and 150 nm.  Few larger bright parti-
cles with 150–300 nm size were also found. The average surface
roughness and root mean square roughness values are 3.09 nm and

4.14 nm,  which indicated the rough surface morphology of Bi2O3
nanoparticles. The AFM image of Bi2O3–MWCNT nanocomposite
is shown in Fig. 3(B), which contains both spherical shaped Bi2O3
nanoparticles and MWCNT. Only few bright particles are seen. No

T and (C) MWCNT and (D) NF/HRP/Bi2O3–MWCNT films.
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Fig. 4. EDX spectra of (A) Bi2O3 nanoparticles, (B) MWCNT and (C) Bi2O3–MWCNT

MWCNT in the nanocomposite. The formation of Bi O –MWCNT
ig. 3. AFM images of (A) Bi2O3 nanoparticles, (B) Bi2O3–MWCNT and (C)
F/HRP/Bi2O3–MWCNT films.

arger particles or their agglomerates were observed. The aver-
ge surface roughness and root mean square roughness values of
i2O3–MWCNT is 2.71 nm and 3.59 nm which shows its porous
ough surface morphology. On the other hand, Fig. 3(C) shows
he AFM image of HRP immobilized Bi2O3–MWCNT film with dis-
inct surface morphology. HRP molecules are well immobilized at
he nanocomposite matrix. Several bright spherical shaped parti-
les are found. The AFM results are in good agreement with the
EM results, the composite film displays many voids on its sur-
ace and these voids were loaded well with HRP molecules. The
verage surface roughness and root mean square roughness values

bserved at NF/HRP/Bi2O3–MWCNT film is 26.3 nm and 33.1 nm,
hich is significantly higher than the roughness values of Bi2O3
anoparticles and Bi2O3–MWCNT films indicating high HRP load-

ng at the former. This could be ascribed to the large surface area and
films.  The insets show their corresponding SEM images. The elemental composition
for  all the above said films with atomic and weight percentage has been given in the
inset table.

highly porous surface morphology of MWCNT and Bi2O3 nanopar-
ticles.

3.2. EDX spectra analysis

EDX  spectra results have been used to confirm the formation
of Bi2O3–MWCNT. The EDX spectra of Bi2O3 nanoparticles pre-
sented in Fig. 4(A) exhibits well defined peaks for Bi and O elements,
confirming the presence of Bi2O3 nanoparticles. The correspond-
ing SEM image is shown in Fig. 4(A) inset, which depicts the
as-synthesized Bi2O3 nanocrystals with variable sizes. From the
atomic and weight percentage values, it is clear that Bi2O3 nanopar-
ticles are richer with the elements Bi and O. Where as, the EDX
spectra of MWCNT in Fig. 4(B) shows intense peaks for the ele-
ments C and O indicating the presence of various carbon and oxygen
containing functional groups at the MWCNT surface. The weight
and atomic percentage values for the elements C and O are 91.67,
93.26% and 8.33, 6.74%, respectively. The SEM image of MWCNT
film is also provided in the inset of Fig. 4(B). Interestingly, the
EDX spectra of Bi2O3–MWCNT nanocomposite shown in Fig. 4(C)
exhibits both Bi and C peaks, indicating the presence of Bi2O3 and
2 3
has also been confirmed from the atomic, weight percentage val-
ues and the SEM image of Bi2O3–MWCNT film given in the inset of
Fig. 4(C).
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ig. 5. (A) Powder XRD pattern of as-synthesized �-Bi2O3 nanoparticles (B) standard
owder  XRD pattern of �-Bi2O3 (PDF # 710465) and (C) powder XRD pattern of
i2O3–MWCNT nanocomposite.

.3. XRD studies

Fig.  5(A) shows the powder XRD pattern of �-Bi2O3 nanoparti-
les synthesized in this work. Li reported a mixture of two  distinct
rystal phases such as monoclinic �-Bi2O3 and triclinic �-Bi2O3
hase by adapting the solution based approach [37]. However, in
ur case majority of the peak positions and the corresponding
� angles are consistent with the standard powder XRD pattern
f monoclinic, �-Bi2O3 nanoparticles (PDF # 710465) shown in
ig. 5(B). Thus the Bi2O3 nanoparticles synthesized in this work are
-Bi2O3 and it has a monoclinic symmetry with a space group of
21/c(14). The cell parameters are a = 5.849, b = 8.164, and c = 7.510,
espectively. Similarly, as shown in Fig. 5(C) the XRD pattern of
i2O3–MWCNT nanocomposite also exhibits identical peaks at
ame 2� values with similar intensities as that of �-Bi2O3, which
onfirmed the presence of Bi2O3 in the nanocomposite.

.4. Investigation of direct electrochemistry of HRP

The direct electrochemistry of HRP was  investigated at
i2O3–MWCNT film modified GCE using cyclic voltammetry. Fig. 6
hows the cyclic voltammograms obtained at various films mod-

fied GCEs in 0.05 M PBS (pH 7). As shown by curves (a) and
b), no obvious redox peaks were observed at HRP/GCE and
RP/Bi2O3/GCE in the potential range between 0.2 and −0.7 V. Thus
o apparent electron transfer process occurs at the unmodified and
Fig. 6. Cyclic voltammograms obtained at (a) HRP, (b) HRP/Bi2O3 and (c)
NF/HRP/MWCNT  and (d) NF/HRP/Bi2O3–MWCNT film modified GCEs in N2 saturated
0.05  M PBS (pH 7) at the scan rate of 50 mV s−1.

HRP/Bi2O3 modified GCEs, ascribed to the poor electrical contact
between the prosthetic group of HRP and these electrode surfaces.
In contrast, as shown in curve (c), NF/HRP/MWCNT/GCE shows well
defined redox peaks at a formal potential (E0 ′) of −0.324 V. This
represents the unique ability of MWCNT to triumph the direct elec-
tron transfer of HRP as better electrical communication has been
established via MWCNT. Compared with NF/HRP/MWCNT/GCE,
enhanced  redox peaks at an E0 ′ value of −0.326 V is observed
at NF/HRP/Bi2O3–MWCNT/GCE which indicates the fast electron
transfer process at the later (see curve (d)). The E0 ′ value (−0.326 V)
of HRP reported at NF/HRP/Bi2O3–MWCNT film is close to the E0 ′

value (−0.328 V) of HRP reported at MWCNT/alumina-coated silica
nanocomposite modified GCE vs. Ag/AgCl reference electrode [40].
The electron transfer process occurring at the nanocomposite film
matrix thus belongs to the Fe(III/II) redox electrochemical process of
the immobilized HRP.

3.5.  Effect of scan rate and pH

Fig. 7 shows the cyclic voltammograms obtained at
NF/HRP/Bi2O3–MWCNT/GCE in N2 saturated 0.05 M PBS (pH
7) at different scan rates. The peak currents (Ipa and Ipc) vs. scan
rates plot shown in Fig. 7 inset exhibits a linear relationship with
R2 = 0.999 and 0.9997, respectively. Both Ipa and Ipc increased lin-
early with increase in scan rates between 50 and 500 mV  s−1,  thus
the Fe(III/II) redox process occurring at NF/HRP/Bi2O3–MWCNT/GCE
is surface-confined. The surface coverage (� ) value of HRP immo-
bilized at NF/HRP/Bi2O3–MWCNT/GCE has been calculated using
the formula given in Eq. (1)

� = Q

nFA
(1)

where  Q is the charge, n is the number of electrons transferred, F is
the Faraday current and A is the electrode area. Where, the num-
ber of electrons transferred is 1 for Fe(III/II) redox reaction of HRP.
The � value of HRP immobilized at NF/HRP/Bi2O3–MWCNT/GCE
is calculated to be about 2.52 × 10−10 mol  cm−2, which is
higher than the � values of HRP reported at NF-HRP-CNT/GC
(� = 1.90 ± 0.44 × 10−12 mol  cm−2) [41], and other HRP modified
electrodes [42–44]. The higher � value of HRP reported in this work
can be ascribed to the porous nature of Bi2O3 nanoparticles and

large surface area of MWCNT which enables high enzyme loading.

As  shown in Fig. S1 well-defined quasi-reversible redox peaks
corresponding to Fe(III/II) redox process of HRP was  observed at
NF/HRP/Bi2O3–MWCNT/GCE in the pH range between 4 and 11.
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Fig. 7. Cyclic voltammograms obtained at NF/HRP/Bi2O3–MWCNT film modified
GCE  in N2 saturated 0.05 M PBS (pH 7) at different scan rates. The scan rates from
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Fig. 8. (a) EIS of (a) bare, (b) HRP, (c) Bi2O3–MWCNT, (d) MWCNT, (e)
NF/HRP/MWCNT, and (f) NF/HRP/Bi2O3–MWCNT film modified GCEs in 0.05 M
nner  to outer are between 50, 100, 150, 200, 250, 300, 350, 400, 450, and 500 mV  s−1.
he inset shows the linear dependence plot of peak currents (Ipa and Ipc) vs. scan
ates/V  s−1.

his shows the stability of the composite film in wide pH range. In
articular, well defined redox peaks with enhanced peak currents
ere observed in pH 7 as the HRP retains its bioactivity in neutral
H. Fig. S1 inset, shows the linear dependence of Epa, Epc and E0 ′

f the redox couple of HRP with pH. The E0 ′ values showed a neg-
tive shift with increase in pH with a slope value of 41.8 mV  pH−1,
espectively. This slope value is close to the theoretical slope value
f 59 mV pH−1 for equal number of electron and proton transfer
rocess. The slope value of HRP reported in this study is also closer
o the slope of 37.8 mV  pH−1 reported at HRP/DDAB–HIMIMPF6
lm [42]. As explained in previous literature, the reasons for the
maller slope values might be ascribed to the protonation states of
rans ligands to the heme iron and amino acids around the heme,
r because of the protonation of the water molecule coordinated to
he central iron [45,46].

.6.  Biocompatibility study using UV–vis absorption spectroscopy

UV–vis  absorption spectra can be used as an effective tool
o probe whether the heme proteins retain their native struc-
ure at the immobilization matrix. This kind of information can
e explicated from the exact location and from the shift in posi-
ion of the soret absorption band of heme prosthetic group. So
e utilized UV–vis absorption spectroscopy as a handy tool to
robe whether HRP retains its native structure at Bi2O3–MWCNT
anocomposite. Fig. S2 shows the UV–visible absorption spectra of
F/HRP/Bi2O3–MWCNT film. A broad absorption band at 400 nm
as been observed for NF/HRP/Bi2O3–MWCNT film which is close
o the soret band of HRP casted films (404 nm and 406 nm)  reported
efore [47]. Since HRP retains its soret band without any notable
avelength shift, the nanocomposite matrix should be highly bio-

ompatible for the immobilized HRP.

.7. EIS studies at various film modified GCEs

Fig. 8 shows the real and imaginary parts of the impedance

pectra represented as Nyquist plots (Zim vs. Zre) for various film
odified GCEs in 0.05 M PBS (pH 7) containing 5 mM Fe(CN)6

3−/4−.
n Fig. 8, curve (a) displays well defined semicircle at unmodi-
ed GCE which indicates the sluggish electron transfer process.
PBS (pH 7) containing 5 mM Fe(CN)6
3−/Fe(CN)6

4− . Amplitude: 5 mV,  frequency:
100  mHz–100 kHz. EIS data obtained at all modified electrodes were fitted using
the Randles equivalence circuit given in the inset.

Compared with bare GCE, HRP modified GCE shown in curve (b)
exhibits slightly larger semicircle than bare GCE. The increase in
the electron transfer resistance (Ret) value at HRP/GCE is due to
the inaccessibility of the heme redox entre since it is covered by
thick polypeptide layer. Unlike the unmodified and HRP modified
GCEs, Bi2O3–MWCNT and MWCNT modified GCEs does not show
any semicircles instead they exhibited straight lines representing
the diffusion-limited electrochemical process (see curves (c) and
(d)). The decrease in Ret values at Bi2O3–MWCNT and MWCNT mod-
ified GCE surfaces showed the excellent electron transfer ability of
MWCNT. Similarly as shown in curves (e) and (f), NF/HRP/MWCNT
and NF/HRP/Bi2O3–MWCNT film modified GCEs showed slightly
bent lines with increased Ret values which can be ascribed to the
non-conductive properties of HRP which hinder the electron trans-
fer of the electrochemical probe [48]. Thus EIS results confirmed the
immobilization of HRP at the nanocomposite.

3.8. Electrocatalytic H2O2 reduction studies

We  investigated the electrocatalytic activity of the HRP
immobilized nanocomposite film towards H2O2 in 0.05 M PBS
(pH 7). Fig. 9(a) shows the cyclic voltamograms obtained at
NF/HRP/Bi2O3–MWCNT/GCE in the absence of H2O2. While the
curves (b-i) represents the cyclic voltammograms obtained at the
composite film in presence of various H2O2 concentrations. An
enhanced catalytic reduction peak was observed at an Ipc of −0.18 V
for 3.6 �M H2O2 (curve b). Since then, the cathodic peak cur-
rents increased gradually with increase in H2O2 concentrations
while anodic peak currents decreased ((Fig. 9(c–i)). Where, both
the increase in peak current and decrease in over potential are
considered as electrocatalysis [49]. In contrast, bare GCE exhibits
ill-defined peak at −0.6 V for 222.2 �M H2O2, which shows its poor
electrocatalytic activity towards H2O2 (see curve (a′) in Fig. 9).
Compared with the H2O2 reduction potential (−0.6 V) of bare GCE,
composite film modified GCE exhibits enhanced reduction peak at
much lower potential (−0.23 V), which indicates that composite
film has reduced the over potential by 370 mV. The good electro-
catalytic activity can be ascribed to the synergistic effect of the
nanocomposite towards H2O2. The NF/HRP/Bi2O3–MWCNT/GCE

exhibits promising electrocatalytic activity towards H2O2 in the lin-
ear concentration range between 19.2 and 222.1 �M H2O2 with a
sensitivity of 1.62 �A mM−1 cm−2. The linear regression equation
is I (�A) = 0.1282C (�M)  + 2.2514, R2 = 0.9845.
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Fig. 9. Cyclic voltammograms obtained at NF/HRP/Bi2O3–MWCNT/GCE at the scan
rate of 50 mV  s−1 in the (a) absence and presence of (b) 3.6 (c) 19.2, (d) 50.9, (e) 72.0,
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f)  82.2, (g) 121.0, (h) 176.0, and (i) 222.2 �M H2O2, (a ) bare/GCE in the presence of
22.2 �M H2O2. Supporting electrolyte: N2 saturated 0.05 M PBS (pH 7). Inset is the
lot  of cathodic peak current vs. [H2O2].

We  investigated the influence of NF coating on the electrocat-
lytic activity of HRP using CV studies. The NF concentrations used
ere 0.25, 0.5, 0.75, 1.0 and 1.25%, respectively. Cyclic voltammo-

rams were obtained at the biosensors fabricated using the above
entioned NF concentrations in N2 saturated 0.05 M PBS (pH 7)

ontaining 100 �M H2O2 at the scan rate of 50 mV  s−1 (CVs not
hown). From the as-obtained cyclic voltammograms, the electro-
atalytic reduction current has been calculated and plotted against
arious NF concentrations as shown in Fig. S3. It is clear that, the
esponse current increased slightly for 0.25 and 0.5% NF, where as
t decreased for 0.75 and 1.25% NF. However, maximum response
urrent was observed at the biosensor fabricated with 1% NF, so we
sed this optimized NF concentration for all our electrocatalytic
xperiments.

We also attempted to compare the electrocatalytic activity of
arious modified electrodes. In Fig. 10, curves (a–d) show the
lectrocatalytic responses obtained at various modified electrodes

n the presence of 222.1 �M H2O2. Among all the investigated
lectrodes, as shown in curve (d), NF/HRP/Bi2O3–MWCNT/GCE
hows enhanced electrocatalytic reduction peak at much low

ig. 10. Cyclic voltammograms obtained at (a) MWCNT, (b) NF/HRP/MWCNT, (c)
i2O3–MWCNT, and (d) NF/HRP/Bi2O3–MWCNT/GCEs at the scan rate of 50 mV s−1

n the presence of 222.1 �M H2O2. Supporting electrolyte is N2 saturated 0.05 M PBS
pH 7).
ta 87 (2011) 15– 23 21

reduction potential of −0.223 V. Comparatively, as shown in
curves (a and b) MWCNT, and NF/HRP/MWCNT/GCE displayed
small shoulder peaks at −0.412 V and −0.223 V, respectively.
While as shown in curve (c), Bi2O3–MWCNT modified elec-
trode exhibits an enhanced reduction peak at −0.339. It is
noteworthy that compared with MWCNT and Bi2O3–MWCNT
films, the NF/HRP/Bi2O3–MWCNT/GCE considerably decreased the
overpotential by 189 and 176 mV respectively. Moreover, the
electrocatalytic current observed at the composite film is sev-
eral folds higher than the electrocatalytic current observed at
NF/HRP/MWCNT/GCE. The excellent electrocatalytic H2O2 reduc-
tion results achieved at NF/HRP/Bi2O3–MWCNT film corroborates
its low potential H2O2 sensing ability, which could be ascribed to
the good biocompatibility of the Bi2O3–MWCNT nanocomposite for
HRP and synergistic effect of the Bi2O3–MWCNTs for H2O2.

3.9.  Amperometric i–t curve studies

During the amperometric experiments the electrode potential
was held at −0.3 V and the N2 saturated 0.05 M PBS (pH 7) was
continuously stirred at 900 rpm. For every 50 s, aliquots of H2O2
were successively injected into the supporting electrolyte solu-
tion. Fig. 11(A) shows the amperometric i–t response obtained at
NF/HRP/Bi2O3–MWCNT rotating GCE upon various H2O2 concen-
tration additions. The composite film exhibits rapid, well-defined
amperometric response towards various H2O2 concentration
additions. The response time of the NF/HRP/Bi2O3–MWCNT com-
posite film towards H2O2 was  5 s, validating the rapid catalytic
reduction process occurring at the composite film surface. The
amperometric response current increased linearly with increase
in H2O2 concentrations between 6.63 mM and 30.12 mM H2O2
(Fig. 11(A) inset). From the calibration plot, the linear concentration
range, correlation coefficient and the sensitivity values are calcu-
lated as 8.34–28.88 mM H2O2, 0.9743 and 26.54 �A mM−1 cm−2,
respectively. The linear regression equation is I (�A) = 6.3698C
(�M) + 7.0994, R2 = 0.9743. The essential analytical parameters
such as applied potential, sensitivity, response time and linear
concentration range of the proposed NF/HRP/Bi2O3–MWCNT film
have been compared with other HRP based biosensors available in
literature [50–52,26,53–55,36] as exemplified in Table 1. The pro-
posed biosensor detects H2O2 at low operating potential (−0.3 V vs.
Ag/AgCl), with high sensitivity, short response time in wide linear
concentration range. The satisfactory amperometric H2O2 deter-
mination results achieved at the NF/HRP/Bi2O3–MWCNT film in
this study could be attributed to the good affinity of the immo-
bilized HRP for H2O2 and the efficient immobilization of HRP at
Bi2O3–MWCNT matrix.

It  is well known that the biological fluids contain H2O2 along
with ascorbic acid (AA), uric acid (UA), and dopamine (DA).
Therefore, the selectivity of the developed NF/HRP/Bi2O3–MWCNT
composite film is mandatory and it was evaluated in the pres-
ence of the above said interfering species in same 0.05 M PBS (pH
7). In Fig. 11(B), NF/HRP/Bi2O3–MWCNT film shows rapid, well
defined amperometric response towards 100 �M H2O2. In contrast,
no notable amperometric signals were observed for each 100 �M of
UA, AA and DA concentration additions. The selectivity results thus
confirmed that the proposed HRP biosensor is highly selective and
it successfully overcomes the matrix effect caused by the common
interferences. The good selectivity of the composite film could be
ascribed to the anti-interference ability of the outer NF layer [56].

The operational stability of NF/HRP/Bi2O3–MWCNT modi-
fied rotating disc electrode was  examined by amperometry.

Fig. S4 shows the amperometric i–t response observed at
NF/HRP/Bi2O3–MWCNT film for 100 �M H2O2. Under hydronamic
rotating conditions (900 rpm), the composite film exhibits well
defined amperometric response for 100 �M H2O2 and the response
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Table 1
Comparison of electroanalytical values obtained in this work for H2O2 quantification with other HRP based electrodes reported in literature.

Electrode Applied potential (V) Sensitivity aResponse time (s) Linear range (mM) Ref.

bHRP–AuNPs–SF/GCE −0.6 vs. SCE Not available <8 0.01–1.8 [50]
cHRP/HNTs/Chi −0.40 vs. SCE 12.25 �A mM−1 5 0.0026–0.075 [51]
dSelf-assembled HRP/laponite/Chit/GCE −0.45 vs. SCE 19.7 ± 0.5 mA  M−1 cm−2− 10 0.029–1.4 [52]
eHRP–SWCNTs–CTAB −0.40 vs. SCE 0.133 �A mM−1 <4 0.0123–0.145 [26]
HRP/Au  colloid/cysteamine-modified electrode −0.3 vs. SCE Not available <15 0.0014–9.2 [53]
Sol–gel/chitosan modified HRP electrode −0.1 vs. SCE 14.86 �A mM−1 <10 0.25–3.4 [54]
fMB–SiO2/HRP −0.3 vs. SCE Not available <20 0.01–1.2 [55]
gHRP/Chi-GAD/RuNPs −0.3 vs. Ag/AgCl 0.798 �A mM−1 cm−2 5 5.09–15 [36]
NF/HRP/Bi2O3–MWCNT/GCE −0.3 vs. Ag/AgCl 26.54 �A mM−1 cm−2 5 8.34–28.88 This work

a Response time mentioned here is the time required for the biosensor to reach 90 (or) 95 (%) of the maximum steady-state response.
b HRP immobilized at gold nanoparticles-silk fibroin modified GCE.
c HRP immobilized at halloysitenanotubes/chitosan modified GCE.
d HRP self-assembled at laponite/chitosan modified GCE.

omide
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e HRP incorporated single walled carbon nanotubes-cetylramethylammonium br
f Silica–methylene blue/gelatin/HRP film modified GCE.
g HRP immobilized at ruthenium oxide nanoparticles modified GCE via chitosan/
urrent was highly stable up to 5000s. No notable decrease in the
esponse current was observed even after 5000 s which shows the
ood operational stability of the composite film. The reason for
uch a long-time operational stability can be ascribed to the good

ig. 11. Amperometric i–t responses at NF/HRP/Bi2O3–MWCNT film modified rotat-
ng disc GCE upon successive additions of 6.63–30.12 mM H2O2. The inset is the
lot  of linear response current vs. [H2O2] = 8.34–28.88 mM.  (B) Amperometric i–t
esponses at NF/HRP/Bi2O3–MWCNT film modified rotating GCE for the successive
00  �M of H2O2, AA, UA, and DA concentration additions. Applied potential: −0.3 V;
otation rate: 900 rpm. Supporting electrolyte: continuously stirred N2 saturated
.05  M PBS (pH 7).
 nanocomposite film modified GCE.

aldehyde crosslinking.

biocompatibility and appreciable stability of the HRP immobilized
Bi2O3–MWCNT nanocomposite.

3.10.  Repeatability, reproducibility and storage stability studies

The  repeatability and reproducibility of the biosensor was
examined by CV studies. The potential range used for CV stud-
ies is between 0.2 and −0.7 V and the supporting electrolyte used
was N2 saturated 0.05 M PBS (pH 7). Repetitive CV measurements
were carried out at the NF/HRP/Bi2O3–MWCNT film modified GCE
at the scan rate of 50 mV  s−1 towards each 100 �M H2O2 addi-
tions. The supporting electrolyte solution has been renewed for
each measurement before the addition of target analyte. The % rel-
ative standard deviation (R.S.D.) for five successive 100 �M H2O2
measurements at NF/HRP/Bi2O3–MWCNT/GCE is 2.8% which shows
the acceptable repeatability of the proposed method. The R.S.D.
for 100 �M H2O2 response at five different NF/HRP/Bi2O3–MWCNT
modified GCEs is 2.82%, validating the good reproducibility of the
proposed biosensor.

We  also investigated the storage stability of the proposed HRP
based biosensor using CV studies. NF/HRP/Bi2O3–MWCNT film
modified GCE was stored in 0.05 M PBS (pH 7) at 4 ◦C, the peak cur-
rent (Ipc) and the response current observed at the biosensor both in
the absence and presence of 100 �M H2O2 was monitored regularly
for one week. After four days, the biosensor retained 94.6% peak cur-
rent and in the consecutive days a slight decrease in peak current
was observed, which shows the reasonable storage stability of the
proposed biosensor. Throughout the one week storage period, the
biosensor exhibits well defined catalytic response towards 100 �M
H2O2 and it retains 94.4% response current even after one week,
which revealed that HRP has been well immobilized and it retains
its biocatalytic activity at the nanocomposite film matrix.

4.  Conclusions

We  report a simple two-step solution phase approach to prepare
Bi2O3–MWCNT nanocomposite. In the first step, �-Bi2O3 nanopar-
ticles were precipitated from Bi(NO3)3 precursor solution using PEG
as the dispersant under strong alkaline conditions. In the second
step the as-synthesized crystalline �-Bi2O3 nanoparticles were dis-
persed with MWCNTs in a DMF  solution by simple ultrasonication
treatment to form well-dispersed, homogeneous Bi2O3–MWCNT
nanocomposite. The formation of Bi2O3–MWCNT was confirmed

by surface morphological studies such as SEM, AFM, powder
XRD and EDX spectra. The direct electrochemistry of HRP was
revealed at the Bi2O3–MWCNT/GCE surface via cyclic voltammetry.
The NF/HRP/Bi2O3–MWCNT sensing platform exhibits excellent
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lectrocatalytic response towards H2O2 in wide range with high
ensitivity and it considerably decreased the over potential for
2O2 reduction. The nanocomposite sensing platform offers effi-
ient enzyme loading and it facilitates fast electron transfer and
t provides remarkable operational stability and selectivity with
ood biocompatibility. The preset work may  thus encourage the
xploitation of MWCNT–metal oxide nanocomposites as potent
mmobilization matrices for probing the direct electrochemistry of
eme group containing redox enzymes.
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