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a b s t r a c t

Effect of phase stability degradation of bismuth on sensor characteristics of nano-bismuth fixed electrode
has been investigated using square-wave anodic stripping voltammetry technique, scanning electron
microscopy (SEM) and X-ray diffraction (XRD) spectroscopy. From the analyses of square-wave anodic
stripping voltammograms (SWASV) repetitively measured on the nano-bismuth fixed electrode, it was
found that the oxidation peak currents dropped by 81%, 68% and 59% for zinc, cadmium and lead, respec-
eywords:
ano-bismuth fixed electrode
hase stability degradation
quare-wave anodic stripping voltammetry
eproducibility

tively, after the 100th measurement (about 400 min of operation time). The sphere bismuth nanoparticles
gradually changed to the agglomerates with petal shape as the operation time increased. From the anal-
yses of SEM images and XRD patterns, it is confirmed that the oxidation of Bi into BiOCl/Bi2O2CO3 and
the agglomeration of bismuth nanoparticles caused by the phase change decrease a reproducibility of the
stripping voltammetric response. Moreover, most of the bismuth becomes BiOCl at pH 3.0 and bismuth

7.0,
ensitivity hydroxide, Bi(OH)3 at pH
fixed electrode.

. Introduction

Since the suggestion of bismuth as a substitute for mercury
lectrode in electrochemical stripping analysis of trace heavy
etals, there have been extensive studies on development of

nvironmentally-friendly voltammetric sensors based on bismuth
lectrodes. Recently, the decade of electroanalysis with bismuth-
ased electrodes was reviewed [1] to celebrate many scientific
ctivities and achievements for the past 10 years from the pub-
ication of the first pioneering report [2]. In our previous works
3–7], it has been reported that nano-bismuth fixed electrode with
larger surface area exhibits a higher sensitivity comparing to the
ismuth film electrode. Furthermore, time-consuming procedures
onsisting of pre-plating and polishing steps can be avoided by
sing nano-bismuth fixed electrode. The attractive and promising
ano-bismuth fixed electrode makes it possible to apply the elec-
rode to an automatic on-line system as well as on-site portable
ystem for a trace metal analysis.

It has been well known that the voltammetric response of the
ismuth electrode is greatly influenced by various experimental

ariables such as pH of electrolyte solution [3,8–11], square-
ave voltammetry parameters (pulse height, pulse width and

tep height) [3,7,11,12], deposition time/potential [3,4,6,7,9–16]
nd adsorption of surface-active compounds [12,17,18], etc. The
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which results in a significant decrease in sensitivity of the nano-bismuth
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microstructure of bismuth-based electrode also affects the sensor
characteristics. For bismuth film electrode, the microscopic studies
have been extensively carried out using optical microscopy (OM)
[19], scanning electron microscopy (SEM) [2,15,20–26], scanning
electrochemical microscopy (SECM) [27], atomic force microscopy
(AFM) [28–30] and X-ray diffraction (XRD) method [31]. The sur-
face morphology, density, uniformity and thickness of bismuth film
were investigated with the changes of plating potential/time, com-
position of the plating solution and other experimental conditions
for the preparation of bismuth film.

On the other hand, there are relatively few literatures [32–34]
dealing with the microscopic study for the nano-bismuth elec-
trode. In particular, an in-depth study on sensor characteristics
of nano-bismuth electrode considering phase stability as well as
surface morphology has not been carefully investigated. In this
respect, the present work is aimed at exploring the effect of phase
stability degradation of bismuth on sensor characteristics of the
nano-bismuth fixed electrode by using square-wave anodic strip-
ping voltammetry technique, SEM and XRD method. The changes
in reproducibility of the nano-bismuth fixed electrode with opera-
tion time and in sensitivity of that electrode with solution pH were
successfully explained by bismuth phase transition.
2. Experimental details

Bismuth nanopowders were synthesized by gas condensation
(GC) method [35,36] using a micron powder feeding system, and
then the prepared bismuth nanopowders were strongly fixed on
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Fig. 1. Normalized oxidation peak currents of zinc, cadmium and lead which were
obtained from the repetitively measured square-wave anodic stripping voltammo-
grams (SWASV) for nano-bismuth fixed electrode in a solution containing 100 ppb
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measurements of SWASV proceeds, the sphere shape of bis-
inc(II), cadmium(II), and lead(II) ions. Conditions: supporting electrolyte, 0.1 M
aAc and 0.025 M HCl solution (pH 5.0); working area, 0.1 cm2; pulse height, 50 mV;
ulse width, 10 ms; step height, 2.0 mV; deposition for 3 min at −1.35 V; cleaning at
0.4 V for 20 s.

he screen printed carbon electrode using Nafion solution. The
etailed procedure of the preparation of nano-bismuth fixed elec-
rode was described in our previous works [3–7]. A three-electrode
lectrochemical cell was employed for the anodic stripping voltam-
etry measurement. The nano-bismuth fixed electrode was used

s a working electrode (active area = 0.1 cm2). A platinum wire
nd a saturated calomel electrode (SCE) were used as the counter
lectrode and reference electrode, respectively. The supporting
lectrolyte was a 0.1 M NaAc and 0.025 M HCl solution of pH
.0. The standard solutions of zinc(II), cadmium(II), and lead(II)
�(Zn2+) = 1 g/l, �(Cd2+) = 1 g/l, and �(Pb2+) = 1 g/l) were purchased
rom AccuStandard, Inc., USA. The SWASV measurements were per-
ormed using potentiostat/galvanostat (Bistat, Princeton).

For the measurement of SWASV, the accumulation step of zinc,
admium and lead proceeded for 3 min at −1.35 V under a mag-
etic stirring. Stirring was then stopped and after 10 s the SWASV
as recorded in the potential range of −1.35 V to −0.4 V (vs. SCE)
ith a scan rate of 100 mV s−1 (pulse height: 50 mV, pulse width:

0 ms and step height: 2 mV). A prolonged series of 200 repetitive
easurements of SWASV was performed for demonstrating the

eproducibility of the nano-bismuth fixed electrodes. The cleaning
tep (20 s at −0.4 V) was employed between successive measure-
ents. The SWASV was measured as a function of solution pH by

ontrolling pH with HCl and NaOH addition.
The surface morphology of the nano-bismuth fixed electrode

as observed by SEM with an accelerating voltage of 20 kV. The
hase change of bismuth was studied by XRD with Cu K� radi-
tion (� = 1.5406 Å) using the dried bismuth nanopowder after
oaking in electrolyte solution for the same operation time of strip-
ing voltammetry. A quantitative analysis of each phase from XRD
rofile-fitted peaks was conducted by using Jade 9.0 XRD software.

. Results and discussion

Fig. 1 shows the normalized oxidation peak currents of zinc,
admium and lead which were obtained from the repetitively
easured SWASV for the nano-bismuth fixed electrode in a solu-
ion containing 100 ppb zinc(II), cadmium(II), and lead(II) ions. It
an be seen from Fig. 1 that the oxidation peak currents gradu-
lly decreased with increasing run number and dropped by 81%,
8% and 59% drop for zinc, cadmium and lead, respectively, after
Fig. 2. Scanning electron microscopy (SEM) images of the nano-bismuth fixed elec-
trode surfaces (a) as-prepared, (b) after the 50th (200 min of operation time) and (c)
after the 100th (400 min of operation time) measurements of SWASV.

the 100th measurement (about 400 min of operation time). The
decrease in oxidation peak current was high in the order of zinc,
cadmium and lead. After the repetitive measurement of SWASV, a
change in surface morphology of the sensor electrode was observed
by SEM.

Fig. 2(a) illustrates the SEM image of the as-prepared nano-
bismuth fixed electrode surface. It is noted from Fig. 2(a) that
the spherical bismuth nanoparticles are well-connected with each
other, using Nafion which is shown like cloud. Fig. 2(b) and (c)
exhibits the SEM image of the sensor electrode after the 50th
and 100th measurement of SWASV, respectively. As the repetitive
muth nanoparticles was slowly transformed into the petal shape.
After the 100th measurement of SWASV, most of sphere bismuth
nanoparticles changed to the agglomerates with petal shape. Here,
it should be emphasized that after soaking the nano-bismuth fixed
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ig. 3. X-ray diffraction (XRD) patterns obtained from the bismuth nanopowders
a) as-prepared and dried after soaking in electrolyte solution for (b) 200 min and
c) 400 min.

lectrode in electrolyte solution without potential sweeping for the
ame operation time of stripping voltammetry, the electrode exhib-
ted the same surfaces as Fig. 2(b) and (c). This strongly implies that
he shape change of bismuth nanoparticles is caused by chemical
eaction of bismuth with ions in electrolyte solution, not electro-
hemical reaction during potential sweeping.

It is shown in Fig. 3(a) that the XRD pattern of as-prepared bis-

uth nanoparticles reveals intense peaks which can be indexed as
rhombohedral structure of bismuth (Bi, JCPDS card No. 5-519).
o other diffraction peaks corresponding to an oxide or an impu-

ity were observed from the XRD pattern. This indicates that the
esulting nanopowder synthesized by GC method is highly crys-
3 (2010) 682–685

tallized bismuth with a high purity. Fig. 3(b) and (c) demonstrates
the XRD patterns obtained from the bismuth nanopowders after
soaking in electrolyte solution for 200 min and 400 min as the same
operation time of stripping voltammetry respectively. The XRD pat-
terns exhibit the intense peaks which are indexed as bismuth (Bi,
JCPDS card No. 5-519), tetragonal structure of bismuth oxychloride
(BiOCl, JCPDS card No. 6-249) and tetragonal structure of bismuth
oxycarbonate (Bi2O2CO3, JCPDS card No. 41-1488).

From the quantitative analyses of the XRD patterns, the rela-
tive amounts of Bi, BiOCl and Bi2O2CO3 after 200 min soaking were
estimated to be 50.5 wt%, 30.2 wt% and 19.3 wt%, respectively. After
400 min soaking, the relative amounts of Bi, BiOCl and Bi2O2CO3
were determined to be 7.3 wt%, 46.0 wt% and 46.7 wt%, respec-
tively. As the soaking time of bismuth nanopowders in electrolyte
solution increases, the relative amount of Bi decreases, but the rel-
ative amounts of BiOCl and Bi2O2CO3 increase in value. Therefore,
it is reasonable to think that the agglomerates with petal shape
in Fig. 2(b) and (c) are BiOCl and Bi2O2CO3. The oxidation of Bi
into BiOCl/Bi2O2CO3 and the agglomeration of bismuth nanoparti-
cles caused by the phase change decrease a reproducibility of the
stripping voltammetric response.

On the other hand, the change in sensitivity of the nano-bismuth
fixed electrode as a function of solution pH can be clearly explained
by the bismuth phase change. From the investigation of the pH
effect on the SWASV over the pH range of 3.0–7.0, the optimum
value of solution pH was determined to be 5.0 for the maximized
voltammetric responses of zinc, cadmium and lead (not shown). If
the acidity was higher or lower than the optimum value above, the
voltammetric responses of zinc, cadmium and lead decreased. In
particular, the oxidation peak currents of zinc, cadmium and lead
almost disappeared at pH 3.0 and 7.0. A similar optimal pH range
from 4.5 to 5.5 for the highest peak currents was also reported in the
literature [8,10,11]. From the analyses of the XRD patterns, it was
found that the bismuth had a strong oxidation in BiOCl form at pH
3.0 and hydrolysis in bismuth hydroxide, Bi(OH)3 (JCPDS card No. 1-
898) at pH 7.0. Thus, it is suggested that the solution pH significantly
influences the phase stability of bismuth and the phase transition
of pure bismuth to the other forms leads to a considerable decrease
in sensitivity of the nano-bismuth fixed electrode.

4. Conclusion

From the analyses of successively measured SWASV, SEM
images and XRD patterns, it is indicated that the oxidation of Bi
into BiOCl/Bi2O2CO3 and the agglomeration of bismuth nanopar-
ticles caused by the phase change decrease a reproducibility of
the stripping voltammetric response. In addition, most of the bis-
muth becomes BiOCl at pH 3.0 and Bi(OH)3 at pH 7.0, which leads
to a significant decrease in sensitivity of the nano-bismuth fixed
electrode. From the above results, it is concluded that the phase
stability of bismuth is closely related to the sensitivity as well as
the reproducibility of the nano-bismuth fixed electrode, and hence
the phase stability of bismuth should be considered as one of the
important factors for the maximized electrochemical performance
of the sensor electrode.
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