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The effect of Bi-to-metal ion concentration ratio (cgi/cm ratio) on key evaluation indicators, including
sensitivity, precision, and cathodic potential range, has been investigated for the determination of Cd and
Pb at in situ prepared bismuth film electrodes. Unlike the usual recommendation of at least a 10-fold
excess of Hg(n) for anodic stripping experiments at in situ prepared mercury film electrodes, it is found
that the cgi/cm ratios in the 1-10 range are sufficient to obtain a high determination sensitivity, but that
the signal decreases significantly when the ratio exceeds 40. Further analysis shows that the precision of
the analytical results is good when the cg/cym ratio is in the range of 5-10. The precision is even better in
the range of 10-20, but too high a ratio cannot further improve the precision of the results. Therefore, it
is recommended to keep the cgi/cm in the range of 5 to 40 to balance the sensitivity and precision in
detection. The study also finds that the optimum cathodic potential range is related to the total
concentration of metal ions. Therefore, for metals susceptible to hydrogen evolution (e.g., zinc),
additional consideration should be given to inhibiting the hydrogen evolution reaction when selecting
the cgi/cm ratio. This work is the first to investigate the effect of the cgi/cm ratio on the morphology and
thickness of deposits using EIS, SEM, and AFM. It is found that increasing the cgi/cym ratio leads to an
increase in the coverage and thickness of the bismuth film on the electrode surface, which enhances the
sensitivity of the determination. However, this change is also accompanied by an increase in the
electrode resistance, resulting in a significant decrease in signal when the ratio is too large. In addition,
when the cgi/cu ratio is <5, the precision of the bismuth film electrode is relatively poor due to the rapid
increase of the bismuth coverage on the electrode surface. The uneven thickening of the deposit also
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1. Introduction

Differential pulse anodic stripping voltammetry (DPASV)
combines a unique preconcentration of the analyte with the
advanced electrochemical stripping techniques and is consid-
ered a powerful electroanalytical tool for the determination of
trace metals.»” Traditionally, mercury-based electrodes have
been used to achieve high reproducibility and sensitivity in
stripping analysis. Mercury has remarkable properties suitable
for stripping analysis due to its high cathodic hydrogen over-
potential and its ability to form amalgams with many metals.**
However, the toxicity of mercury and its compounds prevents
them from being used for on-site monitoring of heavy metals.?
Extensive efforts are therefore being made to find an environ-
mentally friendly alternative.
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Bismuth has been proposed as an environmentally friendly
element for electrochemical analysis.®” In addition, it can form
alloys with various metals such as zinc, lead, cadmium, thal-
lium and indium,**° facilitating the nucleation process during
the preconcentration of metal ions. The overall performance of
bismuth film electrodes (BiFEs, consisting of thin films of
bismuth deposited on a conductive substrate) has been shown
to be close to or in some cases superior to that of mercury
electrodes, with attractive properties such as high reproduc-
ibility, high sensitivity and a wide cathodic potential range."***
There is a growing interest in the use of BiFEs for the deter-
mination of trace metals.™

There are currently many different ways of preparing BiFEs.
Among them, the in situ bismuth deposition method is the most
widely used. In situ bismuth films are formed by co-deposition of
bismuth with analytes. The film thickness can be controlled by
adjusting the concentration of Bi** ions. The optimum bismuth
film thickness is usually sought based on the concentration of
the target analyte. Too thin films will quickly become saturated
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Table 1 Comparison of cgi/cm ratio and optimisation indicators for different metals®

Electrode Metals cgi/CM ratio Optimisation indicators Ref.
Bi-GCE Se(v) 63 Sensitivity 18
Bi-GCE Zn, Cd, Pb, Cu 33 Sensitivity 19
Bi/MCNTs-CPE cd 4 Sensitivity and selectivity 20
Bi-SPCNTE Pb, Cd, Zn 3 Sensitivity 21
Bi-CNT Pb, Cd, Zn 10 Sensitivity 22
Bi-CPE Pb, Cd 1-10 Sensitivity and linearity 15

“ Bi-GCE: bismuth film-modified glassy carbon electrode, Bi/MCNTs-CPE: bismuth-modified multiwalled carbon nanotubes doped carbon paste
electrode, Bi-SPCNTE: bismuth film-modified screen-printed carbon nanotubes electrodes, Bi-CNT: bismuth-modified carbon nanotube

electrode, Bi-CPE: bismuth-coated carbon paste electrode.

with the deposited metal ions, while too thick films will cause
mass transfer resistance to metal ions diffusing out of the film
during the stripping process.'® An empirical rule suggests that
the concentration of Bi** ions must be at least 10 times greater
than that of the analyte to avoid saturation."® But other people set
forth completely different argument concerning this case. Bal-
drianova et al. have suggested that a Bi-to-metal ion concentra-
tion ratio (cgi/cm ratio) of less than 10 is optimal or equally
effective for the determination of Pb and Cd ions on carbon paste
and gold electrode substrates.” In addition, it has also been re-
ported in the literature that bismuth film thickness has little
effect on the stripping voltammetry signal for some metals."”
These conclusions are quite different from the general rule.

The aim of this work is to provide new insights into the
influence of cgj/cy ratio on the DPASV response. The optimiza-
tion of the bismuth film thickness is primarily aimed at
improving the sensor performance in terms of sensitivity,
precision, and cathodic potential range. However, most of the
reported studies on bismuth concentration optimisation (as
shown in Table 1) have focused on obtaining higher signal
intensity by adjusting the bismuth concentration. Although
these studies have improved the sensitivity of bismuth-modified
sensors to a certain extent, the evaluation of electrode perfor-
mance is not limited to the single indicator of sensitivity, but also
considers a number of indicators, such as precision, cathode
potential range, and so on. This over-pursuit of a single indicator
may lead to an increase in sensitivity at the expense of other key
characteristics. Therefore, in order to comprehensively evaluate
and optimise the effect of the cp;/cy ratio on the performance of
BiFEs. For the first time, we have systematically investigated the
effect of cg;/cy ratio on the evaluation indicators of the DPASV
determination, such as sensitivity, precision and cathodic
potential range, using BiFEs with Cd and Pb as model analytes. It
is expected to find the law of influence of the cg;/c\, ratio on each
parameter and the optimal range of the cg;/c\ ratio, so as to make
BiFEs show the best comprehensive performance in practical
applications and provide theoretical basis for the performance
optimisation of BiFEs.

2. Experimental

2.1 Chemicals and solutions

The 1 g L' atomic absorption standard solutions of Cd(n), Pb(i)
and Bi(m) were supplied by the National Standard Reference
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Materials Center of China. All other reagents used were of
analytical grade. Ultrapure water (18.2 MQ cm) was used
throughout the experiments. The working stock solutions of Cd
and Pb were prepared by appropriately diluting 1 g L™" of the
standard solutions with ultrapure water, while the working stock
solutions of Bi were prepared by appropriately diluting 1 g L ™" of
the standard solution with 0.1 mol L' HNO;. Acetate buffer
solution (1 mol L™, pH = 4.5) was prepared from CH;COOH and
CH;COONa as a supporting electrolyte for this study.

2.2 Apparatus

DPASV and linear sweep voltammetry (LSV) were performed
using a CHI 660e potentiostat/galvanostat (CH Instrument Co.,
China). Electrochemical impedance spectroscopy (EIS) was
performed using a Zennium electrochemical workstation
(zahner, Germany). A glass cell with a three-electrode configu-
ration was used for all experiments. The working electrode was
a glassy carbon disc (3 mm diameter) coated with the bismuth
film. The reference electrode was a Hg/Hg,Cl, (saturated KCI)
and the auxiliary electrode was a Pt sheet. The morphologies of
the BiFEs were examined using a Sigma 500 scanning electron
microscope and a cspm 5500 atomic force microscope.

2.3 Measurement procedure

Prior to use, the glassy carbon electrode (GCE) was mechanically
polished with Al,O; suspensions (1.0 pm and 0.3 pm), then
sonicated with absolute ethanol and water for 1 min, respec-
tively, and rinsed with water after each cleaning step. Subse-
quently, the pre-treated GCE was then immersed, together with
the other two electrodes, in a acetate buffer solution (pH 4.5)
containing the required concentration of Bi ions and model
heavy metals (Cd and Pb).

For the DPASV experiments, in situ BiFEs were prepared by
simultaneous deposition of Bi and model metals on the surface
of GCE surface with stirring at - 1.0 V for 20 s. Stirring was then
stopped and, after a resting period of 60 s, DPASV was recorded
at a potential range of —1.0 to 0.4 V (with a step of 0.004 V,
amplitude of 0.05 V, pulse width of 0.05 s and sampling width of
0.0167 s). Following each measurement, a potential of 1.0 V was
applied to the electrode to remove residual metals from the
electrode surface under stirring conditions.

LSV and EIS measurements were performed using the same
deposition, resting, and cleaning procedures as for DPASV

© 2024 The Author(s). Published by the Royal Society of Chemistry
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analysis (Eace = —1.0 V, taee = 20 S, tquiet = 60 S, Ecieaning = 1.0 V,
teleaning = 240 s). LSV measurements were performed in a acetic
acid buffer (pH 4.5) at a scan rate of 5 mV s . EIS spectra were
recorded in a solution of Fe(CN)s*> /Fe(CN)s"~ (5 mmol L") at
open-circuit potential (E,) in the frequency range 1 Hz to 100
kHz with an amplitude of 5 mV.

2.4 Sample preparation

River water was taken from the Zhouxi River in Meizhou, China.
The effluent was collected from the silica sand purification
process. Samples were filtered and stored in a refrigerator prior
to analysis. Acetate buffer solution (pH 4.5) was prepared with
the pretreated samples (river water and wastewater) and used
for the determination of Cd and Pb.

3. Results and discussion

3.1 Effect of cpi/cy ratio on the sensitivity of Cd and Pb
determinations

The sensitivity of the determination of Cd and Pb is determined
from the slopes of the calibration curves for these two analytes.
Fig. 1A-D shows the stripping voltammograms in the Cd*" +
Pb** solutions at concentrations of 1, 2, 4, 6, 8 and 10 uM in the
presence of 0, 1, 10 and 100 pM Bi(m), respectively. It can be
seen that in all cases, the stripping peaks of Cd, Pb and Bi
appear at —0.88, —0.65 and —0.30 to 0.24 V versus Hg/Hg,Cl,
(saturated KCl), respectively (similar to the documented values
of GCEs>***). The potential of the three stripping peaks shows
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a gradual positive shift with increasing concentrations of Cd
and Pb. Fig. 1A and B shows that even at low cg;/cy ratios (0 and
1 puM Bi), the stripping voltammograms show well-defined
signals, but with the sloping baselines. Increasing the Bi
concentration (10 and 100 pM Bi) flattens the baseline.
However, at a higher Bi concentration (100 pM Bi), the Pb
stripping peaks are either deformed or even split into two
(Fig. 1D). It can be reasonably inferred that the peak with more
negative potentials corresponds to weakly bonded Pb (formed
preferentially in thinner films), while the peak with more
positive potentials corresponds to bulk Pb (formed on top of the
former in thicker films).

The calibration curves for Cd and Pb in the presence of 0, 1,
10 and 100 uM Bi are shown in Fig. 2A and B. Fig. 2 shows that
the cgi/cy ratio has a significant effect on the sensitivity of Cd
and Pb determinations. It can be seen that the sensitivity of Cd
and Pb determinations increases significantly when the
concentration of Bi is increased from 0 uM to 10 uM. However,
when the concentration of Bi is further increased to 100 pM (cg;/
cm ratio: 10-100), the sensitivity of the Cd and Pb determina-
tions decreases. Fig. 1 and 2 demonstrate that a cg;/cy ratio of
less than 10 is adequate to obtain high quality and sensitivity
data at BiFEs, even better than those obtained with a 10- to 100-
fold Bi excess. This finding is consistent with the previous
report that a cgi/cy ratio of less than 10 is quite effective at
carbon paste and gold electrodes.™

The effect of the cgi/cy ratio on the sensitivity of the deter-
mination is further investigated when the initial concentrations
of Cd and Pb are different. The calibration curves for Cd and Pb
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Fig.1 The stripping voltammograms in the Cd?* + Pb?* solutions at concentrations of 1, 2, 4, 6, 8 and 10 uM in the presence of (A) O uM Bi(i), (B)

1 uM Bi(m), (C) 10 uM Bi(in) and (D) 100 uM Bi(in).
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Fig.2 Calibration curves for (A) Cd and (B) Pb in the presence of 0, 1, 10, and 100 uM Bi over the 1-10 uM concentration range, and (C) Cd and (D)
Pb in the presence of 0, 10, 100, and 1000 pM Bi over the 10-100 uM concentration range.

in the presence of 0, 10, 100 and 1000 uM Bi in the range of 10 to
100 uM are shown in Fig. 2C and D. It can be seen that the
highest sensitivities for Cd and Pb determinations are obtained
when the cp;/cy ratio is in the range of 1-10 (100 uM Bi) and 0.1-
1 (10 puM Bi), respectively, whereas further increases in Bi
concentration leads to a decrease in sensitivity. This suggests
that a cgi/cy ratio of less than 10 is sufficient to achieve high
sensitivity detection. This result is in general agreement with
the above findings. However, closer inspection of the data
shows that the optimum cgi/cyy ratio for Pb decreases with
increasing initial concentration (from 1-10 to 0.1-1), while it
remains constant for Cd. This difference may be due to the fact
that the BiFEs are more effective in increasing the sensitivity of
Cd determination compared to Pb (Fig. 2). This difference may
also be related to the negative effect of increasing the thickness
of the bismuth film. Too thick a bismuth film can cause mass
transfer resistance as the metal ions diffuse out of the film.
To verify the above speculation, we perform EIS measure-
ments on several BiFEs using [Fe(CN)¢]> /4~ as the electroactive
species (as shown in Fig. 3). To prepare these electrodes, Cd and
Pb are co-deposited at a concentration of 10 uM each, together
with different concentrations of Bi (0, 10, 100 and 1000 uM,
respectively). The aim of this analysis is to investigate how the
electrodes behave in terms of polarisation resistance (R,), which
is a measure of how the material resists transferring the elec-
tron to electroactive species in solution. The lower the value of
R, is, the easier the electrons can be transferred, the faster the

39364 | RSC Adv, 2024, 14, 39361-39371

redox reaction occurs, and therefore the higher the stripping
signal and the sensitivity obtained in the electroanalysis are.>**”
The value of R, can be estimated from the loop diameter
observed in the Nyquist spectra.*® As shown in Fig. 3, the lowest
R, is observed for the electrode without co-deposited Bi (the
smallest ring formed), and the R, of the electrode gradually
increases with increasing Bi concentration. This finding
suggests that the metal film deposited on the surface of the
electrode hinders the transfer of electrons from the surface of
the electrode to the [Fe(CN)¢]*'*~ in the solution. And the
thicker the film is, the greater the resistance to electron transfer
is, and consequently the lower the sensitivity of the detection is.
DPASV and EIS measurements show that the cgi/cy ratio has
a dual effect on the sensitivity of Cd and Pb determinations.
Increasing the thickness of the bismuth film improves the
sensitivity of the determination. However, the increase in
sensitivity is accompanied by a simultaneous increase in elec-
trode resistance, which reduces the sensitivity. This conclusion
is supported by the SEM pictures. Fig. 4A-D shows SEM images
of the different BiFEs prepared by simultaneous co-deposition
of different concentrations of Bi(m) (0, 10, 100 and 1000 puM)
and 10 pM Cd*" + Pb®*" on the surface of GCE. The electrode
surface of undeposited bismuth is relatively smooth, with
a small part of the surface covered by square or nearly spherical
agglomerates (Fig. 4A). Increasing the concentration of Bi(u)
from 0 to 100 pM results in a gradual increase in the number of
deposit particles and a gradual decrease in particle size (Fig. 4B

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 EIS response of different BiFEs with [Fe(CN)gl*~/4~ as the
electroactive species. BiFEs are prepared by co-deposition of 10 uM
Cd?* + Pb?* and different concentrations of Bi (0, 10, 100 and 1000
uM, respectively).

and C). The reduction in particle size indicates that the addition
of Bi promotes the nucleation of the metal during electrode-
position, resulting in more uniform metal deposition. This also
increases the specific surface area of the electrode, providing
more binding sites for heavy metal ions and further enhancing
the enrichment capacity of heavy metal ions. At the higher
concentration of Bi(m) (Fig. 4D, 1000 pM), the small deposit
particles aggregate into island-like microstructures that cover
most of the surface of the electrode. AFM images are also taken
to further investigate the surface of the electrodes (Fig. 4E and
F). As shown, the electrode surface becomes visibly thicker and
rougher as the Bi(m) concentration increases from 0 to 100 uM.
To some extent, the rougher the film is, the more active sites
and surface area are available for metal detection. Fig. 4
provides further evidence that increasing the cpi/cy ratio
significantly increases the bismuth coverage and the bismuth
film thickness on the electrode surface, which in turn improves
the sensitivity of the determination. At the same time, this
change also leads to an increase in the R, of the electrode.
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As can be seen in Fig. 2A and C, the sensitivity of the Cd
determination shows a marked increase with increasing Bi
concentration in both concentration ranges studied when the
CgilCca ratio is less than 10. Although an increase in the cgi/ccq
ratio results in a corresponding increase in the electrode
resistance, an appropriate increase in the cpi/ccq ratio still
significantly improves the sensitivity of the Cd determination,
and thus the optimum cgi/ccq ratio for Cd determination
remains constant. The situation is different for Pb. When the Pb
concentration is low (Fig. 2B), an increase in the cg;/cp}, ratio (in
the range of cg;/cpp, ratio <10) is still effective in improving the
sensitivity. At higher Pb concentrations (Fig. 2D), an increase in
the cgi/cpp ratio results in a smaller increase in sensitivity and an
increase in electrode resistance due to the thickening of the
bismuth film. Therefore, the optimum cgi/cp, ratio for Pb
determination decreases with increasing concentration.
Although the optimum cg;/cy ratio varies depending on the type
of metal and the initial concentration, this study suggests that
a cpi/cy ratio of less than 10 is indeed adequate to obtain highly
sensitive data at BiFEs for the two concentration ranges studied,
in some cases even better than that obtained with 10-100 times
the excess of Bi.

3.2 Effect of cpi/cy ratio on the precision of Cd and Pb
determinations

The precision of the determination is assessed based on the
calculation of the relative standard deviation (RSD) of the
anodic stripping peak areas of Cd and Pb. For the determina-
tion of the peak area, equal amounts of Cd and Pb (at concen-
trations of 1 pM and 10 puM, respectively) are simultaneously
injected into acetate buffer solutions in the presence of 0, 1, 10
and 100-fold Bi and the corresponding stripping voltammo-
grams are recorded. Each measurement is repeated at least five
times within the same day and outliers identified using the
Dixon's and Grubbs' statistical tests (at a 95% confidence level)
are discarded.” Fig. 5A and B shows the RSD values of Cd, Pb
and Bi and the stripping peak areas of Cd and Pb at different cp;/
¢y ratios at two concentration levels. Given that the

Fig.4 SEM (A-D)and AFM (E and F) images of different BiFEs. Deposition is carried out from solutions of (A and E) O uM, (B) 10 uM, (C and F) 100

1M and (D) 1000 uM Bi(i), in the presence of 10 pM Cd?* + Pp?*.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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concentrations of Cd and Pb in the samples exceed 0.1 mg L™,
RSD = 10.0% is used to demonstrate the precision of the
determination.*

For thinner films (1 pM Cd and Pb, Fig. 5A), the least precise
results for the simultaneous determination of Cd and Pb are
obtained at electrodes without co-deposited Bi (largest RSD
values, 63.3% and 32.1%, respectively). When Cd and Pb are co-
deposited with Bi, the RSD values of Cd and Pb initially decrease
significantly with increasing cgi/cy ratio, and the RSD values of
Cd and Pb are lower than 10% when the cg;/cy, ratio reaches 10
and 1, respectively. With further increase of the cgi/cy ratio, the
RSD values of Cd and Pb continue to decrease. However, except
for the determination of Pb at the electrode with 100-fold co-
deposited Bi, the RSD value instead increases with the
increase of the cg;i/cpp, ratio. This may be due to the fact that too
thick a film greatly weakens the response signal of Pb, resulting
in a significant decrease in the precision of the determination.

For thicker films (10 uM Cd and Pb, Fig. 5B), the precision of
the simultaneous determination of Cd and Pb at electrodes
without co-deposited Bi is unsatisfactory (RSD > 10.0%), even
though the response signals of Cd and Pb are significantly
larger than those of Cd and Pb at thinner films. When Cd and
Pb are co-deposited with Bi, the RSD values for both analytes are
significantly lower than 10.0% even with a cg;/cy ratio of 1 (RSDs
of 5.8% and 5.3% for Cd and Pb, respectively). An increase in
the cgi/cyp ratio results in a further decrease in the RSD values for
Cd and Pb. However, when Pb is determined at the electrode
with 100-fold co-deposited Bi, the RSD value continues to
decrease with increasing cgi/cpp ratio, even though the response
signal of Pb at this time is even smaller than that of Pb at the
electrode without co-deposited Bi. This indicates that the
magnitude of the Pb response signal is not a major factor
affecting the precision of its determination.

In order to obtain a reasonable explanation, the reproduc-
ibility of BiFEs is evaluated based on the RSD values of Bi
(Fig. 5A and B). It can be seen that the RSD values of Bi decrease
as the cgi/cy ratio increases for both thin and thick films. This
suggests that an increase in the cgi/cy ratio is beneficial for
improving the reproducibility of the BiFEs and thus the preci-
sion of the results for the determination of Cd and Pb.

39366 | RSC Adv, 2024, 14, 39361-39371

Furthermore, for the same cg;/cy ratio, the thicker bismuth film
appears to have higher reproducibility than the thinner
bismuth film. This indicates that, in addition to the cg;/cy ratio,
which is the primary factor, the magnitude of the response
signal also affects the reproducibility of the bismuth film elec-
trode, which in turn affects the precision of Cd and Pb deter-
minations. Consequently, at a cgi/cy ratio of 100, a decrease in
the Pb response signal at the thinner bismuth film will result in
a corresponding decrease in its detection precision, while the
increase in reproducibility of the thicker bismuth film will
alleviate the effect of the decrease in the Pb response signal on
its detection precision. Fig. 5 shows that cg;j/cys ratios less than
or equal to 10 are indeed sufficient to obtain relatively precise
results (RSD = 10%) at BiFEs, but in most cases, a cgi/cy ratio
greater than 10 is more conducive to improving the precision of
metal ion determination. Given that the stripping signals of Cd
and Pb are significantly weakened at higher cgi/cy ratios, it is
necessary to identify an optimum cg;/cy ratio to ensure that the
electrodes have sufficient reproducibility and high sensitivity at
the same time.

To identify an appropriate cgi/cpp ratio, we introduce the
approach commonly used for Bi electrodes proposed by Wang
et al. to evaluate the effect of cgi/cyy variations on the signal
based on the normalization of the metal ion peak area to the Bi
peak area.** The constancy of this ratio implies that the cgi/cym
ratio has a similar effect on metal and Bi deposition, and
therefore the and deposit
morphology are likely to remain constant. Fig. 6A and B shows
the variation of the normalized Cd and Pb stripping peak areas
with cgi/cy ratio measured from 1.0 and 10 uM Cd>* + Pb>*
solutions in the presence of excess Bi(m). It can be seen that,
regardless of the initial concentrations of Cd and Pb, the
normalized Cd and Pb peak areas follow the same trend with
cpi/cm ratio. When cgi/cy < 5, the normalized Cd and Pb peak
areas decrease rapidly with the increase of cg;/cy, ratio; when cg;/
cum > 5, the decreasing trend becomes slower; and when cg;/cy >
10, the decreasing trend is no longer significant. It is important

metal-bismuth interaction

to note that the smaller cgj/cy ratio is, the larger the normalised
peak area is. This suggests a higher utilisation of the Bi deposit
for DPASV purposes at a lower Bi coverage. Meanwhile, at cpi/cyp

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Variation of the normalized stripping peak areas (with respect to the Bi signal) of Cd (A) and Pb (B) with the cg;/cm ratio from 1.0 and 10 uM
Cd?* + Pb?* solutions in the presence of excess Bili). Also shown is the variation of the stripping peak areas of Cd, Pb and Bi with the cgi/cy ratio
measured from 1.0 pM (C) and 10 uM (D) Cd?* + Pb2* solutions, respectively, in the presence of excess Bi(i).

<5, the normalized Cd and Pb peak areas decrease rapidly with
increasing cgi/cy ratio, also indicating a large change in deposit
morphology.

In order to identify the reasons for these variations, Fig. 6C
and D shows the variation of the stripping peak areas of Cd, Pb
and Bi with cyi/cy ratio measured from 1.0 and 10 uM Cd** +
Pb>" solutions, respectively, in the presence of excess Bi(ur). It
can be seen that no linearity is observed over the entire cg;/cy
range studied (1-100) for both Bi concentrations. Indeed,
saturation begins at cg;/cy ratios greater than about 50 (for 1 uM
to 100 uM Bi) and 20 (for 10 uM to 1000 uM Bi), depending on
the Bi concentration. This indicates a change in the morphology
of the deposit. The SEM images in Fig. 4 show that as the
thickness of the bismuth film increases, the deposit changes
from a highly dispersed thin layer to a dense layer with a small
specific surface area. The deposit thickens unevenly as it grows
preferentially on top of already deposited patches. This uneven
development may lead to high local current densities, which in
turn reduces the current efficiency of the Bi deposition, making
it more favourable to the hydrogen evolution reaction and
leading to a gradual decrease in the rate of Bi deposition.'
Consequently, the Bi enrichment increases rapidly with the cg;/
cv ratio, followed by a slower growth trend and finally
saturation.

Meanwhile, Fig. 6C and D shows that the peak areas of Cd
and Pb at both concentration levels initially increase rapidly
with increasing cg;/cyp ratio (cpi/cp = 1), reaching a maximum at
ceilcm = 10. Subsequently, the peak areas remain relatively

© 2024 The Author(s). Published by the Royal Society of Chemistry

constant in the ranges of cgi/cpy = 40 and finally decrease with
increasing cgi/cy ratio. These results indicate that a cp;/cy ratio
of 1 is sufficient to achieve high sensitivity in the determination
of Cd and Pb, whereas when this ratio exceeded the 40 : 1 value,
a signal deterioration is obtained in most cases. Furthermore, it
is important to note that the magnitude of variation in the Cd
and Pb peak areas is much smaller than that of Bi. This suggests
that the change in the amount of Bi enrichment, rather than the
amount of Cd and Pb enrichment, is the main reason for the
power-exponential decrease in the normalized Cd and Pb peak
areas and for the significant change in deposit morphology.
Consequently, the normalized Cd and Pb peak areas follow the
same trend with cg;/cy ratio, regardless of the type and initial
concentration of metal ions. When cg;/cy ratio is relatively low,
the peak area of Bi increases rapidly with the increase of cgi/cyp
ratio, resulting in a rapid decrease in the normalized Cd and Pb
peak areas. When the cg;/cy ratio is relatively high, the increase
in the peak area of Bi slows down, and the trend of decrease in
the normalized Cd and Pb peak areas then slows down.
Furthermore, the normalized Cd and Pb peak areas decrease
rapidly at cgi/cm < 5, indicating that the deposit morphology
changes significantly with the cg;/c\ ratio. This leads to rela-
tively poor reproducibility of BiFEs, as evidenced by the results
in Fig. 5. Therefore, in order to obtain relatively precise data, the
cgi/cp ratio should preferably be >5, and =10 when higher
precision is required. However, further study of the data in
Fig. 6 shows that the decreasing trend of the normalised Cd and
Pb peak areas is no longer significant when the cg;/cy ratio is
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>10. This indicates that an excessive increase in the cgi/cy ratio
is ineffective in improving the reproducibility of BiFEs and the
precision of the analytical results. In fact, such a practice will
reduce the sensitivity of the determination. Therefore, when
high precision is required, a cgi/cy ratio between 10 and 40 is
sufficient, which may ensure that the electrode has sufficient
reproducibility and also has a high sensitivity at the same time.

3.3 Effect of cgi/cy ratio on the cathodic potential range of
Cd and Pb determinations

When the redox reaction occurs at the electrode, there is also
a competitive reaction in which water is electrolyzed to produce
oxygen and hydrogen. If the oxidation potential of the
substance being studied is less than the oxygen evolution
potential or the reduction potential is greater than the hydrogen
evolution potential, then the substance will be oxidized or
reduced at the electrode before the electrode reaches the oxygen
or hydrogen evolution potential. This allows the oxidation or
reduction process to be better analysed. However, if the oxida-
tion or reduction process takes place outside the potential
window of the electrode, the information obtained about the
substance will be affected by the evolution of hydrogen or
oxygen. Consequently, the optimum conditions for the study
are not obtained or the study cannot be carried out at all.

BiFEs have been shown to have a wider cathodic potential
range, which can be determined experimentally by cathodic
polarisation curves. Fig. 7A shows the cathodic polarization
curves of GCE and BiFEs in acetate buffer (pH 4.5). BiFEs are
prepared by simultaneous co-deposition of different concen-
trations of Bi(m) (0, 1, 5, 10 and 100 uM) and 1.0 uM Cd** + Pb>*
on the surface of GCE. The hydrogen evolution potential is
estimated using the tangent line method. It is evident that the
cathodic potential range of the electrode with the co-deposited
metal films of Cd and Pb is wider than that of the GCE. It is also
observed that the cathodic potential range of BiFEs gradually
widens with an increase in the cgi/cy ratio. The hydrogen
evolution potential is the most negative at —1.79 V versus Hg/
Hg,Cl, when the cgi/cy ratio is 5, and then gradually narrows
with an increase in the cg;/c) ratio.

We further test the cathodic polarization curves of thicker
BiFEs in acetate buffer. Fig. 7B shows the polarization curves of

1000 A
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GCE and BiFEs. BiFEs are prepared by simultaneous co-
deposition of different concentrations of Bi(ui) (0, 10, 50, 100
and 1000 uM) and 10.0 uM Cd*>* + Pb>" on the GCE surface. It
can be seen that the cathodic potential range of the metal film
electrode formed by the co-deposition of Cd and Pb is much
wider than that of GCE, indicating that the metal film formed by
the co-deposition of Cd and Pb can also be effective in
increasing the cathodic potential range of the electrode.
Furthermore, increasing the cgj/cy ratio, the cathodic potential
range of the thicker BiFEs also becomes wider and then nar-
rower. However, the hydrogen evolution potential is most
negative when the cgi/cy ratio is 1. And when the cg;i/cy ratio is
100, the cathodic potential range of the thicker BiFE is narrower
than that of the GCE.

Fig. 7A and B shows that the higher the initial concentration
of Cd and Pb, the lower the cgi/c\y ratio required for BiFEs to
reach the optimum cathodic potential range. Furthermore, the
metal film formed by the co-deposition of Cd and Pb is also
shown to be effective in increasing the cathodic potential range
of the electrode. Therefore, the optimum cathodic potential
range appears to be related to the total concentration of metal
ions. The cathodic potential range of the electrodes is found to
be greatest when the total concentration of metal ions is 40-50
uM at both concentration levels. Given that too thick a metal
film is more favourable for hydrogen evolution reactions, too
high a cgj/cy ratio will result in a narrower cathodic potential
range at the electrode, possibly even narrower than that of
GCE." The present study indicates that a cg;/cy ratio less than
or equal to 5 is sufficient for a wide cathodic potential range for
BiFEs at two common Cd and Pb concentration levels (1 uM and
10 uM). If the initial concentrations of Cd and Pb are low, it may
be necessary to increase the cgi/cy ratio on a case-by-case basis.

3.4 Analytical applications

For the analysis of real samples, standard curves are prepared in
the range of 5-25 cp;/cy ratios to ensure that the electrode has
sufficient stability and high sensitivity. First, the voltammo-
gram of the blank solution is measured. The stripping peaks for
Cd and Pb do not develop. Then standard solutions of Cd and
Pb are added to the river water (simultaneously) and the anodic
stripping peak areas are then recorded (Fig. 8). The

B
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Fig. 7 Cathodic polarization curves of GCE and BiFEs in acetate buffer (pH 4.5). BiFEs are prepared by co-deposition of (A) 1.0 uM and (B)
10 uM Cd?* + Pb?* and different excesses of Bi (0, 1, 5, 10 and 100-fold), respectively.
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Fig. 8 Stripping performances of BiFEs toward Cd and Pb in the river water (A) and wastewater (B) with 0.1, 0.2, 0.3, 0.4 and 0.5 uM of five

standard metals, respectively.

Table2 Determination of Cd and Pb in the river water and wastewater
with BiFEs

Sample Added Founded by STD Recovery
type Metal  (uM) DPASV (uM) (%) (%)
The river cd 0.10° 0.110 6.0 110
water 0.10° 0.113 72 113

Pb 0.10° 0.0945 2.7 945

0.10° 0.109 3.5 109

Wastewater cd 0.10° 0.113 15.2 113

Pb 0.10% 0.0927 31 927

“ The measurement was performed for 5 times with the same electrode.
5 The measurement was performed for 5 times with 5 different
electrodes.

reproducibility and repeatability of BiFEs are investigated by
making 5 repeated measurements with 5 different electrodes
and 5 repeated measurements with the same electrode.** The
results (Table 2) show that the recoveries (recovery values in the
range of 80.0-120.0%), reproducibility and repeatability (RSD <
20.0% in all cases) of Cd and Pb are satisfactory, suggesting the
applicability for real sample analysis.

Wastewater is also analysed in five replicate determinations
to evaluate the present method (Fig. 8). The data presented in
Table 2 indicate that the determination of Cd and Pb in
wastewater is possible since major metal ions such as Na, K, Ca,
Mg, Fe and Al show no effect on the determination of Cd and
Pb. The above results show that BiFEs have good application
prospects for the detection of Cd and Pb in different samples.

4. Conclusions

The work provides more details and insight into the influence of
the cgi/cm ratio on the DPASV response. The study shows that:

(i) For the determination of Cd(u) and Pb(i) ions by DPASV,
the cgi/cm ratios in the 1-10 range are sufficient to obtain high
quality and sensitivity data at BiFEs. However, at cg;/cy ratios
>40, there is a significant drop in signal.

(ii) The cpi/cy ratios in the 5-10 range are adequate to obtain
relatively precise data with RSD = 10.0%. If higher precision is
required, a cgi/cy ratio of 10-20 is sufficient. Too high a cgi/cm

© 2024 The Author(s). Published by the Royal Society of Chemistry

ratio is ineffective in improving the precision of the analytical
results.

(iii) The optimum cathodic potential range is related to the
total concentration of metal ions. For the two common Cd and
PDb concentration levels (1 M and 10 M), the cp;/cy ratios in the
1-5 range are sufficient to give BiFEs a wide cathodic potential
range. If the initial concentrations of Cd and Pb are low, it is
necessary to increase the cgj/cy ratio on a case-by-case basis.

Unlike the usual recommendation of at least 10-fold excess
of Hg(u) for anodic stripping experiments at in situ prepared
mercury film electrodes, the present study finds that the law of
the influence of the cgi/cy ratio on the sensitivity is in agree-
ment with the conclusions of Table 1. However, in order to
balance between the high sensitivity and precision of the elec-
trode, it is recommended that the cg;/cy ratio should be greater
than 5 and less than 40. For metals susceptible to hydrogen
evolution (e.g., zinc), the need to inhibit the hydrogen evolution
reaction should also be taken into account when choosing the
cgi/cy ratio. In this work, standard curves are prepared in the
range of 5-25 cpi/cy ratios, and Cd and Pb are determined
simultaneously in river water and wastewater. The result shows
that the method has good accuracy and precision in these
medium. This confirms the applicability of BiFEs in the analysis
of real samples.
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