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Abstract

The use of anodic stripping voltammetry for quantitative analytical measurements using solid electrodes is addressed
in the light of generic limitations arising from i) electrode heterogeneity, ii) electrode morphology, iii) inhibited
electrodeposition, and iv) incomplete stripping of deposited metal in the anodic sweep. It is shown, using direct
imaging of electrode surfaces via AFM and optical microscopy, that each of the preceding factors may produce
significant deviations from ideal electrode behavior. The use of atomic force microscopy to fully characterize any
developed ASV procedures is strongly recommended. To ensure reproducible and accurate stripping voltammetry,

steps should be taken to minimize the effects discussed.
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1. Introduction

Analytical chemists can see many attractions in electro-
chemical stripping methods including the recognition that
over 40 chemical elements, not to mention a range of organic
substrates, are appropriate target analytes, competitively
low detection limits reaching ca. 107 mol dm= or below in
favorable cases, good accuracy and reproducibility, ease of
computerization and automation of analytical procedures,
and relatively simple and low cost instrumentation. Never-
theless, despite extensive work with ‘model systems’ it is a
fair observation that major ‘real world’ analytical usage of
voltammetric methodology has yet to realize its full
potential.

The limitations arise partly because of first the fact that in
many target systems encountered outside of the research
laboratory, the inevitable presence of surface active materi-
als/impurities, such as proteins, surfactants, etc., can lead to
significant interference and electrode passivation problems.
Second, it is now seen as at least highly desirable and
probably essential to employ solid electrodes rather than the
mercury ubiquitously employed in pioneering work [1-3],
as a result of increasingly stringent environmental legisla-
tion in Europe and Japan [4 —8]. The use of such electrodes
raises issues of reproducibility and of the validity of absolute
calibrations.

In the present paper we seek to highlight four possible
areas in which the anodic stripping voltammetry (ASV)
experiment is vulnerable to mis-quantification. Using
observations made on both glassy carbon (GC) and boron-
doped diamond (BDD) electrodes as substrates for ASV,
first we show that the surface of some solid electrodes can be
macroscopically heterogeneous. Second we report that the
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local morphology at a surface may control its behavior
towards electrodeposition. Third the effect of surface active
species on nucleation and growth of the metal under
deposition conditions is examined. Finally, and perhaps
most significantly, we show that incomplete stripping can
occur in the detection part of the experiment. The need for
surface sensitive studies and allied voltammetry to probe the
fundamental aspects of metal deposition is stressed as highly
desirable if reliable ASV-based analytical methods are to be
developed.

2. Experimental

2.1. Reagents

All reagents were of analytical grade, used without further
purification. The reagents used were: silver nitrate (Sigma,
99% +), lead nitrate (AnalaR, 99.5% + ), nitric acid
(Aldrich, 70%, AR grade), cadmium nitrate (Aldrich),
acetate buffer (Aldrich) pH 4.8 and Triton X-100 (Aldrich).
All subsequent solutions were prepared using water with a
resistivity of not less than 18 MQ cm (Vivendi water systems,
UK).

2.2. Instrumentation

A three electrode arrangement was used in an electro-
chemical cell with a boron-doped diamond (BBD) film, or
glassy carbon rod (2 mm diameter) serving as the working
electrode. The BDD film used (having dimensions 5 x 5 x
0.535 mm and resistance approximately 0.4 Q) was grown
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on graphite by chemical vapor deposition and supplied by
Element 6 (formerly DeBeers) Industrial Diamond Divi-
sion (Ascot, U.K.). The electrode was pressed into a PTFE
mounting, with an electrical connection made through the
mount to a metal stub using silver-loaded epoxy resin (RS).
Before each measurement (unless otherwise stated), all
electrodes were cleaned using Sum alumina polishing com-
pound, then thoroughly rinsed to remove any surface residue.

A standard three-clectrode configuration was used, con-
trolled by a pAutolab type II potentiostat (Eco Chemie,
Utrecht, the Netherlands). Ex situ deposition was per-
formed in a cell having a volume of approximately 25 cm?,
while a Digital Instruments fluid cell (with an approximate
volume of 0.5 cm?®) was used for all in situ deposition. A
more detailed description of the use of the fluid cell is given
elsewhere [9]

A silver wire was used as the reference electrode for all
experiments involving silver nitrate. The potential of the
silver wire was measured vs. SCE over a range of AgNO;
concentrations between 250 pM and 5 mM, and showed a
potential response of ca 61 mV per decade at 25°C. All

A)

Fig. 1.

potentials for the AgNOj; systems reported in this paper are
therefore measured vs. the equilibrium potential for Ag/Ag*
in the particular concentration of Ag* employed. In all other
cases, a saturated calomel reference (Radiometer, Copen-
hagen, Denmark) was used. A bright platinum wire was used
as the counter electrode throughout.

The ultrasonic horn used in this work was a Model CV 26
(Sonics and Materials Inc. USA) with an operating fre-
quency of 20 kHz fitted with a2 mm diameter titanium alloy
microtip (Jencons, Leyton Buzzard, UK). The intensity of
the ultrasound was determined calorimetrically [10, 11] and
was used at powers of 155 W cm~2 The working electrode
was placed in a face on arrangement [12] to the ultrasonic
horn with a horn tip to working electrode distance of 14 mm.

All optical images were obtained using a Digital Instru-
ments OMV-PAR microscope based on a Sony XC-999P
CCD camera, having a maximum resolution of 752 x 582
pixels over an area of 540 x 400 um, connected to a
Hauppauge video capture card. All images used in the
following sections were of a size as large as the camera’s
maximum, in order to minimize any loss of resolution.

B)

Microscopic images of lead deposited from a solution containing 5 mM PbNO/0.1 M HNO; on A) BDD and B) GC, showing in

each case a) the area of highest deposition density and b) area of lowest deposition density (see text). Deposition conditions: —0.48 V

(vs. SCE) for 60 s. Images show a total area of 540 x 400 um.
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The AFM used was a Digital Instruments Multimode
SPM, operating in ex situ contact mode. A model ‘J’ scanner
was used, having a lateral range of 125 x 125 um and a
vertical range of 5 um. Standard silicon nitride probes (type
NP), having a force constant of approximately 0.58 Nm~!
were used.

3. Results and Discussion

3.1. Electrode Heterogeinity

In order to investigate the long range spatial homogeneity of
the BDD and GC electrodes as substrates for the ASV
experiment, lead was deposited from a solution containing
5 mM lead nitrate and 0.1 M nitric acid.

We find that the mean deposit density may vary widely
over distances of hundreds of microns or millimeters.
Deposition of lead at —0.48 V (vs. SCE) for 60 s from the
solution above on both BDD and GC shows such an effect:
After deposition, the entire electrode was examined opti-
cally and Figures 1A and 1B show images (of size 540 x
400 um) having the highest and lowest density for each
electrode material. Although the nuclei appear to have
roughly the same size distribution (of the order of 2 -4 pm in
diameter), there is a significant variation in nucleus density
in each case, with approximate mean nucleus densities of
2.5 x 10 and 8.5 x 10* cm 2 respectively in the case of both
BDD and GC.

3.2. Electrode Morphology Effects

As well as variations in the long range deposition densities,
local features of the electrode morphology may have a
significant effect on the manner in which material is
deposited in ASV experiments. A particular example of
this on BDD is the effect of the polycrystalline nature of the
surface of the film: on the bare electrode, regions of higher
and lower reflectivity are visible under an optical micro-
scope, corresponding to different crystal faces. This effect is
clearly visible in Figure 7a, which shows a BDD surface,
freshly cleaned by polishing with 1 pm alumina.

These crystal faces, as well as their differing optical
properties, very probably have differing conductivities [9].
An optical image of the deposition of silver from a solution
containing 5mM AgNO; and 0.1 M HNO; on BDD at
—0.3V (vs. Ag) after 5s is shown in Figure 2a. A similar
patterning of the deposit on BDD may be observed with
lead: deposition at — 0.6 V (vs. SCE) for 5 s from the 5 mM
solution produced the image in Figure 2b. Clearly there is
considerable inhomogeneity in the deposit density on a scale
of tens of microns, and the shape of the crystal faces can
easily be seen, particularly in the case of silver. This result is
consistent with different crystal faces having different
conductivities; however, it should be noted that relatively
large deposition potentials (— 0.6 V vs. SCE and above in the
case of lead) are required to achieve this kind of patterning
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Fig.2. Microscopic images of a) silver deposited from a solution
containing 5 mM AgNO;/0.1 M HNO; at —0.3 V (vs. Ag) for 5s
and b) lead deposited from a solution containing 5 mM PbNO,/
0.1 M HNO; at —0.6 V (vs SCE) for 5s on BDD. Image area:
540 x 400 pm.

effect. Lower deposition potentials (below approximately
—0.5V), such as those used to generate Figure 1, show no
such patterning; the distribution of nuclei is essentially
random.

In contrast, as might be expected from its amorphous
nature, GC shows no such short range effect when a
sufficiently large deposition potential is applied [13].
When silver is deposited on GC from a 5 mM solution at
—0.3V (vs. Ag) for 5, the distribution of nuclei appears
entirely random, indicating no spatial inhomogeneity over a
range of 80 um. However, at lower deposition overpoten-
tials, we find that GC shows morphology effects of its own, a
particular example being the scratches on manually pol-
ished GC. As the backgrounds of Figures 1B and 3 show,
after polishing to a mirror finish using 1 pm diamond
polishing compound, the GC surface is covered in a network
of scratches of various sizes. The largest of these tend to act
as favorable nucleation sites, particularly at low deposition
overpotentials. Illustrated in Figure 3 are examples of this
effect using both 5 mM silver (at a deposition potential of
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Fig.3. AFM images of preferential metal deposition along scratch lines on GC. a-c) deposition from a 5 mM AgNO,/0.1 M HNO,
solution at —0.05 V (vs. Ag) for 120's; d) 5 mM PbNO,/0.1 M HNOs; solution at —0.5 V (vs. SCE) for 120s.

—0.05V vs. Ag) and 5mM lead (at —0.5V vs. SCE).
Although nucleation does occur at other points on the
electrode, clearly there is a strong preference for appear-
ance along certain scratches, an effect possibly attributable
to the increased charge densities present around sharp
surface features.

3.3. Effect of Surfactant

Surfactants are widely present in environmental and other
samples. It is interesting to study their effect in ASV
experiments.

The voltammetric response of cadmium on a boron-doped
diamond electrode was explored with square-wave anodic
stripping voltammetry. First the deposition potential was
investigated in the range of —1.0V to —2.0 V (vs. SCE)
using a fixed concentration of cadmium in 0.5 M acetate
buffer. An increase in the magnitude of the stripping peak
was observed as the deposition potential was increased, but
since the onset of gas evolution occurred at —1.9 V and
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beyond, the reproducibility was adversely affected. A
relatively large deposition potential of —1.8 V was conse-
quently used throughout, as it provided the clearest strip-
ping signals possible without interference from gas evolu-
tion. Using this deposition potential, the effect of increasing
cadmium concentration in 0.5 M acetate buffer was studied.
Applying a 60 second deposition time at — 1.8 V followed by
a potential sweep, a linear response of the peak current on
the cadmium concentration was observed over the range
0.2—-3.0 yumol dm~3. Figure 4a shows the observed voltam-
mograms, in which the successively increasing peaks corre-
spond to successive additions of CANO;.

The limit of detection (based on three sigma) [13] was
found to be 2.5 x 1078 mol dm—3. We turn to investigating
the benefits of applying an acoustic field during the
deposition procedure. Using an optimized ultrasonic power
of 155 W ¢cm~2 and a 14 mm horn-to-electrode distance, a
60 second deposition at — 1.8 V was explored with increas-
ing concentrations of cadmium. The voltammetric response
is depicted in Figure 4b, again with successively larger peaks
corresponding to successive additions of CANO;. The limit
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Fig. 4. SW-ASV for increasing additions of CdNO; to 0.5M acetate buffer using a 60s deposition at 1.8 V (vs. SCE). a) Silent
conditions; successively increasing peaks correspond to cadmium concentrations of 0, 0.31, 0.48, 0.64, 0.79, 0.95, 1.27, 1.90 and 2.86 pM.
b) insonated conditions (155 W cm~2). Successively increasing peaks correspond to cadmium concentrations of 0.31, 0.48, 0.64, 0.79, 0.95,
1.90 and 2.86 uM. Inserts show calibration plots for the corresponding voltammograms.

of detection was found to be 4 x 107 moldm=>. The
enhanced deposition in the presence of the acoustic stream-
ing regime enhanced the sensitivity from 0.6 pA pM™! to
3.8 uA pM~! between the silent and insonated procedures.

Next, the voltammetry in the presence of a surfactant was
investigated. A 60 second deposition at — 1.8 Vofincreasing
additions of cadmium to 0.5 M acetate buffer in the presence
of 3 uM Triton X-100 resulted in a non-linear response of
peak current versus concentration; the response was three
times lower than for the quiescent surfactant free case. To
attempt to alleviate this, we examined the acoustically
assisted methodology in the presence of the surfactant
Triton X-100. The application of 155 W c¢m~? ultrasound
during a 60 second deposition step at —1.8 V (vs. SCE) in
the presence of Triton X-100 was explored. No significant
current rise was observed.

Changing the ultrasonic intensity in the range 80-350 W
cm~2 and the horn-to-electrode distance in the range 5-—
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30 mm still did not improve the magnitude of the voltam-
metric response. Cadmium nucleation was confirmed by ex
situ AFM analysis after deposition for 60 s from a solution of
2.1 mM cadmium in 0.5 M acetate buffer. Figure 5a shows
the deposits are ca. 1 pM in diameter. Deposition in the
presence of 3 uM Triton X-100 is shown in Figure 5b, where
it is evident that there is little difference in the radii of the
deposited cadmium nuclei. Complementary optical data
from the deposition of 1 mM cadmium in 0.5 M acetate
buffer in the presence and absence of the surfactant was
investigated (see Figure 6). The images confirm the nucle-
ation is progressive, while the number of nuclei in the
absence of the surfactant was measured at 1.9 x 10° nucle-
i cm~2 compared to 1.1 x 10* nuclei cm~2 in the presence of
the surfactant; the primary effect of the surfactant is to
inhibit nucleation and lower growth of the metal on the
electrode surface.
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Fig. 5. AFM images after the deposition of cadmium from a solution containing 2.1 mM CdNO; in 0.5 M acetate buffer using a
60 second deposition procedure at —1.8 V (vs. SCE). a) no surfactant present, b) in the presence of a 3 uM solution of the neutral

surfactant Triton X-100.

Fig. 6. Optical images of the deposition of cadmium from a
solution containing 0.98 mM CdNO; in 0.5 M acetate buffer using
a 60s deposition step at —1.8 V (vs. SCE). a) no surfactant
present, b) in the presence of 3 uM Triton X-100.

Electroanalysis 2004, 16, No.5

Chronoamperometry was used to explore the nucleation
of cadmium. The current response from a solution of 2.1 mM
cadmium in 0.5 M acetate buffer using an interval time of
>1.5s with a potential of —1.8V for 60 seconds was
investigated. It was observed that the chronoamperometric
curve obtained in the presence of the surfactant passed less
charge than that seen for the surfactant free case. We
conclude that the surfactant affects the nucleation of
cadmium on boron-doped diamond rather than the strip-
ping step.

It is clear that if ASV is to be used for the successful
detection of cadmium in the presence of surfactant then
sample pre-treatment to destroy the inhibitor is essential.

4. Incomplete Stripping During ASV

When performing an anodic stripping voltammetry experi-
ment, it is necessarily assumed that the stripping current is
directly representative of the amount of material placed on
the electrode surface during the deposition stage. However,
this is not always the case.

At high solution concentrations, incomplete stripping is
especially evident: Figure 7 shows successive optical images
of a BDD electrode during an in situ ASV experiment using
5 mM AgNOs;. The first image shows a thoroughly polished
electrode, upon which no deposit is visible. The second,
showing considerable surface coverage, is after 180s
deposition at —0.15 V (vs. Ag.) The third, after a linear
sweep from —0.15V to +0.2V at 20 mV s~!, shows that
there is still a significant amount of the material on the
surface. The approximate level of surface coverage propor-
tional to the maximum amount at ten second intervals
during the deposition and stripping is shown in Figure 8,
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a

« Fig. 7.

In situ microscopic images showing a) a clean BDD
electrode, b) substantial deposition from a 5 mM AgNO3/0.1 M
HNO; solution at —0.15 V (vs. Ag) after 10's, and c) a significant
amount of material still present on the electrode surface after a
linear sweep from —0.15V to +0.2Vat 20 mV s

along with the potential applied; after the linear sweep is
finished, roughly 60% of the deposited material remains. In
fact, the remaining material could not all be removed
voltammetrically, either by longer stripping times at + 0.2 V
or increasing the stripping potential.

The same effect may be seen when depositing lead from a
5 mM solution. Figure 9a shows an ex situ AFM image of a
thoroughly clean electrode — some residue is present
(probably polishing compound), but there is no other height
variation of more than approximately 20 nm over the 50 um
range of the scan. After deposition at — 0.55 V (vs. SCE) for
60 s, a similar area of the electrode was imaged (in order to
minimize misleading results from large scale electrode
inhomogeneities — see section 1). A large amount of deposit
is visible (Figure 9b), while after a linear sweep from 0 V to
+0.4V (vs. SCE) at 20 mV s~!, approximately 5% of the
deposit (by volume) remains (Figure 9c). Again, these
remaining deposits proved impossible to entirely remove
voltammetrically.

To investigate ASV under conditions more similar to
those in a typical ASV experiment, the above procedure was
repeated with a solution containing 50 pM AgNO; and
0.1 M HNO;. Again at each stage of the experiment, the
electrode surface was imaged using ex situ AFM with a scan
range of 50 um. Figure 10 shows the results: After deposi-
tion at — 0.5 V (vs. Ag )for 10 minutes, a significant amount
of deposition is apparent. Stripping, as before, from — 0.15 V
to +0.2 Vat 20 mV s~! reveals that approximately 20% of
the silver remains on the surface.
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Fig. 8. Approximate relative amount of material observed on a BDD electrode during an ASV experiment in which silver was
deposited from a solution containing 5 mM AgNO;/0.1 M HNOj; the applied potential vs. Ag is indicated by the dotted line (right axis).

Squares show measured data, solid lines show best fits (left axis).
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50 um

Fig. 9. Successive AFM images of a similar region of a BDD electrode. a) a thoroughly polished electrode, showing essentially no
surface features. b) after deposition from a 5 mM PbNO,/0.1 M HNOj solution at —0.55 V (vs. SCE) for 60 s. ¢) after a linear sweep from
0V to+04V (vs. SCE) at 20 mV s,

40 :
50 pum

Fig. 10. Successive AFM images of a similar region of a BDD electrode. a) after deposition from a 50 pM AgNO5;/0.1 M HNO; solution
at —0.5V (vs. Ag) for 10 min. b) after a linear sweep from —0.15V to +0.2 V at 20 mV s~%. For an image of the electrode before
deposition, see Figure 9a.

Lead ASV at low concentration shows a similar effect:  detectable deposit (Figure 11). After a linear sweep from
deposition from a 50 pM PbNO5/0.1 M HNO; solution at 0 Vto +0.4 V (vs. SCE) at 20 mV s~!, approximately 5% of
—0.8V (vs. SCE) for 10 minutes produced a small but the deposit volume remains on the surface. In both the cases
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Fig. 11.

50 pm

Successive AFM images of a similar region of a BDD electrode. a) after deposition from a 50 uM PbNO5/0.1 M HNO; solution

at —0.8 V (vs. SCE) for 10 min. b) after a linear sweep from 0 V to +0.4 Vat 20 mV s~.. For an image of the electrode before deposition,

see Figure 9a.

of 50 uM silver and 50 uM lead deposition, it was again
found that some of the deposit could not be removed by
longer stripping times or a higher stripping potential.

To further characterize the behavior of these irremovable
deposits, the BDD electrode was first thoroughly cleaned
using alumina polishing paste. Three successive cyclic
voltammograms were then obtained, allowing a comparison
between the behavior of a polished electrode and one having
some residue present. The results for both 50 uM silver and
lead are shown in Figure 12. It is evident that in both cases,
the first scan shows a smaller deposition current and smaller
stripping peak than the second and third, which are very
similar to each other. Qualitatively the increase in the size of
both deposition and stripping peaks is consistent with the
presence of larger metal nuclei at the start of the deposition
process. This is evident when we consider the diffusion-
controlled current to an array of independent hemispheres:
the larger initial surface area available for deposition results
in a greater charge transfer and hence growth rate, and,
assuming this deposition is reversible, the same applies on
the stripping step.

Finally, to further study the relationship between depo-
sition and stripping peak size, ASV experiments were
performed in which chronoamperometry was used to
deposit the metal, then a linear sweep to remove it.
Deposition was performed for 1, 2 and 5 minutes at
—0.6 V (vs. SCE) in 50 pM PbNO; and — 0.8 V (vs. Ag) in
50 uM AgNO; on the BDD electrode. The linear sweep was
from —0.1 V to +0.4 V (vs. Ag) in the silver solution and
+0.1 V to +0.5V in the lead solution, both at 20 mV s,
After manually cleaning the electrode, each experiment was
repeated once to compare the freshly cleaned result with the
electrochemically stripped result. The deposition current
could not be compared directly to the stripping current due

Electroanalysis 2004, 16, No.5

to some hydrogen evolution, particularly at the relatively
high deposition overpotentials used, but it was possible to
compare the size of the stripping peak as a proportion of the
size of the deposition current between the first and second
scan. In each experiment, it was found that the second
stripping peak as a proportion of the deposition peak was
consistently roughly 1.5 times larger than the first. In the
context of incomplete stripping, this is consistent with less
material being removed than is deposited on the first scan,
while on successive scans a larger proportion (or all) of the
freshly deposited material is removed, while some irremov-
able deposit remains.

5. Conclusions

Some of the major problems associated with quantitative
anodic stripping voltammetry on inhomogeneous solid
electrodes (specifically glassy carbon and boron-doped
diamond films) have been illustrated. These include long
range differences in the rate of material deposition, effects
due to local surface features such as mechanical polishing
scratches on GC and crystal faces on BDD, inhibition of
deposition owing to the presence of surfactant, and incom-
plete removal of deposited material during the stripping
step. Although only carbon electrodes were used in the
described experiments, we assume that the generic prob-
lems highlighted are equally applicable to other solid
stripping electrodes.

Although these observations do not necessarily preclude
accurate use of ASV, it is clear that empirical ASV is a
technique potentially fraught with danger. As such, we
strongly recommend the use of techniques such as AFM to
thoroughly characterize the electrode surface before, during
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Fig.12. Cyclic voltammograms for A) 50 uM AgNO,/0.1 M
HNO; (potentials reported vs. Ag) and B) 50 uM PbNO5/0.1 M
HNO; (potentials reported vs. SCE) on BDD. In each case the
scan rate was 50 mV s! and scans a, b and ¢ show successive scans
after manually polishing the electrode.
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and after the experiment, to ensure that all the processes
occurring are well understood. To acquire reproducible and
accurate stripping data, we have shown that it is desirable to
use an electrode large enough for short range inhomogene-
ities to be averaged out, with as uniform a surface as
possible. Precautions should be taken to eliminate (or
minimize) incomplete stripping.
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