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We report the ppb level detection of selenium by anodic stripping voltammetry (ASV) using
finely dispersed gold nanoparticles (grown Au NPs) electrodeposited on sputter-deposited Au
NPs embedded in carbon film electrodes. The Au NP-embedded carbon (AuNP-C) films were
fabricated by the unbalanced magnetron (UBM) cosputtering of Au and carbon targets. The
difference in overpotential between gold and carbon surfaces allows the selective deposition of
gold ions only on the exposed Au parts of a AuNP-C film. As a result, we could successfully
realize the highly dense deposition of Au NPs at the electrode surface without forming a Au
film. By ASV with the developed electrode, we successfully increased the stripping current
of selenium while maintaining the stable response derived from selectively grown Au NP
structures.

1. Introduction

Selenium is an essential element present in food, biological, and environmental systems.
The beneficial effects of the dietary intake of selenium on human health have been confirmed,
including anticancer effects, antiviral effects, the enhancement of immune response, the
improvement of sperm mobility, and so on.*» However, it is also known that the concentration
range between the beneficial effect and the toxicity of selenium is very narrow (50—220 pg/day).@
Excessive levels of selenium intake cause selenosis, the symptoms of which are hair or nail loss,
nail abnormalities, decayed teeth, skin lesions, and changes in peripheral nerves.) On the other
hand, inadequate levels of intake are associated with Keshan disease, Kaschin—Beck disease,
and possibly several kinds of cancer.?

Selenium forms four oxidation states, namely, selenide [Se(Il)], selenium [Se(0)], selenite
[Se(IV)], and selenate [Se(VI)]. Among these species, Se(IV) and Se(VI) are soluble in
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water, and Se(I'V) exhibits a 5-10-fold higher toxicity than Se(VI).%> Therefore, the Se(IV)
concentration in environmental and drinking water should be strictly monitored. In fact, the
World Health Organization (WHO) regulates the selenium concentration in drinking water to
less than 10 ppb.

The electrochemical determination of selenium has been preferably carried out compared
with a conventional mass-spectrometry-based method because it is simple, inexpensive,
and easy to use, and it exhibits the capability of a miniaturized device suitable for on-site
analysis. In addition, electroanalysis can discriminate selenium with a different oxidation state
by utilizing the difference in electrochemical activity between Se(IV) and Se(VI),®) which
conventionally requires a chromatographic system coupled with, for example, inductive coupled

plasma mass spectrornetry(6’7) (8.9

and hydride generation atomic fluorescence spectrometry.

The electrochemical method has been proposed on the basis of the anodic and cathodic
stripping voltammetry of Se(IV), the oxidative detection of Se(IV) to Se(VI), and potentiometric
stripping analysis. A mercury-film electrode (MFE) and a hanging mercury drop electrode
(HMDE)!"*!D and its amalgam? were utilized because they have a wide reductive potential
limit and the ability to form alloys with target heavy metal ions, and they are less affected
by electrode fouling. However, the toxicity of mercury itself required alternative electrode
materials. A bismuth-based electrode can also be utilized for cathodic stripping voltammetry
because it is environmentally friendly despite its similar physicochemical properties to a
mercury-based electrode. In addition, low background noise current and low susceptibility
to interference from dissolved oxygen contribute to improving the limit of detection for
Se(IV) down to 0.1 ppb (~0.8 nM)."> However, the anodic potential limit of a bismuth-
based electrode is relatively negative (at least less than +0.2 V vs Ag/AgCl), which makes its
application to selenium analysis based on anodic stripping voltammetry (ASV) difficult.™ 1In
contrast, carbon-based electrodes including carbon nanomaterials such as reduced graphene
oxide were also utilized."® Although carbon materials are superior to a mercury-based
electrode owing to its nontoxic nature and low background noise level, the lack of sensitivity
limits the application of carbon electrodes to selenium analysis.

Gold-based electrodes have been regarded as the most suitable materials for selenium
electroanalysis because of their nontoxic nature and ability to strongly adsorb selenium
species!” without modification by chelate species.!” In particular, gold nanoparticle
(Au NP)-modified carbon electrodes have been extensively developed because of their higher
sensitivity toward selenium analysis. Idris et al. reported the Au-NP-modified glassy carbon
electrode for the electroanalysis of Se(IV) in water prepared by electrodeposition, successfully
improving the limit of detection for selenium to less than 1 ppb.!® Ivandini and Einaga
reported the detection of not only Se(IV) but also Se(VI), which has been considered as an
electrochemically inactive species, by using a gold-modified boron-doped diamond electrode.'”
Their reports indicate the usefulness of gold nanomaterials because of their electrocatalytic
activity toward water-soluble Se(IV) and, maybe in the future, Se(VI) electrodeposition.

One of the problems in the case of using gold-based electrodes toward Se(IV) detection
is that the electrodeposition mechanism is complicated. Several reports describe that, if
an electrodeposition potential lower than around —0.4 V vs Ag/AgCl is applied in an acidic



Sensors and Materials, Vol. 30, No. 4 (2018) 1137

solution, the deposited selenium undergoes not only the simple reduction of adsorbed Se(IV)
(H2SeOs + 4H" + 4~ = Se + 3H,0) but also a further reduction reaction (Se + 2H" + 2¢ =
H»Se), leading to the loss of electrodeposited Se(0), which is not desirable from an analytical
viewpoint. Moreover, HySe could undergo a comproportionation reaction to H;SeOs3 in a
bulk solution (H;SeOs; + 2H;Se = 3Se + 3 HZO).(3’17) Therefore, an applied potential higher
than —0.4 V is suitable for the analysis of Se(IV) to prevent the deposited Se(0) from further
reduction reaction.

We previously reported the development of a Au-NP-embedded carbon film (AuNP-C)
electrode for arsenic [As(IIl)] detection.?” Because of the low intermiscibility of carbon
and gold phases, the cosputtering deposition of carbon and gold results in the formation of
an atomically flat film electrode composed of dispersed Au NPs in the sp*/sp> bond-hybrid
carbon matrix. The developed electrode is characterized by higher sensitivity and stability
toward arsenic [As(I11)] analysis, which is derived from the small NP size (<5 nm) and tightly
embedded structure, compared with the Au-NP-modified electrode prepared by physical
adsorption.?” However, the sensitivity is low because the surface area of Au NPs exposed
above the electrode surface is determined to be small by taking into account the lower
deposition rate of selenium than of As(Ill). Therefore, both the electrocatalytic activity of Au
NPs and a large active surface area are required to realize the highly sensitive detection of
Se(1V), as described above.

Here, we report finely dispersed Au NPs electrochemically grown on a cosputter-
deposited Au-NP-embedded carbon film (Au/AuNP-C) electrode. Owing to the difference in
overpotential between carbon and Au NPs, we can electrodeposit gold ions preferentially on
the Au NPs by controlling the electrodeposition potential (Fig. 1). We demonstrate that the
proposed electrode material enabled us to improve the sensitivity and limit of detection for the
stripping analysis of Se(I'V).

2. Materials and Methods
2.1 Apparatus

All the electrochemical measurements were performed by using an electrochemical analyzer
(CHI Instruments, Model 720¢). A three-clectrode configuration was set up throughout the

Embedded AuNP Grown AuNP
l Au_CI4'
Selective
“ B “
AuNP-C electrode Au/AuNP-C electrode

Fig. 1.  Selective electrodeposition of AuCls on Au NPs embedded in carbon film electrode.



1138 Sensors and Materials, Vol. 30, No. 4 (2018)

experiment with a Ag/AgCl electrode (3 M NaCl) (BAS) and a Pt wire as reference and counter
electrodes, respectively. High-resolution transmission electron microscopy (HRTEM) was
performed using EM-002B high-resolution TEM (Topcon) with a point-to-point resolution
of 0.23 nm. Field emission scanning electron microscopy (FE-SEM) was carried out using a
Model S-4800 (Hitachi High Technologies, Japan). All measurements were performed at room
temperature.

2.2 Materials

Selenium standard solution (1000 ppm H,SeO; dissolved in 1 M HNO3), gold standard
solution (1000 ppm HAuCly dissolved in 1 M HCI), and 1 M sulfuric acid were purchased from
Wako Pure Chemical Industries, Ltd. (Japan). Ultrapure water (Milli-Q) was used in all of the
experiments.

2.3 Film fabrication by cosputter deposition

A Au-NP-embedded carbon film electrode and a pure carbon film (without Au NPs) were
deposited on a boron-doped silicon (100) substrate formed by unbalanced magnetron (UBM)
sputtering without heating as reported previously.(zo’zl) The gold and sintered carbon targets
were arranged to codeposit the sputtered atoms from each target on the substrate. No external
substrate bias voltage was applied during sputter deposition, but a voltage of 20 V was
naturally generated in the substrate versus gold and carbon targets. This condition corresponds
to the description “non-bias voltage” in a previous report,?? and the carbon film consists of an
80% sp’ bond and a 20% sp° bond.

2.4 Gold ion electrodeposition

After cutting the film electrode into a rectangular shape, we put the insulating tape with a
2-mm-diameter hole on the deposited film electrode to define the electrode area (0.0134 cmz).
For Au electrodeposition, we prepared the AuCly -dissolved solution from a commercial gold
standard solution (Wako) by 10-fold dilution with 0.1 M H,SO4. The AuCls dissolved solution
finally consists of 100 ppm (508 uM) AuCly , 0.1 M HCI, and 0.09 M H,SO4. We immersed the
film electrode into the AuCly dissolved solution and applied potentials of +0.65 V to the Au-
NP-embedded carbon film electrode and +0.50 V to the pure carbon film electrode for 240 s.
After washing the electrode surface with water, the electrode was transferred to the 1 M H,SO4
aqueous solution without drying and then initially cleaned electrochemically by potential scans
from 0.1 to 1.5 V for 6 cycles.

2.5 Structural characterization

The internal nanostructure of the Au-NP-embedded carbon film electrode was observed
by HRTEM. We prepared a sample for TEM observation by scratching the film from the Si
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substrate surface with a diamond pencil. The surface nanostructure of the grown Au-NP-
deposited electrodes was characterized by FE-SEM. The number of grown Au NPs and their
sizes were calculated by using Image J software, a Java-based program provided by the National
Institute of Health (NIH). The surface area of Au was estimated on the basis of reduction peak
charges obtained by repeated cyclic voltammetry (CV for 6 cycles) in 1 M H;SO4 aqueous
solution, which is the same process as electrochemical cleaning described above.

2.6 Square-wave anodic stripping analysis of Se(IV)

Square-wave anodic stripping voltammetry (SWASV) was performed for a Au-NP-
embedded carbon film electrode with or without Au electrodeposition and a commercial Au
bulk electrode (BAS, Japan). The measurements consisted of three steps: (i) 60 s deposition at
—0.35 V vs Ag/AgCl to preconcentrate Se(IV) while stirring a solution, (ii) square wave anodic
stripping from +0.60 to +1.50 V vs Ag/AgCl using a frequency of 12.5 Hz, an amplitude of
20 mV, and a step potential of 12 mV after stirring a solution and waiting for 5 s at +0.6 V vs
Ag/AgCl, and (iii) 60 s potential application at +1.40 V vs Ag/AgCl to remove the remaining Se
deposit from the gold surface.

3. Results and Discussion
3.1 Nanostructures of AuNP-C electrode

Figure 2 shows the TEM image of the AuNP-C electrode fabricated using UBM cosputtering
equipment. A large number of black spots corresponding to AuNP-C were dispersed densely in
the light gray region corresponding to the carbon matrix. The average size of Au NPs is around
2.6 nm, which is highly uniform and almost equivalent to that of Ni-Cu nanoalloy embedded in
the carbon film electrodes fabricated using the same equipment as previously reported.al) Note
that the size of the embedded Au NPs is twofold smaller than that of the Au NPs embedded in

Fig. 2. Typical TEM image of Au-NP-embedded carbon film electrode.
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the carbon film electrode reported previously.?” This is probably because we use a different
type of UBM sputtering equipment to deposit the films. The factors affecting the size of Au
NPs could depend on the chamber shape and the distance between targets and a substrate.

3.2 Electrode fabrication and characterization

To obtain the suitable electrodeposition potential of Au ions only on the Au NP surface and
not on the carbon surface, we investigated the difference in electrodeposition potential between
the surfaces. Figure 3 shows the linear sweep voltammetry (LSV) results obtained by using
carbon film electrodes with or without embedded Au NPs. The electrodeposition of Au ions
at the AuNP-C film electrode was started at +0.7 V, which is 0.1 V more positive than that of
the pure carbon film electrode (without Au NPs) because of the difference in overpotential
between the carbon and Au surfaces. These results indicate that the selective electrodeposition
of Au ions on only Au NPs exposed at the electrode surface can be achieved by controlling the
electrodeposition potential (+0.65 V vs Ag/AgCl in this case).

Next, we investigated the surface morphology before and after Au electrodeposition. We
conducted Au electrodeposition at +0.65 V vs Ag/AgCl for a AuNP-C film electrode and at
+0.5 V vs Ag/AgCl for the pure carbon film electrode. Figure 4 shows the SEM images of the
(a,b) AuNP-C film electrode and (c,d) pure carbon film electrodes with (b,d) or without (a,c)
Au electrodeposition. Before electrodeposition, no structure was observed on both as-sputtered
electrodes since these electrodes have atomically flat surfaces.?% 22 After Au electrodeposition
on the AuNP-C film electrode, numerous grown Au NPs (from 20 to 200 nm, average diameter:
56 nm) were observed. The density of grown Au NPs, which is calculated from the number
of grown Au NPs divided by the observation area, is 71 nanoparticles/umz. In the case of
electrodeposition on the pure carbon film electrode, a smaller number of spherical Au NPs

100

Currentdensity/ pA cm-

0 02 04 06 08 1
Potential/V vs Ag/AgCl

Fig. 3. Linear sweep voltammograms in AuCly dissolved solution with sputtered carbon film with (solid) and
without (dotted line) embedded Au NPs.
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Fig. 4. SEM images of the (a and b) Au-NP-embedded carbon film electrode and (c—e) pure carbon film electrode (a
and c) before and (b, d, and e) after AuCly electrodeposition. Scale bar: (a—d) 2 um; (€) 5 pm.

(~62 nm) were electrodeposited. The density is 17-fold lower (4 nanoparticles/um?) than
that on the AuNP-C film electrode owing to the lack of active sites for Au electrodeposition.
Note that both spherical small Au NPs and flowerlike large Au aggregates (~1 pm) were
observed at the pure carbon electrode with lower density (0.005 nanoparticles/um?) as
shown in Fig. 4(e). No such large structure was observed at the Au/AuNP-C electrode. We
previously reported that our sputter-deposited carbon film contains electroactive graphenelike
nanocrystalline structure.?>?3  We speculate that the more electroactive edge planes of the
graphenelike nanostructure heterogeneously existing at the carbon surface may enhance the
Au electrodeposition with a higher deposition rate, forming larger Au electrodeposits. In fact,
such large Au electrodeposits were not observed at the Au/AuNP-C electrode surface because
the electroactive Au NPs were homogeneously dispersed at the electrode surface, which is more
suitable for Au electrodeposition. Also, it can be considered that large gold electrodeposits may
result from the aggregation of small Au NPs electrodeposited on a carbon film surface. Such
a phenomenon could be suppressed at the Au/AuNP-C electrode because the Au NPs at the
bottom of the grown Au NPs are tightly embedded. Therefore, the grown AuNP-C could be
tightly immobilized, suppressing the detachment and aggregation of electrodeposited Au NPs.
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To estimate the surface area of gold, we conducted the repeated CV (6 cycles) in 1 M H»SOq4
aqueous solution. Figure 5(a) shows the cyclic voltammograms obtained using the AuNP-C film
electrode before and after Au electrodeposition. Two small oxidation peaks at around +1.20 and
+1.35 V, which correspond to two reduction peaks at around +0.95 and +0.85 V, respectively,
were observed. These correspond to the oxidation and reduction of a gold surface with a
different crystalline plane. After Au electrodeposition, both oxidation and reduction peaks
became much larger while maintaining each peak potential. This result suggests the epitaxial
growth of gold on the AuNPs. The reduction peak charges of AuNP-C and Au/AuNP-C,
which are known to be proportional to the gold surface area at a ratio of 390 pC cm 2,245
were 0.88 pC (0.0023 cmzAu) and 2.95 uC (0.0076 cmzAu), respectively. This resulted in a
3.4-fold increase in gold surface area. In contrast, Fig. 5(b) shows the cyclic voltammograms
obtained using the pure carbon film electrode before and after Au electrodeposition. Before
electrodeposition, no peak can be observed owing to the absence of gold species. After
electrodeposition, a slightly broad oxidation peak at around +1.2 V and two reduction peaks at
around +1.0 and +0.7 V were observed. The reduction peak charge is 1.07 uC (0.0027 cm?ay),
which is 3.5-fold lower than that obtained using the Au/AuNP-C electrode (2.95 pC; 0.0076
cm? Au). These results demonstrate that our proposed selective electrodeposition technique
is effective for expanding the gold surface area while maintaining the shape of nanoparticles,
which is very advantageous for the stripping analysis of metal ions. The reason why the 17-
fold higher density of grown Au NPs gave only a 3.3-fold larger gold surface area than that
before electrodeposition is still unclear. We speculate that the observed larger gold aggregates
(~1 um) with a flowerlike structure on the pure carbon electrode contribute to the increase in
electrochemically estimated gold surface area.
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Fig. 5. Cyclic voltammograms obtained with (a) AuNP-C and (b) pure carbon films in 1 M H;SO4 aqueous
solution before (dotted line) and after (solid line) Au electrodeposition (240 s). Au deposition potentials are +0.5 V
for the pure carbon film electrode and +0.65 for the AuNP-C electrode.
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3.3 SWASV of Se(IV)

We applied our electrodes to Se(IV) electroanalysis. Figure 6 shows the SWASV curves of
different Se(IV) concentrations obtained using AuNP-C, Au/AuNP-C, and (c) a commercial
Au bulk electrode for comparison. The AuNP-C electrode gave small peak currents at around
0.92 V vs Ag/AgCl, which increased with the Se(IV) concentration. We could not detect 50 ppb
Se(1V). In contrast, the Au/AuNP-C electrode showed larger oxidation peak currents at around
0.91 V than the AuNP-C electrode, allowing the detection of a lower concentration of Se(IV)
(10 ppb) owing to the larger gold surface area. As shown in Fig. 6(c), the commercial Au bulk
electrode could also detect 10 ppb Se(IV). However, oxidation peak potentials positively shifted
with increasing Se(IV) concentration from 0.83 V (for 10 ppb) to 0.89 V (for 1000 ppb). These
results indicate that Au/AuNP-C exhibits a more stable electroanalytical performance than a
conventional Au bulk electrode. We speculated that the difference in tendency is ascribed to
the small nanoparticle size. It was already reported that the potential of the stripping peak is
positively shifted by the formation of Au-Se alloy.) We expect that the Se(0) electrodeposited
on the Au bulk electrode diffuses more deeply into the Au surface with increasing amount
of deposited Se(0). On the other hand, the diffusion length of the electrodeposited Se(0) into
the Au NPs is limited to the diameter of Au NPs, which is different from that of the Au bulk
electrode. Therefore, we could obtain a stable stripping peak current without peak shift.

600 —
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300 - 1000 ppb
200 f
0 ppb
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0.7 0.8 0.9 1 11 07 0.8 0.9 1 11 07 038 09 1 11
Potential / Vvs Ag/AgClI Potential / Vvs Ag/AgClI Potential / V vs Ag/AgClI
(@) (b) ©

Fig. 6.  SWASV curves of various Se(IV) concentrations before and after Au electrodeposition obtained using (a)
AuNP-C, (b) Au/AuNP-C, and (c) Au bulk electrodes. Egep =—0.3V, t4ep = 60 s, f=12.5 Hz, E,, = 20 mV, and AE;
=12 mV. Supporting electrolyte: 0.1 M H2SO4 aqueous solution. Se(IV) concentrations: 0, 10, 50, 100, 500, and
1000 ppb. The dotted line refers to the baseline [Se(IV) concentration = 0 ppb]. Note that the obtained current is
divided by the apparent electrode area (0.0314 cm?), not the gold surface area estimated electrochemically. Inset
figures in (a) and (b) show magnified SWASVs of 0 and 10 ppb Se(IV).
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Fig. 7. Calibration plots [peak current height vs Se(IV) concentration] obtained with AuNP-C (o) and Au/
AuNP-C (0) electrodes with overall (a) and low (b) concentration regions (95% confidence interval, n = 3). Dotted
lines correspond to approximate straight lines estimated from the plots shown in (b).

Figure 7 shows the calibration curves plotted from Fig. 6. The Au/AuNP-C electrode
exhibits a 4.7-fold higher sensitivity (0.47 wA cm 2 ppb ') than the AuNP-C electrode
(0.10 pA cm 2 ppb 1), which is in good agreement with the ratio of gold surface areas before
and after Au electrodeposition (3.4x). We successfully improved the limit of detection of less
than 10 ppb for the Au/AuNP-C electrode, suggesting that the grown AuNP greatly improved
the detection limit. This detection limit also means that the WHO’s regulated levels of Se(IV)
can be detected. These results indicate the importance of arranging numerous small Au
NPs effectively on the supporting electrode for the stripping analysis of Se(IV). In addition,
we performed a selectivity test and confirmed that the amount of 500 ppb Cu(Il), a typical
interfering substance for environmental Se(IV) detection, decreased in the stripping peak
current of Se(IV) by 38% (Fig. Al). However, we found that the commercial chelex powders
successfully removed only Cu(Il) ions from the Se(IV) solution, fully recovering the stripping
current of deposited Se(0) (Fig. Al). Therefore, we believe that such an appropriate pretreatment
for removing interfering substances allows the practical application of our developed electrode
to Se(IV) detection in food, biological, and environmental systems. To further optimize the
electrode structure for analytical performance, we intend to control the size and density of Au
NPs grown by changing the electrodeposition time and the number of embedded Au NPs in the
near future.

4. Conclusions

We successfully fabricated selectively electrodeposited Au NPs on AuNP-C by a combined
process based on cosputtering and electrodeposition techniques. Since the active sites (embedded
Au NPs) of electrodeposition reaction were finely dispersed in advance, the deposited
electrochemically grown Au NPs were also finely dispersed without forming a Au film. Our
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electrode gave a 3.3-fold higher gold surface area than that before electrodeposition. It became
clear that the grown Au NPs give stripping currents without the potential shift induced by
the increase in Se(1V) concentration, which is unlike the results obtained using a commercial
Au bulk electrode. Our proposed methodology of electrode fabrication offers a better
electrocatalytic interface suitable for the stripping analysis of both selenium ion and any other
metal ions including arsenic ions.
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Appendix

We performed a selectivity test by using a Au bulk electrode. Figure Al shows SWASVs of
500 ppb Se(1V) with (black) or without (gray) Cu(II), which is known as one of the interfering
substances in environmental samples from river and soils. The stripping current of Se(0) at
around 0.85 V vs Ag/AgCl was 38% decreased by adding 500 ppb Cu(Il) ions to the 500 ppb
Se(IV) solution, suggesting that Cu(Il) ions interfere with the Se(IV) detection. Then, we
dispersed the commercial chelex powders (Chelex® 100 Chelating Resin, molecular biology
grade, 200—400 mesh, sodium form, Bio-Rad Laboratories Inc.) in the mix solution of 500 ppb
Se(IV) and 500 ppb Cu(Il) for removing only Cu(Il) ions. After removing the chelex powders
by ultrafiltration, we obtained the almost same SWASV as that in 500 ppb Se(IV) standard
solution, indicating that only Cu(Il) ions could be selectively removed. As a result, we believe
that some pretreatments for removing the interfering metal ions allow the practical application
of our developed electrode to detect Se(IV) in real samples.
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Fig. Al. SWASVs using a gold bulk electrode obtained from 500 ppb Se(IV) solution (gray dotted line), 500 ppb
Se(IV) and 500 ppb Cu(Il) mixed solution (black dotted line), and the mixed solution after dispersing and then
removing chelex powders (black solid line). Chelex powders were dispersed in the solution containing 11 mM
HNO3, 1 ppm Se(1V), and 1 ppm Cu(II) solution (pH 2.7), and then the pH was adjusted to 0.7 by twofold dilution
with 200 mM H,S04 solution after ultrafiltration. SWASV conditions: Egep = =0.3 'V, t4ep = 60 s, f=12.5 Hz, Ey,, =
20 mV, and AE; =12 mV.
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