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ABSTRACT: Determination of the concentration of ascorbic
acid in a solution has attracted intense recent interest. Here we
demonstrate the feasibility of electro-oxidation of ascorbic acid
on spherical cobalt core−shell nanoparticles (10-50 nm dia.)
prepared by electrochemical deposition on a H-terminated
Si(100) substrate. Depth-profiling X-ray photoelectron spec-
troscopy reveals that these nanoparticles consist of a metallic
cobalt core covered by a Co(OH)2 shell without any evidence
of CoOx. Glancing-incidence X-ray diffraction studies further show that the metallic Co core consists of a mixture of hexagonal
close packed and face centered cubic structures, the relative composition of which can be easily controlled by the deposition
potential. We further demonstrate that when these Co nanoparticles are deposited on a high-surface-area electrode as provided
by a Si nanowire template, the resulting nanostructured Co-coated Si nanowire electrode offers a promising high-performance
sensor platform for ascorbic acid detection.

KEYWORDS: cobalt core−shell nanoparticles, electrodeposition, silicon nanowire electrode, SEM, XPS, GIXRD,
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1. INTRODUCTION

Ascorbic acid is a powerful antioxidant naturally present in
many fruits and vegetables, and it is indispensable for building
an immune system against many diseases.1 Because of its
biological and technological importance, there is a continued
interest to develop rapid and sensitive methods for routine
determination of its concentration in the food industry. Many
techniques have been used for the quantitative determination of
ascorbic acid, and they include titration,2 liquid chromatog-
raphy,3 ultraviolet spectroscopy,4 fluorimetry,5 flow injection
analysis,6 turbidimetry,7 and electrochemical methods. Among
them, electrochemistry offers a fast and reliable analysis
technique, often employing various high surface area electrodes,
including modified carbon-paste,8 modified carbon ceramic,9

modified pyrolytic graphite,10−12 3D nanoporous gold thin
film,13 Ni−Pt alloy,14 Cu(II) zeolite-modified Pt,15 B-doped
diamond,16 and modified glassy carbon electrodes (GCE).17,18

It has been reported that GCE modified by Co-doped hematite
nanoparticles exhibits not only a higher anodic current
response with a shift in positive potential than the bare GCE
but also enhanced electrochemical sensing performance for
ascorbic acid than GCE modified by undoped hematite
nanoparticles.19 Tian et al. have prepared GCE modified by
an electroplated (thick) Co film and demonstrated their
superior electrocatalytic activity to the oxidation of ascorbic
acid. They also reported the best biosensor to date, with a fast
response time of less than 3 s, an excellent linear relationship in

the concentration range of 3 × 10−7 to 1 × 10−4 M, and a
detection limit of 2 × 10−7 M.20 These studies therefore suggest
that Co nanostructures could offer potentially excellent catalytic
performance enhancement for the electro-oxidation of ascorbic
acid.
Silicon is a good biosensor substrate because of its high

reliability and low output impedance.21 In addition to
integrated sensor application, the study of metallic nanostruc-
tures deposited on Si substrates is also important to
microelectronic, optoelectronic and magnetic storage. In
particular, Co nanostructures deposited on a Si substrate has
attracted a lot of attention due to its magnetic behavior and
catalytic properties. Several techniques to prepare Co
nanostructures on a Si support have been reported. Kwon et
al. have reported thermal atomic layer deposition of ca. 1
monolayer Co on a H-terminated Si substrate using the cobalt
carbonyl complex (tertbutylallylcobalttricarbonyl).22 Pető et al.
prepared nanosized Co particles by Ar ion sputtering of a 4−5
nm thick, “islandlike” Co film predeposited on a Si(111)
substrate by electron beam evaporation.23,24 The resulting Co
nanoparticles (NPs) exhibit a “raftlike” morphology with a
lateral dimension of 5-10 nm and a height of 2 nm. Koch et al.
prepared Co nanoclusters of ∼8 nm diameter on a p-Si(100)

Received: October 1, 2012
Accepted: March 14, 2013
Published: March 14, 2013

Research Article

www.acsami.org

© 2013 American Chemical Society 2410 dx.doi.org/10.1021/am3021763 | ACS Appl. Mater. Interfaces 2013, 5, 2410−2416

www.acsami.org


substrate by using a cluster deposition source, in which a
supersaturated metal vapour beam was generated by sputtering
a Co target in an Ar atmosphere.25 Co nanoclusters were then
obtained by gas aggregation in the condensation chamber.
Another technique involved the use of a colloidal solution of
Co NPs covered by surfactants in a wet-chemistry method.
Kalska et al. prepared thin films of Co NPs of 8, 10, and 12 nm
dia. on a Si wafer by drying droplets of the colloidal NP
solution.26 Colloidal Co NPs of 10−12 nm dia. have also been
deposited on a Si(100) substrate by spin-coating with27 and
without the presence of a magnetic field.28 As a simple, low-
cost, high-throughput synthesis technique, electrodeposition
offers a potential way of preparing Co nanostructures on a Si
substrate from a precursor solution containing Co ions. To
date, however, not much work has been reported on metallic
Co nanostructure growth on Si substrates by electrodeposition.
Recently, Curry et al. electrodeposited perpendicular metallic
Co nanowires (with an average diameter of 20 nm) on a H-
terminated Si(111) substrate using the coblock polymer
templating method.29 Moina et al. reported the preparation
of nano-sized Co nuclei on p-Si(111) by electrodeposition at
−0.7 V (with respect to a saturated calomel electrode), for
which “flat spheroids”, with maximum heights of ∼65 nm, were
uniformly distributed on the Si surface.30 Here, we use
electrodeposition to prepare Co NPs on a H-terminated
Si(100) substrate, with good control of their morphology and
their resulting properties. These Co NPs are found to consist of
a metallic Co core and a Co(OH)2 shell. We demonstrate that
these as-electrodeposited Co NPs can be used as catalysts for
electro-oxidation of ascorbic acid in an alkaline solution, and we
characterize their performance by cyclic voltammetry. To
increase their efficacy, we employ a high-surface-area Si
nanowire (SiNW) substrate for the growth of these nano-
structured cobalt electrodeposits and show that they can be
used as a high-performance sensor platform for analysis of the
concentration of ascorbic acid.

2. EXPERIMENTAL DETAILS
Electrodeposition of metallic Co on H−Si(100) was performed in a
three-electrode cell with a potentio/galvanostat electrochemical
workstation (CH Instruments 660A). The working electrode was a
p-type, single-side-polished, rectangular Si(100) chip (15 × 2.5 mm2,
0.4 mm thick, with a resistivity of 1.0-1.5 mΩ cm), which has been H-
terminated by a standard procedure.31 The Si chip was cleaned by
using the RCA method, etched in an aqueous HF (2%) solution to
remove the native oxide layer, and thoroughly rinsed with filtered de-
ionized water (with resistivity of 18.2 MΩ cm). A standard Ag/AgCl
reference electrode and a platinum-wire counter electrode were used
in all the electrodeposition experiments. In a deoxygenated aqueous
solution of 0.005 M CoSO4, mixed with 0.2 M KCl and 0.2 M H3BO3
as the supporting electrolyte, Co nanostructures were deposited on the
H−Si(100) substrate by amperometry at a constant potential. It
should be noted that all the potentials reported in this work were
relative to the Ag/AgCl reference electrode unless stated otherwise.
After the deposition, the sample was thoroughly rinsed with de-ionized
water and dried in N2, before further analysis of the resulting
electrodeposits. The electro-oxidation of ascorbic acid was also studied
in the same electrochemical workstation, with the as-electrodeposited
Co NPs on the Si substrate used as the working electrode. In a
deoxygenated aqueous solution of 0.1 M NaOH and various
concentrations of L-ascorbic acid (0, 2.5, 5, 10, and 20 mM), cyclic
voltammetric scans were performed between −0.4 V and 0.8 V at a
scan rate of 10 mV s‑1.
We also prepared a Si nanowire (NW) substrate for Co

nanostructured electrodeposit using a standard method.32 The H−

Si(100) chip was immersed in 5 M HF and 0.02 M AgNO3 for 10 min
and subsequently rinsed with de-ionized water. In order to remove the
metallic Ag deposit, we used a solution of concentrated HNO3 in H2O
(1:1 in volume) to wash the resulting SiNW substrate. The Ag-free
SiNW substrate (the absence of Ag confirmed by XPS, not shown)
was then thoroughly rinsed with de-ionized water and dried by N2, for
subsequent use as a working electrode for the electrodeposition of
nanostructured Co at −1.4 V for 10 min in a solution of 0.005 M
CoSO4, 0.2 M KCl and 0.2 M H3BO3. The nanostructured Co film
deposited on the SiNW substrate was then used as the working
electrode for cyclic voltammetric scans between 0 V and 0.4 V at a
scan rate of 10 mV s−1 in a deoxygenated aqueous solution of 0.1 M
NaOH and various concentrations of L-ascorbic acid (0, 0.1, 0.5, 1, 5,
10, 50, and 100 μM).

The surface morphology of the Co electrodeposits was charac-
terized by scanning electron microscopy (SEM) in a LEO 1530 field-
emission microscope, while the corresponding chemical composition
was analyzed by X-ray photoelectron spectroscopy (XPS) as a function
of Ar ion sputtering time. The depth-profiling XPS experiment was
conducted in a Thermo-VG Scientific ESCALab 250 Microprobe
equipped with a monochromatic Al Kα X-ray source (1486.6 eV), at a
typical energy resolution of 0.4-0.5 eV full-width at half-maximum.
Argon sputtering was performed over a rastered area of 3×3 mm2 of
the sample at an ion beam energy of 3 keV and sample current density
of 110 nA mm−2. The crystallographic nature of the electrodeposits
was determined by glancing-incidence X-ray diffraction (GIXRD) at an
incidence angle of 0.6°, with the Cu Kα anode operating at 45 kV and
35 mA.

3. RESULTS AND DISCUSSION
In the electrodeposition experiments, the common parameters
used to control the morphology of the nanodeposits are
electrolyte concentration, deposition potential and deposition
time. For the solution containing a low CoSO4 concentration of
0.005 M, along with 0.2 M KCl and 0.2 M H3BO3 (with a pH
of 4.34), an electrodeposition potential of −1.4 V is chosen.
Because of the acidic electrolytes, hydrogen evolution is
observed simultaneously during the cobalt deposition. The
addition of H3BO3 provides a buffer to prevent local pH rise
caused by the concurrent hydrogen evolution reaction,
therefore reducing the electrodeposition of hydroxide species
through the reaction: Co2+ + 2H2O + 2e− → H2 + Co(OH)2.

33

Only near-spherical Co NPs with an average diameter of 6 nm
are obtained on the H−Si(100) substrate at a very short
deposition time of 1 ms (Figure 1a). With the deposition time

Figure 1. SEM images of Co electrodeposits obtained in a solution of
0.005 M CoSO4, 0.2 M KCl, and 0.2 M H3BO3 at −1.4 V (vs Ag/
AgCl) for (a) 1 ms, (b) 10 ms, (c) 1 s, and (d) 10 s, and (e) their
corresponding XPS spectra of the Co 2p region.
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increased to 10 ms, the average NP size is found to increase to
17 nm dia. (Figure 1b). For 1 s deposition time, the Co NPs
exhibit a wide size distribution of 10-50 nm (Figure 1c). A
continuous, uniform Co film with ridge-like structures appears
at a longer deposition time of 10 s (Figure 1d).
We have also investigated the pH effect on the Co NP

deposition. In particular, by increasing the concentration of
H3BO3 from 0.2 M to 0.8 M, the solution becomes more acidic,
with the corresponding pH changing from 4.34 to 3.50. The
decrease in the pH evidently stops the deposition of Co NPs,
which could be due to reactions of the electrodeposited metallic
Co NPs with the acid. On the other hand, significantly more
Co deposition is observed by using the solution with the same
CoSO4 concentration of 0.005 M and 0.2 M KCl but without
H3BO3 (with a pH of 4.83), which indicates a dramatically
higher deposition rate.
We show the corresponding Co 2p XPS spectra of the

samples obtained with different deposition times in Figure 1e.
For the 1 ms deposition, the spectrum appears weak due to the
small amount of the deposits. The main Co 2p3/2 peak at 778.1
eV can be attributed to metallic Co, with no binding energy
shift from the corresponding metallic bulk Co feature,34 which
indicates that the obtained Co NPs (of 6 nm dia. in size) are
too big to exhibit any quantum size effect. It should be noted
that oxidation of metallic Co is unavoidable for electro-
deposition in an aqueous solution. Using a higher pass energy
(40 eV), we could observe a weak but discernible Co 2p3/2
feature at 781.2 eV attributable to a thin Co(OH)2 shell,

35 in
addition to the main metallic Co feature at 778.1 eV (see the
Supporting Information, Figure S1). For NPs obtained with
electrodeposition for 10 ms and 1 s, their XPS spectra also
show the presence of the broad Co(OH)2 feature at 781.2 eV
and the sharp metallic Co feature at 778.1 eV, with the intensity
of the Co(OH)2 feature relative to the metallic Co feature
found to be larger for the 1s-deposition than that for the 10 ms
deposition. For the Co nanostructured film obtained with the
10-s deposition, only the Co(OH)2 feature at 781.2 eV is
observed, indicating the presence of a rather thick Co(OH)2
component larger than the escape depth of the photoelectrons
(typically 2−10 nm).36

Figure 2 shows XPS spectra of Co 2p region as a function of
total sputtering time for Co NPs obtained by 1 s electro-
deposition at −1.4 V ) in a 0.005 M CoSO4 solution (mixed
with 0.2 M KCl and 0.2 M H3BO3). Before sputtering, the
sharp Co 2p3/2 (2p1/2) feature at 778.1 eV (793.2 eV) and the
broader Co 2p3/2 (2p1/2) feature at 781.2 eV (797.1 eV) can be
attributed to metallic Co and Co(OH)2, respectively.

34,35 The
weak broad Co 2p3/2 (2p1/2) feature found at a higher binding
energy of 786.9 eV (803.4 eV) has been assigned to a shakeup
transition in Co(OH)2 by Kim et al.,35 which further confirms
the presence of Co(OH)2. Sputtering appears to reduce the
intensities of the Co(OH)2 features and increase that of the
metallic Co feature. After 125 s of sputtering, the Co(OH)2
features (representing the shell region of the NPs) have been
completely removed while the metallic Co feature (represent-
ing the core region) reaches the maximum intensity, with a
shoulder emerging at 778.7 eV. The latter feature can be
assigned to cobalt disilicide, CoSi2.

37 Further sputtering above
245 s begins to reduce the metallic Co features. The present
depth-profiling XPS data therefore support that the Co NPs are
composed of a metallic Co core with a sizeable Co(OH)2 shell
amounting to approximately 25% of the NP composition, as
estimated from the fraction of the Co 2p3/2 intensity for

Co(OH)2 to the maximum total Co 2p3/2 intensity (for
Co(OH)2 plus metallic Co features) during sputtering.
Our depth-profiling XPS results therefore shows that the

observed shell appears to remarkably contain only Co(OH)2,
without any form of Co oxides. In the study by Kim et al.,35 the
Co 2p3/2 features for the reference compounds of CoO and
Co3O4 are reported at 780.3 eV and 779.9 eV, respectively. The
absence of these higher binding energy features in our NPs
therefore rules out the presence of CoO or Co3O4 inside the
shell. Furthermore, post-annealing of as-deposited sample at
400 °C in a N2 atmosphere shows a Co 2p3/2 feature at 779.9
eV, which confirms the formation of Co3O4. Upon sputtering
this post-annealed sample, we also observe a Co 2p3/2 feature at
780.3 eV, attributable to CoO. These XPS depth-profiling
spectra (see the Supporting Information, Figure S2) therefore
verify that post-annealing could convert the Co(OH)2 shell to a
Co3O4 overlayer on a CoO shell. Because we conduct the
electrodeposition in a deoxygenated aqueous solution, the
metallic Co electrodeposits could easily react with water and
form the Co(OH)2 shell on the surface. Similar hydroxide
formation is also observed for Ni,38 but not for Fe39 or Cu,40

where only the oxide formation is found. The observed
difference is possibly due to the reaction rate of the deposited
metal with water to form hydroxide at room temperature. In
cases when the formation of hydroxide shell does not occur, the
deposited metal, such as Fe and Cu, would form the oxide shell
upon exposure to air (after the working electrode is removed
from the electrolyte).
For the Co film obtained with a longer deposition time of 10

s (Figure 1d), the behavior of the Co 2p spectra as a function of
total sputtering time (see Figure S3 in the Supporting
Information) is similar to that for the Co nanoparticles
obtained by electrodeposition for 1 s (Figure 2). Evidently, the
Co(OH)2 shell (with Co 2p3/2 feature at 781.2 eV) is removed
upon sputtering for 600 s, revealing the metallic Co core (with
the characteristic Co 2p3/2 feature at 778.1 eV). Further
sputtering shows the Co 2p3/2 feature at 778.7 eV for cobalt

Figure 2. XPS spectra of Co 2p region for Co nanoparticles as-
electrodeposited for 1 s in a solution of 0.005 M CoSO4, 0.2 M KCl,
and 0.2 M H3BO3 at −1.4 V (vs Ag/AgCl) as a function of Ar
sputtering time.
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disilicide at the interface between the Co film and Si substrate.
The present XPS depth-profiling data therefore confirm that
the Co nanostructured film also consists of a Co core and a
Co(OH)2 shell.
GIXRD patterns of Co nanoparticles and nanostructured film

obtained by 1 s and 10 s electrodeposition, respectively, are
shown in Figure 3. The strong sharp peak and the broad band

in the 50-60° region could be attributed to Si(311) of the
substrate.41 Evidently, diffraction features corresponding to a
mixture of hexagonal close packed (hcp) and face centered
cubic (fcc) phases of metallic Co are observed. In particular, the
feature at 41.6° and 47.4° are in good accord with the hcp
(100) and (101) orientations, despite the hcp (100) feature
being more intense than the hcp (101) feature that is contrary
to the powder reference pattern (JCPDS 89-7373). The peak at
92.2° can be assigned to the fcc (311) orientation of metallic
Co (JCPDS 15-0806). The peaks at 44.2° and 75.9° may have
contributions from both hcp (002) and fcc (111) and from
both hcp (110) and fcc (220), respectively. The ratio of the
peak intensity at 41.6° [corresponding to hcp (100)] to that at
92.2° [corresponding to fcc (311)] can therefore be used to
infer the relative composition of the hcp to fcc phase. The
relative composition of different phases coexisting in the same
sample can be estimated by comparing their relative peak
intensity ratios.42 For Co NPs obtained by the 1s-electro-
deposition at −1.4 V, the composition ratio of the hcp to fcc
phase cannot be deduced because the broad SiOx feature
between 75 and 95° overwhelms the feature at 92.2°. For
nanostructured Co film obtained by the 10 s deposition at −1.4
V, the composition ratio of the hcp to fcc phase is found to be
0.57. Because the transition temperature from fcc to hcp has
been reported to be 380 ±12 °C,43 we set the annealing
temperature to 400 °C. However, after post-annealing the
nanocrystallites obtained by the 10 s deposition at 400 °C in a

N2 atmosphere for 1 h, the ratio remains unchanged (from
0.57). The absence of phase conversion could be due to size
effect of the Co nanocrystallites. It has been reported that fcc
Co becomes more stable when the particle size is reduced
because of the lower surface energy of fcc Co than hcp Co.44

For the nanostructured Co film obtained by a 10-s deposition
at a higher deposition potential of −1.6 V, the ratio for the
electrodeposits is found to be discernibly larger (2.58). This
shows that the relative phase composition of hcp and fcc in the
Co nanocrystallites can be controlled by simply changing the
deposition potential. Control of different amounts of hcp and
fcc phases in these nanocrystallites is of special interest to
manipulating their magnetic properties and catalytic activities.
In particular, since the magnetic anisotropy of Co changes from
the c-axis for hcp to in-plane for fcc,45 the coercivity of Co can
therefore be changed with the application of an external
magnetic field during electrodeposition. Furthermore, it has
also been shown that the fcc phase has a lower catalytic activity
compared to the hcp phase for such reactions as glycerol
hydrogenolysis,46 ethanol steam reforming,47 and Fischer-
Tropsch synthesis.48 It is important to note that no diffraction
feature attributable to the Co(OH)2 shell is observed in all of
the samples studied here, which indicates that the Co(OH)2
shell is amorphous.
To demonstrate the catalytic activity of these Co NPs, we

perform cyclic voltammetric scans of our Co NPs obtained by
1s electrodeposition in a solution containing 0.1 M NaOH and
various concentrations of ascorbic acid (0, 2.5, 5, 10, and 20
mM). Figure 4a shows that an extremely weak oxidation peak at

0.23 V for the solution containing 0.1 M NaOH in the absence
of ascorbic acid, which is attributable to the oxidation of Co2+

to Co3+ [via the reaction: 3Co(OH)2 +2OH
− −2e− → Co3O4+

4H2O].
20 However, for the solution containing 2.5 mM

ascorbic acid, we observe an oxidation peak at 0.23 eV with a
much higher current, which is clearly due to the oxidation of
ascorbic acid. Upon oxidation of Co2+ to Co3+, Co3+ is reduced
back to Co2+ by a simultaneous oxidation reaction of ascorbic
acid (C6H8O6) to dehydrogenated ascorbic acid (C6H6O6) (i.e.,
2Co3++ C6H8O6 → 2Co2+ + C6H6O6 + 2H+).20 By increasing
the ascorbic acid concentration to 5 and 10 mM, the oxidation
peak of ascorbic acid shifts to 0.28 V but with increasingly
higher current. For the solution containing 20 mM ascorbic
acid, the peak is found to emerge at 0.44 V. Increasing the

Figure 3. GIXRD patterns (in log scale) of Co nanocrystallites
electrodeposited on a H−Si(100) substrate in a solution of 0.005 M
CoSO4, 0.2 M KCl and 0.2 M H3BO3 at −1.4 V (vs Ag/AgCl) for 1 s
and 10 s (without and with annealing at 400 °C), and at −1.6 V (vs
Ag/AgCl) for 10 s, and reference bar charts for hcp phase (JCPDS 89-
7373) and fcc phase (JCPDS 15-0806) of Co powders.

Figure 4. Cyclic voltammetric scans of (a) Co nanoparticles (obtained
by 1 s electrodeposition on a H−Si(100) substrate in a solution of
0.005 M CoSO4, 0.2 M KCl and 0.2 M H3BO3 at −1.4 V (vs Ag/
AgCl)) in a solution of 0.1 M NaOH without ascorbic acid and with
2.5, 5, 10, and 20 mM of ascorbic acid; (b) Co film [obtained by 10 s
electrodeposition on a H−Si(100) substrate in a solution of 0.005 M
CoSO4, 0.2 M KCl and 0.2 M H3BO3 at −1.4 V and at −1.6 V (vs Ag/
AgCl)] in a solution of 0.1 M NaOH and 10 mM ascorbic acid.
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concentration of ascorbic acid is expected to reduce the amount
of OH−, and because OH− is involved in the oxidation process
of Co(OH)2 to Co3O4, the peak should shift to a higher
potential. The observed current at 0.23 to 0.44 V therefore
demonstrates the catalytic activity of Co−Co(OH)2 core−shell
NPs for the electro-oxidation of ascorbic acid. For the 0.1 M
NaOH solutions with 5, 10, and 20 mM ascorbic acid, a weak
oxidation peak at 0.18, 0.19, and 0.30 V, respectively, is
observed (Figure 4a). The origin of this extra feature could be
due to oxidation of metallic Co to Co3+, followed by reduction
of Co3+ back to Co2+ by a simultaneous oxidation reaction of
ascorbic acid to dehydrogenated ascorbic acid.
For the Co nanostructured films obtained with 10-s

deposition at −1.4 V and −1.6 V, the respective ratios of the
hcp (100) to fcc (311) are 0.57 and 2.58. Assuming all the
charges have been used for depositing metallic Co onto the Si
substrates, the normalized electro-oxidation current of ascorbic
acid in a solution of 10 mM ascorbic acid and 0.1 M NaOH for
the sample electrodeposited at −1.4 V is found to be similar to
that for the sample electrodeposited at −1.6 V (Figure 4b).
This clearly shows that the phase composition of the Co core
has no observable effect on the electro-oxidation of ascorbic
acid. As the Co(OH)2 shell provides the active catalytic
medium for the electro-oxidation to occur, the changes in the
fcc to hcp components in the Co core obtained under different
deposition conditions is therefore not expected to affect this
surface reaction. For the Co film electrodeposited at −1.6 V for
10 s (Figure 4b), the three weak features in the broad band
region from 0.2 V to 0.4 V could be related to the changes of
the surface of the Co film caused by hydrogen evolution due to
a high applied electrodeposition potential.
To increase the active surface area of the working electrode,

we repeat our experiment of electro-oxidation on a SiNW
substrate. SEM confirms that the Si NWs provide a dramatic
increase in the surface area available for the Co electro-
deposition (Figure 5a), which evidently produces a continuous
and uniform Co nanocrystalline film with ridgelike structures
and greatly increased surface area (Figure 5b and Figure S4a in
the Supporting Information). The corresponding EDX
spectrum (see Figure S4a in the Supporting Information)
confirms the presence of Co, whereas the Co 2p3/2 (2p1/2)
feature at 781.2 eV (797.1 eV) in the corresponding XPS
spectrum (see Figure S4b in the Supporting Information) can
be assigned to Co(OH)2. Furthermore, its GIXRD pattern (see
Figure S4c in the Supporting Information) exhibits a mixture of
hcp and fcc phases of metallic Co. These data therefore support
that the nanostructured Co film consists of a Co core and a
Co(OH)2 shell. The cyclic voltammograms of this high-surface-
area, nanostructured Co coated SiNW electrode in 0.1 M
NaOH solution with various concentrations of ascorbic acid are
shown in Figure 5c. The response current obtained at 0.24 V is
found to increase with increasing concentration of ascorbic
acid. The response current does not exhibit a linear relationship
in the larger concentration range from 0.1 to 100 μM.
However, the current follows a linear relationship with the
concentration in the concentration range below 1 μM (Figure
5d). This indicates that the nanostructured Co coated SiNW
electrode can be used as a very sensitive biosensor for ascorbic
acid. Indeed, a detection limit of 0.1 μM is obtained,
outperforming the previously reported Co-based electrode.20

In separate experiments, we perform cyclic voltammetric
measurements in a solution of 0.1 M NaOH and 100 μM
ascorbic acid for ten individual Co coated SiNW electrodes and

obtain a relative standard deviation of 4.2% for the response
current at 0.24 V. Furthermore, the response current at 0.24 V
has only dropped by 5% after 20 cyclic voltammetric cycles for
the same Co coated SiNW electrode. These experiments
therefore indicate the excellent reproducibility and repeatability
of the Co coated SiNW electrodes. We also investigate the
stability of the Co-coated SiNW electrode. After storing at
room temperature for over 3 months, the Co-coated SiNW
electrode exhibits only a 15% reduction in the response current
performed in the same experiment conditions, which illustrates
its long-term stability. Finally, to demonstrate the selectivity of
the Co coated SiNW electrode, we measure and compare its
response current in a solution of 0.1 M NaOH and 100 μM
ascorbic acid with and without 10 mM glucose and 10 mM
citric acid. The essentially identical response currents so
obtained indicate that the Co-coated SiNW electrode is
selective to ascorbic acid in the presence of interference
chemicals such as glucose and citric acid.
We also compare the sensing performance of nanostructured

Co films obtained by electrodeposition for 10 min on a SiNW
and a Si substrates [in a solution of 0.005 M CoSO4, 0.2 M KCl
and 0.2 M H3BO3 at −1.4 V (vs Ag/AgCl)]. Figure S5 in the
Supporting Information shows their respective cyclic voltam-
metric scans performed in a solution of 0.1 M NaOH and 100
μM ascorbic acid. Evidently, the response current for the Co-
coated SiNW electrode toward electro-oxidation of ascorbic
acid is 5 times higher than that for the Co-coated bare Si
substrate. The Co-coated SiNW electrode is therefore a more
efficient biosensor than the corresponding Co coated Si
electrode.

4. SUMMARY
In the present work, we report the formation of homogeneous
metallic Co NPs on a H−Si(100) substrate by electrochemical
deposition. Metallic Co NPs with a diameter of 6 nm can be
easily obtained, and the particle size can be easily controlled by

Figure 5. SEM images of (a) SiNW substrate and (b) nanostructured
cobalt film electrodeposited on SiNW substrate measured at a tilting
angle of 45°; (c) cyclic voltammetric scans of Co nanostructured film
[obtained by 10 min electrodeposition on a SiNW substrate in a
solution of 0.005 M CoSO4, 0.2 M KCl and 0.2 M H3BO3 at −1.4 V
(vs Ag/AgCl)] in a solution of 0.1 M NaOH without ascorbic acid and
with 0.1, 0.5, 1, 5, 10, 50, and 100 μM of ascorbic acid; (d) variation of
the response current with ascorbic acid concentration. The inset
covers the wider concentration range (up to 100 μM).
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the electrodeposition parameters. In accord with our depth-
profiling XPS data, the Co NPs are found to consist of a Co
core, with a sizable Co(OH)2 shell (of about 25% in amount).
Glancing-incidence XRD results further show that the metallic
Co core contains both hcp and fcc phases. While such a high
Co metallic core composition may have important consequence
on the magnetic properties of these NPs, it is the Co(OH)2
shell that provides powerful application in catalysts. We
demonstrate the latter for electro-oxidation of ascorbic acid in
an alkaline solution. Nanostructured Co-coated SiNW elec-
trode with high surface area can therefore provide an important
platform for potential application in biosensing.
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Pharm. Biomed. Anal. 2004, 34, 551−557.
(7) Spickenreither, M.; Braun, S.; Bernhardt, G.; Dove, S.; Buschauer,
A. Bioorg. Med. Chem. Lett. 2006, 16, 5313−5316.
(8) Amini, M. K.; Shahrokhian, S.; Tangestaninejad, S.; Mirkhani, V.
Anal. Biochem. 2001, 290, 277−282.
(9) Sheng, Q.; Yu, H.; Zheng, J. J. Electroanal. Chem. 2007, 606, 39−
46.
(10) Brainina, Kh. Z.; Varzakova, D. P.; Gerasimova, E. L. J. Anal.
Chem. 2012, 67, 364−369.
(11) Yue, Y.; Hu, G. Z.; Zheng, M. B.; Guo, Y.; Cao, J. M.; Shao, S. J.
Carbon 2012, 50, 107−114.
(12) Hu, G. Z.; Guo, Y.; Xue, Q. M.; Shao, S. J. Electrochim. Acta
2010, 55, 2799−2804.

(13) El-Said, W. A.; Lee, J. H.; Oh, B. K.; Choi, J. W. Electrochem.
Commun. 2010, 12, 1756−1759.
(14) Weng, Y. C.; Lee, Y. G.; Hsiao, Y. L.; Lin, C. Y. Electrochim. Acta
2011, 56, 9937−9945.
(15) Rohani, T.; Taher, M. A. Talanta 2009, 78, 743−747.
(16) Ferreira, R. Q.; Avaca, L. A. Electroanal. 2008, 20, 1323−1329.
(17) Zhang, Z. J.; Li, X.; Wang, C. G.; Zhang, C. C.; Liu, P.; Fang, T.
T.; Xiong, Y.; Xu, W. J. Dalton Trans. 2012, 41, 1252−1258.
(18) Ensafi, A. A.; Taei, M.; Khayamian, T. J. Electroanal. Chem.
2009, 633, 212−220.
(19) Suresh, R.; Prabu, R.; Vijayaraj, A.; Giribabu, K.; Stephen, A.;
Narayanan, V. Mater. Chem. Phys. 2012, 134, 590−596.
(20) Tian, L.; Bian, J. Y.; Wang, B. B.; Qi, Y. J. Electrochim. Acta 2010,
55, 3083−3088.
(21) Libertino, S.; Aiello, V.; Scandurra, A.; Renis, M.; Sinatra, F.;
Lombardo, S. Sensors 2009, 9, 3469−3490.
(22) Kwon, J. H.; Saly, M.; Halls, M. D.; Kanjolia, R. K.; Chabal, Y. J.
Chem. Mater. 2012, 24, 1025−1030.
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