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ABSTRACT: Although cobalt hydroxide (Co(OH)2) has been attracting
attention in several applications, its photoelectrochemical property has not yet
been fully investigated. In this work, tuning the energy band gap of Co(OH)2
nanosheets with silver atoms and enhancing their electrical conductivity with silver
nanoparticles were then focused. A Ag-doped α-Co(OH)2 thin film was
successfully synthesized via an electrodeposition method. The optical properties
of the as-prepared materials were characterized by UV−vis and fluorescence
lifetime spectroscopies and further confirmed by density functional theoretical
calculation. It was found that Ag atoms between adjacent layers of Co(OH)2 can
reduce its electronic band gap to 2.45 eV (α-Co(OH)2) as compared to 2.85 eV of
β-Co(OH)2. In terms of electrochemical properties, silver nanoparticles (AgNPs)
can enhance the electrical conductivity of Co(OH)2 nanosheets, leading to faster
charge transfer reducing the internal resistance and significantly increasing the
overall charge storage performance. Interestingly, under light illumination, Ag-
doped α-Co(OH)2 exhibits ca. 0.8 times lower charge storage capacity as compared to that under the dark condition. This is because
the photoelectrons can be recombined with the generated holes in the conduction band. The charge storage mechanisms of Ag-
doped α-Co(OH)2 operated under dark conditions and light irradiation were further studied and confirmed using in situ
electrochemical X-ray absorption spectroscopy (XAS). Overall, the in situ XAS supports the electrochemical result. This finding may
pave a way to further develop photoactive advanced functional materials of metal hydroxides and oxides.

■ INTRODUCTION

Cobalt hydroxide (Co(OH)2) with a layer structure has been
well known as a promising electrode material for various
energy storage and conversion applications, due to its high
theoretical specific capacitance of ca. 3400 F g−1.1 Its
nanostructure also provides a high specific surface area,
allowing a large amount of electrolyte ions to be adsorbed
on its surface, leading to surface redox reactions. In general,
Co(H)2 has two phases, namely, α and β. The difference of
these two phases is the interlayer spacing between two adjacent
cobalt-based layers. The α-Co(OH)2 has a larger d-spacing of
ca. 7.0 Å due to the existing solvated anions (Cl−, Co3

2−, or
NO3

−) between the positive layers, while the β-Co(OH)2,
which has a d-spacing of 4.6 Å, has no solvated anions between
its adjacent layers.2−8

Recently, cobalt hydroxide/oxide nanostructures have been
used as photoactive materials which can convert the photon
energy into the electrical energy via the photovoltaic
effect.3,9−15 The photon energy under light illumination can
provoke cobalt hydroxides to generate the charge carriers,
excited electrons (e−) and holes (h+) in the valence band (VB)
and conduction band (CB), respectively. This process can

generate the extra photocurrent, leading to higher performance
when Co(OH)2 is served as the photoelectrode. However,
their intrinsic electronic and electrical conductivities are very
poor due to the nature of metal oxides and hydroxides.16−18

Introducing highly conductive AgNPs to cobalt hydroxides can
be a solution overcoming these issues by reducing their
internal resistances, leading to fast charge transfer or high
charge storage capacity.19 Besides, according to the recent
finding of a photocharging property of Co(OH)2, its
photoelectrochemical property relating to its energy band
gap has not yet been fully studied.
In this work, we therefore aim to improve the electronic and

electrochemical properties of Co(OH)2 by the incorporation
of silver atoms and silver nanoparticles (AgNPs). The
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theoretical calculation along with the experiment was used to
investigate the change in optical and structural properties. It
was found that the Ag atom-doped α-Co(OH)2 has a much
lower energy band gap (2.45 eV) as compared to 2.85 eV of β-
Co(OH)2. At the same time, AgNPs can significantly enhance
the electrical conductivity of the electrode, providing the
enhancement of the charge storage capacity of the materials.
Interestingly, the photoelectrode of Ag-doped α-Co(OH)2
exhibits lower charge storage performance under the light

irradiation compared to that under the dark condition due to
the recombination of photogenerated electrons and holes in
the CB. Their charge storage mechanisms were further studied
by in situ electrochemical X-ray absorption spectroscopy
(XAS).

■ RESULTS AND DISCUSSION
For the experiment and characterization, the silver materials
were introduced to Co(OH)2 nanosheets by the electro-

Figure 1. (a) Low- and (b) high-resolution TEM (HR-TEM) images and (c) SAED pattern of β-Co(OH)2 nanosheets and (d) TEM and (e) HR-
TEM images and (f) SAED pattern of Ag-doped α-Co(OH)2 with AgNPs.

Figure 2. (a) UV−visible spectra, (b) Tauc plots, (c) fluorescence spectrum, and (d) schematic energy−level diagram of the β-Co(OH)2 and Ag-
doped α-Co(OH)2 with AgNP photoelectrodes.
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deposition method using a transparent conductive fluorine-
doped tin oxide (FTO) glass as a working electrode (WE) (see
more details in the Experimental Section). The surface and
cross-sectional morphologies of the as-electrodeposited
materials were characterized by field-emission scanning
electron microscopy (FE-SEM). As seen from the low-
magnification FE-SEM images of both Co(OH)2 and Ag-
doped Co(OH)2 electrodes in Figure S2a,b, the nanosheets of
Co(OH)2 arrays are vertically and uniformly standing on the
FTO surface. High-magnification FE-SEM images (Figure
S2c,d) illustrate the Co(OH)2 nanosheets with an inter-
connected network forming high porosity. The average
thickness of a stacked-sheet Co(OH)2 is ca. 45 nm, while
Ag-doped Co(OH)2 has a thinner sheet with a thickness of ca.
25 nm with AgNPs decorated on the sheets. The cross-
sectional FE-SEM images of Co(OH)2 and Ag−Co(OH)2 are
shown in Figure S3 with a film thickness of ca. 950 and 480
nm, respectively. Transmission electron microscopy (TEM)
images of Co(OH)2 shown in Figure 1a,b illustrate the sheet-
like structure of β-Co(OH)2 with a d-spacing of ca. 4.6 Å. For
Ag−Co(OH)2, the AgNPs with an average diameter of ca.10
nm are clearly observed on the Co(OH)2 nanosheets (Figure
1d,e). In addition, by focusing the crystalline region of
Co(OH)2, the α-phase with a d-spacing of ca. 7.0 Å is
observed. Furthermore, the corresponding selected-area
electron diffraction (SAED) pattern of Ag−Co(OH)2 (see
Figure 1f) depicts a higher polycrystalline structure after being
doped with AgNPs compared to that of β-Co(OH)2 (see
Figure 1c). This suggests that the β-Co(OH)2 structure is
transformed to be an amorphous phase of Ag-doped α-
Co(OH)2 with 10 nm AgNPs.19 The structures of Co(OH)2
and Ag-doped Co(OH)2 were also characterized by X-ray
diffraction (XRD), as shown in Figure S6. The XRD patterns
are in good agreement with the TEM results. The introduction
of Ag to Co(OH)2 can provide an amorphous phase of α-
Co(OH)2.

To understand the optical properties of the β-Co(OH)2 and
Ag-doped α-Co(OH)2 with AgNPs, UV−visible spectroscopy
was utilized. Figure 2a depicts the light absorbance spectra of
the β-Co(OH)2 and Ag-doped α-Co(OH)2 with AgNPs in the
absorption band range of 350−800 nm. Two obvious peaks
observed on both electrodes in a range of 560−680 nm
correspond to the tetrahedral coordination of Co2+ in
Co(OH)2

2. In addition, the main absorption of both samples
at ca. 400 nm was used to determine their optical band gaps
based on the Tauc equation. The addition of Ag to Co(OH)2
nanosheets can affect the energy band gap of Co(OH)2 due to
the formation of Ag atom-doped α-Co(OH)2. This has been
confirmed by the density functional theory (DFT) calculation
(see Figure 3). The energy band gaps can be extrapolated to be
2.85 and 2.45 eV for the β-Co(OH)2 and Ag-doped α-
Co(OH)2 with AgNPs, respectively. The optical band gap of
Ag−Co(OH)2 is narrower than that of β-Co(OH)2 due to the
intrinsic property of the α-phase of Co(OH)2. A fluorescence
lifetime spectrometer was also utilized to investigate the
electron excitation of the as-synthesized photoelectrodes.
Figure 2c illustrates the fluorescence lifetime spectroscopy
(FLS) results of the β-Co(OH)2 and Ag-doped α-Co(OH)2
with AgNPs. The peaks of both electrodes are located at the
same position, but the signal of the Ag-doped α-Co(OH)2
electrode is lower than that of β-Co(OH)2 when excited at the
same wavelength (430 nm). This result suggests that both
electrodes can generate the electron−hole pair by photo-
excitation. However, the Ag-doped α-Co(OH)2 with AgNPs
demonstrates a lower intensity of the broad absorption band
centered at ca. 520 nm, which is a characteristic of the
octahedral coordination of cobalt in α-Co(OH)2. This is in
good agreement with XRD and Fourier transform infrared
results in the previous work.19 In addition, a lower intensity of
fluorescence emission indicates a lower photoelectron
excitation. Furthermore, a photoelectron spectrometer was
used to determine the VB and edge of the as-prepared
electrodes by measuring their ionization energies. The results

Figure 3. Optimized structures and theoretical electronic band structures of (a) β-Co(OH)2 and (b) Ag-doped α-Co(OH)2.
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show that the β-Co(OH)2 and Ag-doped α-Co(OH)2 with
AgNPs have VB edges of 5.78 and 5.64 eV, respectively. The
schematics of the energy−level diagram is depicted in Figure
2d, suggesting that the silver incorporation narrows the energy
band gap.
All calculations reported in this work were performed by

Vienna ab initio simulation package (VASP)20−22 based on the
periodic plane-wave DFT. The optimized lattice constants of
the bulk unit cell are obtained as c = 4.594 Å for β-Co(OH)2
and c = 7.09 Å for Ag-α-Co(OH)2. This is reasonably in good
agreement with the experimentally obtained d-spacing values,
4.6 Å from the literature for β-Co(OH)2 and 7.0 Å for ion-
implanted α-Co(OH)2.

2−6 The band structure calculation in
Figure 3 indicates that the presence of Ag in the structure of
Co(OH)2 causes a significant reduction of the band gap.
To study the electrochemical property of the prepared

electrodes, cyclic voltammetry (CV) was performed with a
three-electrode system. All electrodes were tested in the tree-
electrode system using 1 M NaOH as an aqueous electrolyte
solution. The platinum rod and saturated calomel electrode
(SCE) were used as a counter electrode and a reference
electrode (RE), respectively. The as-fabricated electrodes were
tested using CV with a potential range of −0.4 to 0.1 V versus

SCE at different scan rates of 1, 2, 3, 5, 10, 25, 50, 75, and 100
mV s−1 (see Figure 4a−d). Under the dark condition, the Ag-
doped α-Co(OH)2 with AgNPs exhibits higher capacity
compared to the undoped β-Co(OH)2. This is due to its
higher electrical conductivity, leading to faster charge transfer.
However, under the light illumination, the decreasing capacity
of Ag-doped α-Co(OH)2 with AgNPs was observed (see
Figure 4e). This is because of the too narrow band gap of Ag-
doped α-Co(OH)2 and plasmonic property of AgNPs, which
can trap the light or photon reducing the photoelectron.23

Under light illumination, the photoelectron generated via the
photelectric effect can enhance the charge storage performance
of Co(OH)2, but with the incorporation of Ag in the adjacent
layer and AgNPs, the competitive surface plasmon resonance
process occurs in parallel on AgNP surfaces, leading to the
lower charge storage performance observed in the Ag-
containing system.
The change in the oxidation state of Co during the

electrochemical process is crucial evidence for determining a
charge mechanism investigation of electrode materials. In this
work, the oxidation number of Co plays a significant role in
redox reactions during charging and discharging. To gain an in-
depth understanding of the local structural change in Co and

Figure 4. Cyclic voltammograms of β-Co(OH)2 under (a) dark and (b) light illumination and Ag-doped α-Co(OH)2 with AgNPs under (c) dark
and (d) light illumination. The electrodes were tested in 1 M NaOH at different scan rates. (e) Areal stored charge of β-Co(OH)2 and Ag-doped α-
Co(OH)2 with AgNPs under dark and light conditions.
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their pseudocapacitive behavior when the photoelectrodes are
charged and discharged, in situ XAS with a fluorescence mode
was carried out. The absorption edge energy of both
electrodes, β-Co(OH)2 and Ag-doped α-Co(OH)2 with
AgNPs, was determined during the electrochemical measure-
ment using chronoamperometry under dark conditions and
light illumination in 1 M NaOH (See Figure S1). The design
of the in situ electrochemical cell was reported in our previous
work.24 Before starting the X-ray absorption near-edge
structure (XANES) measurement, all photoelectrodes were
held for 15 min at each potential to obtain the fully charged
state or the steady state. The cobalt standard compounds of Co
metal foil (Co0), CoO (Co2+) and Co2O3 (Co

3+) were used as
references. The normalized Co−K edge XANES spectra of Ag-
doped α-Co(OH)2 with the AgNP photoactive electrode
under dark and light irradiation at different applied potentials
(the same range of the CV experiment) are shown in Figure
5a,b, respectively. Their oxidation numbers, calculated using a
linear relationship, compared with those of Co standards are
plotted in Figure 5c,d. The average oxidation state of Co in the
Ag−Co(OH)2 is +2.58 at an energy edge of 7719.89 eV, which
is between Co2+ and Co3+. This result refers to Co2+/Co3+

mixed valences. The initial oxidation state of Co in the Ag-
doped α-Co(OH)2 in 1 M NaOH is found to be +2.46 eV. By
applying the potential from −0.4 to 0.1 V. versus SCE, the
edge positions are significantly shifted to higher energy for
both conditions, indicating an increasing oxidation state of Co
during the charging process. Under the dark condition with the
fully charged state of Ag-doped α-Co(OH)2, the oxidation

state of Co is increased to be +3.08, while that under light
illumination is found to be +3.14. The higher oxidation
number of the Ag−Co(OH)2 electrode under light illumina-
tion for the forward scan is because of the photovoltaic effect,
generating the photoelectrons. However, at the backward scan,
the oxidation number of Co in the Ag−Co(OH)2 under dark
conditions is +3.0, while that under light irradiation decreases
to +2.92. It can be summarized here that when the Ag-doped
α-Co(OH)2 photoelectrode is discharged, the photoelectrons
can be recombined with the generated holes in the CB, while
the photoexcited electrons under dark conditions transfer to
the external system.

■ CONCLUSIONS
In summary, an incorporation of Ag to Co(OH)2 does affect
the photoelectrochemical performance of Co(OH)2. Ag-doped
α-Co(OH)2 nanosheets synthesized via a simple electro-
deposition method exhibit a narrower energy band gap (2.45
eV) as compared to that of β-Co(OH)2 (2.85 eV), leading to
higher electrical conductivity. The significant change in the
optical property is due to the silver intercalated at the adjacent
layers of α-Co(OH)2. The energy band gap reduction and the
phase transformation after doping with Ag were further
confirmed by DFT calculation. The as-prepared β-Co(OH)2
and Ag-doped α-Co(OH)2 with AgNP photoelectrodes were
also electrochemically tested by the in situ XAS in 1 M NaOH
under dark and light illumination conditions. Under dark
conditions, the Ag-doped α-Co(OH)2 electrode exhibits
higher capacity than the undoped one. This is because of a

Figure 5. In situ high-resolution Co−K edge fluorescence XANES spectra of the Ag−Co(OH)2 electrode under (a) dark and (b) light conditions,
compared to other Co standard compounds. The oxidation states vs ΔE (eV) of the Ag−Co(OH)2 photoelectrode during the charge/discharge
processes at applied potentials (c) without light and (d) with light illumination, determined from the Co K-edge relative to the reference cobalt
oxides.
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greater electrical conductivity due to the decoration of AgNPs
on the Co(OH)2 nanosheets, leading to faster electron
transfer. Interestingly, under light illumination, Ag-doped α-
Co(OH)2 with AgNPs exhibits ca. 0.8-fold lower charge
storage performance as compared to that under the dark
condition since the photoelectrons can be recombined with the
generated holes in the CB. This finding may pave a way to
further develop the cobalt hydroxide-based advanced func-
tional materials for electrochemical applications.

■ EXPERIMENTAL SECTION
Chemicals. All reagents are of analytical grade. Cobalt (ii)

nitrate hexahydrate (99%) was purchased from QRec. Sodium
hydroxide (98%) was obtained from Carlo Erba. Sodium
nitrate (99.0%) and silver nitrate were provided by Ajax. All
solutions were made up using Milli-Q water with a resistance
of 15 MΩ·cm at 25 °C. A commercial conductive FTO glass
was ordered from TEC8, Dyesol Ltd., Australia.
Electrode Preparation. All electrodes in this work were

prepared via the electrodeposition technique using a Metrohm
AUTOLAB potentiostat (PGSTAT 302N running NOVA
version 1.10.3 software). A conductive FTO glass was
employed as a substrate. The precursor solution is 100mM
Co(NO3)2·6H2O in 0.5 M NaNO3with 1 mM AgNO3. For the
Co(OH)2 electrode, the solution is the same as above but
without AgNO3. The three-electrode system was set up using
the FTO glass as a WE, platinum rod as a counter electrode,
and Ag/AgCl (3 M KCl) as an RE. The potential of −1.0 V
versus Ag/AgCl electrode was applied to the system for 5 min
using a chronoamperometry method. The green film of
Co(OH)2 and the dark green film of Ag−Co(H)2 were
deposited on the substrates. Then, the electrodes were rinsed
with DI water several times to remove the retained precursor
before being dried at 60 °C overnight in the vacuum oven. The
mass loading of the material is ca. 0.8 mg/cm2.
Characterization. The morphology of the as-prepared

electrodes was characterized by FE-SEM [JSM-7001F (JEOL
Ltd., Japan)] and HR-TEM (JEM 1220 (JEOL Ltd., Japan)).
XRD experiments were carried out using a D8 ADVANCE
with DAVINCI design (Bruker optics, Germany) equipped
with a Cu Kα source (l 1.5418 Å, step = 0.01°) in the 2θ range
of 5−80° to study the structure of the as-prepared materials.
UV−vis spectroscopy (UV/Vis/NIR Lambda 1050, Perki-
nElmer, USA), FLS, and photoelectron spectrometry (RIKEN,
AC-2 model) were employed to investigate the optical
property of all samples. The in situ XAS was performed to
investigate the oxidation number of Co in the electrodes
during charge/discharge processes.
Electrochemical Measurements. The potentiostat

(PGSTAT 302N), made by Metrohm AUTOLAB, Nether-
lands, with NOVA version 1.10.3 software, was utilized for all
electrochemical experiments. The as-prepared electrodes,
Co(OH)2 and Ag−Co(OH)2 electrodeposited on conductive
FTO glasses, served as a WE, while the SCE and Pt rod were
employed as an RE and a counter electrode, respectively. 1 M
NaOH was used as a basic aqueous electrolyte solution for all
electrochemical measurements. CV was carried out to study
the electrochemical behavior and electrochemical performance
of all electrodes via a three-electrode setup with a potential
range of −0.4 to 0.1 V versus SCE.
In Situ XAS. The in situ XAS measurement with a

fluorescence mode was carried out on the beamline no. 5.2
at the Synchrotron Light Research Institute (Public Organ-

ization), Thailand. Fluorescence Co K-edge spectra were
recorded at ambient temperature using a double-crystal
Ge(220) crystal. The subtraction of both pre-edge and
postedge contributions and curve fitting of the normalized
XANES spectra were carried out via ATHENA software. The
in situ XAS experiment was performed along with chro-
noamperometry at different applied potentials in the 1 M
NaOH aqueous electrolyte. The as-prepared electrode was
applied with a potential ranging from −0.4 to 0.1 V vs. SCE
(−0.4, −0.3, −0.2, −0.1, 0.0, and 1.0 V vs SCE) for the forward
scan and back to −0.4 V vs SCE (0.0, −0.1, −0.2, −0.3−0.4 V
vs SCE) for the backward scan. Under each condition, the
applied potential was held for 15 min before starting the XAS
measurement to confirm the steady state. The white light was
shone on the electrode during the in situ XAS experiment to
investigate the effect of light illumination on the as-synthesized
photoelectrode materials, as shown in Figure S1.

DFT Calculation Details. All calculations reported in this
work were performed by VASP20−22 based on the periodic
plane-wave DFT. The interaction between ion cores and
valence electrons was accounted by the projector-augmented
wave25 pseudopotentials. The exchange and correlation
interactions between electrons were treated within the
generalized gradient approximation26 with the Perdew−
Burke−Ernzerhof27 parameterization. The additional van der
Waals contributions were obtained through the semiempirical
D2 method of Grimme (DFT-D2).28 The effect of 3d electron
correlation can be improved by considering on-site Coulomb
(U) and exchange (J) interactions. On-site Hubbard term U −
J values29 of 5.7 and 1.5 eV30 were applied for Co and Ag
atoms, respectively. The cutoff energy for the expanded plane-
wave basis set was set to 540 eV. The convergence thresholds
for full geometry optimizations were set to 10−5 eV and 0.005
eV/Å for each electronic step and ionic step, respectively. The
Brillouin zone integration was sampled via the Monkhorst−
Pack31 method with the 8 × 8 × 8 k-point mesh for bulk. The
optimized lattice constants of the bulk unit cell are obtained as
c = 4.594 Å for β-Co(OH)2 and c = 7.09 Å for Ag-α-Co(OH)2.
This is reasonably in agreement with the experimentally
obtained d-spacing values, 4.6 Å from the literature for β-
Co(OH)2 and 7.0 Å for ion-implanted α-Co(OH)2.

2−6 The
band structure calculations in Figure 3 indicates that the
presence of Ag in the structure of α-Co(OH)2 causes a
decrease in the band gap..
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