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ABSTRACT: Here we report a facile impregnation synthesis of layered Co(OH)2
deposited with g-C3N4 while the pH value is adjusted by using ammonia solution for
photocatalytic water oxidation with UV−vis and visible light illumination. This surface
modification not only accelerates the interface transfer rate of charge carriers but also
reduces the excessive energy barrier for O−O formation, thus leading to enhanced reaction
kinetics for photocatalytic water oxidation. The optimum oxygen evolution rates (OERs) of
the Co(OH)2/g-C3N4 sample reached 27.4 and 7.1 μmol h−1 under UV−vis (λ >300 nm)
and visible light (λ >420 nm) irradiation, which are 5.5 and 7 times faster than those for
pristine g-C3N4, respectively. These results underline the possibility for the development of
effective, robust, and earth-abundant WOCs for the promotion of water-splitting
photocatalysis by sustainable g-C3N4 polymer photocatalysts.
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■ INTRODUCTION

Water splitting has long been considered as one of the carbon-
neutral strategies to ameliorate stringent energy demands and
environmental sustainability since the first report of TiO2

equipped in a electrochemical cell by Fujishima and Honda
in 1972.1 Hydrogen, which is capable of reducing our reliance
on fossil fuels, has been regarded as a promising carbon-neutral
alternative and an ideal clean fuel carrier.2 However, the main
obstacle of large-scale hydrogen production via water splitting is
the slow kinetics of water oxidation owing to complex
multielectron oxidation process and huge activation energy
barrier for O−O bond formation.3 Currently, the most effective
water oxidation catalysts (WOCs) are Ru- and Ir-based oxides,
despite their limited availability and unacceptable cost.4

To achieve solar-photon-driven water oxidation effectively, a
suitable WOC containing earth-abundant elements is required.5

Cobalt-based oxides have shown promising potential for
photocatalytic water oxidation in recent research. For example,
porous cobalt phosphate (denoted as Co-Pi) or spinel Co3O4

has been incorporated with several inorganic metal oxides or
polymeric substrate materials such as Fe2O3, BiVO4, WO3, and
g-C3N4.

6 Interestingly, significant improvement in promoting
the water oxidation rate can be obtained by reducing the
recombination rate of the charge carriers, decreasing the energy
barrier of the water oxidation kinetics, accelerating the charge
distribution, and increasing band-bending.6 However, until
now, the efficiency of photocatalytic water oxidation has still
been moderate, which extremely restricts its commercial
utilization and industrial application. Thus, tremendous efforts
are still needed to improve their catalytic performance.

Recently, Lin and Boettcher have described a creative
approach to resolve the behavior of WOCs on semiconductor
surfaces by probing them in situ.7 It is remarkable to observe
that the water oxidation performance of porous Ni(OH)2 is
higher than that of compact IrO2 when either of them is
deposited on a model TiO2 substrate, respectively. The better
performance of Ni(OH)2/TiO2 system is mainly ascribed to
the shift in the chemical potential of Ni(OH)2 catalyst to
positive values by ∼0.6 V as a result of the formation of
Ni(OH)2/NiOOH film. In addition, nanoporous BiVO4

photoanodes deposited with dual-layer oxygen evolution
catalysts (FeOOH and NiOOH) have recently been demon-
strated to achieve a photocurrent density of 2.73 mA cm−2 at a
potential as low as 0.6 V versus RHE. This is mainly due to the
reduced interface recombination at the BiVO4/OEC junction
while a more favorable Helmholtz layer potential drop is
created at the OEC/electrolyte junction.8 Thus, it is
recommended to develop a novel heterojunction by construct-
ing a metal hydroxide with proper light-energy transducers for
highly effective solar-driven water oxidation.
Very recently, intense attention has been given to a melon-

based two-dimensional (2D) conjugated polymer, graphitic
carbon nitride (generally termed as g-C3N4 for simplicity),
which has been demonstrated to be a promising visible-light-
responsive candidate for water splitting due to its unique
electronic band structure and good (photo)chemical stability.9

Although this species exhibits excellent hydrogen production,
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CO2 reduction, and pollution purification performance, its
water oxidation ability is particularly limited. Due to the fact
that the valence band hybridization is relatively negative, the
charge carrier distribution is torpid and the water oxidation
kinetics is lethargic.10−12 To enhance the water oxidation
performance, either controlling the polymerization process or
accelerating the water oxidation kinetics is a feasible
strategy.6d,10c Moreover, currently, persistent efforts are still
needed to investigate the determinate factor to reduce the
interface recombination rate of the g-C3N4/OEC junction.
Toward this goal, we report an adaptive polymer/inorganic
junction between g-C3N4 and cobalt hydroxide, aiming to
gather more details of the g-C3N4/OEC junction for promoting
the thermodynamics and kinetics of water oxidation. The
adaptive layered junction was fabricated via a facile in situ
impregnation strategy based on a bottom-up synthesis of
layered Co(OH)2 at the interface of the g-C3N4 graphitic layer.

■ EXPERIMENTAL SECTION
Materials. All chemicals are of analytical grade and were

used as received without further purification.
Synthesis of g-C3N4. The typical g-C3N4 photocatalyst was

prepared by a traditional thermal polymerization strategy as
reported previously. In a typical procedure, 5 g of urea was
placed in a crucible with a cover, and then it was annealed at
550 °C for 2 h in the air. The final yellow powder was then
collected. It was denoted as g-C3N4.
Synthesis of Co(OH)2/g-C3N4. The hybridized materials

were obtained by an immersion method. In a typical procedure,
1 g of as-prepared g-C3N4 was immersed into 5 mL aqueous
solutions containing different amounts of Co(NO3)·6H2O.
These were then mixed with stirring and ultrasonication for 10
min. Thereafter, 1 mL of aqueous ammonia was added
dropwise into the above solution, and a green precipitate was
immediately formed. The final resultant sample was obtained
after evaporation and drying in an oven at 80 °C for 12 h.
Characterization. XRD measurements were performed on

a Bruker D8 Advance diffractometer with Cu Kα1 radiation.
The UV/vis spectra were recorded on a Varian Cary 500 Scan
UV/vis system. TEM was performed with an FEI Tencai 20
microscope. X-ray photoelectron spectroscopy (XPS) data were
obtained on a Thermo ESCALAB250 instrument with a
monochromatized Al Kα line source (200 W). Photo-
luminescence spectra were recorded on an Edinburgh FI/
FSTCSPC 920 spectrophotometer. Electrochemical measure-
ments were conducted with a BAS Epsilon Electrochemical
System in a conventional three-electrode cell, using a Pt plate as
the counter electrode and an Ag/AgCl electrode (3 M KCl) as
the reference electrode. The working electrode was prepared on
F-doped tin oxide (FTO) glass that was cleaned by sonication
in ethanol for 30 min and dried at 353 K. The boundary of the
FTO glass was protected using Scotch tape. A 5 mg sample was
dispersed in 1 mL of DMF by sonication to give a slurry
mixture. The slurry was spread onto pretreated FTO glass.
After air drying, the working electrode was further dried at 393
K for 2 h to improve adhesion. Then, the Scotch tape was
removed, and the uncoated part of the electrode was isolated
with epoxy resin. The electrolyte was 0.2 M Na2SO4 aqueous
solution without additive (pH 6.8). The scan rate was 50 mV/s.
Photocatalytic Test for Water Oxidation. Photocatalytic

O2 production was carried out in a Pyrex top-irradiation
reaction vessel connected to a glass closed gas circulation
system. For each reaction, 50 mg of catalyst powder was well

dispersed in an aqueous solution (100 mL) containing AgNO3
(0.01 M) as an electron acceptor and La2O3 (0.2 g) as a pH
buffer agent. The reaction solution was evacuated several times
to remove air completely prior to irradiation with a 300 W
Xeon lamp with a working current of 15 A (Shenzhen
ShengKang Technology Co., Ltd., Guangdong, People’s
Republic of China; LX300F). The wavelength of the incident
light was controlled by applying some appropriate long-pass
cutoff filters. The reaction solution was maintained at room
temperature by a flow of cooling water during the reaction. The
evolved gases were analyzed in situ by a gas chromatograph
equipped with a thermal conductive detector (TCD) and a 5 Å
molecular sieve column, using argon as the carrier gas. The
selectivity for oxygen evolution was calculated by using the
following equation: S = (amount of evolved O2)/((amount of
evolved O2) + (amount of evolved N2)).

■ RESULTS AND DISCUSSION
In order to investigate the physicochemical properties of the as-
prepared samples in detail, a series of characterizations,
including XRD, XPS, TEM, DRS, BET, and PL, have been
carried out carefully. First, to certify the successful fabrication of
the layered Co(OH)2 on g-C3N4, the as-prepared nano-
composite was examined by powder XRD characterizations.
In Figure 1, all of the samples show two distinct XRD peaks at

2θ = 13.0 and 27.4°. The former peak is related to the in-plane
structural repeating units of tri-s-triazine, while the latter is
attributed to the (002) plane with graphitic stacking.13 In
comparison with pure g-C3N4, no evident difference can be
observed except for the decrease in peak intensity. The two
peaks are typical diffraction signals of graphitic carbon nitride
materials. This indicates that the basic graphitic structure of g-
C3N4 does not alternate after the surface modification
treatment. When the Co(OH)2 loading contents increased,
four individual peaks gradually appeared at 19.1, 32.5, 38, and
51.4°, corresponding to (001), (100), (101), and (102),
respectively. They are determined as the typical signals for
Co(OH)2 (PDF: #30-0443) with a layered crystal structure.14

This well illustrates the successful fabrication of layered
Co(OH)2 nanocrystals on the surface of the g-C3N4 semi-
conductor with a layered polymeric structure.

Figure 1. Powder XRD patterns of pure and Co(OH)2-modified g-
C3N4 samples.
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The existence of Co(OH)2 can be further certified by high-
resolution XPS analysis of Co 2p. In Figure 2a, the high XPS
resolution of Co 2p can be deconvoluted into two pairs of
individual peaks at 781.4 and 797.3 eV, respectively, which are
identified as the major binding energies of Co2+ in Co(OH)2.

14

The binding energy of O 1s at 532.2 eV is attributed to the
surface hydroxyl groups. Once again, this demonstrates the
formation of Co(OH)2 via the facile wet-chemistry strategy. We
also carried out high-resolution of XPS analysis of C 1s and N
1s. In Figure 2c, two single peaks at 284.6 and 288.1 eV can be
found for C 1s. The first peak is a standard carbon specialized
for the sample, whereas the latter peak is a typical signal for sp2-
hybridized carbon which is determined as the N−CN
backbone of the g-C3N4.

15 In Figure 2d, the N 1s peak can be
deconvoluted into four peaks at 398.7, 400.2, 401.2, and 404.2
eV, respectively. The first peak is the classical peak of sp2-
hybridized nitrogen in the form of C−NC, while the second
peak at 400.2 eV is related to N−(C)3 groups. These two
nitrogen species together with the sp2-bonded carbon make up
the heptazine heterocyclic (C6N7) units of polymeric g-C3N4.

16

The weak peak with a binding energy of 401.2 eV corresponds
to the surface uncondensed C−N−H functional groups, while
the greatest bonding energy results from charging effects or
positive charge localization in the heterocycles. The C 1s and N
1s spectra are both similar to that of pure g-C3N4, which
indicates the incorporation of layered Co(OH)2 nanocrystals
on the substrate material.
To obtain more details about the texture and morphology of

the hybridized materials, high-resolution TEM (HR-TEM)

characterizations were then carried out. Figure 3a shows a piece
of a typical silk nanosheet of graphitic carbon nitride. No
evident large-particle accumulation can be seen on the surface
of the two-dimensional (2D) g-C3N4 photocatalyst. Further
enlargement of the selected area is shown in Figure 3b,c. It is
clear that a well-fabricated layered Co(OH)2 sheet is connected
with the 2D carbon nitride graphitic layer. In Figure 3d, the
obvious lattice fringe with a d spacing of 0.4418 nm is in good
agreement with the (001) facet of XRD analysis. The N2

adsorption−desorption isotherms of g-C3N4 and 3 wt %
Co(OH)2/g-C3N4 samples have been investigated. As shown in
Figure S1 (Supporting Information), no evident changes are
observed for the two curves, indicating little difference can be
revealed after depositing Co(OH)2 on the interface of g-C3N4.
The BET surface areas for g-C3N4 and 3 wt % Co(OH)2/g-
C3N4 are 65 and 61 m2 g−1. The slightly decreased surface area
is due to the loading of Co(OH)2 nanoparticles. The good
deposition of Co(OH)2 on g-C3N4 nanosheets contributes to
accelerate the charge carrier distribution, separation, and
migration rate. Thus, we have investigated the physicochemical
properties of the as-prepared hybridized materials in detail.
The optical properties of the as-prepared hybridized solids

were checked by room-temperature photoluminescence (PL)
and UV−vis diffuse reflection spectra (DRS), respectively. In
Figure 4a, the optical absorption band edge enhanced from 450
to 700 nm as the Co(OH)2 content increased. However, few
differences arising from the inherent band structure of the g-
C3N4 polymer could be seen after the modification. This is
mainly because the triazine-based graphitic structure does not

Figure 2. High-resolution XPS characterization of Co 2p (a), O 1s (b), C 1s (c), and N 1s (d) for a 3 wt % Co(OH)2/g-C3N4 sample.
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change after incorporation with a small amount of Co(OH)2.
The same result was also revealed in the XRD discussions. The
enhanced optical absorption in the visible light region is mainly
due to the loading of layered Co(OH)2 on the surface of g-
C3N4 and the reducing light-harvesting ability of the g-C3N4
host. Therefore, the excessive Co(OH)2 loading on the
substrate may not be in favor of photoredox catalysis. This
hypothesis can be certified by the following photocatalytic
experimental results. In Figure 4b, all of the samples show
similar peaks centered at about 460 nm, with an obvious
decrease in the peak intensity as the loading content increased.
This is a good illustration that the recombination rate of the
photogenerated charge carrier is enormously restrained due to
the development of an adaptive heterojunction between g-C3N4
and Co(OH)2.

17 When g-C3N4 was excited by visible light
photons, a pair of photoinduced electrons and holes was
generated, which then migrated from the bulk to the interface
of the semiconductor and then to the side of Co(OH)2
benefitting from the band-bending of the junction.18 This
could facilitates the heterogeneous photocatalysis.
To further reveal the properties of the developed Co(OH)2/

g-C3N4 hybridized material, electrochemical experiments were
performed. Figure 5a shows the polarization curves of both
pure and Co(OH)2-optimized g-C3N4. The positive current in
the range of 1.4−1.8 V vs Ag/AgCl can be ascribed to O2
evolution.19 Evidently, a much reduced overpotential can be
found when Co(OH)2 was engineered as a robust cocatalyst in
comparison with pure g-C3N4. This is beneficial for promoting
multiple-electron water oxidation kinetics and avoiding
excessive driving potentials.
An electrochemical Nyquist plot experiment was also

adopted. The charge transport resistances from EIS studies
obtained by fitting the impedance spectra are 20141, 13924,

and 7996 Ω for g-C3N4, Co3O4/g-C3N4, and Co(OH)2/g-
C3N4, respectively.

20 In Figure 5b, a remarkably decreased
radius is found when a certain amount of Co(OH)2 is
decorated on g-C3N4. This predicts the optimized electro-
chemical impedance of the semiconductor when an adaptive g-
C3N4/OEC junction is well created. Both of the electro-
chemical results imply that the creation of OEC active sites on
the interface of g-C3N4 accelerates the charge carrier separation
and migration and thus promotes the heterogeneous photo-
catalytic water oxidation process.
The photocatalytic performance of the as-prepared solids was

therefore evaluated in an assay of the photocatalytic water
oxidation reaction. In Figure 6a, it is clear that the OER is
dramatically increased after loading Co(OH)2 as an effective
cocatalyst. The OER of pure g-C3N4 under UV−vis light
irradiation (λ >300 nm) is 5 μmol h−1. As the loading content
of Co(OH)2 increased, the OER significantly increased. When
the loading content of Co(OH)2 is 1 wt %, the OER is
dramatically increased to 21 μmol h−1, which is ca. 4 times
higher than that of pristine g-C3N4. The optimum loading
content is determined as 3 wt %, with the best oxygen evolution
rate of 27.4 μmol h−1. This value is 5.5 times higher than that of
pristine g-C3N4. On further increase of the loading content to 5
wt %, the OER is decreased to 18 μmol h−1; however, this is
still much larger than that of pure g-C3N4. This is mainly due to
the excessive loading of Co(OH)2 that blocks the optical
absorption of g-C3N4.
To further exhibit the promising properties of Co(OH)2, we

extended the photosensitizers to WO3 and BiVO4, which are
widely regarded as the most efficient photoanode materials for
catalyzing the water oxidation half-reaction in the overall water-
splitting reaction by coupling with hydrogen-production
photocathode semiconductors in Z-type photocatalytic and

Figure 3. TEM (a, b), HR-TEM (c), and corresponding crystal lattice space (d) of a 3 wt % Co(OH)2/g-C3N4 sample.
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photoelectrocatalytic systems (Figure S2, Supporting Informa-
tion). It is observed that the same enhanced water oxidation
rate was achieved under visible light irradiation (λ >420 nm).
However, the enhanced water oxidation rate for both of the
oxides (less than 0.5 times) is lower than that of g-C3N4 (4
times). Both the universality and the specificity of Co(OH)2
have been illustrated to underline the importance of structural
matching between the same layered crystals of host and guest
materials. Interestingly, when a Co(OH)2-modified inorganic/
polymeric semiconductor was annealed at 300 °C in the air for
1 h, the water oxidation rate of the optimized material
decreased. From the XRD analysis, after annealing treatment,
the layered Co(OH)2 was converted to Co3O4 nanoparticles
(Figure S3, Supporting Information), which is commonly
considered as an energetic cocatalyst for water oxidation. This
emphasizes the dramatic photocatalytic performance of the
layered Co(OH)2 in comparison with that of Co3O4 under the
same conditions. From the TEM picture, few differences can be
seen after the thermal annealing treatment (Figure S4,
Supporting Information).
In order to underline the importance of the cobalt hydroxide

for water oxidation, we also investigated the behaviors of the
other common transition-metal hydroxides as WOCs to drive
the water oxidation reaction. As shown in Table 1, the same
amounts of Fe3+, Mn2+, Ni2+, and Cu2+ were adopted for in situ
synthesis of the hydroxide/g-C3N4 samples under the same
experimental conditions. It is interesting to observe that only
Mn(OH)2 and Cu(OH)2 slightly enhanced the water oxidation
performance, while Fe(OH)3 and Ni(OH)2 exhibited reduced

water oxidation rates. This reveals the unique properties of
cobalt hydroxide in accelerating the water oxidation reaction,
which is mainly due to the convenient redox transformation of
different chemical states (Co2+, Co3+, and Co4+). Another
advantage originating from the loading of the Co(OH)2 for
water oxidation is the enhanced selectivity for producing O2.
When pure g-C3N4 was adopted for water oxidation, oxygen
evolution (5 μmol h−1) was accompanied by nitrogen evolution
(6 μmol h−1). This is mainly due to photooxidation/
photocorrosion of g-C3N4 as a result of the buildup of light-
trigged charges on g-C3N4.

6d The selectivity for oxygen
evolution of pure g-C3N4 is 45%, while the selectivity is nearly
99% for Co(OH)2 optimized g-C3N4. The O2 selectivity for the
other metal hydroxides has also been calculated. Mn(OH)2 and
Cu(OH)2 modified g-C3N4 show a selectivity of 57.6 and 57%,
while Fe(OH)3 and Ni(OH)2 show poor selectivity in
comparison to pure g-C3N4 (32 and 42%), indicating Co(OH)2
is superior in promoting O2 evolution selectivity.
Furthermore, long time course water oxidation experiments

were carried out under both UV and visible light irradiation. As
shown in Figure 6b, the oxygen evolution rates (OER) were
determined to be 27.4 and 7.1 μmol h−1 for UV−vis and visible
light irradiation, respectively. The amounts of evolved gases
reached 52 and 20 μmol after 7 and 9 h of persistent irradiation.
The reduced OER is ascribed to the deposition of Ag particles
on the surface of g-C3N4 (generated from the photoreduction

Figure 4. UV−vis DRS (a) and room-temperature PL (b) spectra for
pure and Co(OH)2-modified g-C3N4 samples. Figure 5. Polarization curves in the dark of CN, 3 wt % Co3O4/g-

C3N4, and 3 wt % Co(OH)2/g-C3N4 electrodes in 0.2 M Na2SO4
solution (a) and Nyquist plots of electrochemical impedance
spectroscopy in the dark of g-C3N4, 3 wt % Co3O4/g-C3N4, and 3
wt % Co(OH)2/g-C3N4 electrodes at 0.4 V vs Ag/AgCl (b).
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of Ag+) that leads to the light shading effect and hinders the
optical absorption.10a We have evaluated the oxygen evolution

rate (OER) of the 3 wt % Co(OH)2/g-C3N4 sample under
different specific wavelength illuminations.21 As shown in
Figure 6c, the OER of the samples is associated with the DRS
absorption spectra. When the illumination wavelengths are λ
>300, 375, 400, 420, and 450 nm, the OER values are 27.4, 18,
10, 7.1, and 1.4 μmol h−1, respectively. This indicates that the
photocatalytic oxygen evolution reaction is indeed promoted by
the photons. The recycle ability of the samples has also been
determined (Figure S6, Supporting Information). The activity
of the recycled sample shows a slightly reduced rate, which is
mainly due to the loading of Ag nanoparticles on the surface of
the substrate material. This can be further verified by the XRD,
DRS, TEM, and XPS characterizations of the recycled catalyst
(Figures S7 and S8, Supporting Information).

■ CONCLUSION
In this paper, we have successfully synthesized an adaptive
Co(OH)2/g-C3N4 junction. This cheap and easy incorporation
of Co(OH)2 significantly restrains the recombination rate of
the interface charge carriers, reduces the huge energy barrier for
O−O bond formation, and accelerates the oxygen evolution
kinetics. The optimum water oxidation rates of the modified
sample are 27.4 and 7.1 μmol h−1 under UV and visible light
irradiation, respectively, which are 5.5 and 7 times larger than
that of the pristine g-C3N4. Such structure and morphology
engineering not only optimizes the optical, electrical, and
texture properties of the hybrid materials for water oxidation to
liberate dioxygen into the atmosphere but also provides ideas
for designing novel materials by incorporating different
available materials with polymeric g-C3N4. Thus, it is essential
to extend their functions to wide applications, including CO2
reduction, pollution purification, and fine chemical synthesis.
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