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eets as a novel oxygen-evolution-
reaction cocatalyst in situ bonded on the g-C3N4

photocatalyst for excellent overall water splitting†

Cheng Cheng,‡ Liuhao Mao,‡ Jinwen Shi, * Fei Xue, Shichao Zong, Botong Zheng
and Liejin Guo

A 2D/2D coupled NiCo2O4/g-C3N4 nanostructure was fabricated through an in situ growth strategy.

NiCo2O4 worked as a novel oxygen-evolution-reaction cocatalyst, and the intimate interface

combination by surface bonding and the related cooperative effect between NiCo2O4 and g-C3N4 were

comprehensively explored. Consequently, the separation and migration of photo-generated charge

carriers for g-C3N4 were efficiently promoted, as well as the energy barriers of the oxygen evolution

reaction were reduced. NiCo2O4/g-C3N4 showed obviously enhanced photocatalytic O2-evolution

activity (4.6 times that of bare g-C3N4), and the corresponding AQY achieved 4.9% at 380 nm. Then, Pt

as a hydrogen-evolution-reaction cocatalyst was employed to cooperate with NiCo2O4 to construct

dual cocatalyst loaded g-C3N4 for photocatalytic overall water splitting, in which H2 and O2

simultaneously evolved in a stoichiometric ratio of 2 : 1, and the AQY for H2 evolution reached 2.8% at

380 nm. Consequently, this work demonstrates a reliable strategy for g-C3N4 to construct

a photocatalytic system for efficient overall water splitting.
1. Introduction

Hydrogen evolution based on photocatalytic water splitting
technology is regarded as a prospective approach to transform
solar energy into available, clean and transportable chemical
energy, for alleviating the excessive demand for fossil energy as
well as improving the correlative environmental problem.1–3 As
for photocatalytic overall water splitting, remarkable advances
have been witnessed by far in the exploitation of water reduc-
tion reaction which for instance can be markedly promoted by
Pt-cocatalysts,4–7 whereas the half reaction of water oxidation to
oxygen usually suffers limited activity due to its complicated
four-electron oxidation reaction and large thermodynamic
activation energy barrier for the formation of oxygen mole-
cules.8–10 Thus, photocatalytic O2 evolution reaction (OER) is the
crucial performance-limiting step and remains the main chal-
lenge for achieving high efficiency of photocatalytic overall
water splitting.

For many photocatalysts with poor OER activity, their
immanent limits could be explored using a good model case of
water electrolysis: these semiconductor-based catalysts
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commonly possess poor electrocatalytic activities and require
large overpotentials for driving chemical transformations.11,12

As a result, implanting suitable electrocatalysts as cocatalysts
into photocatalysts to construct hybrid systems is proposed as
an effective strategy which can dramatically improve photo-
catalytic activity.13–15 On the one hand, beneting from lower
activation energy, cocatalysts act as surface active sites where
chemical transformations could be thermodynamically favor-
able as compared to those directly on semiconductor-based
photocatalysts. On the other hand, loading cocatalysts on
semiconductor-based photocatalysts can also inhibit the charge
recombination and reverse reaction. Recently, many electro-
catalysts have been used as reduction cocatalysts and assem-
bled with photocatalysts for the H2 evolution reaction (HER),
such as Ni2P, CoP, FeP, Cu3P, MoP and NiCoP.16–22 However,
only a few reports focused on the applications of OER electro-
catalysts as oxidation cocatalysts for photocatalytic O2 evolu-
tion, and most of them lack interface/junction design between
the photocatalyst and cocatalyst.23 NiCo2O4 has been reported
as an efficient noble-metal-free electrocatalyst for the OER in
which it delivers a low overpotential.24,25 Thus NiCo2O4 is
a promising candidate for OER cocatalysts, and yet the NiCo2O4-
containing photocatalytic system for O2 production or overall
water splitting has rarely received prior investigations.

Among the various host photocatalysts, polymeric graphitic
carbon nitride (g-C3N4) with a 2D conjugated structure emerges
as a shining star in the eld of photocatalysis, because of its
important merits of environmental friendliness, earth-
J. Mater. Chem. A, 2021, 9, 12299–12306 | 12299
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abundant nature, specic planar structure, good stability, and
appropriate thermodynamical potentials for H2 and O2 evolu-
tion reactions.26–28 Nevertheless, the rapid recombination of
photo-induced charge carriers as well as the especially poor
photocatalytic OER activity of bare g-C3N4 result in low effi-
ciency of photocatalytic overall water splitting, thus limiting its
industrial applications.29,30 Coupling with a suitable OER
cocatalyst can simultaneously settle the above drawbacks, and
g-C3N4 can be regarded as an excellent host to support suitable
cocatalysts to construct enhanced photocatalytic overall water
splitting systems through tailor design of the coupled structure
between g-C3N4 and the cocatalyst.

Herein, NiCo2O4 nanosheets were in situ grown on the
surface of g-C3N4 to fabricate a 2D/2D coupled structure. The
intimate interface combination between NiCo2O4 nanosheets
and g-C3N4, as well as the cocatalytic effect of NiCo2O4 was
carefully characterized and analyzed. In addition, Pt was
employed as a HER cocatalyst and cooperated with the NiCo2O4/
g-C3N4 coupled structure to perform photocatalytic overall
water splitting, and this demonstrates a reliable strategy for g-
C3N4 to construct photocatalytic overall water splitting systems
via assistance by dual reduction and oxidation cocatalysts.
2. Experimental section
2.1 Preparation of photocatalysts

2.1.1 Preparation of g-C3N4. The g-C3N4 photocatalyst was
prepared according to previous work.31 Urea (10 g) was calcined
at 600 �C for 4 h under air atmosphere with a ramping rate of
15 �C min�1 in an alumina crucible with a cover. Aer cooling
down to room temperature, the g-C3N4 photocatalyst (denoted
as CN) was obtained.

2.1.2 Preparation of NiCo2O4/g-C3N4, NiCo2O4, NiOx/g-
C3N4 and CoOx/g-C3N4. In a typical procedure, CN (100 mg) and
certain amounts of CoCl2$6H2O, NiCl2$6H2O (the molar ratio
was 2 : 1) were added into water (250mL) followed by sonication
for 2 h to obtain a homogeneous dispersion, and then hexa-
methylenetetramine (HMT) (8.75 mmol) was dissolved into the
dispersion. Subsequently, the dispersion was transferred into
a round-bottomed ask (500mL) and reuxed at 100 �C in an oil
bath for 5 h with continuous stirring. Aer washing 3 times with
water, the product was collected by centrifugation and dried at
50 �C. The obtained powder was then calcined at 400 �C for 2 h
in air to get the NiCo2O4/g-C3N4 coupled hybrid (denoted as CN-
xNiCoO), in which x% (x ¼ 0.00, 0.25, 0.50, 1.00, 1.50 and 2.00)
meant the mass ratio of the Co element to CN. Bare NiCo2O4

was prepared under the same conditions in the absence of CN,
and with the amounts of 1.8750 and 0.9375 mmol (the molar
ratio was 2 : 1) for CoCl2$6H2O and NiCl2$6H2O, respectively.
The intermediate without calcination in air was denoted as
NiCoO-pre and the bare NiCo2O4 was denoted as NiCoO. NiOx/g-
C3N4 (denoted as CN-1.50NiOx) and CoOx/g-C3N4 (denoted as
CN-1.50CoOx) were also prepared under the same conditions
except that CoCl2$6H2O or NiCl2$6H2O was not added, respec-
tively, and the mass ratio was controlled at 1.50 wt% for the Ni
or Co element to CN.
12300 | J. Mater. Chem. A, 2021, 9, 12299–12306
2.1.3 Preparation of (Pt, NiCo2O4)/g-C3N4, (Pt, NiOx)/g-
C3N4, (Pt, CoOx)/g-C3N4 and Pt/g-C3N4. CN-1.00NiCoO, CN-
1.50NiOx or CN-1.50CoOx (80 mg) was added into water (80 mL)
to form a homogeneous dispersion. Pt (2.4 mg, corresponding
to 3% of the mass of photocatalyst) as a HER cocatalyst was
loaded on the above sample via the typical in situ photo-
deposition strategy from the precursor of H2PtCl6$6H2O. Before
photodeposition reaction, the reactor was purged with Ar for
30 min to eliminate O2. Aer 2 h reaction, the corresponding
product was collected by thoroughly washing with water and
dried in a vacuum oven for 12 h at 60 �C, and was denoted as
3Pt-CN-1.00NiCoO, 3Pt-CN-1.50NiOx or 3Pt-CN-1.50CoOx. Pt/g-
C3N4 was prepared using a similar photodeposition procedure
except that triethanolamine (TEOA 10 vol%) as a hole sacricial
agent was used in the reaction solution, and the nal product
was denoted as CN-3Pt.
2.2 Photocatalytic measurements

Photocatalytic water splitting reactions were performed in
a Pyrex glass reactor (110 mL) in which light was irradiated from
the side window. A Xe lamp (300 W) as the light source provided
full-arc or visible-light irradiation (with a 400 nm cut-off lter).
The light spectra before and aer the lter are shown in
Fig. S1.† For the photocatalytic O2 evolution reaction, the pho-
tocatalyst (50 mg), La2O3 (160 mg) and AgNO3 (136 mg) were
sequentially dispersed in an aqueous solution (80 mL) with
stirring, in which AgNO3 and La2O3 were used as the electron
acceptor and pH buffer agent, respectively. For the photo-
catalytic overall water splitting reaction, it was performed in the
same system, and the photocatalyst (50 mg) was dispersed in
deionized water (80 mL) with stirring. Before the photocatalytic
reaction, the reactor was purged with Ar for 30 min to eliminate
O2. The evolved gas was detected using a North Point NP-GC-
901A gas chromatograph (Ar as carrier gas, thermal conduc-
tivity detector (TCD), TDX-01 column) per 1 h, and a syringe gas
sampling technique was used. The gas sampling data are shown
in Fig. S2a and b.† The details of the measurement of apparent
quantum yield (AQY) are presented in the ESI,† and the UV-vis
spectra of different band-pass lters of 380, 405, 425, 440 and
480 nm are shown in Fig. S2c–g.†
3. Results and discussion
3.1 Composition and structure

The overall strategy for in situ growth and assembly of NiCo2O4

nanosheets on g-C3N4 is illustrated in Fig. 1. Co2+ and Ni2+ ions
were rst adhered to the surface of g-C3N4 in the forms of
hydroxides, and then a calcination procedure was implemented
to make NiCo2O4 nanosheets in situ grow on g-C3N4 for
obtaining the NiCo2O4/g-C3N4 coupled composite (see details in
Fig. S3, S4, S6–S8†). In Fig. S4a and b,† we see the XRD patterns
of NiCoO whose diffraction peaks correspond to cubic-phase
NiCo2O4 (JCPDS no. 020-0781), verifying the successful prepa-
ration of NiCo2O4. As for CN-xNiCoO (x ¼ 0.00, 0.25, 0.50, 1.00,
1.50 and 2.00), typical (100) and (002) diffraction peaks were
observed for all the samples, respectively, which were indexed to
This journal is © The Royal Society of Chemistry 2021



Fig. 1 Fabrication procedure of NiCo2O4 in situ grown on g-C3N4.

Fig. 2 (a) TEM image, (b and c) HRTEM images, (d) STEM image, and
(e–i) EDX elemental mapping results of (e) C, (f) N, (g) Ni, (h) Co and (i)
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the typical characteristics of g-C3N4.31–33 Structurally, the former
minor angle diffraction peak was attributed to the in-plane
arrangement of tri-s-triazine units, and another strong diffrac-
tion peak corresponded to the periodic inter-layer stacking of
conjugated aromatic segments34,35 It is noteworthy that the
unchanged diffraction peak position indicated that the crystal
structure of CN was little inuenced by the integration of
NiCoO. In addition, diffraction peaks indexed to cubic-phase
NiCo2O4 could be observed in CN-2.00NiCoO but almost not
in CN-xNiCoO (x ¼ 0.00, 0.25, 0.50, 1.00 and 1.50) composites,
which might be ascribed to their less dosage. For the control
samples, CN-1.50NiOx and CN-1.50CoOx also showed typical
characteristics of g-C3N4 (Fig. S4c†), and CN-0.00NiCoO and CN
had almost the same XRD characteristics (Fig. S4d†). Fig. S5†
gives the FTIR spectra of CN-0.00NiCoO, CN-1.00NiCoO, CN-
1.50NiOx and CN-1.50CoOx. All the samples demonstrated the
dominant features of the g-C3N4 structure, i.e., the broad bands
in the wavelength range of 2900–3340 cm�1 were indexed to the
stretching vibrational absorptions of N–H, the peaks located at
1200–1700 cm�1 were assigned to the stretching vibration
modes of aromatic tri-s-triazine repeating units, including sp2

C]N stretching vibrations and sp3 C–N out-of-plane bending
vibrations, and the characteristic peak centered at 810 cm�1 was
assigned to the out-of-plane breathing vibrations of tri-s-triazine
units.36–38

Considering that the structure of NiCoO was not obviously
observed in CN-1.00NiCoO duo to the low content (Fig. S3 and
S6†), other samples with higher contents of NiCoO-pre and
NiCoO were prepared and denoted as CN-10.00NiCoO-pre and
CN-10.00NiCoO (Fig. S7†). It could be obviously observed that
the nanosheet structure of NiCoO was intimately anchored on
CN (Fig. S8†). As for the micro-nano structure of as-prepared
CN-xNiCoO, by taking CN-1.00NiCoO as a typical example,
TEM images showed that scattered NiCoO nanosheets deco-
rated the CN nanosheet structure (Fig. 2a and b), and obvious
lattice fringes (interplanar spacing of 0.203 nm) were observed
and corresponded to the (400) plane of NiCoO (Fig. 2c).24 Note
that the NiCoO nanosheets on CN nanosheets had sizes less
than ten nanometers in diameter, which was dramatically
smaller than that of bare NiCoO, and besides that, the CN
nanosheets existed as the substrate exerting a supporting effect,
this difference could be attributed to the fact that in the
This journal is © The Royal Society of Chemistry 2021
preparation process of CN-xNiCoO, smaller amounts of NiCl2-
$6H2O and CoCl2$6H2O were added. Moreover, the coupled
nanostructure of the NiCo2O4/g-C3N4 composite could be
further investigated using the STEM image (Fig. 2d) and cor-
responding EDX elemental mapping results (Fig. 2e–i). Similar
elemental distributions for C and N reected the CN structure,
while similar elemental distributions of Ni, Co and O clearly
demonstrated the formation of NiCoO. In addition, obvious
deviations and scattered distributions in elemental scopes
demonstrated that NiCoO nanosheets were dispersedly assem-
bled on the surface of CN nanosheets. These results directly
proved the successful preparation of the 2D/2D NiCo2O4/g-C3N4

coupled structure and distinctly showed the intimate interfacial
combination between NiCoO and CN supports.
3.2 Chemical states

The surface chemical states of CN-xNiCoO hybrids were next
analyzed using XPS results. Firstly, by taking CN-0.00NiCoO and
CN-1.00NiCoO as typical examples, Fig. 3a presents their survey-
scan XPS spectra. Besides O, N, and C elements, Ni and Co
signals appeared for CN-1.00NiCoO as compared to CN-
0.00NiCoO. For the C 1s spectra (Fig. 3b), both samples
showed three characteristic peaks with similar binding ener-
gies, for CN-1.00NiCoO, the peaks were ascribed to typical
adventitious graphitic C species (C]C), sp2 hybridized C
bonded to –NHx, and sp2 C connected to N in N]C–N,
O for CN-1.00NiCoO.

J. Mater. Chem. A, 2021, 9, 12299–12306 | 12301



Fig. 3 (a) Survey-scan and high-resolution XPS spectra of (b) C 1s and
(c) N 1s for CN-0.00NiCoO and CN-1.00NiCoO; (d and e) high-
resolution XPS spectra of (d) Ni 2p and (e) Co 2p for CN-1.00NiCoO
and NiCoO; (f) high-resolution XPS spectra of O 1s for CN-0.00NiCoO
and CN-1.00NiCoO.

Fig. 4 Photocatalytic O2-evolution rates of CN-xNiCoO (x ¼ 0.00,
0.25, 0.50, 1.00, 1.50 and 2.00) and NiCoO under (a) full-arc and (b)
under visible-light irradiation (l > 400 nm); (c) photocatalytic O2-
evolution rates of CN-0.00NiCoO, CN-1.00NiCoO, CN-1.50NiOx and
CN-1.50CoOx under full-arc irradiation; (d) wavelength-determined
AQYs for CN-1.00NiCoO at different wavelengths. Measurement
conditions: 50 mg photocatalyst and 160 mg La2O3 were dispersed in
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respectively.39–41 The N 1s spectra of both samples could be
divided into four peaks (Fig. 3c), for CN-1.00NiCoO, the peaks
were assigned to sp2 N in tri-s-triazine (C–N]C), bridging
tertiary N in N–(C)3, N in the heterocycle and N–H, and p-exci-
tations, respectively.39–41 In contrast, there were signicant
shis towards lower binding energies of the N 1s peaks for CN-
1.00NiCoO except the sp2 N in C–N]C as compared to those of
CN-0.00NiCoO. Secondly, comparison of the Ni 2p and Co 2p
spectra between CN-1.00NiCoO and NiCoO was also made
(Fig. 3d and e). The valence states of Ni and Co in CN-1.00NiCoO
kept unchanged as compared to NiCoO, for CN-1.00NiCoO, the
peaks centered at 872.6 and 855.3 eV were assigned to 2p1/2 and
2p3/2 of Ni2+, the peaks centered at 794.5 and 779.5 eV were
assigned to 2p1/2 and 2p3/2 of Co3+, and the peaks centered at
796.7 and 781.1 eV were indexed to 2p1/2 and 2p3/2 of Co

2+.24,42

Signicantly, as compared to those of NiCoO, the characteristic
peaks of Ni2+, Co2+ and Co3+ for CN-1.00NiCoO all shied
towards higher binding energies. It is widely acknowledged that
the unoccupied d orbitals of metal atoms could connect with
the lone pair electrons from sp3-hybridized N atoms to form
metal–N bonds.43–46 The above results indicated that new
12302 | J. Mater. Chem. A, 2021, 9, 12299–12306
surface bonding states were built by coupling NiCoO with CN,
and Co(d+) and Ni(d+) atoms were coupled with N atoms of
tertiary nitrogen to build Co(d+)–N(d�) and Ni(d+)–N(d�)
bonding states, resulting in decreased electron densities in
metal atoms accompanied by increased electron densities in N
atoms, which were consistent with the negative shis of the
binding energies for N 1s, as well as the positive shis of the
binding energies for Ni 2p and Co 2p in CN-1.00NiCoO.43–46 In
Fig. 3f, besides the characteristic peaks of H–O–H and –OH,47

another two peaks assigned to Co–O and Ni–Owere observed for
CN-1.00NiCoO as compared to CN-0.00NiCoO. The results
further conrmed the coupling structure of NiCoO and CN. In
addition, CN-1.50NiOx and CN-1.50CoOx were also character-
ized by XPS and TEM analysis (Fig. S9–S12†). NiOx and CoOx

components were conrmed via the mixed valence states and
metallic oxides, respectively.
3.3 Photocatalytic O2-evolution performance

Photocatalytic performances of CN-xNiCoO and NiCoO were
evaluated by the photocatalytic O2 evolution reaction by using
AgNO3 as the electron scavenger. O2 was not detected in the
photocatalytic O2 evolution measurement for NiCoO under the
same conditions, thus indicating that NiCoO did not work as
a photocatalyst. As shown in Fig. 4a and S13a,† under full-arc
irradiation, photocatalytic O2 production activities of CN-xNi-
CoO gradually increased with increasing the NiCoO amount,
and the highest OER rate reached 56.8 mmol h�1 for the opti-
mized CN-1.00NiCoO sample, which was almost 4.6 times that
of bare CN-0.00NiCoO (12.4 mmol h�1) (initial reaction rates
were adopted because the metallic Ag0 reduced by Ag+ would be
80 mL AgNO3 (0.01 M) aqueous solution.

This journal is © The Royal Society of Chemistry 2021



Fig. 5 (a) PL, (b) transient photocurrent density (full-arc irradiation,
applied voltage of +0.6 V vs. Ag/AgCl), (c) EIS (applied voltage of +1.0 V
vs. Ag/AgCl) and (d) LSV curves of CN-0.00NiCoO, CN-1.50NiOx, CN-
1.50CoOx and CN-1.00NiCoO. Electrolyte: 0.5 M Na2SO4.
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gradually deposited on the surface of photocatalysts to hinder
the light absorption and cover the reactive sites with the reac-
tion time prolonging (Fig. S14†)). When further increasing the
NiCoO amount, the photocatalytic O2-evolution activity of CN-
xNiCoO decreased since excessive NiCoO blocked the light
absorption for CN. Photocatalytic O2-evolution activities of CN-
xNiCoO under visible-light irradiation (l > 400 nm) are shown in
Fig. 4b, and the highest O2 production rate of the optimized CN-
1.00NiCoO (42.0 mmol h�1) was 5 times that of bare CN-
0.00NiCoO (8.4 mmol h�1). Furthermore, Fig. 4d shows AQYs
of CN-1.00NiCoO for O2 production at different wavelengths,
and the AQY achieved 4.9% at 380 nm (the time courses of
photocatalytic O2 evolution under different wavelengths (380,
405, 425, 440 and 480 nm) over CN-1.00NiCoO are presented in
Fig. S15†). The good consistency between the AQY values at
different wavelengths and the optical absorption edge indicated
that the O2 evolution reaction was denitely induced by the
photo-excitation of CN. Moreover, Fig. S16† shows the XPS
results of CN-1.00NiCoO and CN-1.00NiCoO-R obtained by
recycling the photocatalysts aer the photocatalytic O2 evolu-
tion reaction. There was little difference for the chemical states
of Ni and Co before and aer the photocatalytic O2 evolution
reaction. In addition, it is noteworthy that the OER rate of CN-
1.00NiCoO had the highest value compared with other CN-
based materials (Fig. 4c and S13b†). CN-1.50NiOx and CN-
1.50CoOx demonstrated improved photocatalytic O2-evolution
activities (16.8 and 30.2 mmol h�1, respectively) under full-arc
irradiation compared with CN-0.00NiCoO but much lower
than that of CN-1.00NiCoO. Furthermore, Table S1† presents
the comparison of the photocatalytic O2-evolution performance
of CN-1.00NiCoO and some other reported cocatalyst modied
CN, and NiCoO coupled CN took the leading position. These
photocatalytic O2 evolution results indicated that coupling
NiCoO with CN can greatly facilitate the oxidation reaction from
water, and NiCoO exhibited a superior OER cocatalytic effect to
other cocatalysts.
3.4 Optical properties and photo-generated charge carrier
dynamics

As shown in Fig. S17,† bare NiCoO presented a at plot
throughout the UV-vis range with a high absorption coefficient,
and all the hybrid NiCo2O4/g-C3N4 photocatalysts showed
slightly red shis of absorption edges and increased absorption
intensities in the region of 450–800 nm compared with CN-
0.00NiCoO. The enhanced optical absorption properties could
be ascribed to the coupled structure of NiCoO and CN, in which
surface bonding states were built. Moreover, to further investi-
gate the superior cocatalytic effect of NiCoO for CN, PL and
(photo)electrochemical measurements for CN-0.00NiCoO, CN-
1.00NiCoO, CN-1.50NiOx and CN-1.50CoOx were carried out to
investigate the efficiency for charge transfer. Fig. 5a presents the
PL spectra of the above samples. All the samples showed an
emission wavelength at around 440 nm, and CN-1.00NiCoO
showed the weakest intensity as compared to those of CN-
0.00NiCoO, as well as NiOx and CoOx coupled CN, demon-
strating the efficient promotion of the rapid photo-generated
This journal is © The Royal Society of Chemistry 2021
charge carrier transfer between CN and NiCoO. In addition,
Fig. 5b shows that CN-1.00NiCoO has the highest photocurrent
density, indicating that the separation and migration of photo-
generated hole–electron pairs for CN under light irradiation
were greatly promoted by the coupling of NiCoO. Fig. 5c pres-
ents the EIS plots of the electrodes. The CN-1.00NiCoO elec-
trode showed an obviously smaller arc radius than those of the
others, indicating lower charge-transfer impedance as well as
easier charge exchange between the electrode and electrolyte.40

Fig. 5d presents the LSV curves of CN-0.00NiCoO, CN-1.50NiOx,
CN-1.50CoOx and CN-1.00NiCoO samples for the OER. An
improved onset potential for the anodic current and enhanced
current density were achieved for CN-1.00NiCoO as compared to
those of the others. The above results proved that the coupling
NiCoO with CN can greatly facilitate the oxidation reaction from
water. In addition, the C–V results indicated the good chemical
stability of the NiCo2O4/g-C3N4 composite (Fig. S18†).
3.5 Photocatalytic overall water splitting

According to the reports, overall water splitting reaction can be
performed on CN through loading appropriate cocatalysts, and
dual cocatalysts including HER and OER cocatalysts assembled
on CN can lead to efficient goal-oriented migration of photo-
generated electron–hole pairs, thereby improving the interfa-
cial separation of photo-generated charge carriers and acceler-
ating water splitting reaction kinetics for enhanced
photocatalytic activity.48–53 As a consequence, the Pt–CN–NiCoO
photocatalyst was constructed to perform overall water split-
ting, in which Pt and NiCoO were employed as efficient HER
and OER cocatalysts for CN, respectively. Fig. S19a and b† show
that the structures of CN-0.00NiCoO, CN-3Pt and 3Pt-CN-
1.00NiCoO were consistent with the typical XRD and FTIR
characteristics of g-C3N4, respectively. Furthermore, according
J. Mater. Chem. A, 2021, 9, 12299–12306 | 12303



Fig. 6 (a) TEM image, (b and c) HRTEM images, (d) STEM image and (e–j) EDX elemental mapping results of (e) C, (f) N, (g) Ni, (h) Co, (i) O, (j) Pt
elements and (k) their overlapping for 3Pt-CN-1.00NiCoO. Red and yellow circles in (a) demonstrated NiCoO and Pt, respectively.
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to the XPS (Fig. S20†), TEM (Fig. 6a), HRTEM (Fig. 6b and c),
STEM (Fig. 6d) and corresponding EDX elemental mapping of
3Pt-CN-1.00NiCoO (Fig. 6e–k), it is demonstrated that Pt small
nanoparticles and NiCoO are decorated on the CN nanosheets
with spatially separated positions. 3Pt-CN-1.00NiCoO had quite
similar light absorption to CN-1.00NiCoO (Fig. S21†). Fig. S22†
shows that 3Pt-CN-1.00NiCoO displayed the weakest PL inten-
sity, indicating the great improvement of photo-generated
charge carrier transfer ability. Fig. 7a and S23† show the
polarization curves of CN-0.00NiCoO and 3Pt-CN-1.00NiCoO for
overall water splitting. Signicantly, 3Pt-CN-1.00NiCoO man-
ifested obviously improved onset potentials for both HER and
OER, as well as enhanced cathode and anode current densities,
demonstrating that dual Pt and NiCoO cocatalysts could
accelerate the water reduction and oxidation selectively for CN.
As expected, 3Pt-CN-1.00NiCoO showed photocatalytic overall
water splitting performance with simultaneous evolution of H2

and O2 in a stoichiometric ratio of around 2 : 1 under full-arc
(21.7 and 10.6 mmol h�1) and visible-light (7.4 and 3.6 mmol
h�1) irradiation (Fig. 7b, c and S24†). Meanwhile, the AQY of
3Pt-CN-1.00NiCoO for H2 evolution was about 2.8% at 380 nm.
For the overall water splitting reaction, the total amount of O2

evolved in 36 h was 395.4 mmol, which was much larger than the
lattice oxygen of NiCo2O4 in 3Pt-CN-1.00NiCoO (8.3 mmol for
oxygen atoms). What's more, the turnover number (TON) was
far greater than unity (>1). As a result, it was proved that the
evolved O2 came from water via the photocatalyst-based pho-
tocatalytic reaction. Besides, CN co-loaded with Pt and NiCoO
displayed enhanced activity compared with which loaded with
12304 | J. Mater. Chem. A, 2021, 9, 12299–12306
either Pt or NiCoO, and the Pt–NiCoO couple could display
a superior cocatalytic effect compared to Pt–NiOx and Pt–CoOx

couples in the promotion of photocatalytic overall water split-
ting reaction (Fig. 7d). Table S2† lists the rates and AQYs of
photocatalytic overall water splitting over g-C3N4 modied with
a series of cocatalysts in recent years, and Pt–NiCoO couple
assisted g-C3N4 in this work showed excellent photocatalytic
overall water splitting activity as compared to most of the other
cocatalyst assisted g-C3N4 photocatalysts. Moreover, the cyclic
test of 3Pt-CN-1.00NiCoO for overall water splitting under full-
arc irradiation exhibited no decay in 39 h for three cyclic
tests, and the amounts of H2 and O2 did not decrease in the dark
when light was turned off for 3 h in the rst cycle (Fig. 7b).
Fig. S20† presents the XRD patterns and XPS results of 3Pt-CN-
1.00NiCoO and 3Pt-CN-1.00NiCoO-R obtained by recycling the
photocatalyst aer photocatalytic overall water splitting reac-
tion. Little difference was observed for the photocatalyst before
and aer the photocatalytic reaction. These results indicated
that the Pt–NiCoO dual cocatalyst loaded CN-based system had
good photocatalytic stability. In Fig. S25,† the TEM and STEM
images of 3Pt-CN-1.00NiCoO-R show that cocatalysts were
clearly anchored on the CN nanosheets aer reaction, and the
notable deviation in elemental scope and the scattered distri-
bution for EDX elemental mapping images further indicated
that Pt small nanoparticles and NiCoO are decorated on the CN
nanosheets with spatially separated positions. From the XRD
and XPS results it was detected that Pt and NiCoO were obvi-
ously present in both 3Pt-CN-1.00NiCoO and 3Pt-CN-
This journal is © The Royal Society of Chemistry 2021



Fig. 7 (a) LSV curves of CN-0.00NiCoO and 3Pt-CN-1.00NiCoO
(electrolyte: 0.5 M Na2SO4); (b) time courses of H2 and O2 production
for photocatalytic overall water splitting under full-arc irradiation over
3Pt-CN-1.00NiCoO; (c) photocatalytic activities for overall water
splitting on 3Pt-CN-1.00NiCoO under full-arc and visible-light irra-
diation (l > 400 nm); (d) photocatalytic performance of overall water
splitting on CN-0.00NiCoO, CN-1.00NiCoO, CN-3Pt, 3Pt-CN-
1.00NiCoO, 3Pt-CN-1.50NiOx and 3Pt-CN-1.50CoOx under full-arc
irradiation. Photocatalytic reaction measurement conditions: 50 mg
photocatalyst dispersed in 80 mL deionized water without any sacri-
ficial reagent.
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1.00NiCoO-R (Fig. S20†), which indicated that Pt and NiCoO
cocatalysts were not lost aer reaction.
3.6 Photocatalytic mechanism

According to the above results, as shown in Fig. S26,† when
NiCoO was employed as an efficient OER cocatalyst, the coop-
erative effect between NiCoO and CN could reduce the over-
potential of the OER from water and promote the transfer of
photo-generated charge carriers. When Pt (HER cocatalyst)
was integrated with NiCo2O4/g-C3N4, overall water splitting was
successfully achieved for CN. In the reaction process, electrons
were generated in the conduction band (CB) while holes in the
valence band (VB) of CN under light irradiation. Aerwards, the
electrons in the CB of CN promptly transported to Pt for water
reduction to produce H2. The holes in the VB of CN transported
to NiCoO for water oxidation to generate O2. Due to the superior
dual cocatalytic effect, (Pt, NiCo2O4)/g-C3N4 exhibited enhanced
photocatalytic overall water splitting activity as compared to
some other dual cocatalyst loaded CN.
4. Conclusions

2D/2D coupled CN-xNiCoO photocatalysts were fabricated via
an in situ growth strategy. NiCoO worked as a novel OER
cocatalyst and the assembly of NiCoO onto CN led to a reduced
This journal is © The Royal Society of Chemistry 2021
overpotential for oxidation reaction from water and promoted
photo-generated charge carrier transfer, resulting in enhanced
photocatalytic O2 evolution for the NiCo2O4/g-C3N4 photo-
catalyst. In addition, Pt was integrated with NiCo2O4/g-C3N4,
and the derived (Pt, NiCo2O4)/g-C3N4 photocatalyst showed
overall water splitting into H2 and O2 in a stoichiometric ratio of
2 : 1. Briey, this work demonstrates a reliable strategy for CN to
develop a photocatalytic overall water splitting system via
assistance with high-efficiency dual reduction and oxidation
cocatalysts.
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