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nanoparticle-decorated graphitic
carbon nitride for solar hydrogen generation via
efficient charge separation†

Aniruddha Mondal,a Shubham Biswas,b Srishti,b Aditya Kumar,b Jong-Sung Yu *cd

and Apurba Sinhamahapatra *b

Solar hydrogen generation is one of the most compelling concepts in modern research to address both the

energy and environmental issues simultaneously for the survival of the human race. A Type II heterojunction

(CoO–GCN) was fabricated by decorating sub 10 nm CoO nanoparticles (NPs) on the graphitic carbon

nitride (GCN) surface. It exhibited improved absorption of UV-VIS light and efficiently separate the

photogenerated electrons and holes in opposite directions. A maximum hydrogen generation rate of

9.8 mmol g�1 h�1 was recorded using CoO–GCN from 10% aqueous triethanolamine under simulated

sunlight in the presence of 1 wt% Pt. The rate is 3.8 times higher than that of bare GCN. Furthermore, it

showed excellent stability for up to five repeated uses. Interestingly, the study also revealed that

untreated seawater could replace the deionized water. The cooperative participation of the uniform

shape and size of CoO NPs firmly grafted on GCN resulted in remarkable performance for solar

hydrogen generation.
Introduction

The search for procient and clean substitute energy resources
is one of the major tasks for future society owing to the reduced
fossil-fuel assets and ever-growing environmental pollution.1,2

In this context, hydrogen (H2) is an alternative potential ideal
energy carrier compared to traditional fuels, e.g., coal, gasoline,
natural gas, and oil.3 H2 is well-known for its benign nature
towards the environment and possesses the highest specic
energy density compared to any existing commercial fuel.2,4,5

Furthermore, no pollutants such as carbon monoxide (CO),
odor, or soot are formed during the combustion process.
Although H2 is the best energy carrier, it would be referred to as
a green energy carrier only when it is produced via a green path
using renewable energy. Several methods for green hydrogen
production from water have been developed, such as thermal
dissociation of water, electrocatalytic water splitting, photo-
catalytic water splitting, and hydrolysis of metal hydride.
Among the developed processes, photocatalytic water splitting
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for hydrogen production is the most straightforward, cheap,
environment-friendly, and convenient for the further quanti-
cation of hydrogen gas. The method needs efficient nano-
structured semiconductor-based photocatalysts with a tuned
band edge, which can offer the utmost light-harvesting ability
and stability in reaction media under light illumination.2,6–8 In
recent years, 1D, 2D, and 3D-based nanostructured materials
with different molecular architectures have been evolved.9

Among them, 2D based nanoscale materials are widely used
owing to their enhanced physicochemical properties and tuned
bandgap.

In this context, in recent decades, metal-free 2D graphitic
carbon nitride (g-C3N4) (GCN) has grown tremendously due to
its tunable bandgap towards visible light-assisted photo-
catalysis.10–18 However, it was observed that the pure GCN
photocatalyst system yielded a poor rate of hydrogen generation
due to its inefficiency in photogenerated charge separa-
tion.11,19–21 Various attempts have been made to develop GCN
based nanocomposites for further improvement of the photo-
catalytic hydrogen generation.22–24 Due to the planned scheme
for the formation of the heterostructure along with n-type and
p-type semiconductors, the composite will have the following
properties: (i) stable oxidation of metal oxides aer the forma-
tion of the heterostructure, (ii) appropriate band structures, (iii)
excellent ability to accelerate the water-splitting reaction, (iv)
enhanced visible-light absorption and (v) competent charge
separation between the two p–n junctions. Fundamentally, the
nanostructured heterojunctions are dened as Type I, Type II,
and Type III as per the band positions.25–28 Owing to this, the
Nanoscale Adv., 2020, 2, 4473–4481 | 4473
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Fig. 1 Synthesis: schematic representation regarding the preparation
of GCN and CoO/GCN samples.
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coupling of two heterostructures such as nanoscale metal
oxides and GCN is meaningful to make a potential hetero-
junction for improved photocatalytic performance towards
hydrogen generation. GCN is an n-type semiconductor, and it
can form strong non-covalent interactions with multiple classes
of p-type semiconductors leading to enhancement in photo-
catalytic performances.11,22,29–34

Transition metal-based metal oxides have been used as
alternative resources to precious metals. They have received
tremendous attention due to their environmental benignity, low
cost, natural abundance, and improved physicochemical prop-
erties.35–41 In particular, Co-oxides, earth-abundant transition
metal oxides, substitutes for noble metals, less expensive p-type
semiconductors, and less toxic materials have gained remark-
able attention due to their attractive physicochemical proper-
ties.42–44 Nanostructured Co-oxides, e.g., CoO and Co3O4, have
been studied for hydrogen generation. Co3O4 consisting of
Co(II) and Co(III) has direct bandgap energy and has sufficient
potential to produce H2 gas by the reduction of water
molecules.44–46

In comparison, CoO has been less exploited for light-assisted
hydrogen generation. The bulk CoO has been found to be
inactive towards photocatalytic hydrogen evolution due to their
band position.45,47 However, nanostructured CoO, tuned by the
quantum connement effect, possesses a wider bandgap that
could be suitable for visible-light absorption. At the nanoscale
level of CoO, the bandgap turned out to be increased, and the
conduction band (CB) is situated more negative compared to
the reduction potential value of H+/H2. The phenomenon is
mostly observed when the particle size of CoO is #10 nm.45 An
average size of 10 nm for CoO NPs was shown to generate a solar
to hydrogen efficiency of 5%, but it turned out to be inactive
aer one-hour of the reaction.45 The stable photocatalytic
performance of CoO nanoparticles would be fascinating. In
recent years, CoO nanowires with two different sizes (34 nm and
65 nm) constructed with the corresponding NPs revealed
multiple positions of the various band edges and displayed
unique H2 production via the photocatalytic pathway.46,48,49

However, little effort has been made/reported for the synthesis
of nanostructured CoO because of its inexible synthesis route.
CoO at the nanoscale level requires a distinct approach to
incorporate cobalt into the lower valence state.45 Due to the
presence of a lower oxidation state in the CoO crystal architec-
ture, it had a meager lifetime owing to the further oxidation
during the reaction, resulting in further corrosion.50,51 There-
fore, it is better for it to be coupled or embedded with other
nanoscale materials (e.g., GCN), which can overcome the
present limitation by forming a heterojunction.22,25 Mao et al.
successfully prepared CoO/GCN NS (NS: nanosheet) nano-
composites via a one-pot method and used them in photo-
catalytic H2 generation. However, the embedded CoO NPs (size
� 30–50 nm) were aggregated, and this resulted in a loss of 17%
catalytic activity aer three recycling runs.52 Guo et al. also
synthesized CoO/GCN NSs via the solvothermal method for
overall water splitting and for tetracycline degradation under
visible light, which showed improved stability with a sample
containing 30 wt% 10–20 nm CoO NPs.53,54 They also suggested
4474 | Nanoscale Adv., 2020, 2, 4473–4481
high photocatalytic activity of the CoO/GCN due to the rear-
rangement of band positions in the heterojunction because of
charge diffusion for the Fermi level equilibration, which leads
to effective separation of photogenerated electrons/holes.54

Wang et al. reported a two-step hydrothermal process followed
by pyrolysis for the synthesis of CoO nanorod/C3N4 composites
that exhibited improved water splitting activity when they con-
tained 10% CoO.55 Zhu et al. discussed the formation of Type I
and II heterojunctions of Co3O4 and CoO, respectively, with
GCN nanotubes and a composite content of 7 wt% CoO
exhibited the highest rate of hydrogen generation.25 The
composite with CoO also exhibited better stability than Co3O4.

The potential physicochemical properties, including the
structural and bandgap prole of the different heterojunctions,
depend on their design and synthetic strategies. In this work,
sub 10 nm CoO nanoparticles well conned on the surface of
the GCNNSs were synthesized via a simple two-step process (see
Fig. 1). The prepared CoO/GCN NS heterojunction has shown
good activity towards photo-assisted hydrogen generation in the
presence of photo-deposited Pt NPs as the co-catalyst. Different
characterization techniques have been used to examine the
morphology, microstructure properties, band positions, and
charge transfer mechanisms. The detailed investigation sug-
gested the formation of Type-II heterojunction.
Experimental
Synthesis of graphitic carbon nitride

In a typical procedure, urea (NH2CONH2), procured from
Sigma-Aldrich, was heated at 600 �C for 2 h. The obtained solid
was stirred in dilute HCl for 12 h. Then, the product was ltered,
washed with water–ethanol, and dried at 70–80 �C for one day to
obtain yellow ne GCN powder.
Synthesis of the CoOx colloidal solution

In a typical procedure, 500 mg of cobalt acetate (Co(CH3-
COO)2$4H2O), purchased from Sigma-Aldrich, was dissolved
in 25 ml of ethanol, and then 2.5 ml of 25% ammonium
This journal is © The Royal Society of Chemistry 2020
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hydroxide solution was added under vigorous stirring. Aer
15 min of stirring, the mixture was reuxed at 100 �C for 4 h in
a round bottom ask. Aer cooling to room temperature,
a dark brown solution was obtained with �0.08 M concen-
tration of Co2+.
Synthesis of sub 10 nm CoO nanoparticle decorated graphitic
carbon nitride

In a typical procedure, 1 g of prepared GCN was dispersed in
ethanol and the desired amount (1, 2, 4, and 8 ml) of freshly
prepared Co(O)x solution was added and stirred for 4 h and then
dried at 80 �C for 12 h. The obtained powder was further treated
at 200 �C for 1 h in a 5% H2/Ar atmosphere to obtain CoO-
decorated GCN. The prepared samples were named CoO/GCN-
x, where x is 1, 2, 4, and 8, indicating the volume of the CoOx

solution added. The calculated weight percentages (wt%) of
CoO in heterojunctions are 0.59, 1.18, 2.36, and 4.72 for CoO/
GCN-1, 2, 4, and 8, respectively. The synthesis procedure is
schematically represented in Fig. 1.
Characterization

Different analytical techniques were used to characterize the
prepared materials. A Rigaku Smartlab diffractometer was used
to obtain the powder X-ray diffraction patterns of the samples.
The diffuse reectance spectra (DRS) were recorded for the solid
samples using an Agilent CARY5000 Ultraviolet-Visible-Near
Infrared Spectrophotometer. High-Resolution Transmission
ElectronMicroscopy images of the samples were obtained using
a JEOL FE-2010. An ESCALAB 250 XPS System with a mono-
chromated Al Ka (150 W) source was used to collect the X-ray
photoelectron spectra of the solid samples. An Agilent Tech-
nologies Cary Eclipse Fluorescence Spectrophotometer was
used to obtain the photoluminescence spectra.
Fig. 2 Optical properties: (a) UV-VIS DRS spectra and (b) PL spectra for
the as-prepared GCN and CoO/GCN samples.
Photocatalytic hydrogen generation

In a typical procedure, 20 mg of CoO/CN-x was dispersed in 10%
triethanolamine–water, and a calculated amount of H2PtCl6
solution was added to obtain 1 wt% Pt with respect to the
photocatalyst. The mixed solution was kept in a cylindrical
quartz reactor. The reactor temperature was maintained at
�25 �C by using chilled water circulation. The solution was
irradiated under a 450 W Xe light (UV-VIS) for 2 h for Pt NP
photodeposition on CoO/GCN-x. Then the reactor was degassed
again with Ar and studied for hydrogen production under
simulated sunlight (1 Sun, AM-1.5 G). The produced hydrogen
was measured using a connected gas chromatography (GC)
instrument. The performance stability of the heterojunction
was studied by storing the solution under dark conditions. The
solution was irradiated once every week for up to 5 runs, and the
hydrogen generated was recorded. For visible light-assisted
hydrogen generation, a cut off lter (l > 395 nm) was used.
For the use of seawater, only distilled water was replaced with
untreated ltered seawater keeping all other parameters the
same.
This journal is © The Royal Society of Chemistry 2020
Results and discussion

The prepared samples were rst characterized by recording their
absorption spectra to examine the changes in optical properties
(Fig. 2a). The prepared GCN exhibited a steep absorption edge at
442 nm. The CoO-NP-decorated GCN samples showed advance-
ment in the absorption of visible light along with a prominent
shi of the absorption peak towards a higher wavelength.
Moreover, light absorption in the visible region was increased
with the increasing number of CoO nanoparticles. The pattern of
CoO–GCN's spectrum was dissimilar compared to that of the
bare GCN. It exhibited two new adsorption edges in the visible
region due to the presence of the CoO NPs. A slope up to 550 nm
and a broad hump centered above 700 nm were observed due to
ligand (OII) to metal (CoII) charge transfer and d–d transition in
CoII, respectively. The advancement in visible light absorption
occurred due to the synergistic effect of GCN and CoO NPs.
Furthermore, the absorption edge possesses a slight redshi,
and the shiing increased with an increase of the CoO amount,
suggested the formation of a heterojunction between CoO and
GCN. It should also be noted that the UV absorption region also
increased in the composite samples compared to pure GCN due
to the presence of the CoONPs. For further analysis, the samples
were studied by photoluminescence (PL) spectroscopy to
understand the effect of CoO NPs on charge separation between
CoO and GCN (Fig. 2b). The PL spectra of the samples revealed
a prominent peak at 465 nm at an excitation wavelength of
350 nm, and the intensity gradually decreased with the
increasing CoO amount in the CoO–GCN samples. The optical
energy of the emission band has a close resemblance to that for
GCN, indicating intrinsic emission ascribed to direct electron–
hole recombination of the band shi. It was also seen that the
CoO/GCN composite material shows a weaker emission prole
compared to the bare GCN counterpart. The presence of non-
covalent interactions between CoO and GCN triggered the
faster migration of charge transporters. The decrease in intensity
demonstrates the improvement of the charge separation effi-
ciency in the composite compared to the bare GCN. The PL
results gave an overall photochemical sketch about the recom-
bination rate of the photogenerated charge transporters, which
is immensely controlled by the well-dened heterojunction
between CoO and GCN.

Aer the conrmation of improvement in optical properties,
the materials were investigated for morphological analysis via
Nanoscale Adv., 2020, 2, 4473–4481 | 4475
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microscopic techniques. Fig. 3 represents the high-resolution
transmission microscope (HR-TEM) images of GCN and CoO–
GCN-1. The pure GCN appeared to have a wrapped nanosheet
type morphology (Fig. 3a) with an average diameter of around
70 nm. The arrangement of the wrapped nanosheets was
irregular. In Fig. 3b–d and S1a–d,† the TEM images of CoO–
GCN-1 reveal that the small spherical particles are uniformly
well-distributed throughout the surface of the GCN. Addition-
ally, the HR-TEM images further revealed a narrow size distri-
bution centered near <10 nm for the CoO NPs. The observed d-
spacing of 0.265 nm was indexed to the (002) plane of CoO.56

The SAED patterns shown in Fig. S2† indicate the amorphous
nature of the synthesized samples. However, some diffuse rings
appeared in the case of CoO–GCN due to the presence of CoO
(Fig. S2b†). The elemental mapping images and EDS spectra of
the materials (GCN and Co–GCN-1) are shown in Fig. S3 and
S4.† Homogeneous distribution of C and N atoms in the CN
sample was seen with a C : N atomic ratio of 1 : 0.71, suggesting
that N vacancies might occur probably due to preparation from
urea at a high temperature of 600 �C. N vacancies in GCN
Fig. 3 Morphology: HR-TEM images of (a) GCN and (b–d) CoO/GCN.

4476 | Nanoscale Adv., 2020, 2, 4473–4481
boosted the photocatalytic activity as reported earlier.57 The
C : N ratio for CoO–GCN-1 changes to 1 : 0.58. The additional
carbon would have come from the acetate used in the prepa-
ration of CoO NPs. Furthermore, the mapping analysis revealed
the homogeneous distribution of Co and O, also indicating the
monodispersed small CoO NPs. The atomic ratio of Co : O is
found to be 1 : 0.95, which further evidenced the formation of
cobalt monoxide. The results are strong evidence in favor of sub
10 nm CoO NP-decorated graphitic carbon nitride nanosheets.

For further evidence of the phases, composition, and struc-
tural features of the synthesized nanostructured materials,
powdered XRD and XPS analysis were performed. Fig. S5†
displays the XRD patterns of GCN and CoO–CNs. The pristine
GCN nanosheets exhibited two major XRD peaks around 2q ¼
13� (100) and 27� (002). The former peak indicated the presence
of in-plane structural packing, while the latter peak emerged
due to the interlayer stacking of the conjugated aromatic
system.58 The two corresponding peaks were observed in all the
synthesized samples, which indicated that the typical structure
of GCN did not change much upon decoration with CoO NPs.
This journal is © The Royal Society of Chemistry 2020
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The peaks for the CoO NPs were not observed well when the
amount was low; however, they started to appear when
increasing the CoO amount and suggested a hexagonal crystal
system with the P63mc (186) space group (PDF Card no. 01-089-
2803). The XPS data are presented in Fig. 4. The XPS survey
spectrum (Fig. 4a) of the as-synthesized materials, GCN and
CoO–GCN-1, conrmed the presence of C and N for GCN with
a low concentration of oxygen. The high-resolution Co 2p, C 1s,
O 1s, and N 1s spectra for CoO–GCN are shown in Fig. 4b–e. The
C : N atomic ratios were found to be 1 : 0.72 and 1 : 0.65 for the
GCN and CoO–GCN-1, respectively, which followed a similar
trend to that of the TEM-EDS results. The core-level C 1s spectra
of the GCN and CoO–GCN in Fig. 4b exhibited two peaks at
284.5 and 287.9 eV corresponding to C]C and N–C]N groups.
The core-level N 1s XPS peak (Fig. 4c) appeared at 398.6 eV with
extended tails towards higher binding energies corresponding
to C]N–C, N(C)3, and C–NHx groups. Another small peak
appeared at 404.0 eV due to the p excitations. In Fig. 4d, the
core-level Co 2p XPS spectrum exhibited two signicant peaks at
781.3 and 796.6 eV for p3/2 and p1/2, respectively, along with two
corresponding shake-up satellite peaks at 785.9 and 802.8 eV. A
split spin–orbit component of 15.3 eV was calculated, indicating
the presence of Co2+. The shake-up satellite peaks are oen
used to characterize the phase purity of Co oxides, which
appears due to ligand to metal charge transfer during photo-
emission. The peak position and satellite features conrmed
the formation of phase pure CoO59–61 in line with the XRD and
TEM results. In Fig. 4e, the core-level O 1s XPS spectra of the as-
prepared GCN and Co–GCN-1 are presented. The O 1s peak for
Fig. 4 Elemental composition: XPS spectra of (a) survey, (b) C 1s, (c) N
1s, (d) Co 2p and (e) O 1s for the as-prepared GCN and CoO/GCN.

This journal is © The Royal Society of Chemistry 2020
GCN appeared at 532.4 eV, indicating the presence of a small
amount of oxygen. A comparatively strong peak at 531.6 eV in
the case of the CoO/GCN was observed due to the graed CoO.
Photo assisted hydrogen generation

The as-prepared CoO-decorated GCN samples were studied for
photo-assisted hydrogen production from 10%
triethanolamine-water under simulated sunlight (1 Sun, AM-1.5
G) using the full solar wavelength range of light in the presence
of photo-deposited Pt as the co-catalyst. The non-stop hydrogen
production prole and the rate of H2 production obtained from
different samples are shown in Fig. 5a and b, respectively. The
hydrogen production rate for bare GCN was 2.6 mmol h�1 g�1,
and it increased with the addition of CoO NPs and further
increased with the increasing CoO amount. Finally, a maximum
rate of 9.8 mmol h�1 g�1 was obtained for CoO–GCN-4, which
was �3.8 times higher than that for the bare GCN. A further
increase in the CoO amount beyond 2.4 wt% did not increase
the rate of hydrogen production. A possible reason for the
reduced photocatalytic activity might be that the overloading of
CoO hindered the active sites on the surface of g-C3N4.

Therefore, the increment in the hydrogen generation rate
was prominent aer the decoration of sub 10 nm CoO NPs on
the GCN. It was observed that on introduction of CoO, the
charge transfer of the photogenerated electrons and holes is
reasonably increased compared to that in the bare GCN, as
observed in the PL results (Fig. 1c). Further, the activity of GCN
and CoO–GCN-4 was examined in the absence of the co-catalyst
(Pt). The obtained rates were 1.04 mmol g�1 h�1 for CoO–GCN-4
and 0.34 mmol g�1 h�1 for GCN (Fig. S6†). The results indicated
satisfactory improvement in photoactivity of the prepared
Fig. 5 Photo-assisted hydrogen generation: (a) continuous hydrogen
generation profile and (b) rate of hydrogen generation for GCN and
CoO–GCN. (c) Stability performance in terms of hydrogen generation
for CoO–GCN-4. (d) Hydrogen generation from seawater. Reaction
conditions: light: 1 Sun, AM 1.5 G, solution: 10% triethanolamine–
water, photocatalyst: 20 mg, co-catalyst: 1% photodeposited Pt, Ar
atmosphere.

Nanoscale Adv., 2020, 2, 4473–4481 | 4477

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00508h


T
ab

le
1

C
o
m
p
ar
is
o
n
ta
b
le

fo
r
th
e
re
p
o
rt
e
d
C
o
O
–
C
3
N
4
h
e
te
ro
ju
n
ct
io
n
w
it
h
o
u
r
d
e
ve

lo
p
e
d
o
n
e

Ph
ot
oc
at
al
ys
t

Sy
n
th
et
ic

ap
pr
oa

ch
Ph

ot
o-
as
si
st
ed

re
ac
ti
on

co
n
di
ti
on

s
R
es
ul
ts

R
ef
er
en

ce
C
ar
bo

n
n
it
ri
de

C
oO

co
m
po

si
te

So
lu
ti
on

A
m
ou

n
t

(m
g)

C
o-
ca
ta
ly
st

Li
gh

t
so
ur
ce

R
at
e
(m

m
ol

g�
1
h
�
1
)

Im
pr
ov
em

en
t

St
ab

il
it
y

g-
C
3
N
4/
C
oO

n
an

oc
om

po
si
te
s

w
it
h
0.
5
w
t%

C
oO

Pr
ep

ar
ed

at
55

0
� C

fo
r
6
h
fr
om

ur
ea

Pr
ep

ar
at
io
n
of

C
o-

sp
ec
ie
s
lo
ad

ed
C
3
N
4

fo
llo

w
ed

by
si
n
te
ri
n
g
at

40
0

� C
fo
r
4
h
in

A
r

10
%

tr
ie
th
yl
am

in
e–

w
at
er
,1

00
m
l

10
0

Ph
ot
od

ep
os
it
ed

Pt
(3

w
t%

)
30

0
W

xe
n
on

la
m
p/

40
0
n
m

cu
to
ff

lt
er
/

10
0
m
W

cm
�
2

H
2
:0

.6
51

2.
2
ti
m
es

co
m
pa

re
d

to
ba

re
g-
C
3
N
4
a

R
un

:3
,t
ot
al

ti
m
e:

12
h
,a

ct
iv
it
y

re
te
n
ti
on

:8
3%

a

M
ao

et
al
.,

20
17

5
2

C
oO

/g
-C

3
N
4

h
et
er
oj
un

ct
io
n
w
it
h

30
w
t%

C
oO

Pr
ep

ar
ed

at
55

0
� C

fo
r
3
h
fr
om

ur
ea

So
lv
ot
h
er
m
al

tr
ea
tm

en
t
at

22
0

� C
fo
r
4
h

U
lt
ra
pu

re
w
at
er
,

20
m
l

50
N
o

W
h
it
e
li
gh

t-
em

it
ti
n
g

di
od

e
(L
E
D
)(
l
>
40

0
n
m
)

H
2
:0

.0
02

51
,a

O
2
:0

.0
01

39
a

17
.2

ti
m
es

co
m
pa

re
d
to

C
oO

a
R
un

:1
5,

to
ta
l
ti
m
e:

36
0
h
,a

ct
iv
it
y

re
te
n
ti
on

:g
oo

d
b

G
uo

et
al
.

20
18

5
3

C
oO

n
an

or
od

/C
3
N
4

h
et
er
os
tr
u
ct
ur
e
w
it
h

10
w
t%

C
oO

Pr
ep

ar
ed

at
55

0
� C

fr
om

ur
ea

H
yd

ro
th
er
m
al

tr
ea
tm

en
t
at

90
� C

fo
r
10

h
,f
ol
lo
w
ed

by
th
er
m
al

an
n
ea
li
n
g

at
45

0
� C

fo
r
4
h
in

A
r

W
at
er
,8

0
m
l

30
Ph

ot
od

ep
os
it
ed

Pt
(3

w
t%

)
30

0W
xe
n
on

la
m
p
(l

>
40

0
n
m
)

H
2
:�

3,
a
O
2
:

�1
.5

a

b
R
un

:3
,t
ot
al

ti
m
e:

b
,

ac
ti
vi
ty

re
te
n
ti
on

:
de

cr
ea
si
n
gb

W
an

g
et

al
.,

20
18

5
5

H
et
er
oj
un

ct
io
n
of

C
oO

n
an

op
ar
ti
cl
es

co
n

n
ed

in
g-
C
3N

4

n
an

ot
u
be

s
w
it
h

7
w
t%

C
oO

Pr
ep

ar
ed

at
55

0
� C

fo
r
3
h
fr
om

ur
ea

Pr
ep

ar
at
io
n
of

C
oO

x

de
co
ra
te
d
on

C
3
N
4

fo
llo

w
ed

by
an

n
ea
li
n
g
at

40
0

� C
fo
r
4
h
un

d
er

va
cu

um

10
%

tr
ie
th
yl
am

in
e–

w
at
er
,4

0
m
l

40
N
o

30
0
W

xe
n
on

la
m
p/

42
0
n
m

cu
to
ff

lt
er

H
2
:0

.2
63

a
2.
2
ti
m
es

co
m
pa

re
d

to
ba

re
g-
C
3
N
4
a

R
un

:4
,T

ot
al

ti
m
e:

12
h
,a

ct
iv
it
y

re
te
n
ti
on

:9
4%

Zh
u
et

al
.,

20
19

2
5

10
n
m

C
oO

n
an

op
ar
ti
cl
e

de
co
ra
te
d
gr
ap

h
it
ic

ca
rb
on

n
it
ri
de

(G
C
N
)
w
it
h

2.
36

w
t%

C
oO

Pr
ep

ar
ed

at
60

0
� C

fo
r
2
h
fr
om

ur
ea

Pr
ep

ar
at
io
n
of

C
o(
O
) x
fo
llo

w
ed

by
gr
a

in
g
on

ca
rb
on

n
it
ri
de

vi
a
d
ry
in
g

an
d
an

n
ea
li
n
g
at

20
0

� C
fo
r
1
h
in

5%
H

2
/A
r

10
%

tr
ie
th
yl
am

in
e–

w
at
er
,8

0
m
l

20
Ph

ot
od

ep
os
it
ed

Pt
(1

w
t%

)
Si
m
ul
at
ed

su
n
li
gh

t
(1

Su
n
,A

M
-1
.5

G
),

on
ly
vi
si
bl
e
li
gh

t(
l
>

39
5
n
m
)

H
2
:9

.8
,H

2
:

1.
58

3.
8
ti
m
es

co
m
pa

re
d

to
G
C
N
,3

.2
ti
m
es

co
m
pa

re
d
to

G
C
N

R
un

:5
,t
ot
al

ti
m
e:

25
h
,a

ct
iv
it
y

re
te
n
ti
on

:9
8%

Pr
es
en

t
st
ud

y

a
T
h
e
va
lu
es

ar
e
ca
lc
ul
at
ed

fr
om

th
e
re
su

lt
s
pr
es
en

te
d
in

th
e
ar
ti
cl
e.

b
N
o
va
lu
es

ar
e
pr
ov
id
ed

.

4478 | Nanoscale Adv., 2020, 2, 4473–4481 This journal is © The Royal Society of Chemistry 2020

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 4

:1
7:

33
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00508h


Fig. 6 (a) Tauc plot calculated from the DRS data and (b) valence band
XPS of CoO–GCN-4. (c) Schematic representation of hydrogen
generation over the Type II heterojunction of CoO–GCN-4 elucidated
from the data presented in (a) and (b).

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 4

:1
7:

33
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
heterojunction compared to GCN because of an increase in
charge transfer. The Pt co-catalyst further accelerated the
process.

It is also important that the increase in the light absorption
in both the UV and visible region was observed in the DRS
results (Fig. 1a), which also contributed to catalysts' efficiency
advancement. Hydrogen generation was also performed using
only visible light (Fig. S7†). Hydrogen generation rates of 0.49
and 1.58 mmol g�1 h�1 were obtained for GCN and CoO–GCN-4,
respectively. The results suggested a reasonable increase of
visible light activity for the prepared heterojunction due to the
enhanced visible light absorption and faster charge separation.
As discussed earlier, the minimal size of CoO triggered the
photocatalytic activity for the efficient production of hydrogen.
This was further conrmed by preparing a photocatalyst system
comprising bulk CoO and GCN, which exhibited a lower rate of
hydrogen generation than bare GCN (Fig. S8†). Although it is
not worth comparing different catalyst systems unless studied
under identical conditions, a comparison including many
aspects for the various catalysts is provided in Table 1. In
comparison to the reported CoO–g-C3N4 heterojunction
systems, our developed one demonstrated reasonable
advancement. The rate of hydrogen production is remarkably
higher than those for the reported composites. Aer the effec-
tive production of H2 using CoO–GCN-4, it is essential to check
the stability of the corresponding catalyst (Fig. 5c). The
hydrogen generation experiment was performed by storing the
same solution in the absence of light. In the investigation, no
signicant decrease was observed for up to 5 cycles in different
weeks. The stable photocatalytic performance of the hetero-
junction also suggested no alteration in the CoO–GCN during
reaction. The production of H2 using CoO/GCN-4 from seawater
(Fig. 5d) was also examined. The observed rate of hydrogen
production was 6.8 mmol g�1 h�1.

Besides the excellent performance of the developed hetero-
junction for solar hydrogen generation, it is also necessary to
study the designed heterojunction in depth. The DRS data were
computed to obtain the Tauc plot (Fig. 6a). The Tauc plot of
CoO–GCN revealed two different light absorption edges at 2.84
and 2.02 eV. The former absorption edge corresponds to the
GCN and the latter to CoO in the heterojunction. Therefore, the
bandgaps of GCN and CoO were 2.84 and 2.02 eV in the heter-
ojunction. The bandgap of bare GCN was found to be 2.83 eV
(Fig. S9†), which was not compromised during the formation of
the heterojunction. A bandgap of 2.02 eV for nanoscale CoO was
observed due to quantum connement of small sized (<10 nm)
CoO NPs.45 Next, valence band (VB) XPS (Fig. 6b) was performed
to nd out the VB top of the two semiconductors in the heter-
ojunction. As the VBs of GCN and CoO are generally constructed
from the molecular orbitals of nitrogen and oxygen, respec-
tively, the VBs possibly observe at different bind energies in the
VB XPS of CoO–GCN. The VB XPS results indicated the VB top at
2.69 and 1.00 eV for GCN and CoO, respectively. Subtraction of
the valance band top position from the bandgap leads to the CB
bottom. In Fig. 6c, a schematic representation of the hetero-
junction (in potential vs. the NHE scale) is depicted based on
the above results, which revealed the formation of a Type II
This journal is © The Royal Society of Chemistry 2020
(staggered) heterojunction. Light was absorbed in the UV-VIS
region by both semiconductors and charges are generated at
the VB and CB. For effective charge separation, the generated
holes migrated to CoO's VB, whereas electrons migrated to the
CB of GCN. Oxidation takes place at the VB of CoO to produce
H+ and other oxidized products. The H+ migrated to the surface
of the Pt co-catalyst attached to the CB of GCN and was reduced
by the electrons to produce H2. The evidence for effective charge
separation can be further realized by photocurrent measure-
ments.62,63 The photocurrent was measured for GCN and CoO–
GCN-4 (Fig. S10†). A distinct increase in photocurrent for CoO–
GCN was observed compared to GCN, which further conrmed
the effective charge separation in the prepared heterojunction.
Conclusion

In conclusion, a photoactive heterojunction made of sub 10 nm
CoO nanoparticles implanted on GCN nanosheets was
prepared. The CoO nanoparticles with a uniform shape and size
were regularly dispersed over GCN. The study revealed the
formation of a Type II heterojunction capable of UV-VIS light
absorption and faster charge migration in the opposite direc-
tion. The heterojunction exhibited a distinct activity and
stability for hydrogen production under simulated solar light.
The achieved rate of hydrogen generation was 9.8 mmol g�1

h�1, and 98% activity was retained aer ve different series of
cycles performed in a gap of one week. The results are reason-
ably improved relative to those for the previously reported CoO/
C3N4 heterojunction. The developed photocatalyst system was
also found to be procient at producing hydrogen with
Nanoscale Adv., 2020, 2, 4473–4481 | 4479
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a reasonable rate of 6.8 mmol g�1 h�1 when deionized water is
replaced with untreated seawater. The study takes the research
one step forward to the feasibility of the commercial production
of solar hydrogen as a clean and efficient energy carrier.
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A. Maljusch, J. Brötz, C. Wittich, B. Kaiser and
W. Jaegermann, Phys. Chem. Chem. Phys., 2016, 18, 10708–
10718.

61 M. M. Natile and A. Glisenti, Chem. Mater., 2002, 14, 3090–
3099.

62 F. Guo, M. Li, H. Ren, X. Huang, W. Hou, C. Wang, W. Shi
and C. Lu, Appl. Surf. Sci., 2019, 491, 88–94.

63 W. Shi, H. Ren, M. Li, K. Shu, Y. Xu, C. Yan and Y. Tang,
Chem. Eng. J., 2020, 382, 122876.
Nanoscale Adv., 2020, 2, 4473–4481 | 4481

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00508h

	Sub 10 nm CoO nanoparticle-decorated graphitic carbon nitride for solar hydrogen generation via efficient charge separationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00508h
	Sub 10 nm CoO nanoparticle-decorated graphitic carbon nitride for solar hydrogen generation via efficient charge separationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00508h
	Sub 10 nm CoO nanoparticle-decorated graphitic carbon nitride for solar hydrogen generation via efficient charge separationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00508h
	Sub 10 nm CoO nanoparticle-decorated graphitic carbon nitride for solar hydrogen generation via efficient charge separationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00508h
	Sub 10 nm CoO nanoparticle-decorated graphitic carbon nitride for solar hydrogen generation via efficient charge separationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00508h
	Sub 10 nm CoO nanoparticle-decorated graphitic carbon nitride for solar hydrogen generation via efficient charge separationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00508h
	Sub 10 nm CoO nanoparticle-decorated graphitic carbon nitride for solar hydrogen generation via efficient charge separationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00508h
	Sub 10 nm CoO nanoparticle-decorated graphitic carbon nitride for solar hydrogen generation via efficient charge separationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00508h

	Sub 10 nm CoO nanoparticle-decorated graphitic carbon nitride for solar hydrogen generation via efficient charge separationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00508h
	Sub 10 nm CoO nanoparticle-decorated graphitic carbon nitride for solar hydrogen generation via efficient charge separationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00508h

	Sub 10 nm CoO nanoparticle-decorated graphitic carbon nitride for solar hydrogen generation via efficient charge separationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00508h
	Sub 10 nm CoO nanoparticle-decorated graphitic carbon nitride for solar hydrogen generation via efficient charge separationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00508h
	Sub 10 nm CoO nanoparticle-decorated graphitic carbon nitride for solar hydrogen generation via efficient charge separationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00508h


