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Abstract g-C;N, (graphitic carbon nitride) is an inter-
esting photocatalyst that has found application in many
fields especially in photocatalysis. It can be synthesized
by various methods, and cocatalysts can be incorporated
in its structure to construct a composite suitable for the
desired application. We report synthesis of thin-layer g-
C5Ny4 nanosheet decoration with MoS, nanoparticles for
the preparation of 2D-2D MoS,/g-C;N4 nanocomposite
that was successfully used in evolution of H, from the
reaction of water splitting. Various percentages of MoS,
decorations were produced, and the 1.5% MoS, com-
position proved to be the best photocatalyst producing
10,000 umol h™' g™! rates of H, evolution. The high
photocatalytic activity of 2D-2D MoS,/g-C;Ny is attrib-
uted to many factors that include high surface area, the
2D-2D interfaces characterized by “surface contact”
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active sites for absorption of light, the powerful charge
separation resulting from the favorable potential values
of graphitic carbon nitride nanosheets, and the use of the
efficient hole-scavenger glycerol. This study shows that
changes in synthesis route and careful selection of glyc-
erol as a scavenging material can result in superior
photocatalytic efficiency of the material.

Keywords 2D-2D MoS,/g-C5N, - Nanostructured
photocatalyst - H, evolution - Visible light -
Nanostructured catalysts

Introduction

Hydrogen is a very attractive energy source as its use
results in only water vapor emission with no other emis-
sions. On the other hand, current practices for H, produc-
tion require an energy source which is usually fossil fuels
that generate harmful carbon and other emissions. A
promising H, generation route is the artificial photosyn-
thesis which research shows that it is a promising way to
produce H, by exploiting the sun and a photocatalyst
(Xiao et al. 2019; Ismail and Bahnemann 2014). If this
can be realized at an industrial scale, then we will have
clean energy at both ends. Finding or fabricating an effi-
cient photocatalyst is by far the one obstacle preventing
achievement of this endeavor. Research in this area is of
interest to the scientific community, and many researchers
publish numerous methods and materials of enhanced
photocatalytic activity. A perfect photocatalyst would be
of low cost, with a bandgap that favors absorption of
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Fig.1 XRD patterns (a), UV-Vis spectra (b), adsorption-desorption isotherm (¢), TEM image (d), and FT-IR spectra (e) of bulk g-C;N4 and

g-C5N, nanosheets

visible light, durable, and very efficient in radiation har-
vesting for a sustainable photocatalytic reaction.

An interesting material that caught researchers’ at-
tention is the graphitic carbon nitride with a general
formula of g-C3N, as it is a visible-light absorber due
its suitable band edge position (Xia et al. 2018). How-
ever, g-C3N, fabricated by conventional chemical routs
such as polycondensation of carbon and nitrogen-
containing suffers from unfavorable properties that
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hinder its effective operation as efficient visible-light
photocatalyst. The reason being large particle sizes re-
duced surface area resulting from agglomeration at high
temperatures. Careful control of morphology of g-C3N4
during synthesis can result in a high surface area well-
defined 2D sheet-structure in the nanoscale and a short
diffusion length which results in great active sites num-
ber available for the reaction compared with the con-
ventionally prepared material (Yuan et al. 2018a, b). A
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Fig. 2 XRD patterns of g-C3Ny4
and MoS,/g-C3Ny4 nanosheets
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reduced recombination probability of the charge carriers
is also achieved which is translated into higher efficien-
cy of the photocatalyst. Latterly, many approaches have
been developed to fabricate 2D g-C;N, structures
(Zhang et al. 2018). A single atomic layered g-C5Ny4
nanosheet was successfully synthesized by an exfolia-
tion method using conc. H,SO,4 as a solvent (Cheng
et al. 2015). However, structural integrity of the g-
C3N, sheet was compromised as hydrogen bonds be-
tween the units shattered by the action of the strong acid
rendering the g-CsN,4 nonplanar. The transformation of
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bulk graphitic carbon nitride into graphitic carbon ni-
tride nanosheets was carried out using a simple thermal
exfoliation method (Niu et al. 2012). It is obvious that
harsh synthesis conditions will compromise the impor-
tant properties of g-C5N, sheets lowering its efficiency
in the desired applications. A successful transformation
of bulk graphitic carbon nitride into graphitic carbon
nitride was carried out using a simple liquid exfoliation
method that yielded uniquely structured g-C;Ny
nanosheets with minimal thickness and favorable
bandgap. The huge surface area available in graphitic

Fig.3 UV-Vis spectra of g-C3Ny
and MoS,/g-C3Ny4 nanosheets
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Fig. 4 Raman spectra of 1.5% MoS,/g-C5N, nanosheets

carbon nitride nanosheets can be exploited to build
2D-2D photocatalysts with the introduction of a
cophotocatalyst. These structures can accommodate
increased number of charge transfers which orderly
enhance the photocatalytic activity of the nano-
composite (Yang et al. 2013a, b). Inspired by these
new routes, in this point, we report fabrication and

1.5% MoS,/g-C3N,4 nanosheet (b) samples
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design and of 2D-2D MoS,/g-C3N4 nanosheet
photocatalyst superior in photocatalytic ability
when enforced to the H, evolution reaction. The
2D g-C;N4 nanosheets are prepared by urea pyrol-
ysis resulting in bulk g-C3;N4 which then is trans-
formed into thin-layer nanosheets by liquid exfoli-
ation using polyvinylpyrrolidone and sonication.
The 2D graphitic carbon nitride nanosheets were
used as substrate on which MoS, cocatalyst nano-
particles were decorated. The thin-layer MoS,
makes an excellent cocatalyst due to its high reac-
tivity, suitable bandgap position, noble-metal-free
composition, and low cost (Kadi et al. 2020; Yuan
et al. 2019). Upon application in the water-
splitting reaction, the 2D-2D MoS,/g-C3N4 nano-
sheets yielded evolution rate of hydrogen of
10,000 umol h™' g', superior to results obtained
from MoS, loaded bulk graphitic carbon nitride.
The synthesis method was used to produce an
efficient low-cost and ecofriendly semiconductor-
based photocatalyst that can be used for visible-
light H, evolution using 2D nano junction as an
efficient charge transfer medium.

Experimental section

To achieve a highly regulated nanosheet structure, a
three-phase synthesis process was followed for prepara-
tion of MoS,/g-C;N,4 photocatalyst. First, g-C5N,4 nano-
sheets were prepared. Second, MoS, nanoparticles were
prepared. Finally, deposition of the nanoparticles onto
nanosheets was conducted.

g-C3N4 nanosheet synthesis

Reagents used were of analytical grade and were
used as received without further purification. Bulk
graphitic carbon nitride was synthesized by direct
pyrolysis of 12 g of urea in a covered crucible for
3 h at 550 °C. The resultant bulk g-C;N, was
dispersed into polyvinylpyrrolidone (PVP) solution
which was then irradiated with 4-s pulses of ultra-
sonic waves. Separation time between pulses was
2 s and the process was conducted for 10 h at below
4 °C using a 150-W BJED-20150 ultrasonic cell
disruptor (Beijing Ultrasonic). The use of PVP in
this manner proved to be fruitful in producing high-
ly regulated few-layer nanosheets g-C3N4. A two-
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Fig. 6 HRTEM images of g-C3N,4 nanosheet (a) and 1.0% MoS,/g-C5N, nanosheet (b) and 1.5% MoS,/g-C;N,4 nanosheet (¢) samples

stage 5000- and 12,000-rpm centrifugation was
employed to separate the nanosheets from the re-
mainder of the bulk g-C3Ny in the mix.

MoS,; nanoparticle synthesis

In a typical hydrothermal fashion, 4.3 g thiourcaand 2 g
of ammonium molybdate were dissolved in deionized
water (60 mL) in Teflon-lined autoclave (100 mL)
which they were set for 20 h at 200 °C. After synthesis,
impurities were removed centrifugally and the pure
product was dried at 100 °C for 24 h.

Preparation of MoS,/g-C3N4 nanocomposites

Two grams of the thin-layer graphitic carbon nitride
nanosheets was scattered into deionized water (50 mL)
in a beaker. One milliliter of 3 mg/mL MoS, solution
was next dropwise combined to the beaker using mag-
netic stirring which was continued for 1 h followed by 2-
h ultrasonication. Solvents were then evaporated at
100 °C for 24 h. The final MoS,/g-C3N,4 composite
powder material was produced by grinding then heating
under N, atmosphere for 4 h at 300 °C.

Photocatalytic performance for hydrogen evolution
reaction

In this process, O, in the water was purged using argon
gas. A reaction mixture of 50 mg 1.5 wt% MoS,/g-C5Ny
was dispersed in glycerol solution (200 mL and 10
vol%) and was added to the 250-mL Pyrex photoreactor.
Visible-light irradiation was achieved by Xenon arc
lamp 500 W employing a UV-cutoff filter to ensure
illumination by visible light only. Hydrogen yield was
monitored hourly using Agilent 890A gas
chromatograph.

Instrumentation and characterization

Bruker axis D8; JEOL-JEM-1230; Thermo Scientific
K-ALPHA spectrometer; Nova 2000 series
Chromatech; Shimadzu RF-5301 fluorescence spectro-
photometer; V-570 spectrophotometer, Jasco, Japan;
Zahner Zennium electrochemical workstation; and
JASCO RFT-6000 spectrometer were employed to ob-
serve XRD patterns, shapes and sample dimensions,
XPS spectra, surface area, emission photoluminescence
spectra, UV-Vis-DRS spectra and bandgap information,
transient photocurrent measurements, and Raman spec-
tra respectively. All instruments were set up as
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recommended by manufacturers to achieve best possible
observations.

Results and discussions
Thin-layer g-C3N,4 nanosheet characteristics

It is well settled that bulk g-C5Ny is characterized by
a peak at 13.3° assigned (100) and 27.4° assigned
(002) respectively (JCPDS No. 87-1526) (Cao et al.
2014). The 002 peak identifies the conjugated aro-
matic systems interlayer stacking in the bulk g-C5Ny
(Yang et al. 2013a, b). When a thin layer of 2D g-
C5Ny4 nanosheets is exfoliated from the bulk g-C3Ny,
the 002 peak diminishes in intensity as shown in
Fig. 1 indicating that the stack thickness has shrunk.
Bandgap values deduced from («hv)'? vs. hv plots
were estimated at 2.44 ¢V for 2D g-C3;N,4 nanosheets
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Binding Energy(eV)

and 2.67 eV for the bulk g-C3N4. This significant
red-shift is also apparent in spectra of UV-Vis for
both phases (Fig. 1b). The favorably energetically
diminished bandgap of the 2D g-C;N,4 nanosheets
can be a result of quantum effects arising from the
very limited number of layers constituting the mate-
rial particle (Mao et al. 2013). A huge increase in
surface area results in going from bulk to thin-layer
structure of g-C3N,4. Nitrogen absorption-desorption
experiments and the resulting isotherms indicate a
specific surface area for the 2D graphitic carbon
nitride nanosheets at 120 m? g ' compared with
only 15 m* g~' for the bulk graphitic carbon nitride
(Fig. lc). High-resolution TEM image analysis de-
scribes the morphology of 2D g-C;N,4 nanosheets as
having widths and lengths in the range 300-700 nm
with the thickness of the layers estimated at approx-
imately 9 nm (Fig. 1d). Although the successful
synthesis route produces thin-layer g-CsNy
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Fig. 8 a The H, evolution over different g-C3;N4-based
photocatalysts after 9 h of irradiation. b The effect of MoS,
amount on the photocatalytic H, evolution performance. ¢ Recycle
H, generation property of 1.5% MoS,/g-C3N, nanosheet

nanosheets, the process does not affect the crucial
surface groups of the graphitic nitride as illustrated
in FT-IR; these observations point to successful
production of thin-layer g-C3;N4 nanosheets. The
stretching mode of triazine units was centered at
808 ¢cm ' for both samples. Also, the stretching
mode of CN heterocyclic was located at ~ 1243,
1322, 1408, 1581, and 1633 cm”! for both samples
(Faisal et al. 2018). This successful transformation
does not affect the important surface groups of the
g-C3N, as is evident from FT-IR spectra for both
bulk and thin-layer g-C5N4 (Fig. le).

Thin-layer MoS,/g-C3N,4 nanocomposite characteristics

XRD patterns of the synthesized MoS,/g-C5;N,4 nano-
composite do not show peaks for MoS,, and this is
probably because added MoS, represents a very small
concentration percentage (the highest being 2.5%) that
cannot be observed in the XRD spectrum (Fig. 2). It

b
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photocatalyst; after 9 h of irradiation and evacuation, the solution
was irradiated again. d H, production rate of different Pt/g-C5Ny
nanosheet photocatalysts

has been shown that when the concentration of MoS,
component exceeds 10 wt%, its peaks start to show in
the XRD pattern. Figure 3 shows absorption spectra of
both decorated and undecorated 2D graphitic carbon
nitride nanosheets. The undecorated graphitic carbon
nitride nanosheets exhibit absorption at A ~508 nm.
The decorated composite shows significantly high ab-
sorption of visible light that can be referred to as MoS,
in the structure. Two bands appear in the MoS,/g-
CsN4 Raman spectra (Fig. 4) at 401.4 and
378.5 cm . These bands are characteristic of the
out-of-plane A, and in-plane E,, modes of 2H-
MoS, jointly confirming decoration with MoS, and
the presence of 2 layers per hexagonal unit cell (Fan
et al. 2015). This is more proved by TEM images as
they clearly show layers of MoS, on the surface of g-
C3Ny nanosheets (Fig. 5). HRTEM images of pure
graphitic carbon nitride, 1.0% MoS,/g-C3N,, and
1.5% MoS,/g-CsN, (Fig. 6) show lattice fringes of
MoS, with d-spacing of ca. 0.61 nm, designated to
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Fig. 9 a TEM image of 1.5% Pt/g-C3;N4 nanosheet
photocatalysts. b HRTEM image of 1.5% Pt/g-C5N, nanosheet
photocatalysts

the (001) lattice plane of hexagonal MoS, crystal
(Yuan et al. 2018a, b) and g-C3N, lattice fringes of
d-spacing of ca. 0.322 nm designated to the (002)
lattice plane of the g-C5Ny.

Detailed examination of XPS spectra of the 1.5%
MoS,/g-C5N, nanosheets (Fig. 7a) reveals C, N, Mo,
and S elemental peaks 288.1, 398.9, 229.2, and
162.1 eV binding energies respectively (Zou et al.
2018). The 288.2 and 285.1 eV peaks (Fig. 7b) are
attributed to sp* and sp> hybridization of the C atom in
the structure. Deconvolution of the Nls spectrum
(Fig. 7¢) results in 401.2 and 399.1 eV peaks assigned
to the N-(C5) and C—N=C groups. Deconvolution of Mo
3d spectrum (Fig. 7d) results in a 3d3/2 peak at 233.0 eV
and Mo 3d5/2 peak at 229.9 eV (He et al. 2018). In S 2p
spectra of MoS,, the peak at 162.9 eV is assigned to S
2pl/2, while the peak at 161.7 is assigned to S 2p3/2
(Fig. 7e) (Wang et al. 2017). All these assignments
indicate successful MoS, decoration on g-C5Ny surface.
The overall characterization of the synthesized MoS,/g-
C3Ny4 nanosheets reveals a structure of 2D-2D with very

@ Springer

high surface area that points to an excellent candidate
for an efficient photocatalyst.

Encouraged by the favorable characteristics of
the synthesized MoS,/g-C3N,4 nanosheets towards
photocatalysts, water-splitting photocatalytic reaction
under visible-light illumination was conducted using
bulk graphitic carbon nitride and the MoS,-decorated
graphitic carbon nitride nanosheets as photocatalysts
and glycerol as a scavenger. Bulk graphitic carbon
nitride and graphitic carbon nitride nanosheets produce
rates of hydrogen evolution of 500 and 1000 pmol
h'g™!, respectively. While after decoration, the 1.5%
MoS,/g-C;N, a remarkable 10,000 umol h™'g ! rate of
evolution can be observed. Even though the bulk gra-
phitic carbon nitride has an absorption stronger than that
of graphitic carbon nitride nanosheets in the visible-light
region (Fig. 8a), the larger surface area of graphitic
carbon nitride nanosheets overcomes this advantage
rendering graphitic carbon nitride nanosheets a more
efficient photocatalyst when applied in the water-
splitting reaction (Fig. 8a).

To verify the effect of MoS, decoration on the pho-
tocatalytic efficiency of the nanocomposite, the reaction
was performed employing various percentage concen-
trations of MoS,. Pure MoS; is an inactive photocatalyst
in the H, production reaction while graphitic carbon
nitride nanosheets exhibit weak activity with
1400 pumol h™' g ! rate of evolution (Fig. 8b). Upon
decoration, the H, evolution rate increases 2.85, 4.64,
and 7.14 times for 0.5%, 1.0%, and 1.5% MoS,/g-C5Ny
respectively compared with that of pure g-C3N,4 nano-
sheets. The 1.5% MoS,/g-C3N, produced H, evolution
rate of 10,000 pumol h™' g' which is higher than all
other compositions. Further increase of the MoS, con-
tent results in a drop in the hydrogen evolution rate. It
appears that the degree of light absorption plays an
essential role in determining the ultimate efficiency of
the catalyst (Zou et al. 2017). When MoS, content
increases beyond 1.5%, the number of exposed active
sites on the surface of g-C3N,4 nanosheets starts to de-
crease blanketed by MoS, causing inhibition of light
absorption.

The structural stability of the photocatalyst was stud-
ied by repeating the use of 1.5% MoS,/g-C5;N,4 nano-
sheets five times using 10% vol glycerol aqueous solu-
tion. H, evolution rate remains comparable with that of
the photocatalyst when used for the first time indicating
large structural stability of MoS,/g-C5;N, nanosheets
(Fig. 8c). The decline of glycerol concentration in the



J Nanopart Res (2020) 22: 156 Page 9 of 11 156
A2 a
; 1.5m= . =-1.0 =
=3
= 1.04 ko5 £
O . i =
1Y) H'/H, =
c0.5 e = = - [ -t O
< F -
g0 : 2H' -
< 0 1244V m0.5 &
g ! z
SQETEE I SR DU
- 0./H,0 | = =
'5 +1.0 =JGiycerol ! =+1.5 T
= Y -
= ﬁ MoS;
5 +1.5 o Y L+2.0 <
~ Glycerol* g-CsNy
b — 1.5 % MoS,/g-C;N, c
——2.0 % MoS,/g-C,N, & 101 —— 1.5 % Mo0S,/g-C,N,
——2.5% MoS,/g-C;N, = g-CaN,
. S 0.8
- 1.0 % MoS,/g-C;N, < on  Off
S ——0.5 % MoS,/g-C;N, =
%’ —gCN, 2 061
7} Q
g S
E E 0.4
5
O g2
, , , 0.0 . : :
500 550 600 650 700 50 100 150 200

wavelength (nm)

Fig. 10 a The reaction mechanism for photocatalytic H, produc-
tion over MoS,/g-C3;N,4 nanosheet photocatalysts. b
Photoluminescence spectra of g-C3N, and MoS,/g-C3Ny

reaction mixture upon reuse could result in a slight drop
in H, generation rate (Zhou et al. 2013). Furthermore,
loss of proton from the glycerol ion or its decomposition
results in gradual pH change which in turn affects the
H*/H, potential of reduction in addition to showing the
observed decrease in the H, evolution rate (Lu et al.
2017).

Platinum nanoparticles are well established as highly
efficient photocatalysts in the reaction of hydrogen evo-
lution and often are used as a benchmark for activity
comparison (Cao et al. 2018). We decorated the graphit-
ic carbon nitride nanosheets with Pt nanoparticles by a
photo-deposition method. Upon application of 1.5% Pt/
g-C3N, in the reaction, the maximum achieved rate of
H, evolution was 5000 pumol h™' g™ which is half the
value observed with the use of the optimized MoS,/g-
C3N,4 nanosheet photocatalyst (Fig. 8d). The superior
activity of MoS,/g-C5N, can be explained by examining
morphology of surface of both photocatalysts. Pt/g-

Irradiation time (sec)

nanosheets. ¢ Transient photocurrent response of g-C3N4 and
1.5% MoS,/g-C3N,4 nanosheet photocatalysts

C;N,4 nanosheets were filtered from the reactor after
9 h employment in the reaction and investigated by
TEM (Fig. 9a, b). The image shows nanoparticles with
5-10 nm size range decorated on the surface of graphitic
carbon nitride with a zero-dimension—two-dimension
Pt/g-C3N, structure. The Pt/g-C3N,4 zero-dimension—
two-dimension performs as “point contact”
photocatalyst while the MoS,/g-C;N4 two-dimension—
two-dimension structure works as “face contact”
photocatalyst allowing vast number of interfaces that
act as powerful charge transfer medium hence the supe-
rior photocatalytic efficiency.

The reaction mechanism for photocatalytic H, produc-
tion over MoS,/g-C3N, nanosheet photocatalysts is
displayed in Fig. 10a. Potential values of valence bands
and conduction of graphitic carbon nitride nanosheets at +
2.04 V and — 0.40 V enable it as light-harvesting medium
which generates electron-hole pairs upon efficient light
absorption. Once generated, the photoelectrons get
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transferred to MoS, decoration as it has a more positive
value of the potential of conduction band than that of g-
C5Ny. As we stated earlier, the 2D interfaces in the MoS,/
2-C3Ny structure consider as an efficient charge transfer
medium allowing the much sought-after charge separation
in this type of reaction. The energy resulting from photo-
electron and hole recombination is emitted and can be
measured using photoluminescence and time-decay fluo-
rescence. Figure 10 b shows that peak intensity of MoS,/g-
C3N, nanosheet photocatalysts downturns with the in-
crease in MoS, content. The efficient transfer of photo-
electrons to MoS, is exhibited in the diminished PL inten-
sity. This charge separation mechanism is also confirmed
from transient photocurrent response of g-CsN, and 1.5%
MoS,/g-C5N, (Fig. 10c). Upon addition of MoS,, the
transient photocurrent response increases indicating its
charge separation ability. Upon reception of the photoelec-
tron, MoS, reduces protons resulting in H, evolution. With
its less positive oxidation potential (E (glycerol/glycer-
ol)=+0.2 V), glycerol gets oxidized by the positive hole
regenerating the g-C5N, nanosheet ground state.

Conclusion

High surface thin-layer g-C5;N4 nanosheets were pre-
pared and decorated by MoS,. The synthesized nano-
composite was used as a photocatalyst in the hydrogen
production reaction from water splitting using glycerol
as a scavenger. The use of 1.5% MoS,/g-C5N, in the
water-splitting reaction produced a rate of hydrogen
evolution of 10,000 umol h™" g~' which is twice the
rate of the benchmark Pt/g-C5;N4 nanosheet
photocatalyst. The superior performance is coming from
the high surface area of g-C3N, nanosheets and the large
two-dimension—two-dimension interface between g-
C3N,4 and MoS,. This work displays that this type of
two-dimension—two-dimension structure manifested in
the synthesized MoS,/g-C3N, nanocomposites could be
applied efficiently in photocatalysis.
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