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Highlights

g-C3N4/CdS/rGO (2D/1D/2D) dual-interface ternary composite system was developed.
The ternary system showed excellent photocatalytic H, generation under visible-light.

At an optimum CdS and rGO contents the ternary system exhibited QE of 11.1% (420
nm).

The g-C3N4/CdS/rGO dual-interface system exhibited high photostability.

Specific benefits of a dual-interface system over a single interface case are emphasized.
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g-C3N4 (2D)/ CdS (1D)/ rGO (2D) Dual-Interface Nano-Composite for Excellent and Stable

Visible Light Photocatalytic Hydrogen Generation
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A 2D/1D/2D dual-interface nano-heterostructure configuration in the form of CdS nanorods
sandwiched between g-C3N4 and rGO sheets with intimate interfacial contact show excellent
photocatalytic H, generation rate of ~4800 pmol h™ g, with quantum efficiency of 11.1% at

420 nm under visible-light irradiation.
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Abstract

A 2D/1D/2D dual-interface nano-composite configuration in the form of CdS nanorods
sandwiched between g-C3sN4 and rGO sheets with intimate interfacial contact is synthesized by a
facile wet-chemical method and is shown to exhibit excellent photocatalytic H, generation under
visible-light irradiation. In particular, the optimal g-C3N4/CdS/rGO dual-interface nano-
composite shows H, production rate of ~4800 pmol h™ g™*, which is almost 44, 11 and 2.5 times
higher than that shown by pure g-C3sN4 nanosheets, and the g-C3N4/rGO and g-C3N4/CdS single
interface heterostructures, respectively. It is shown that the synergic effects involving the band
structure match and close interfacial contact, which can accelerate the separation and transfer of
photoinduced charge carriers, and the enhanced visible-light absorption together contribute to the
impressive photocatalytic performance and photostability of the g-C3N4/CdS/rGO ternary nano-
composite system. Specific advantages of a dual-interface triple-composite system over a single

interface case(s) are also brought out.
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1. Introduction

The immense and ever growing demand for energy is driven by the growing world population
and its constant demands for better living. In view of the serious environmental consequences of
the current forms of energy that are being used for the development, finding ways and means to
harvest, store and conserve renewable energy sources, has become the single most important and
challenging research frontier for the modern world [1-4]. Photocatalytic hydrogen production by

water splitting powered by renewable and sustainable solar energy is considered as the most



promising and sustainable approach to meet the global energy demands and mitigating the

associated environmental issues [5-8].

Since the discovery of hydrogen production through photoinduced water splitting on titanium
dioxide (TiO,) in 1972 [9], extensive efforts have been expended towards the development of
photocatalysts for hydrogen production. Up to date, a large number of materials have been
explored the said purpose including, sulfides (CdS [10], NiS [11], ZnS [12]), oxides (TiO, [13],
ZnO [14]), mixed oxides with a perovskite structure (SrTiOz [15], NaTaOs; [16]) etc.
Nevertheless, some intrinsic drawbacks of these systems have still prevented their practical
implementation for photocatalytic solar-hydrogen conversion. These include poor photostability,
limited region of the effective visible-light photo response, short lifespan of photogenerated
charge carriers, and complicated synthesis processes. To address these limitations, the designs
and explorations of novel visible-light responsive photocatalysts with high efficiency are

essential.

In recent years, graphitic carbon nitride (g-C3N,), particularly its two dimensional (2D) g-
C3N4 nanosheet form, has attracted much attention in the H, production context due to its
extraordinary properties including appropriate band gap (2.7 eV), large surface area, excellent
chemical and thermal stabilities, non-toxicity, easy preparation, metal-free composition, and
tunable electronic structure [17-20]. Indeed, owing to its fascinating properties, g-C3sN4 has been
regarded as a “sustainable” photocatalyst for solar energy conversion [21-25]. More importantly,
this metal-free g-C3N4 is not only found to be a stable material, but also capable of achieving
both half reactions of water splitting, implying that its suitable band edge potentials for both the
water reduction and oxidation reactions [24]. This is indeed a fortunate and rare case. However,

the photocatalytic efficiency of g-CsN, is still far from the level required for practical



applications because of the rapid recombination of photogenerated charge carriers therein and its
low visible- light utilization efficiency. Thus, to improve its photocatalytic performance various
interesting strategies have been exploited by different researchers, including morphology change,
doping with metal or non-metal ions, loading co-catalysts and coupling with other semiconductor
materials [26-32]. Among these, construction of nano-composites by combining different
semiconductor materials with suitable band edge potentials is the most effective approach to

promote the separation of photogenerated charge carriers [33].

Many researchers have explored g-CsNs—based coupled semiconductor photocatalysts, such
as g-C3Ny/TiO,, ¢-C3N4/ZnO, g-C3N4/SrTiOs, ¢g-C3N4/WO3, g-C3N4/CeO,, ¢g-C3N4/CdS,
graphene/g-C3Ng4 and so on [34-40]. These interesting works have provided many insights into
the key issues that need to be addressed by further work. For instance, Cao et al. [39] reported on
the g-C3N4/CdS heterojunctions with well-matched band structures that could not only suppress
the photocorrosion of CdS but also improve the visible-light absorption and charge separation of
g-C3sN4 to some extent. Another report on graphene/g-CsN, composite by Xiang et al. [40]
clearly demonstrated that graphene sheets act as electronic conductive channels to promote the
separation of photogenerated electrons and holes, thereby improving the photocatalytic
performance of g-C3N4. However, the overall activity of these materials is still below the desired
range for their successful practical implementation, possibly due to the need to establish further
synergy between the positive features of CdS (for example, its efficient light absorption) and
graphene (for example, its electronic conductive channels to promote the separation of
photogenerated electrons and holes). Moreover, inspired by the role of rGO as excellent support
and fairly efficient electron transport material [41], and the role of CdS as a visible-light absorber

and its excellent band structure match with g-C3Ny, it is expected that the combination of g-C3Ny4



with CdS and rGO could render an efficient composite photocatalyst for H, production reaction.
It is therefore highly desirable to construct such novel triple nano-composites that would not only
enhance the separation of photogenerated electrons and holes, but also extend the optical

absorption of g-C3Ny, thereby allowing more efficient utilization of solar energy.

In the present study, a sandwich like dual-interface ternary nano-composite architecture
composed of 2D g-C3N4 nanosheets, 1D CdS nanorods, and 2D rGO sheets were synthesized by
a facile wet-chemical method. Such composites were thoroughly characterized by various
analytical techniques. The photocatalytic activities of pure g-C3N, nanosheets and g-
C3N4/CdS/rGO dual-interface system were studied by monitoring the H, generation under
visible-light irradiation. The role of rGO and significance of optimum CdS content for enhanced
photocatalytic H, generation of the ternary nano-composite was carefully explored and the same
is discussed in detailed. The reusability and photostability of the synthesized photocatalysts were
also investigated through five successive experimental runs. A possible photocatalytic
mechanism is also suggested based on the photoluminescence and photocurrent findings to
demonstrate the extraordinary H, generation performance of g-C3N4/CdS/rGO triple nano-

composite system under visible-light irradiation.

2. Experimental section

2.1 Materials

Melamine (Sigma-Aldrich, 99.0%), graphite powder (Sigma-Aldrich, 99.9%), cadmium acetate
dihydrate (SDFCL, 99.9%), thioacetamide (Merck, AR grade), hydrogen peroxide (Merck, AR
grade), hydrazine hydrate (Merck, AR grade), and triethanolamine (SRL, 98.0%) were used as
received. All other reagents used in this work were of analytically pure grade and used without
further purification. All aqueous solutions were prepared with deionized water.
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2.2 Method

2.2.1 Synthesis of 2D g-C3N4 nanosheets. The bulk g-C3N4 was synthesized by one-step
polymerization of melamine according to a procedure described in our previous paper [27]. In a
typical process, the precursor melamine was thermally treated in a tube furnace at 550 °C for 2 h
with a heating rate of 5 °C min™ under N, atmosphere. The obtained yellow-colored bulk g-C3N.

was collected and ground into powder for further use.

The g-C3N4 nanosheets were obtained by liquid exfoliation of the as-synthesized bulk g-C3Ny4
in water. In detail, 0.1 g of bulk g-C3N4 powder was dispersed in 250 mL water and then
ultrasonicated for about 15 h. The resulting suspension was centrifuged at about 5000 rpm to
remove the residual unexfoliated g-C3N4 and then the supernatant suspension was heated at 100

°C. The obtained pale yellow colored g-C3N,4 nanosheets are named as CN.

2.2.2 Synthesis of 1D CdS nanorods. The CdS nanorods were synthesized by the
hydrothermal method. In a typical synthesis, a mixture of cadmium acetate dihydrate (0.5 g) and
thioacetamide (0.25 g) was dissolved in ethylenediamine (50 mL) under vigorous stirring at
room temperature for 30 min to obtain a uniform suspension. The obtained suspension was
transferred into a 100 mL Teflon-lined stainless steel autoclave and heated to 200 °C for 3 h.
After natural cooling to room temperature, the yellow precipitate was washed with water and

ethanol through centrifugation several times, and dried in an oven at 60 °C for 12 h.

2.2.3 Synthesis of 2D reduced graphene oxide sheets. Graphene oxide (GO) was
synthesized by a modified Hummers’ method [42]. In a typical experiment, 2 g of graphite

powder was mixed with 150 ml of concentrated sulfuric acid under ice bath (0 °C) and 25 g of



potassium permanganate was gradually added under constant stirring and the temperature of the
suspension was kept below 20 °C. Then, the suspension was stirred for 4 h followed by diluting
with 100 mL of water and the diluted suspension was kept stirring at 50 °C for another 4 h. The
suspension was then further diluted with 500 mL of water and treated with 30% H,0O, (30 mL) to
reduce the residual permanganate. The resultant solid product was separated by centrifugation
and washed with hydrochloric acid and water until pH = 7. Finally, the graphene oxide was
vacuum-dried at room temperature. For reduced graphene oxide (rGO) sheets, 100 mg of
graphene oxide was dispersed in 400 mL of water and subjected to ultrasonication for 4 h and

then refluxed for 24 h at 80 °C with 50 mL of hydrazine hydrate to facilitate the reduction.

2.2.4 Synthesis of 2D/1D/2D g-C3N4/CdS/rGO ternary nano-composite. Initially, the
binary g-C3N4/CdS composite was synthesized according to the following procedure. The
synthesized g-C3N4 nanosheets were dispersed in methanol/water (1:1 volume ratio) solution and
subjected to ultrasonication for 30 min and a calculated amount of CdS nanorods was added to
the dispersion and ultrasonicated for another 30 min. Then, the suspension was stirred for 12 h
under magnetic stirrer at room temperature. Subsequently, the suspension was collected by
centrifugation, washed with water and ethanol, and then dried at 80 °C overnight. Finally, the
product was heated at 300 °C for 2 h under N, atmosphere. A series of g-C3N4/CdS composites
were synthesized with different weight percentage of CdS to g-C3N4, namely 5, 10, 15 and 20

wt.%.

To obtain the g-C3N4/CdS/rGO ternary nano-composites, 1 wt.% of rGO (with respect to
weight of g-C3N4/CdS composites) was mixed in methanol/water (1:1 volume ratio) solution and
ultrasonicated for 1 h. After that, the above synthesized g-C3N,/CdS powder was added to the

suspension and ultrasonicated for 30 min to form a uniform dispersion. After continuous stirring



for 3 h, the suspension was collected by centrifugation and washed with water and ethanol, and
then dried at 80 °C overnight. A series of g-C3N4/CdS/rGO ternary nano-composites with 1 wt.%
rGO and 5, 10, 15 and 20 wt% CdS to g-C3N,4 were synthesized and denoted as CCG-5, CCG-10,
CCG-15 and CCG-20, respectively. The binary g-CsN4/rGO composite was obtained under the

same experimental conditions, but with the addition of g-C3sN, rather than g-C3N4/CdS.
2.3 Material characterization

Powder X-ray diffraction (XRD) measurements were performed on a Bruker D8-Advance X-ray
diffractometer (Germany) with Cu K, radiation (A = 1.5418 A). The photoluminescence (PL)
spectra of the samples were recorded using a steady state spectrofluorometer (FLUOROLOG-3-
TAU, Jobin Yvon, France) at an excitation wavelength of 365 nm. PL lifetime data collected on
Edinburgh Photonics FLS 980 using pico to nanosecond pulsed LED light sources at
an excitation wavelength of 380 nm. The surface morphology and chemical composition of the
samples were analyzed by field emission scanning electron microscopy (FESEM, JEM-2100F,
JEOL, Japan) coupled with energy dispersive X-ray (EDX) spectrometry. UV-visible diffuse
reflectance spectra (UV—vis DRS) of samples were obtained on a UV-3600, Shimadzu (UV-vis
NIR spectrophotometer) with an integrating sphere, and BaSO, as the reference material.
Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) images were
taken using a FEI Tecnai G? transmission electron microscope at an acceleration voltage of 200
kV. X-ray photoelectron spectroscopy (XPS) measurements were conducted on a Kratos Axis
ULTRA system incorporating a 165 mm hemispherical electron energy analyzer.
Thermogravimetric analysis (TGA) was carried out on a PerkinElmer Pyris Diamond TGA/DTA

system in nitrogen atmosphere at a heating rate of 10 °C min™.

2.4 Photocatalytic activity test



The photocatalytic hydrogen production experiments were performed in a 250 mL quartz
photoreactor at ambient temperature and atmospheric pressure, and the outlet of the reactor was
sealed with a silicone rubber septum. A 300 W Xe arc lamp through a UV-cutoff filter (A > 420
nm), which was positioned 15 cm away from the photoreactor, served as the light source to
trigger the photocatalytic reaction. In a typical photocatalytic experiment, 50 mg of photocatalyst
was suspended in an aqueous solution (100 mL) containing 10 vol.% triethanolamine as a
sacrificial electron donor. 0.5 wt % Pt co-catalyst was loaded on the surface of the catalyst by the
in situ photo-deposition method using hexachloroplatinic acid (H,PtClg) as the precursor. Prior to
irradiation, suspensions of the photocatalysts were dispersed by an ultrasonic bath and nitrogen
was bubbled through the reaction system for 30 min to completely remove the dissolved oxygen
and to ensure the anaerobic conditions. During irradiation, continuous magnetic stirring was
applied to ensure homogeneity of the suspension and to eliminate sedimentation. A 500 pL
portion of gas was sampled intermittently through the septum, and hydrogen was analyzed by a
gas chromatograph (Shimadzu Tracera GC-2010 Plus, with He as a carrier gas and a Barrier
lonization Detector).

The apparent quantum efficiency (QE) for H, generation was measured using a 420 nm band-
pass filter. The average intensity of irradiation was measured as 25 mW cm™ and the irradiation
area was controlled as 5 cm® The number of incident photons and the apparent quantum
efficiency were estimated by using the following equations.

EA

Number of incident photons = he

QE (%) = the no of reacted electrons < 100
°’™ the no of incident photons




the no of evolved H, molecules X 2
= x 100

the no of incident photons
2.5 Photoelectrochemical measurements

The photoelectrochemical measurements were performed on a CHI 660B electrochemical
workstation using a standard three-electrode system at room temperature. The synthesized
photocatalyst, a Ag/AgCI (in saturated KCI), and a Pt wire were used as the working electrode,
the reference electrode, and the counter electrode, respectively. The photocurrent response of the
photocatalysts was investigated for several on-off cycles of irradiation by a 300 W Xe arc lamp
and Na,SO, (0.1 M) was used as the electrolyte solution. The working electrode was fabricated
as follows: 20 mg of photocatalyst powder was mixed with 0.5 mL of water, and 0.05 mL of
Liquion solution was added to make a slurry. The slurry was then spread on a 2 x 1 cm?
indium—tin oxide (ITO) glass substrate with an active area of about 0.5 cm? and dried at 120 °C

for 30 min.

3. Results and discussion

Initially we had synthesized the g-C3N4/CdS/rGO ternary nano-composite by using a direct
method by dispersing the calculated amounts of g-CsN4, CdS and rGO in the methanol/water
solution. In this case, all the three components were found to be randomly oriented and no proper
interfaces were seen to have been formed between g-CsN4, CdS and rGO. Additionally, self
aggregation of CdS nanorods was also noted to be very high and the corresponding hydrogen
output was found to be low. Therefore, to get sandwiched g-C3N4/CdS/rGO heterojunctions a
facile wet-chemical method with specific strategy was used wherein a two step sequential

process was used.
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3.1 Formation of g-C3N4/CdS/rGO dual-interface nano-composites

In the present study, g-C3N4/CdS/rGO dual-interface nano-composites are synthesized by a facile
wet-chemical method. Initially, g-CsN4 nanosheets are synthesized by liquid exfoliation of the
bulk g-C3N,4 in water. Then, CdS nanorods which are synthesized by the hydrothermal method
are added to the ultrasonically dispersed g-CsN4 nanosheets. In this process, CdS nanorods are
strongly anchored on the surface of g-C3N4 nanosheets as shown in Scheme 1. The synthesized
binary g-CsN4/CdS composites are then mixed to the rGO suspension. Then the CdS nanorods on
the surface of g-C3sN4 are almost covered by rGO sheets and sandwiched between g-C3N4 and
rGO sheets to form g-C3N4/CdS/rGO ternary heterojunctions. Moreover, by using this synthetic
process, dispersion of CdS nanorods could be controlled between g-C3N4 and rGO to get strong

dual-interfaces between g-C3N4, CdS and rGO.

3.2 Characterizations of the g-C3N,/CdS/rGO dual-interface nano-composites

To estimate the CdS nanorods content in the final products, TGA was performed on the
synthesized dual-interface composite under N, atmosphere from room temperature to 800 °C at a
heating rate of 10 °C min ~'. As shown in Fig. S1, the decomposition of g-CsN, starts at 550 °C
and is completed at ~710 °C, which can be identified with the burning of g-CsN,4 [43]. The
weight loss region could be seen in the temperature range of 550-700 °C for the g-
C3N4/CdS/rGO composites, which is similar to the combustion temperature range of the pure g-
CsNy4. The contents of CdS in the composites could be easily estimated from the remainder
weight after heating the samples over 800 °C. The residual weight fractions of the different
nanocomposites (CCG-5, CCG-10, CCG-15, and CCG-20) were found to be 5.1, 9.6, 13.9 and

21.4 wt.%, which are identified as the contents of CdS in different g-C3N4/CdS/rGO composites.
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The crystal structure and phase composition of the synthesized samples were investigated by
using X-ray diffraction (XRD). The typical XRD patterns of g-CsN4, rGO, CdS, and g-
C3N4/CdS/rGO composites are shown in Fig. 1. In pure g-C3N,4 pattern, the strong diffraction
peak at 27.6° with a d spacing of 0.326 nm reflects the characteristic interlayer-stacking of the
conjugated aromatic system, which is representative of graphitic materials, while the small peak
at 13.1° represents the in-plane structural packing motif corresponding to a d spacing of 0.672
nm [17,27]. For bare rGO, the characteristic peak at 25.8° corresponding to the (002) plane can
be attributed to the reduction of graphene oxide and the disordered stacking of rGO, and the
other with a much weaker intensity at 43.2° corresponds to the (100) plane [44]. The g-C3N4/rGO
sample exhibits a similar XRD pattern as that of pure g-C3N4 but with low intensity, suggesting
that the incorporation of rGO sheets has little influence on the phase structure of g-C3Ny4. The
pure CdS sample displays major diffraction peaks at 20 values of 24.8°, 26.5°, 28.3°, 36.7°,
43.9°, 48.0°, and 52.2° corresponding to the crystalline planes of (100), (002), (101), (102),
(110), (103) and (112), respectively, which can be indexed to the hexagonal phase of CdS
(JCPDS: 41-1049). The g-C3N4/CdS composite exhibits the diffraction peaks corresponding to
both g-C3N,4 and CdS, reflecting the existence of two phases. In addition, for the dual-interface
g-C3N4/CdS/rGO composites, their XRD patterns exhibit characteristic diffraction peaks of both
g-CsN4 and CdS crystalline phases, and the peak intensity of the CdS nanorods gradually
increases with the increasing CdS content in the composite. As expected, no diffraction hump
corresponding to rGO can be discerned in the XRD pattern of g-C3N4/CdS/rGO composites, due
to its low content. However, the presence of rGO sheets in the g-C3N4/CdS/rGO composites can

be easily evidenced by UV—vis DRS and XPS analyses, as discussed later.
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Fig. 2 shows the UV-vis diffuse reflectance spectra of the synthesized pure g-CsNg4, rGO,
CdS, and binary and ternary composites. As shown in Fig. 2, the absorption edges of pure g-
C3N4 and CdS are located around 450 and 520 nm, corresponding to the band gap energies of
2.75 and 2.4 eV, respectively. Interestingly, the absorption spectra of g-CsN,/CdS and g-
C3N4/CdS/rGO nano-composites exhibit two-stage absorption edges that are distinct from those
of either g-C3N4 or CdS, which is in good agreement with the phenomenon observed in other
heterojunctions reported in the literature [45-47]. Moreover, the absorption edge slightly red-
shifts with increasing intensity when the content of CdS is increased from 5 to 20 wt.%. This
result clearly brings out the formation of strong interfaces between g-C3N,4 and CdS rendering an
impact on the electronic states. Besides, the rGO loading enhances the light absorption over the
entire range of wavelengths investigated, which is due to the characteristic behavior of rGO in
the g-C3N4/rGO and g-C3N4/CdS/rGO nano-composites [40,48]. It is more interesting that all the
rGO containing composites show almost the same absorption tail in the visible region (550 to
800 nm), which further confirms the equal content of rGO in the composites. The decreased band
gap energies and enhanced visible-light absorption of the ternary dual-interface heterostructures
can therefore provide more photogenerated electrons and holes, which would contribute to the

enhanced photocatalytic activity.

The morphologies of the synthesized samples were examined by field-emission scanning
electron microscopy (FE-SEM) and transmission electron microscopy (TEM). The pure g-C3N4
material clearly exhibits a two-dimensional (2D) thin layered structure (Fig. S2a in the
Supplementary Information) composed of numerous randomly organized nanosheets, which
indicates the successful exfoliation of g-C3N4 nanosheets from its bulk counterparts. It can be

seen that the morphology of CdS is in the form of well crystallized 1D nanorods with lengths of
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1-2 pum and diameters of about 40 nm (Fig. S2b). As shown in Fig. S2c, rGO has a 2D nanosheet
structure with many thin wrinkles on the surface and these wrinkles indicate its ultrathin
thickness. For the g-C3N4/CdS composite, several CdS nanorods are well anchored on the
surface of g-CsN,4 (Fig. 3), and almost all nanorods are in direct contact with the g-C3Ny.
Interestingly, after incorporating rGO with the g-C3N4/CdS composite, the deposited CdS
nanorods are almost sandwiched and closely compacted between g-C3N,4 and rGO sheets to make
a g-C3N4/CdS/rGO (2D/1D/2D) ternary dual-interface nano-composite. Fig. S3 b—e show the
elemental mapping images of a relatively homogeneous distribution of C, N, Cd and S, which

further confirms the composition of the g-C3N4, CdS and rGO in the ternary materials system.

In order to further analyze the interaction between g-C3N, CdS, and rGO in the g-
C3N4/CdS/rGO nano-composite, TEM studies were conducted. The CdS nanorods are seen to be
well sandwiched between the g-C3N4 nanosheets and rGO sheets without much aggregation, as
shown in Fig. 4a. Besides, the magnified TEM images (Fig. 4b to e) clearly show the strong
interactions between g-CsN4, CdS, and rGO, and the CdS nanorods are strongly attached to both
g-CsNy4, and rGO sheets. Furthermore, the interplanar distance of 0.67 nm measured out in the
HRTEM image (Fig. 4f) is in good agreement with the (002) plane of the hexagonal phase of
CdS [49]. A different kind of lattice fringes with d spacing of 0.325 nm is corresponds to the
typical (002) interlayer-stacking distance of g-CsN4. The morphology studies also revealed that
rGO could serve as a support to bind the g-C3N4/CdS composite in the dual-interface ternary
nano-composite system, which leads to the formation of interfaces between g-CsN,4, CdS, and

rGO, and to favorable photoinduced charge transfer at the interface.

To further confirm the chemical composition and surface chemical state of elements in the g-

C3N4/CdS/rGO system, X-ray photoelectron spectroscopy (XPS) measurements were conducted.
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The survey XPS spectrum of the CCG-10 photocatalyst reveals the presence of C, N, Cd and S
elements (Fig. 5a). The additional O 1s peak at 532 eV was ascribed to —OH groups at the
surface resulting from the surface absorbed water [50,51]. The high-resolution C 1s spectrum can
be fitted to three different peaks, located at the binding energies of 284.7, 286.1, and 288.2 eV
(Fig. 5b). The main peak at 288.2 eV is attributed to the sp>-hybridized C in the N-containing
aromatic ring (N—C=N), which represents the major carbon environment in g-C3N,4 [21,52]. The
peak at 284.7 eV is assigned to the sp? C—C bonds of graphene [53], and the small peak located
at 286.1 eV could be assigned to sp*-coordinated carbon bonds from the defects on the g-CsN,4
surface [54], which clearly indicates the existence of rGO and g-C3N4 in the dual-interface
ternary nano-composite system. Moreover, the high resolution N 1s spectra in Fig. 5¢ were
deconvoluted into three different peaks centering at 398.5, 399.6, and 401.4 eV. The dominant
peak at a binding energy of 398.5 eV can be ascribed to the sp?-hybridized nitrogen in triazine
rings (C—N=C), and the peak at 399.6 eV corresponds to the bridged tertiary nitrogen N—(C)3
groups [55,56]. Both these N 1s species in C—N=C (398.5 e¢V) and N—(C); (399.6 eV) groups,
together with sp>-hybridized C 1s (N-C=N, 288.2 eV), are considered to compose tri-s-triazine
motifs as building blocks for g-C3N4. The weak peak located at 401.4 eV can be assigned to
amino functional groups having a hydrogen atom (C—N-H), which plays an important role in the
covalent link between g-C3N4 and the rGO [40,55]. In addition, the binding energies of Cd 3d are
determined to be 404.9 and 411.7 eV (Fig. 5¢c), which belong to Cd 3ds/, and Cd 3ds, of Cd** in
CdS nanorods, respectively [57]. The S 2p spectrum (Fig. 5d) shows peaks with the binding
energies of 161.2 eV (S 2pap) and 162.5 eV (S 2pas), which are ascribed to S*~ in CdS [58]. All
the above characterization results unambiguously confirm the formation of 2D/1D/2D g-

C3N4/CdS/rGO dual interface nano-composite.
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3.3 Photocatalytic hydrogen generation

Photocatalytic hydrogen generation activities of the synthesized g-C3N4/CdS/rGO composites
were evaluated under visible-light irradiation using triethanolamine as the sacrificial reagent to
quench photogenerated holes. According to the control experiments, no obvious H; production
was detected in the absence of either light or catalyst, suggesting that H, was truly generated in
the photocatalytic process. Fig. 6a displays the variation in H; production with irradiation time
over pure g-C3N,4 and g-C3N4/CdS/rGO photocatalytic systems. For comparison, photocatalytic
H, production activities of bulk g-C3Ng, and binary g-C3N4/rGO and g-C3N,4/CdS heterojunctions
were also conducted. It can be seen that the H, production rate is negligible (10.8 pmol h™* g%
over the bulk g-CsN4 (Fig. 6b) due to the low surface area and high recombination rate of
photogenerated charge carriers, and the rate of H, production over g-C3N4 nanosheets reaches
108.5 pmol h™ g after the liquid exfoliation of bulk g-C3N,. In the presence of a small amount
(1 wt.%) of rGO sheets, the H, production activity of the g-C3N4 nanosheets is significantly
improved. Besides, the binary g-C3N4/CdS heterojunction (with 10 wt.% CdS) shows a good
photocatalytic H production (1982.7 pmol h™* g™), which is much higher than that of pure g-
CsN4 nanosheets and binary g-C3N4/rGO composite. More remarkably, after adding 1 wt.% of
rGO sheets to the g-C3N4/CdS heterojunctions, the photocatalytic H, production activity was
remarkably enhanced. In particular, the CCG-10 sample (which contains ~10 wt.% CdS and 1
wt.% rGO) exhibits the highest H, production rate of ~4800 umol h™ g*, which is almost eleven
times higher than that for the binary g-CsN/rGO (412.8 pmol h™* g™*) and more than 2 times that

for the binary g-C3N./CdS heterojunction (1982.7 pmol h™* g ) systems.

Additionally, the H, production activity of the present ternary systems was compared with

that of pure CdS, CdS/rGO (1 wt.% of rGO), and physical mixture of binary CN/rGO and
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CdS/rGO composites, and results are presented in the supplementary material (Fig. S4).
Evidently, all the four dual-interface nano-composite photocatalysts exhibit superior
photocatalytic activities than all the other pure and binary photocatalysts. However, when the
CdS nanorods content increased beyond 10 wt.% in the ternary nano-composite, a decrease in the
H, production rate was observed. This phenomenon can be explained as follows: (1) the
optimum CdS nanorods content (10 wt.%) causes their good dispersion on the surface of g-C3Ny4
nanosheets, which favors the efficient separation and transfer of the photogenerated charge
carriers, and (2) at a very high content of CdS nanorods, there is a good chance of self
aggregation, hence, the existence of g-C3N4/CdS heterojunction will be in jeopardy, leading to a
lower H; production rate. Therefore, an appropriate amount of CdS is crucial for optimizing the
photocatalytic activity of dual-interface ternary nano-composite. In the present study, the g-
C3N4/CdS/rGO photocatalytic system containing optimum CdS content (10 wt.%) exhibits the
highest photocatalytic activity with an apparent quantum efficiency (QE) of 11.1% measured at
420 nm. Moreover, the photocatalytic efficiency of the present g-C3N4/CdS/rGO system is much
higher than those of previously reported g-CsN4/rGO [40], CdS QDs/g-C3Ng4 [39], CdS/g-C3Ny4

core/shells [59], and MoS,/mpg-C3N,4 [60] composites.

3.4 Photocatalytic mechanism

In order to investigate the photocatalytic mechanism for the enhanced photocatalytic H,
production of the g-C3N4/CdS/rGO dual-interface ternary system, photoluminescence (PL)
spectroscopy measurements were performed. In general, PL measurements are often used to
qualitatively investigate the transfer and separation efficiency of photogenerated electrons and
holes in semiconductor materials, since the PL emission arises from the recombination of charge

carriers [27,30]. Fig. 7a shows the PL spectra of the synthesized pure g-C3N4, and the binary and
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ternary nano-composites recorded at room temperature with an excitation wavelength of 365 nm.
It can be seen that introducing rGO into the g-CsN, network reduces the PL intensity
significantly as compared with that of pure g-CsN, indicating the effective separation of
photogenerated charge carriers. In addition, the binary g-CsN4/CdS composite exhibits more
quenching of the PL emission as compared to g-C3N4/rGO, which is due to the efficient charge
transfer between g-C3N4 and CdS, thus leading to the reduced recombination of photogenerated
electron—hole pairs. More remarkably, the intensity of PL signal for the g-C3N4/CdS/rGO ternary
nano-composite is much lower than that for pure g-C3N4and binary heterojunctions, and least PL
signal is observed for the CCG-10 photocatalyst, which is completely consistent with the result
of photocatalytic H, production performance. This indicates that the dual-interface ternary nano-
composite has a lower recombination rate of charge carriers under visible-light irradiation, which
may be due to the fact that the electrons are transferred from the CB of g-C3N, to the CB of CdS,
and then transfer to rGO sheets, preventing a direct recombination of electrons and holes
[40,50,61]. Therefore, the greater separation of photogenerated electrons and holes contributes to

the improved photocatalytic performance of g-C3N4/CdS/rGO dual-interface ternary system.

Time-resolved fluorescence spectroscopy was used to study the roles of interface on the
dynamics of the photogenerated electron-hole pairs as shown in Fig. 7b. A “biexponential”

function model was applied to fit the decay curves as follows:

-t

-t
Fit = A+ A + 4,0
Where A, =123 = constant, and t = time

The shorter decay life-time (t1) and longer decay life-time (t,) corresponds to the non-radiative

and radiative relaxation process, respectively. The radiative relaxation process is directly related
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to the direct recombination of photogenerated holes and electrons. The average life time of

charge carrier (1) can be calculated from the equation as given below:

__ Byt1 + By,
B, + B,
in which B; and B, are relative to percentages of non-radiative and radiative component,
respectively. Table 1 shows the fitted parameters of the time-resolved fluorescence decay spectra
of all three samples. The parameter (x%) values in the table shows the goodness of fit. The
average lifetime (1) is 2.59, 5.20, 4.58 and 10.34 ns for pure g-C3Ny4, g-C3N4/CdS, g-C3N4/rGO
and g-C3N4/CdS/rGO, respectively. It can be clearly seen that the g-C3N4/CdS/rGO ternary nano-
composite showed a highest charge carrier life-time which is 4, 2 and 2.3 times higher than pure
g-C3N4, g-C3N4/CdS and g-C3N4/rGO, respectively. This confirmed that formation of extended
interface at the g-C3N4/CdS/rGO ternary nano-composite which slows down the electron-hole
pair recombination, due to the well-matched overlapping band-structures and the intimate
interfacial contact [62,63]. These results clearly demonstrate that the prolonged lifetime of the
charge carriers in ternary system will play an important role in improving the probability of their

participation in photocatalytic reactions before recombination.

To give further evidence to support the enhanced charge carrier separation efficiency of
ternary system, the transient photocurrent measurements were recorded which can provide the
strong evidence to demonstrate the light response and interfacial charge transfer dynamics
between the composite semiconductors [35,45]. Fig. 8 shows a comparison of the photocurrent-
time (I-t) curves for pure g-C3sN4, and the binary and ternary systems with several on-off cycles
of intermittent visible-light irradiation. Evidently, the photocurrent response of CCG-10

photocatalyst is several times higher than that of pure g-C3sN4 and the binary heterojunctions,
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which can be ascribed to the existence of strong interfaces between three components in the g-
C3N4/CdS/rGO, where photoinduced electrons and holes could be efficiently separated in space
and the photogenerated charge carrier recombination got reduced. As a result, the CCG-10
photocatalyst exhibits higher photocurrent response, which is in good accordance with the

effectively reduced recombination of photogenerated electrons and holes from the PL analysis.

Based on the above experimental results, an illustration of possible interface electron transfer
behavior and the corresponding photocatalytic H, production mechanism is depicted in Fig. 9.
Under visible-light illumination, both g-C3N4 and CdS are excited to generate the electrons and
holes in the CB and VB, respectively. Owing to the well-matched overlapping band structures
and closely contacted interfaces, photogenerated electrons in the CB of g-CsN,4 can be easily
transferred to the CB of CdS, and meanwhile, the photoinduced holes on the VB of CdS can
migrate to the VB of g-C3N,, leading to electron-hole separation. This is also due to the fact that
the redox potentials of both CB (Ecg = —1.3 eV vs. NHE) and VB (Evg = +1.4 eV vs. NHE) of g-
C3N,4 are more negative than those of the CB (Ecg = —0.5 eV vs. NHE) and VB (Eys = +1.9 eV
vs. NHE) of CdS, respectively [30,39,43,47]. Thereafter, the electrons excited from the CB of
CdS together with the rest electrons from the CB of g-CsN,4 can be directly captured by rGO
sheets due to its excellent electronic conductivity, which further leads to minimize the possibility
of the recombination of electrons and holes. Subsequently, the captured electrons will
accumulate on the Pt nanoparticles (Fig. S5) loaded on the ternary nano-composite and then
effectively participate in photocatalytic H, production reaction. Besides, the holes at the VB of g-
CsN, together with the transferred holes from the VB of CdS can react with triethanolamine
(sacrificial reagent) to reduce the electron-hole recombination, and to significantly alleviate the

photocorrosion of CdS. It is also worth noting that the strong 2D/1D construction of g-C3N4/CdS
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facilitates the increased interfacial contact area between g-C3N,4 nanosheets and CdS nanorods,
and greater charge transfer rate as compared to that reported in the cases of 0D/2D CdS QDs/ g-
CsN4 [39] and 2D/0D g-C3N4/CdS NPs [64] photocatalysts. Therefore, the synergistic effect of
matching the band structure between 2D g-C3N4 nanosheets and 1D CdS nanorods, and superior
conductivity of 2D rGO sheets together contribute to the enhanced photocatalytic H, production
activity of the g-C3N4/CdS/rGO ternary system. The main reaction steps involved in the
photocatalytic H, production mechanism under visible-light irradiation are summarized by the

following equations.

g-C3N,/CdS/rGO + h9 (visible light) — g-C3N,/CdS (h{gz + ecg) (excitation process)
g—C3N,/CdS (hig + ecg) — g-C3N,(hyg) / CdS (ecg) (Charge transfer process)

g- C3N,(h{g) + TEOA — g-C3N, + TEOA* (holes trapping)

CdS (ecg) + rGO — CdS + rGO (e™) (electron transfer)

rGO (e”) + Pt — rGO + Pt (e™) (accumulation of electrons)

Pt(e”) + H,0/H* — Pt + H, (gas) (hydrogen generation process)

Although the excellent photocatalytic activity of the g-C3N4/CdS/rGO ternary nano-composite
is establish, the long-term stability of the photocatalyst is equally important to examine with
regard to practical applications. Thus, the photostability of the optimal g-C3N,/CdS/rGO ternary
system (CCG-10) for photocatalytic H, production was further investigated through five
successive runs under the same experimental conditions. Each run was conducted for 4 h and
after every run the reaction system was re-evacuated. As shown in Fig. 10, the photocatalytic H,

production activity of the CCG-10 photocatalyst was retained over more than 90% of its original
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activity after five successive experimental runs under visible-light irradiation, which indicates
the high photostability of the dual-interface ternary nano-composite system during photocatalytic
H, production reaction. It is also well known that an invincible problem for metal-sulfide
photocatalysts in photocatalysis process is their poor stability due to photocorrosion (MS +
holes/2h* — M?* + S, where M is metal) under light irradiation [59,65]. In contrast, the present
ternary nano-composite exhibits remarkable stability even after five cycles under visible-light
irradiation. This result clearly demonstrates that CdS nanorods are tightly wrapped
(encapsulated) in between g-CsN4 and rGO sheets, and strong heterojunctions formed between
CdS, g-C3sN4 and rGO. This ternary system can therefore achieve a greater interfacial charge
transfer, which can avoid the photocorrosion of CdS by photogenerated holes, and thus improve
the photostability of g-C3N4/CdS/rGO during the photocatalytic H, production process. XPS and
XRD measurements conducted before and after the photocatalytic experiments further confirmed
the stability of the ternary nano-composite (CCG-10). As shown in Fig. S4, no significant
changes in the binding energies of cadmium and sulfur were observed before and after
experiments, indicating that the oxidation state of Cd and S did not change after the reaction.
Moreover, the XRD pattern (Fig. S5) of the reused sample also clearly demonstrated that the

structural aspects of the CCG-10 photocatalyst did not change after the reaction.

The case of a semiconductor nanocrystal functionally encapsulated with two 2D conducting
materials which are functional in their own right is representative of an interesting class of
materials that can be engineered for specific applications. This approach allows us to wrap stable
functional materials around a corrosive but functionally useful material so as to get enhanced as
well as stable performance. A two material single interface system has specific limitations to

achieve carrier separation which can be largely lifted if one uses a three material dual-interface
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system as done in the present work. Moreover the use of a nanostructure as the central
component provides the adequate level of porosity for electrolyte ion transport in the case of
electrochemical applications. Also, the use of the right electronically and optically chosen
materials as the wrapping systems can add further value in terms of driving the photo-generated
charges such farther apart. This feature dramatically reduces the residence time of electrons and
holes in the centrally placed material by sweeping them towards and into the encapsulating
materials, thereby forbidding the redox catalytic activity of the central corrosive material to play

out.

4. Conclusions

In summary, we have successfully synthesized sandwich like g-C3N, nanosheet (2D)/ CdS
nanorod (1D)/ rGO sheet (2D) dual-interface ternary nano-composite with intimate interfacial
contact by a facile wet-chemical method. The ternary system exhibits excellent and much
superior photocatalytic H, production activity under visible-light irradiation as compared to the
pure g-C3Ng4, and the binary g-C3N4/rGO and ¢g-C3N4/CdS heterojunction photocatalysts.
Remarkably, the g-C3N4/CdS/rGO ternary heterojunction system containing optimum CdS (~10
wt.%) and rGO (1 wt.%) contents shows the highest photocatalytic H, production rate of ~4800
pumol h™ g™!, with an apparent quantum efficiency of 11.1% at 420 nm. In addition, the g-
C3N4/CdS/rGO is highly photostable even after five successive experimental runs, without any
obvious change in the H, production rate. The enhancement in both the photocatalytic H,
production performance and the photostability are mainly assigned to the effective separation
and transfer of photoinduced charge carriers at the two intimate interfaces of g-C3N4/CdS/rGO

ternary nano-composite system, which are attributed to the well-matched overlapping band-
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structures. The present work thus provides an insight into the design and development of novel

multi-dimensional heterojunction photocatalysts for diverse photocatalytic applications.
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Figure captions

Scheme 1 Schematic representation of the synthesis of g-C3N,/CdS/rGO dual-interface nano-
composite system.

Fig. 1 XRD patterns of the synthesized g-CsN,4, CdS, rGO, g-C3N4/rGO, g-C3N4/CdS and g-
C3N4/CdS/rGO samples.

Fig. 2 UV-vis diffuse reflectance spectra of g-C3Ny4, CdS, rGO, g-C3N4/rGO, g-C3N,4/CdS and g-
C3N4/CdS/rGO heterojunctions.

Fig. 3 FESEM images of (a) g-C3N4/CdS (b) CCG-10 heterojunctions (The highlighted area
represents the direct contact and sandwich nature of CdS nanorods in g-C3N4/CdS and CCG-10,
respectively).

Fig. 4 TEM image (a), and magnified TEM images (b to e) of CCG-10 ternary heterojunction. (f)
HRTEM image of the CCG-10 ternary heterojunction.

Fig. 5 XPS spectra of CCG-10 ternary heterojunction; (a) survey spectrum, (b) C 1s, (c) N 1s and
Cd 3d, and (d) S 2p spectra.

Fig. 6 (a) Photocatalytic H, generation over various photocatalysts under visible-light irradiation,

and (b) the H, generation rates of various photocatalysts.
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Fig. 7 (a) PL spectra of g-C3N4, g-C3N4/rGO, g-C3N4/CdS and g-C3N4/CdS/rGO heterojunctions.
(b) Time-resolved fluorescence spectra of the g-CsN4 g-C3N4/rGO, g-C3N4/CdS and g-
C3N4/CdS/rGO (CCG-10) heterojunctions.

Fig. 8 Photocurrent response of the g-CsNg4, g-C3N4/rGO, g-C3N4/CdS and g-CsN,/CdS/rGO
(CCG-10) heterojunctions.

Fig. 9 Schematic illustration of the charge separation and transformation in g-CsN4/CdS/rGO
dual-interface nano-composite system under visible-light irradiation.

Fig. 10 Reusability of the CCG-10 photocatalyst for the photocatalytic H, production under

visible-light irradiation.
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Table 1 Kinetic parameters of the fitting decay parameters of pure g-C3Nj, g-C3N4/CdS, g-

C3N4/rGO and CCG-10 samples

Sample  Parameter  Lifetime Relative Average life X
code (ns) percentage time 7 (ns)
(%)
CN T 0.98 61.94 2.59 1.140
T2 5.21 38.06
CN/CdS T 1.23 52.32 5.20 1.126
T2 9.57 47.68
CN/rGO T 1.49 52.61 4.58 1.230
T 8.02 47.39
CCG-10 T 3.89 31.17 10.34 1.189
T2 13.26 68.83
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Fig. 1
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Fig. 2
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Fig. 5
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Fig. 6
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Fig.
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Fig. 8
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Fig. 9
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Fig. 10
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