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Absrtract 

 

Well dispersed CdS quantum dots were successfully grown in-situ on g-C3N4 nanosheets through 

a solvothermal method involving dimethyl sulfoxide. The resultant CdS-C3N4 nanocomposites 

exhibit remarkably higher efficiency for photocatalytic hydrogen evolution under visible light 

irradiation as compared to pure g-C3N4. The optimal composite with 12 wt% CdS showed a 

hydrogen evolution rate of 4.494 mmolh
-1
g

-1
, which is more than 115 times higher than that of 

pure g-C3N4. The enhanced photocatalytic activity induced by the in-situ grown CdS quantum 

dots is attributed to the interfacial transfer of photogenerated electrons and holes between g-C3N4 

and CdS, which leads to effective charge separation on both parts.  

 

Keywords: Solar fuels; Hydrogen production; Water splitting; carbon nitride; Photocatalyst; 

Charge transfer. 

 

 

 

 

 

 

 



3 

 

1. Introduction 

Efficient conversion of solar energy into hydrogen fuels through photocatalytic water splitting is 

of great importance for the future of sustainable energy. Since the first discovery of hydrogen 

production by photocatalytic water splitting over Pt/TiO2 in 1972 [1], great efforts have been 

made by researchers for photocatalytic generation of hydrogen from water. To date, many 

semiconductors, such as TiO2 [2-4], Cu2O [5,6], SrTiO3 [7,8], ZnFe2O4 [9], CdS [10,11], InVO4 

[12,13] etc., have been reported as photocatalysts for hydrogen generation. Recently, graphitic 

carbon nitride (g-C3N4) has been introduced as a promising visible light photocatalyst for water 

reduction and oxidation due to its unique electronic band structure and high stability [14,15]. To 

advance this promising photocatalytic material, researchers have coupled g-C3N4 with various 

semiconductors, such as TiO2 [16], ZnO [17,18], TaON [19], ZnWO4 [20], BiPO4 [21] and 

Bi2WO6 [22], to increase the separation efficiency of photogenerated electron-hole pairs, thus to 

promote the photocatalytic activity. 

    As a well-known II–VI semiconductor, CdS nanocrystals are attractive photocatalytic 

materials for solar-to-fuels conversion because its band gap (2.4 eV) allows for efficient visible 

light absorption, and the reduction and oxidation potentials of water lie within the band edges of 

CdS [23]. However, several drawbacks still limit the photocatalytic efficiency on pure CdS 

nanoparticles. For example, the CdS nanocrystals tend to aggregate into larger particles, leading 

to reduced surface area and higher charge recombination rates [24]. Therefore, improvement of 

the performance of CdS naoparticles has been numerously studied on the composites combining 

CdS with other components, including noble metals [25,26], graphene [27,28], graphene oxide 

[29,30], TiO2 [31,32], ZnO [33,34], CdSe [35], ZnS [36,37], and so on. Wu et al. have found that 

one- and two-dimensional nanostructures offer higher charge mobility and lower recombination 
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rates of charge carriers than zero-dimensional nanoparticles [38,39]. Hence, implanting 2-D 

semiconductor nanostructures into composite photocatalysts may also improve the photocatalytic 

activity. Very recently, Feng et al. prepared CdS/g-C3N4 composites by the chemical 

impregnation and subsequent calcination of the separately prepared CdS particles and g-C3N4 

[40]. The CdS/g-C3N4 composites with 30 wt% CdS showed ~9 times higher hydrogen evolution 

rate than the pure g-C3N4. Nevertheless, the calcinations process still caused severe aggregation 

of CdS nanoparticles, which restricted the utilization of photocatalytic function of CdS.  

    Herein, we present the in-situ growth of CdS quantum dots (QDs) on g-C3N4 nanosheets 

through a dimethyl sulfoxide (DMSO) involved solvothermal method, and employ the obtained 

CdS/g-C3N4 composites for visible-light-driven photocatalytic hydrogen evolution. The 

characterization results revealed that CdS QDs are well dispersed on the surface of the g-C3N4 

nanosheets, and the aggregation of CdS QDs is successfully inhibited during both the 

solvothermal process and the photocatalytic test. At an optimal CdS content of 12 wt%, the 

CdS/g-C3N4 nanocomposite exhibits more than 115 times higher hydrogen evolution rate than 

the pure g-C3N4. These results demonstrate that our CdS/g-C3N4 nanocomposites are highly 

efficient photocatalysts for hydrogen generation under visible light irradiation. 

 

2. Experimental 

2.1 Preparation of CdS-C3N4 nanocomposites 

The g-C3N4 nanosheets were synthesized according to a literature method [41]. Melamine 

powder (6 g) was heated in an alumina crucible with a cover in a muffle furnace at 500 ºC for 2 h, 

and further heated to 520 ºC for another 2 h to generate g-C3N4 nanosheets. In-situ growth of 

CdS QDs (12 wt%) on g-C3N4 nanosheets was carried out by adding 133 mg of Cd(Ac)2·2H2O 
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and 500 mg of the as-prepared g-C3N4 into 50 mL DMSO with stirring. The obtained suspension 

was transferred into a 100-mL teflon-lined stainless-steel autoclave, and then was heated to 180 

ºC and kept at this temperature for 12 h. After natural cooling to room temperature, the product 

was collected and washed using centrifugation-redispersion cycles with water and ethanol 

repeatedly. After that, the as-obtained powder was dried in a vacuum oven. Pure CdS, and CdS-

C3N4 nanocomposites with other CdS loading amount were synthesized using the similar route 

by adjusting the dosage of g-C3N4. 

2.2 Characterization 

A Shimadzu XRD-6000 X-ray diffractometer (Cu Kα source) was used to record X-ray powder 

diffraction (XRD) patterns with the 2θ range from 5 to 80° at a scan rate of 1 °/min. Energy 

dispersive X-ray (EDX) spectra and transmission electron microscopy (TEM) images were 

obtained from a JEOL JEM-2100F transmission electron microscope at an accelerating voltage 

of 200 kV. A JEOL JSM-7600F scanning electron microscope was used to acquire scanning 

electron microscopy (SEM) images. UV–vis diffuse reflectance spectra (DRS) were taken with a 

Lambda 750 UV/Vis/NIR spectrophotometer (Perkin Elmer, USA). X-ray Photoelectron 

spectroscopy (XPS) measurement was performed on a Thermo Scientific Theta Probe XPS with 

monochromatized Al Kα (hv=1486.6 eV) source. The BET surface areas were measured on a 

Micromeritics ASAP 2020M
+
C system. The photoluminescence (PL) spectra were obtained by a 

Shimazu RF-5310PC fluorometer at an excitation wavelength of 325 nm.  

2.3 Photocatalytic hydrogen evolution from water reduction 

In a typical experiment, 5 mg of the prepared photocatalysts were dispersed in 10 mL aqueous 

solution of 0.1 M L-ascorbic acid. The pH value was adjusted to 4.0 with 1 M NaOH aqueous 

solution. 0.5 wt% Pt co-catalyst was loaded by adding 60.7 µL of H2PtCl6 (0.08 wt% ) aqueous 
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solution into the suspension followed by the irradiation of a 300-W xenon lamp (MAX-302, 

Asahi Spectra, USA) coupled with a UV cut-off filter ( > 420 nm). Before sealed in a quartz 

flask, the suspension was purged with nitrogen for 3 h to drive away the residual air The 

photocatalytic hydrogen production was then performed by irradiating the suspension with a 

300-W xenon lamp (MAX-302, Asahi Spectra, USA) coupled with a UV cut-off filter ( > 420 

nm). The gas product composition was analyzed every 60 min through an Agilent 7890A gas 

chromatograph (GC) with TCD detector. The apparent quantum efficiency (QE) was estimated 

by using the following equation. 

%100
2






photonsincidentofnumberthe

moleculeshydrogenevolvedofnumberthe
QE  

 

3. Results and discussion 

The XRD patterns of the as-prepared pure g-C3N4, pure CdS, and CdS-C3N4 nanocomposites 

with 12 wt% CdS are shown in Fig. 1. Two pronounced diffraction peaks are found at 27.4º and 

13.1º for pure g-C3N4, corresponding to the characteristic interlayer stacking peak of aromatic 

systems (indexed for graphitic materials as the 002 peak), and the interplanar separation (indexed 

as the 100 peak), respectively, which is consistent with the XRD pattern reported in the literature 

[41]. The XRD pattern of pure CdS gives rise to four distinct diffraction peaks at 26.7º, 44.1º, 

52.2º, and 70.5º, which can be attributed to the (111), (220), (311), and (331) crystal planes of 

hawleyite CdS (JCPDS No. 75-0581), respectively. The XRD pattern of CdS-C3N4 

nanocomposites shows diffraction peaks of both CdS and g-C3N4, while the characteristic peaks 

of CdS (26.7º) and g-C3N4 (27.4º) were very close and overlap with each other. 
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SEM and TEM images were taken to directly analyze the structures of the samples and 

particularly the effect of g-C3N4 on the morphology of CdS QDs, as displayed in Fig. 2.  It can 

be observed from Fig 2a-c that pure g-C3N4 shows a nanosheet structure with smooth surfaces. 

Fig. 2d and 2e indicate significant aggregation of the CdS nanoparticles into spheres with more 

than 100 nm diameter in the pure CdS sample. However, surprisingly, when the g-C3N4 

nanosheets were present during the solvothermal process, we observed very small CdS QDs 

spreading on the g-C3N4 nanosheets (Fig. 2f and 2g), and no free CdS nanoparticles were present 

in the suspension. The HRTEM image (Fig. 2h) shows that the average size of CdS QDs is 

around 5 nm. The lattice fringes with d-spacing of 0.336 nm can be assigned to the (111) crystal 

plane of hawleyite CdS. These results indicate that the g-C3N4 nanosheets significantly influence 

the growth process of CdS nanoparticles and effectively restrain their aggregations.  This could 

be attributed to two major reasons. First, the g-C3N4 nanosheet may act as a two-dimensional 

“mat” that interacts with CdS QDs through physisorption to hinder their aggregation. Second, the 

oxygen-containing defects and the amino groups on g-C3N4 surfaces could serve as anchor sites 

to immobilize Cd precursors as well as CdS QDs on the g-C3N4 nanosheet, which prevents the 

aggregation of CdS QDs from surface diffusion on g-C3N4. 

The optical properties of pure g-C3N4, pure CdS, and CdS-C3N4 nanocomposites were 

revealed by UV-vis diffuse reflectance spectroscopy (DRS). As shown in Fig. 3, the pure g-C3N4 

exhibits an absorption edge at 451 nm, corresponding to the band gap of 2.75 eV. The pure CdS 

sample has an absorption edge at 514 nm, which can be attributed to the CdS band gap of 2.41 

eV. The CdS-C3N4 nanocomposite (with 12 wt% CdS) shows hybrid absorption features of g-

C3N4 and CdS, which allows for more efficient utilization of the solar spectrum to create 

photogenerated electrons and holes.  
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    The CdS-C3N4 sample (with 12 wt% CdS) was further investigated by XPS measurements. As 

shown in Fig. 4, the C 1s spectrum can be deconvoluted into three peaks at 284.8 eV, 286.2 eV 

and 288.2 eV. The former peak is typically ascribed to sp
2
 C–C bonds, and the last (288.2 eV) is 

identified as sp
2
-bonded carbon in N-containing aromatic rings (N–C=N), which represent the 

major carbon species in the g-C3N4 [42,43]. The weak feature at 286.2 eV could be assigned to 

sp
3
-coordinated carbon bonds from the defects on g-C3N4 surfaces [15]. The corresponding 

binding energies of N 1s spectrum are determined to be 398.7 eV, 400.0 eV, and 401.1 eV. The 

main peak centered at 398.7 eV originates from the sp
2
-bonded N involved in the triazine rings 

(C–N=C) dominated in g-C3N4. While the weak peak at 400.0 eV is caused by the tertiary 

nitrogen N–(C)3 groups, and another weak peak at 401.1 eV indicates the presence of amino 

groups (C–N–H) [44,45]. The photoelectron peaks for Cd 3d were observed at 404.9 and 411.7 

eV (Fig. 4c), which can be assigned to the Cd
2+

 ions of the CdS QDs [46]. Fig. 4d shows the S 

2p peak at 161.2 and 162.4 eV, as expected for the sulfide in CdS QDs [47]. 

Photocatalytic hydrogen evolution activity of the prepared CdS-C3N4 nanocomposites was 

evaluated under visible light ( > 420 nm) irradiation by using L-ascorbic acid as the sacrificial 

reagent to quench photoinduced holes, and 0.5 wt% Pt was added as co-catalyst to reduce the 

overpotential for hydrogen evolution.  Fig. 5 summarizes the H2 evolution rate by pure g-C3N4, 

pure CdS, and CdS-C3N4 nanocomposites with various CdS ratio. In-situ growth of CdS QDs on 

g-C3N4 nanosheets noticeably improves the photocatalytic hydrogen evolution activity. Even 

with only 3 wt% CdS QDs, the CdS-C3N4 composite exhibit a hydrogen evolution rate of 2.333 

mmolh
-1
g

-1
, which is more than 60 times higher than that of pure g-C3N4 (0.038 mmolh

-1
g

-1
). 

The highest photocatalytic activity was achieved at 12 wt% CdS with a hydrogen evolution rate 
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of 4.494 mmolh
-1
g

-1
, and the apparent quantum efficiency is estimated as 8.0 % at 420 nm. It is 

even far beyond the performance of pure CdS (2.486 mmolh
-1
g

-1
).  

Actually, if normalized with the mass concentration of CdS, the hydrogen evolution rate 

would show more remarkable disparity between 12 wt% CdS-C3N4 (37.450 mmolh
-1
g

-1
) and 

pure CdS (2.486 mmolh
-1
g

-1
). We have also measured the BET surface areas of pure CdS (22.1 

m
2
g

-1
), pure g-C3N4 nanosheets (5.4 m

2
g

-1
), and 12 wt% CdS-C3N4 (9.5 m

2
g

-1
).  Although 12 

wt% CdS-C3N4 has lower surface area, it still exhibits much higher photocatalytic activity than 

pure CdS. If normalized with the surface areas of the samples, the hydrogen evolution rates 

would be 0.112 mmolh
-1
m

-2
, 0.007 mmolh

-1
m

-2
, and 0.473 mmolh

-1
m

-2
 for

 
pure CdS, pure g-

C3N4 nanosheets, and 12 wt% CdS-C3N4, respectively. This indicates that the surface area is not 

crucial to the photocatalytic activities of CdS-C3N4 composites.  

The enhanced photocatalytic activities of CdS-C3N4 composite are attributed to the synergic 

effect between C3N4 and CdS, which plays a key role to the effective separation of 

photogenerated electron-hole pairs and the photocatalytic reactive sites. At lower CdS content, a 

good dispersion of CdS QDs on the g-C3N4 surface could be achieved. In this case, the increase 

of CdS content would lead to more CdS QDs generated on the g-C3N4 surface, which creates 

larger CdS-C3N4 interface area and allows more efficient charge transfer between g-C3N4 and 

CdS QDs. However, excess CdS loading causes considerable aggregation of CdS QDs. As 

shown in Fig. 6, for the composite sample with 18 wt% CdS, a portion of CdS QDs aggregated 

into big spheres adhering on the g-C3N4 surface. Such aggregations reduce the interface area 

between CdS and g-C3N4, thereby decrease the charge separation efficiency relying on interfacial 

charge transfer. Therefore, there is a balance between CdS loading amount and CdS-C3N4 
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interface area. And our studies revealed an optimal loading of 12 wt% CdS on g-C3N4, which  

showed the best photocatalytic activity.  

In addition, the optimal 12 wt% CdS-C3N4 composite exhibits fairly stable photocatalytic 

activity. Fig. 7a shows that the hydrogen evolution rate remains consistent even at the prolonged 

time period of 24 h. The recycling capability of the 12 wt% CdS-C3N4 was verified by carrying 

out a four-run test of photocatalytic hydrogen evolution. Fig. 7b reveals that no obvious decrease 

of H2 evolution was observed after the four-run test. Fig 8 shows the re-characterization results 

of the 12 wt% CdS-C3N4 sample after being used for cycling photocatalytic experiments. The 

XRD pattern remains no change comparing to that of the freshly prepared 12 wt% CdS-C3N4 

sample (Fig. 1), suggesting the crystal structures of the composite were not altered during the 

photocatalytic tests. The TEM image (Fig. 8b) indicates that the CdS QDs were still well 

dispersed on the g-C3N4 nanosheets after cycling photocatalytic experiments. Although it is 

difficult to identify the crystal lattice of CdS in the high-magnification TEM image (Fig. 8c) due 

to the photodeposition of Pt on the composite sample, the corresponding EDX spectrum (Fig. 8d) 

from the area of Fig. 8c indicates the co-existence of CdS and Pt with an atomic ratio of around 

18:1. While on the other surface area of g-C3N4 nanosheets without CdS nanoparticles, Pt was 

hardly observed in EDX analysis. This observation suggests that Pt may be only grown onto the 

CdS QDs upon photoexcitation of the CdS-C3N4 composite.  It also implies the photoinduced 

electron transfer from g-C3N4 to CdS, rather than the reversed way. 

On the basis of the above experimental results, we believe that the enhanced photocatalytic 

activity induced by the in-situ grown CdS QDs is attributed to the interfacial transfer of 

photogenerated electrons and holes between g-C3N4 and CdS, which leads to effective charge 

separation on both parts. This assumption is supported by photoluminescence (PL) 
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measurements. Fig. 9 shows that at an excitation wavelength of 325 nm, the pure g-C3N4 sample 

exhibits a strong emission peak centered at ~450 nm. In comparison, this intensity of this 

emission band drops significantly when for the composite sample with 12 wt% CdS. This 

indicates an efficient transfer of photoexcited electrons from g-C3N4 to CdS QDs.  

Fig. 10 shows the schematic illustration of the possible photocatalytic mechanism. Both CdS 

and g-C3N4 can absorb visible light to produce photoinduced electron-hole pairs. Since the 

conduction band (CB) position of CdS  (~ -0.5 eV vs. NHE [48]) is lower than that of g-C3N4 (~ 

-1.1 eV vs. NHE [19]), the photoinduced electrons on the CB of g-C3N4 can directly transfer to 

the CB of CdS. These electrons, together with the electrons excited from the VB of CdS, will 

accumulate on the Pt deposited on CdS nanoparticle surfaces. While the corresponding valence 

band (VB) position of CdS (~ +1.9 eV vs. NHE) is lower than that of g-C3N4 (~ +1.6 eV vs. 

NHE), the photogenerated holes on the VB of CdS can immigrate to the VB of g-C3N4. 

Therefore, an effective charge separation can be achieved, resulting in longer lifetime of the 

photogenerated electrons and holes for enhanced photocatalytic activity. As a result, the 

photoinduced holes can oxidize L-ascorbic acid (H2A) on the g-C3N4 surface, and meanwhile the 

separated electrons will have longer time to reduce H
+
 to H2 on the Pt nanoparticle surface. 

4. Conclusions 

In summary, well dispersed CdS QDs have been successfully grown in-situ on g-C3N4 

nanosheets through a DMSO involved solvothermal method. The resulting CdS-C3N4 

nanocomposites exhibit high efficiency of hydrogen evolution from photocatalytic water 

reduction under visible light irradiation due to the efficient charge separation through the 

interfaces between CdS QDs and g-C3N4 nanosheets. The optimal composite with 12 wt% CdS 

showed a hydrogen evolution rate of 4.494 mmolh
-1
g

-1
, which is more than 115 times higher 
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than that of pure g-C3N4. This work not only introduces a simple strategy to in-situ grow metal 

sulfide nanoparticles on carbon nitride surfaces, but also demonstrates that the g-C3N4-based 

nanomaterials can serve as highly efficient photocatalysts for solar hydrogen generation when 

effective charge separation is achieved.  
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Figure Legends 

Fig. 1 XRD patterns of pure g-C3N4, pure CdS, and 12 wt% CdS-C3N4. 

Fig. 2 (a) SEM and (b,c) TEM images of pure g-C3N4; (d) SEM and (e) TEM images of pure 

CdS; (f) SEM and (g,h) TEM images of 12 wt% CdS-C3N4. 



18 

 

Fig. 3 Absorption spectra (converted from UV–vis diffuse reflectance spectra) of pure g-C3N4, 

pure CdS, and 12 wt% CdS-C3N4. 

Fig. 4 XPS spectra for  12 wt% CdS-C3N4: (a) C 1s; (b) N 1s; (c) Cd 3d; (d) S 2p. 

Fig. 5 (a) Comparison of the visible light induced H2 evolution rate for different samples; (b) 

Plots of photocatalytic H2 evolution amount versus irradiation ( > 420 nm) time for different 

samples. 

Fig. 6 TEM image of 18 wt% CdS-C3N4. 

Fig. 7 (a) Photocatalytic H2 evolution curve with prolonged irradiation time for 12 wt% CdS-

C3N4; (b) Cycling test of photocatalytic H2 evolution for 12 wt% CdS-C3N4. 

Fig. 8 Characterization of 12 wt% CdS-C3N4 after being used in cycling photocatalytic tests: (a) 

XRD pattern; (b,c) TEM images; (d) EDX spectrum taken from the area of image (c). 

Fig. 9 Photoluminescence spectra for pure g-C3N4 and the 12 wt% CdS-C3N4 at an excitation 

wavelength of 325 nm. 

Fig. 10 Schematic illustration of visible light induced photocatalytic process for H2 evolution on 

the CdS-C3N4 nanocomposites, in which H2A and HA• refers to ascorbic acid and ascorbate 

radical, respectively. 
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