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A series of carbon-coated Ni (Ni@C)/Cd0.8Zn0.2S nanocomposite was fabricated via a facile hydrothermal 

process by using a pre-prepared Ni@C as starting material. The obtained products were characterized by 

X-ray diffraction, UV-vis diffuse reflectance absorption spectrum, X-ray photoelectron spectroscopy and 

electron microscopy. It is found that the introduction of Ni@C nanoparticles can improve both the 

visible-light-induced photocatalytic H2 production activity and stability of the Cd0.8Zn0.2S solid solution, 10 

and the Ni nanoparticles encapsulated by several graphite-like carbon layers show a high chemical and 

thermal stability. Among those products with various Ni@C contents, 5wt% Ni@C/Cd0.8Zn0.2S 

nanocomposite exhibits the maximum photoactivity (969.5 mol h-1) for H2 production, which is ~3.10 

times higher than that (312.6 mol h-1) of the pristine Cd0.8Zn0.2S. This significant enhancement in the 

photoactivity by loading Ni@C nanoparticles can be attributed to the metallic Ni in Ni@C acted as co-15 

catalyst while the graphite-like carbon shells as Cd0.8Zn0.2S nanoparticles’ support and electron acceptor, 

which causing an effective photogenerated carrier separation in space and the improvement of the 

photoactivity and stability for H2 production. The present findings demonstrate a cost reduction strategy 

by using non-noble metal co-catalyst for efficient and stable light-to-hydrogen energy conversion. 

1. Introduction

 20 

Since the pioneering work on the photoelelctrochemical splitting 

of water into H2 and O2 over TiO2 electrode was first reported in 

1972,1 photocatalytic H2 production over semiconductor is 

considered as one of the promising solutions to the growing crisis 

in energy due to its potential application in the clean hydrogen 25 

energy production from water by utilizing the inexhaustible solar 

energy.2-7 As a visible-light-induced photocatalyst, CdS loading 

with Pt as co-catalyst has been extensively studied because of its 

excellent photoactivity for H2 production, in that its bandgap 

(~2.42 eV) corresponds well with the solar spectrum and its 30 

conduction band (CB) edge is more negative than the H2O/H2 

redox potential for the water reduction.8-10 Nevertheless, those 

metal sulphides especially for CdS are prone to photocorrosion 

during the photoreaction process, where metal sulphide is itself 

oxidized by the photogenerated holes, which retards its large-35 

scale application.11 Therefore, many strategies have been 

developed to improve the photoactivity and stability of metal 

sulphide photocatalysts, for instance, by loading the noble metal, 

changing the preparation process and/or introducing the sulphide 

into the layered or porous inorganic substances.12-14 
40 

Incorporation of ZnS into CdS to form CdxZn1-xS (0<x<1) 

solid solution has been proved to be an effective approach to 
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improve the photoactivity of CdS since the more negative CB 

edge of ZnS has a stronger ability to reduce water for H2 

production though its bandgap is wider than CdS.4,15-17 Also, Zn2+ 45 

with ion radius (0.74 Å) smaller than Cd2+ (0.97 Å) can supply 

stronger connection among atoms in the solid solution, causing an 

improved photostability of CdS.16,18 Namely, the formation of 

Cd1−xZnxS solid solution can improve both photoactivity and 

stability of CdS, especially for the photocatalytic H2 production 50 

in the absence of noble metal co-catalyst.15-19 Moreover, the 

energy band structure and the visible-light-induced activity of the 

Cd1-xZnxS solid solutions can be conveniently tuned by adjusting 

the x value, and the Cd0.8Zn0.2S solid solution with Cd/Zn atom 

molar ratio of 4 seems to show the maximum activity for H2 55 

production among various Cd1-xZnxS solid solutions.15,19 

On the other hand, noble metals such as Pt, Pd, and Rh are 

generally loaded on CdS nanoparticles as co-catalyst to provide 

active sites for the photoreaction and suppress the charge 

recombination.15-19 In view of the practical application, cost 60 

reduction of the photocatalytic H2 production system is one of the 

key issues. Thus, some non-noble metals such as Cu, Ni and/or 

their oxides have been investigated as alternative to those noble 

metals for promoting the photogenerated carrier separation and 

acting as water reduction sites.20-22 However, the chemical 65 

stability and photoactivity of the prepared products are far from 

being satisfactory for its practical application,20-22 and thus the 

development of photocatalysts with high visible-light-induced 
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activity and stability for cheap and efficient light-to-hydrogen 

energy conversion is currently an intensive research topic.21-25 

The above drawbacks of co-catalysts might be overcome by 

metal encapsulation strategy with metal oxide or even carbon 

shell, which shows excellently chemical and thermal stability.26-28 5 

An important progress in this direction is core-shell-structured 

co-catalyst, consisting of a noble metal (Rh, Pd and Pt) or metal 

oxide (NiOx, RuO2 and Rh2O3) core and a chromia (Cr2O3) shell, 

which resulted in enhanced visible-light-induced activity for H2 

production over GaN/ZnO due to the suppression of undesirable 10 

reverse reactions (H2-O2 recombination) and/or protection of the 

core component from chemical corrosion depending on the core 

type.28 Recently, an integrated strategy was employed to prepare 

visible-light-induced semiconducting metal oxide or sulphide 

nanocomposites by incorporating carbon-coated Ni (Ni@C) 15 

nanoparticles as co-catalyst in our group, it was found that the 

obtained nanocomposites exhibited considerable stability and 

photoactivity for H2 production,29,30 and the carbon encapsulation 

strategy can not only utilize the metallic Ni in Ni@C as co-

catalyst but also the graphite-like carbon coating as 20 

semiconductor nanoparticles’ support and electron acceptor, and 

consequently leading to the efficient charge separation and high 

stability both for sulphide and metallic Ni co-catalyst.30 

Herein, Cd0.8Zn0.2S was selected for the subject of the 

photocatalyst because this solid solution with Cd/Zn atomic ratio 25 

of 4 has the maximum photoactivity for H2 production according 

to the previous reports,4,15 and a series of Ni@C/Cd0.8Zn0.2S 

nanocomposites with different Ni@C contents was prepared via a 

facile hydrothermal process by using a pre-prepared Ni@C as 

starting material. The effects of Ni@C content in the 30 

Ni@C/Cd0.8Zn0.2S on the crystal structure, spectral absorption, 

stability and photoactivity for H2 production under visible light 

were investigated in detail. A significantly enhanced visible-light-

induced photoactivity and stability for H2 production as compared 

to the pristine Cd0.8Zn0.2S are both achieved in the present study. 35 

2. Experimental 

2.1 Material preparation 

All chemical reagents used were obtained from commercial 

sources as guaranteed-graded reagents and used without further 

purification. Ni@C nanoparticles were prepared by an AC arc 40 

discharge method under He gas atmosphere according to the 

previous publication.31 Before using for the material preparation, 

2.0 M HCl solution was used to treat the Ni@C nanoparticles to 

remove the uncoated metallic Ni particles.29,30 The as-prepared 

Ni@C product has particle size distribution in the range of 10-50 45 

nm, and contains 67.54wt% face-centred cubic (FCC) Ni 

nanocrystals encapsulated by graphite-like carbon shells.31 

Ni@C/Cd0.8Zn0.2S was prepared by a facile hydrothermal 

process similar to the previous work but with some modification.4 

Typically, 0.213 g Cd(Ac)2
.2H2O, 0.051 g ZnAc2 2H2O, 7.8 mg 50 

Ni@C, and 1.44 g sodium dodecyl sulfonate (SDS) were added in 

50 mL water under stirring. After sonication for 15 min, 0.150 g 

thioacetamide (TAA) was added into the suspension, and then 

transferred into a Teflon-lined stainless steel autoclave from 

hydrothermal treatment at 100°C for 3 h. The obtained sample 55 

was washed with acetone and alcohol in sonication washer to 

remove non-reacted reactants, and then dried at 60°C overnight to 

obtain 5wt% Ni@C/Cd0.8Zn0.2S. 

For comparison, Ni@C/Cd0.8Zn0.2S nanocomposites with 

different Ni@C contents were prepared by varying the Ni@C 60 

addition amount. The pristine Cd0.8Zn0.2S was also prepared via 

the same process but without addition of Ni@C. Pt-loading of 

Cd0.8Zn0.2S was conducted according to a typical photodeposition 

method. 0.2 g Cd0.8Zn0.2S was dispersed into 40 mL water under 

stirring, and then 10 mL methanol and 0.65 mL H2PtCl6 (0.077 M) 65 

solution were added in the suspension in sequence. The mixture 

was irradiated by a 500 W high-pressure Hg-lamp for 3 h under 

stirring. After centrifugation, the sample was washed with water 

and dried at 80°C for 10 h to obtain 5wt% Pt/Cd0.8Zn0.2S. 

2.2 Material characterization 70 

X-ray powder diffraction (XRD) patterns were obtained on a 

Bruker D8 advance X-ray diffractometer with Cu Kα radiation (λ 

=0.15418 nm). Product morphology was observed on JEOL JEM 

2100F high-resolution transmission electron microscope 

(HRTEM) working at 200 kV. X-ray photoelectron spectra (XPS) 75 

were recorded on a Kratos XSAM800 X-ray photoelectron 

spectroscope equipped with a standard and monochromatic 

source (Al Kα). The diffuse reflectance absorption spectra (DRS) 

were recorded on a Cary 5000 UV-Vis-NIR spectrophotometer 

equipped an integrating sphere by using BaSO4 as a reference. 80 

Photoluminescence (PL) spectra were obtained on a Hitachi 

F4500 fluorometer. The contents of various elements in sample 

were detected by using Bruker S4 Pioneer X-ray fluorescence 

(XRF) spectrometer with Rh target without standard sample. 

For the photoelectrochemical measurement, a working 85 

electrode (Pt wire) was immersed in a 50 mL of suspension 

containing photocatalyst (25 mg), NaOH (1.9 g) and methyl 

viologen (6 mg), and a saturated Ag/AgCl electrode and a Pt 

gauze electrode were used as a reference and a counter electrode, 

respectively. Before irradiation, the suspension was continuously 90 

purged by N2 to remove O2, and then illuminated by visible light 

(λ≥420 nm) from a 300W Xe-lamp equipped with a 420 nm 

cutoff filter. The working electrode was held at +0.4 V vs. 

Ag/AgCl, and the photocurrent-time curve was collected by using 

a CHI618 workstation.7 To evaluate the photostability, the 95 

photocatalyst after the first run of 5 h photochemical reaction was 

picked out from the suspension, washed with water and dried at 

70oC. And then this recovered photocatalyst was used to the 

second run of the photoreaction under the same condition. The 

Cd2+ and Ni2+ in the remnant solutions after each run 100 

photoreaction and removal of the photocatalyst were collected by 

a 731 positive ion-exchange resin and, their concentrations were 

detected by a WFX-200 atomic absorption spectrometer (AAS, 

Beijing Rayleigh Analytical Instrument Co. Ltd. China) with 

Deuterium Lamp effect background correction system. 105 

2.3 Photoactivity measurement 

Photocatalytic H2 evolution reactions were carried out in an outer 

irradiation-type photoreactor (pyrex glass). The photocatalyst 

(0.10 g) was dispersed in 100 mL sacrificial reagent solution 

containing 0.25 M Na2SO3 and 0.35 M Na2S aqueous solution, 110 

which can serve as hole scavengers and allow an effectual H2 

production. A 300 W Xe-lamp (PLS-SXE300, Beijing Trusttech 

Co. Ltd, China) with a cutoff filter (Kenko L-42) was employed 
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for visible-light (λ ≥ 420 nm) irradiation. Before the light 

irradiation, the photoreactor containing photocatalyst and the 

sacrificial reagent was sonicated several minutes to let the 

photocatalyst dispersed uniformly, and then thoroughly degassed 

to remove air completely. The H2 evolved amount was 5 

determined by a gas chromatograph (GC, SP-6800A, TCD, 5 Å 

molecular sieve columns and Ar carrier). 

Apparent quantum yield (AQY) was measured under the same 

photoreaction condition except for the incident monochromatic 

light.4,7 The H2 yields of 1 h photoreaction under different 10 

monochromatic light wavelengths were measured. The band-pass 

and cutoff filters and a calibrated Si photodiode (SRC-1000-TC-

QZ-N, Oriel, USA) were used in the above measurement. The 

AQY values at different monochromatic light wavelengths were 

calculated by the following equation.4,7 15 

2

The number of reacted electrons
AQY (%) = 100

The number of incident photons

2 The number of evolved H  molecules
               100

The number of incident photons




 

 

3. Results and discussion 

3.1 Crystal phase and microstructure analyses 

Fig. 1 depicts the XRD patterns of the pristine Cd0.8Zn0.2S and 

Ni@C/Cd0.8Zn0.2S nanocomposites with different Ni@C contents. 20 

As can be seen, the pristine Cd0.8Zn0.2S shows three main 

diffraction peaks with 2θ located at ca. 26.6°, 44.2° and 52.4°, 

which is very similar to the three diffraction peaks at 2θ=25.5°, 

44° and 52°, ascribable to the (111), (220) and (311) planes of 

cubic CdS (JCPDS No. 42-1411).14,30 It indicates that CdS-ZnS 25 

solid solution (JCPDS No. 49-1302) is formed by the present 

hydrothermal process.4,21 The pristine Ni@C nanoparticles show 

an diffraction peak, basically consistent to the graphite’s (002) 

planes diffraction peak with 2θ=26.5° and the interlayer distance 

of 0.334 nm, indicating the carbon in Ni@C existed as graphite-30 

like structures.29,30 Moreover, there are two obvious diffraction 

peaks with 2θ located at 44.6° and 51.8°, ascribable to the 

(111) and (200) planes of face-centered cubic (FCC) Ni, 

indicating Ni in Ni@C existed as metallic nanoparticles even 

through the acid pretreated process.29-31 35 

All Ni@C/Cd0.8Zn0.2S nanocomposites with different Ni@C 

contents show obvious reflection peaks with 2θ located at ca. 

26.6°, 44.2° and 52.4°, which is similar to the pristine Cd0.8Zn0.2S 

(Fig. 1). It means that the Cd0.8Zn0.2S in Ni@C/Cd0.8Zn0.2S also 

exists as cubic phase. The reflection peaks of Ni@C cannot 40 

obviously observed from the XRD patterns of Ni@C/Cd0.8Zn0.2S 

with Ni@C content less than 5wt%, which might be due to its 

low content and high dispersion.12,20 Although these reflection 

peaks of Ni@C partly overlap with that of Cd0.8Zn0.2S as shown 

in Fig. 1, the product with 9wt% Ni@C content shows a 45 

diffraction peak at 2θ=44.6° attributable to the (111) planes of 

FCC metallic Ni (labelled by the dot line in Fig. 1), indicating 

that Ni in Ni@C exists as metallic particles even through the 

hydrothermal treatment process.29,30 Moreover, the crystallinity of 

Ni@C/Cd0.8Zn0.2S is slightly reduced upon enhancing the Ni@C 50 

content, implying that the Ni@C can successfully immobilize 

Cd0.8Zn0.2S nanoparticles and retard the crystal growth.32,33 

 
Fig. 1  XRD patterns of the pristine Cd0.8Zn0.2S, Ni@C and the 

Ni@C/Cd0.8Zn0.2S nanocomposites with different Ni@C contents. 55 

3.2 Microstructure and composition analyses 

TEM images in Fig. 2a and b show that 5wt% Ni@C/Cd0.8Zn0.2S 

is composed of Ni@C with its graphite-like carbon shells densely 

decorated by Cd0.8Zn0.2S nanoparticles with an average particle 

size of ~10 nm, whereas Ni@C nanoparticles showing larger 60 

particle sizes (50 nm) randomly disperse in the sample, which is 

similar to our previous report,30 where it is found that the Ni@C 

nanoparticles have broader size distribution and larger mean 

particle sizes (40 nm) randomly disperse in the sample. As can 

be observed from Fig. 2b, the metallic Ni nanoparticle is 65 

encapsulated in several carbon layers, the well-resolved lattice 

fringes with d-spacings of ca. 0.292, 0.198, and 0.334 nm can be 

assigned to the Cd0.8Zn0.2S (111), Ni (111), and graphite (002) 

planes, respectively. It indicated that Ni@C can retain its original 

structure even after the hydrothermal process. Moreover, those 70 

Cd0.8Zn0.2S aggregations are composed of nanoparticles with 

particle size of ~10 nm as shown in Fig. 2c, and the well-resolved 

lattice fringes with d-spacing of ~0.292 nm can be ascribed to the 

(111) planes of Cd0.8Zn0.2S, also indicating those Cd0.8Zn0.2S 

nanoparticles have high crystallinity.  75 

The energy-dispersive X-ray (EDX) spectrum (upper part in 

Fig. 2d) reveals that the large nanoparticle in Fig. 2b mainly 

contains Ni and C elements, implying those nanoparticles with 

larger particle sizes and lower transmissivity in Fig. 2a can be 

identified as Ni@C nanoparticles, their particle size distribution 80 

  

Fig. 2  TEM (a) and HRTEM (b, c) images and EDX spectra (d) of the 

5wt% Ni@C/Cd0.8Zn0.2S nanocomposite. 
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and morphology are also similar to those of the as-prepared 

Ni@C.31 Where the EDX spectrum (bottom part in Fig. 2d) 

reveals that those small nanoparticle aggregations mainly 

contains Cd, Zn and S elements with atom ratio of ca. 0.76:0.2:1, 

implying those nanoparticles with small particle sizes in Fig. 2a 5 

and b can be identified as the Cd0.8Zn0.2S nanocparticles. 

The surface elemental compositions of the pristine Cd0.8Zn0.2S 

and 5wt% Ni@C/Cd0.8Zn0.2S were analyzed by XPS spectra (Fig. 

3). The survey spectra in Fig. 3a indicate that both of the two 

products contain Cd, Zn and S elements, and the main binding 10 

energy peaks located at 410.9 eV (Cd2+ 3d5/2), 404.0 eV (Cd2+ 

3d3/2), 1042.2 eV (Zn2+ 2p1/2), 1019.2 eV (Zn2+ 2p3/2), and 161.6 

eV (S2- 2p3/2) can be observed from the high resolution XPS 

spectra (Fig. 3b-d) of the pristine Cd0.8Zn0.2S.32. These binding 

energy peaks of Cd2+ and Zn2+ are consistent with the reported 15 

data of the CdS-ZnS solid solution with finite deviations.4,18,32 

After loading with 5wt% Ni@C, slight shifts toward higher 

binding energies with small intensity decreases can be observed 

from the high resolution XPS spectra (Fig. 3b-d) of 5wt% Ni@C/ 

Cd0.8Zn0.2S, implying that the binding energies of the core level 20 

electrons of those metal and sulphide ions are affected due to the 

possible interactions among the composite components. No 

obvious XPS peak ascribable to Ni species can be observed in the 

range of 845-865 eV binding energy for the 5wt% Ni@C/ 

Cd0.8Zn0.2S, implying that most of Ni species are enveloped by 25 

the graphite-like carbon layers, which is consistent with our 

previous observation.29,30 In addition, the pristine Cd0.8Zn0.2S 

shows a C 1s peak at 284.1 eV (Fig. 3e), which can be assigned 

to adventitious carbon. After loading with 5wt% Ni@C, the C 1s 

peak shifts toward higher binding energy with a broader and 30 

stronger asymmetrical peak as shown in the high resolution C 1s 

spectrum of 5wt% Ni@C/Cd0.8Zn0.2S, implying the coexistence 

of adventitious carbon and graphite-like carbon in Ni@C. 

To further validate this issue, X-ray fluorescence (XRF) 

analysis results are listed in Table 1. The pristine Cd0.8Zn0.2S has 35 

Cd:Zn:S atom ratio of ca. 0.77:0.19:1, approximately equals to 

theoretical stoichiometric ratio of Cd0.8Zn0.2S. Moreover, all 

Ni@C/Cd0.8Zn0.2S nanocomposites with different Ni@C contents 

have a Cd:Zn:S atom ratio similar to the pristine Cd0.8Zn0.2S as 

shown in Table 1, implying the addition of Ni@C has limited 40 

influence on the chemical composition of the present ZnS-CdS 

solid solution. To check the effect of the hydrothermal process on 

the chemical composition of Ni@C, Ni@C was treated by the 

same hydrothermal process without addition of the reactants, and 

the corresponding XRF analysis results are also listed in Table 1. 45 

As can be seen, the Ni and C contents in the Ni@C samples 

with/without hydrothermal treatment are very similar. The 

pristine Ni@C has Ni:C atom ratio of 0.50:1, while the Ni:C atom 

ratio in 1wt%, 5wt%, and 9wt% Ni@C/Cd0.8Zn0.2S are 0.48:1, 

0.46:1, 0.43:1, respectively. It indicates that the Ni content in 
50 

   

  

Fig. 3  XPS spectra of the pristine Cd0.8Zn0.2S and the 5wt% Ni@C/Cd0.8Zn0.2S nanocomposite. Survey (a), Cd 3d (b), Zn 3d (c), S 2p (d) and C 1s (e). 

Table 1  Element compositions of Ni@C/Cd0.8Zn0.2S containing different Ni@C contents detected by XRF spectrometer 

Sample 
Pristine Cd0.8Zn0.2S 

1wt% Ni@C/ 

Cd0.8Zn0.2S 

5wt% Ni@C/ 

Cd0.8Zn0.2S 

9wt% Ni@C/ 

Cd0.8Zn0.2S 
Pristine Ni@C a 

C /wt% 
Ni /wt% 

Cd /wt% 

Zn /wt% 
S /wt% 

Cd:Zn:S atom ratio 

— 
— 

65.71 

9.56 
24.65 

0.77:0.19:1 

0.29 
0.68 

63.83 

9.04 
23.71 

0.77:0.18:1 

1.53 
3.45 

62.97 

8.67 
22.75 

0.79:0.18:1 

2.80 
5.85 

59.45 

8.00 
21.57 

0.78:0.18:1 

27.92 (29.15) 
67.54 (67.03) 

— 

— 
— 

— 
a Data in parentheses are the measured values of Ni@C treated by the same hydrothermal process as Ni@C/Cd0.8Zn0.2S.55 
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various nanocomposites is slightly lower than its additive content. 

Moreover, Ni@C content in 1wt%, 5wt%, and 9wt% 

Ni@C/Cd0.8Zn0.2S is 0.97wt%, 4.98wt%, and 8.65wt%, which is 

approximate to the corresponding initial addition amount. The 

above results suggested that the Ni@C nanoparticles have high 5 

chemical and thermal stability with very finite loss during the 

present hydrothermal process. 

3.3 Absorption spectra analyses 

Fig. 4 shows the UV–Vis diffuse reflectance absorption spectra 

(DRS) of the pristine Cd0.8Zn0.2S and 5wt% Ni@C/Cd0.8Zn0.2S 10 

nanocomposites with different Ni@C contents. The pristine 

Ni@C exhibits a very broad spectral absorption in the detected 

wavelength range, and the pristine Cd0.8Zn0.2S shows an 

absorption edge at ca. 555 nm, and its bandgap energy can be 

estimated to be 2.23 eV by a related curve of (αhv)1/2 vs. photon 15 

energy. This bandgap energy is lower than the previously 

reported value (2.34 eV) of CdS,34,35 but larger than that (2.16 

eV) of the CdS derived from a solvothermal process.4 This may 

be ascribed to the different preparation processes, which might 

cause the differences in the physical properties such as 20 

morphology, particle size, aggregation state, surface states and 

defects.34-36 Although Cd0.8Zn0.2S has no absorption above its 

fundamental absorption edge rising at 600 nm, Ni@C/ 

Cd0.8Zn0.2S nanocomposites show a broad elevated background in 

the visible light region due to the presence of Ni@C. Moreover, 25 

the absorbance in the range of 550-700 nm increases with 

enhancing the Ni@C content in the nanocomposites. It could be 

attributed to the enhancement of the surface electric charge of the 

Cd0.8Zn0.2S in the nanocomposite because of the introduction of 

Ni@C, which leads to the possible electronic transition of π→π* 30 

of Ni@C and n→π* between the n-orbit of the sulfur species in 

Cd0.8Zn0.2S and Ni@C.4 This enhancement happens at 

wavelength >550 nm, indicating a more efficient utilization of the 

solar energy can be obtained. Therefore, it can be inferred that 

incorporating Ni@C in Cd0.8Zn0.2S particles would influence the 35 

photogenerated carrier formation and separation during the 

photocatalytic process.29,30 

 
Fig. 4  DRS spectra of the pristine Cd0.8Zn0.2S, Ni@C, and the 

Ni@C/Cd0.8Zn0.2S nanocomposites with different Ni@C contents. 40 

3.4 Photocatalytic H2 production activity analyses 

Photocatalytic H2 production experiment was conducted by using 

an aqueous suspension containing photocatalyst (100 mg) and 

Na2S (0.25M)-Na2SO3 (0.35M) solution under visible-light ( ≥ 

420 nm) irradiation. Preliminary test indicated that no obvious H2 45 

evolution can be detected in the absence of either photocatalyst or 

visible-light irradiation. The effects of Ni@C contents in the 

nanocomposite on the average photocatalytic H2 production rate 

under 5 h visible-light irradiation were investigated and shown in 

Fig. 5. As can be seen, the pristine Ni@C shows very limited 50 

activity (20.6 μmol h-1) for H2 production, and the Ni@C treated 

by the hydrothermal process still exhibits a similar activity (21.3 

μmol h-1), also implying the present hydrothermal process does 

not destroy the original structure of Ni@C as mentioned above. 

Moreover, all Ni@C/Cd0.8Zn0.2S nanocomposites with different 55 

Ni@C contents show higher activity than the pristine Cd0.8Zn0.2S. 

The increased H2 production activity with enhancing the Ni@C 

content from 0 to 5wt% could be attributed to the distinctive 

structure and electrical properties of the Ni@C/Cd0.8Zn0.2S, 

which is beneficial for the separation of the photogenerated 60 

carriers. Since the pristine Ni@C shows very limited activity 

(20.6 μmol h-1), it is reasonable to think that the excessive Ni@C 

may hinder the nanocomposite’s light absorption and lead to the 

decrease of the Cd0.8Zn0.2S relative content, which would 

decrease the electrons excited from the valence band (VB) of 65 

Cd0.8Zn0.2S. Thus, the activity exhibits a decreasing trend with 

further enhancing the Ni@C content exceeding 5wt%. As a result, 

5wt% Ni@C/Cd0.8Zn0.2S has the maximum mean H2 production 

activity (969.5 μmol h-1), which is ~3.10 times higher than that 

(312.6 μmol h-1) of the pristine Cd0.8Zn0.2S. Furthermore, the 70 

physical mixture (Ni@C+Cd0.8Zn0.2S) containing 5wt% Ni@C 

and 95wt% Cd0.8Zn0.2S also exhibits higher H2 production 

activity (426.7 μmol h-1) than that (312.6 μmol h-1) of the pristine 

Cd0.8Zn0.2S although it is much lower than that (969.5 μmol h-1) 

of 5wt% Ni@C/Cd0.8Zn0.2S. This also indicates that incorporating 75 

Ni@C can promote the photoactivity of Cd0.8Zn0.2S. 

 
Fig. 5 Photocatalytic H2 production activities of various products under 

visible-light irradiation. Conditions: 100 mg photocatalysts in 100 mL 

Na2S (0.25M)-Na2SO3 (0.35M) solution, 300 W Xe-lamp equipped with 80 

cut-off filter (λ ≥ 420 nm) for 5 h light irradiation. 
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It is well known that Pt nanoparticles as co-catalyst can 

enhance the photoactivity of metal sulphides.32,37,38 In the present 

study, it is also found that Pt-loading can also significantly 

enhance the H2 production activity of Cd0.8Zn0.2S as shown in Fig. 

5. 5wt% Pt/Cd0.8Zn0.2S exhibits considerable H2 production 5 

activity (885.9 μmol h-1), which is slightly lower than that (969.5 

μmol h-1) of 5wt% Ni@C/Cd0.8Zn0.2S but much higher than that 

of the pristine Cd0.8Zn0.2S. However, Pt as co-catalyst suffers 

from the disadvantages of being rare and expensive, which 

limited their practical application in the photocatalytic H2 10 

production as mentioned above.22 Moreover, the graphite-like 

shells of Ni@C would block the accessibility of reaction solution 

to the metal Ni core, which might suppress the H2 production 

reaction and its release to gas phase, and then lead to a reduced 

activity. As a stable charge carrier, the graphite-like carbon shell 15 

is a more efficient electron conductor to transfer its accepted 

electrons to the metallic Ni core.30 Namely, the carbon shell of 

Ni@C also acted important role on improving the photoactivity 

and stability of Cd0.8Zn0.2S. Therefore, it can be concluded that 

the activity enhancement of the Ni@C/Cd0.8Zn0.2S can be 20 

attributed to the synergistic effect among its composite 

components, where the metallic Ni in Ni@C acted as co-catalyst 

while the graphite-like carbon shells as Cd0.8Zn0.2S nanoparticles’ 

support and electron acceptor, which is beneficial for separating 

spatially the photo-generated carriers and improving the 25 

photoactivity and stability for H2 production.30 Moreover, the 

present findings also demonstrate a cost reduction strategy by 

using non-noble metal co-catalyst instead of noble ones for 

efficient and stable light-to-hydrogen energy conversion. 

3.5 Photocatalytic H2 production stability analyses 30 

The above conjecture on the stability can be validated by the time 

courses (Fig. 6) for the H2 production of the representative 

products. The H2 production amount over those photocatalysts in 

five runs, in which fresh sacrificial reagents solution periodically 

is replaced in each run. As can be seen, the 5wt% Ni@C/ 35 

Cd0.8Zn0.2S can produce more than 23.0 mmol H2 during 25 h 

photoreaction with an average H2 generation rate of 969.5 μmol 

h-1 in the first run of 5 h photoreaction, and then slightly declines 

to 953.3, 929.0, 897.2, and 867.7 μmol h-1 in the second, third, 

fourth and fifth run of 5 h photoreaction, respectively. The 40 

percentages of the average H2 production rate of the second, third, 

fourth and fifth run as compared to the first run’s are estimated to 

be 98.3%, 95.8%, 92.5%, and 89.5%, respectively. Similarly, 

5wt% Pt/Cd0.8Zn0.2S shows a slightly declines in the average H2 

production rate in the 5 runs as shown in Fig. 6. Whereas, the 45 

pristine Cd0.8Zn0.2S and the mixture (5wt%Ni@C+Cd0.8Zn0.2S) 

shows more obvious declines in the average H2 production rate in 

the 5 runs. After the five run, the corresponding percentages of 

the average H2 production rate as compared to the first run’s are 

calculated to be 51.3% for the pristine Cd0.8Zn0.2S and 76.5% for 50 

the 5wt% Ni@C+Cd0.8Zn0.2S, respectively. The above results 

indicate that the existence of Ni@C can improve both the 

photoactivity and stability of Cd0.8Zn0.2S. 

Atomic absorption spectrum (AAS) analysis results (Fig. 7) of 

the supernatant of 5wt% Ni@C/Cd0.8Zn0.2S suspension after each 55 

5 h photoreaction process and removal of the photocatalyst shows 

that no obvious change in the Ni concentration, indicating very 

finite Ni corrosion occurring during the photoreaction process 

 

 60 

Fig. 6  Typical time course for H2 production over of various products 

under visible-light irradiation. Conditions: 100 mg photocatalysts in 100 

mL Na2S (0.25M)-Na2SO3 (0.35M) solution, 300 W Xe-lamp equipped 

with cut-off filter (λ ≥ 420 nm) for 5 h light irradiation. 

Moreover, the Cd2+ content in the five runs (for each 5 h) 65 

photoreaction suspension also verifies the photostability of the 

metal sulphide solid solution. There is total 6.60 μg mL-1 Cd2+ in 

the remnant solution for the 5wt% Ni@C/Cd0.8Zn0.2S suspension, 

while the Cd content in the present 100 mL suspension containing 

5wt% Ni@C/Cd0.8Zn0.2S (100 mg) is ~632.8 g mL-1. Namely, 70 

only ~1.0wt% Cd in the nanocomposite is released to suspension 

during the 25 h photoreaction, implying the very limited 

photocorrosion of Cd0.8Zn0.2S in the present nanocomposite. 

To further obtain more firm evidence on this issue, the 

nanocomposite was replaced by the pristine Cd0.8Zn0.2S for each 75 

5 h photoreaction under the same condition, and the Cd2+ content 

in the remnant solution after removal of Cd0.8Zn0.2S is 34.71 g 

mL-1. Namely, the released Cd2+ from the pristine Cd0.8Zn0.2S is 

~5.2wt% Cd2+, much larger than that from the nanocomposites. 

This is similar to the previous reports that the presence of 80 

multiwalled carbon nanotubes (MWCNTs) can hamper the 

photocorrosion of sulphide solid solution and therefore improve 

its photostability.39,40 Thus, it can be concluded that the 

incorporation of Ni@C can efficiently enhance the photo-stability 

of Cd0.8Zn0.2S, and the present carbon encapsulation strategy of 85 

Ni co-catalyst exerted important role in the present photocatalytic 

system with high efficiency and good chemical/thermal stability. 

3.6 Discussion on the photocatalytic mechanism 

Fig. 8 depicts the apparent quantum yield (AQY) curves and the 

DRS spectrum of the 5wt% Ni@C/Cd0.8Zn0.2S. As can be seen, 90 

 
Fig. 7  Ni2+/Cd2+ concents in the supernatant of the pristine Cd0.8Zn0.2S or 

the 5wt% Ni@C/Cd0.8Zn0.2S suspension after each 5 h photoreaction. 
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Fig. 8  Comparison of AQY curves and DRS spectrum of 5wt% Ni@C/ 

Cd0.8Zn0.2S. The light intensity of monochromatic wavelengths through 

420, 450, 475, 500, 520, and 550 nm band pass filters is 8.5, 8.2, 14.3, 

13.0, 13.2, and 13.2 mW/cm2, respectively. 5 

5wt% Ni@C/Cd0.8Zn0.2S shows a spectral responsive wave-

lengths ranging from 420 to 600 nm, and the AQY value at 420, 

450, 475, 500, 520, 550, and 600 nm monochromatic light 

irradiation is ca. 29.6%, 28.0%, 24.7%, 15.8%, 6.2%, 1.6%, and 

0.9%, respectively. When the wavelength is longer than 600 nm, 10 

5wt% Ni@C/Cd0.8Zn0.2S shows no obvious H2 production. 

Obviously, the AQY value decreases with enhancing the incident 

light wavelength, and the wavelengths suitable for H2 evolution 

are basically coincided with the absorption edge of Cd0.8Zn0.2S 

even though those nanocomposites still shows high absorbance at 15 

wavelength larger than 600 nm, indicating that the H2 evolution 

reaction was indeed driven by the photoinduced Cd0.8Zn0.2S 

excitation, and the light absorption property of Cd0.8Zn0.2S in the 

nanocomposite governed the photoactivity for H2 production.41,42 

Considering our results and discussion in the photoactivity and 20 

stability sections, a possible mechanism for H2 production over 

Ni@C/Cd0.8Zn0.2S can be proposed as follows: The primary role 

of Ni@C in Cd0.8Zn0.2S photoreaction is possibly to be the CB 

electron acceptor since the graphite carbon has a more positively 

leveled work function (ca. 4.60 eV41) compared to the CB level 25 

(ca. 3.49 eV13,35) of Cd0.8Zn0.2S. It indicates that the charge 

transfer from Cd0.8Zn0.2S to carbon shell of Ni@C is thermo-

dynamically favorable, which is similar to the previous situation 

that the charge transfer from photo-excited CdS to the 

MWCNTs.13 Thus, a similar charge transfer mechanism can be 30 

used to the present Ni@C/Cd0.8Zn0.2S system. Since the graphite 

carbon shells of Ni@C nanoparticles have a more positively 

leveled work function than Cd0.8Zn0.2S as discussed above,13,35,43 

the VB electrons of Cd0.8Zn0.2S can be excited to its CB, and then 

transfer to the densely contacted the carbon shell of Ni@C, where 35 

those electrons can further accumulate on Ni nanoparticles, and 

then react with the adsorbed proton/water to produce H2
21,32 In 

addition, the graphite-like carbon as the supporting matrix of 

Cd0.8Zn0.2S nanoparticles can transfer those electrons from 

Cd0.8Zn0.2S quickly, and resulting in the suppression of the carrier 40 

recombination.30,38 Moreover, the work function (ca. 4.60 eV) of 

carbon shell is greater than the CB energy level (ca. 3.49 eV) of 

Cd0.8Zn0.2S, but is smaller than that (ca. 5.35 eV) of metal Ni 

cocatalyst,13,43 which also causing to a facile charge transfer from 

carbon shell to Ni and resulting in high H2 production activity. 45 

Therefore, it is reasonable to think that the synergy effect is the 

crucial for the efficient electron transfer and separation, and then 

 
Fig. 9  PL spectra of the pristine Cd0.8Zn0.2S, the Ni@C/Cd0.8Zn0.2S 

nanocomposites with 1wt% and 5wt% Ni@C contents under an excitation 50 

wavelength of 380 nm. 

for the significant enhancement in the photoactivity. Of course, 

the above mentioned relative energetics is just one of many 

factors that influences the charge transfer processes of the 

photoreaction system, and the other influencing factors such as 55 

proton adsorption/desorption energy, intrinsic rates of electron 

transfer (e.g., exchange current), and particle size effects etc, 

seem to influence H2 production with different extents.13 

The above assumption on the charge transfer trend can be 

further validated by the photoluminescence (PL) spectra shown in 60 

Fig. 9. As can be seen, the pristine Cd0.8Zn0.2S nanoparticles 

exhibits a strong broad peak locates at ca. 555 nm, which can be 

ascribed to the bandgap excitation of Cd0.8Zn0.2S.22,32 A 

significant PL quenching of Cd0.8Zn0.2S can be observed after 

coupling with 1wt% or 5wt% Ni@C though the pristine Ni@C 65 

shows no obvious emission as shown in Fig. 9. Namely, the 

fluorescence quenching effect is mainly due to the addition of 

Ni@C though Ni and C species may hinder light absorption by 

Cd0.8Zn0.2S more or less. This result indicates the photogenerated 

carriers in Cd0.8Zn0.2S can be effectively transfer towards the 70 

densely contacted carbon shells of the Ni@C, and then to Ni for 

H2 production.32 The better charge separation and spectral 

resonance of the present nanocomposites can also be observed 

from the photocurrent responses (J-V curves) of the suspension 

consisting of photocatalysts shown in Fig. 10. The stable 75 

photocurrent value of 5wt% Ni@C/Cd0.8Zn0.2S nanocomposite is 

~3.12 times higher than that of the pristine Cd0.8Zn0.2S. It can be 

ascribed to the synergetic effect existing in the Ni@C/Cd0.8Zn0.2S 

interface, where the photogenerated charge can be efficiently 

separated in space to lower the carrier recombination. 80 

 
Fig. 10  Photocurrent-time curves of the pristine Cd0.8Zn0.2S, the 

Ni@C/Cd0.8Zn0.2S nanocomposites with 1wt% and 5wt% Ni@C contents 

in NaOH solution under visible-light irradiation. 
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Apparently, the graphite-like carbon coating on metal Ni 

nanoparticles acted not only as protection layers of the Ni core 

and supporting matrix of the Cd0.8Zn0.2S nanoparticles, but also as 

electron acceptor to increase the electron acceptance and 

transport rates in the nanocomposite, and then the photogenerated 5 

carriers recombination can be efficiently suppressed, this 

phenomena might be also beneficial for the photocatalytic 

reactions.30 The above results suggested interesting possibility for 

the fabrication of carbon encapsulated Ni co-catalyst coupled in 

metal sulphide photocatalysts, which is helpful to hinder the 10 

backward electron transfer and improve the electron injection and 

quantum efficiency. Anyway, the present Ni co-catalyst 

encapsulation is a successful cost reduction strategy by using 

non-noble metal co-catalyst instead of noble ones for efficient 

and stable light-to-hydrogen energy conversion. 15 

4. Conclusions 

Carbon encapsulation strategy of Ni co-catalyst is applied to the 

fabrication of novel carbon-coated Ni (Ni@C)/Cd0.8Zn0.2S nano-

composites derived from a facile hydrothermal process by using a 

pre-prepared Ni@C as a starting material. The obtained Ni@C/ 20 

Cd0.8Zn0.2S exhibit much better photoactivity and stability for H2 

production than the pristine Cd0.8Zn0.2S, and 5wt% Ni@C/ 

Cd0.8Zn0.2S exhibits the maximum average photocatalytic H2 

production activity (969.5 mol h-1) and an apparent quantum 

yield up to ca. 29.6% under 420 nm monochromatic light 25 

irradiation. The metallic Ni in Ni@C acted as co-catalyst while 

the graphite-like carbon as Cd0.8Zn0.2S nanoparticles’ support and 

electron acceptor, which causing an efficient charge separation, 

and then the enhanced photoactivity and stability for H2 

production as compared to the pristine Cd0.8Zn0.2S. The present 30 

results suggested interesting possibility for the fabrication of 

carbon encapsulated Ni co-catalyst coupled in metal sulphide 

photocatalysts, and demonstrates an effective cost reduction 

strategy by using non-noble metal co-catalyst instead of noble 

ones for cheap, efficient and steady H2 production system. 35 
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