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Abstract 
 
Photocatalytic water splitting using semiconductor 

materials has attracted considerable interest due to its 
potential for clean production of H2 from water through the 
conversion of abundant solar energy into chemical energy. 
This article briefly analyzed the trend and progress in the 
research and development of visible-light-responsive 
photocatalysts for water splitting in the past few years. 
Particularly, metal sulfides and composite photocatalysts 
were discussed. This brief review article aims at facilitating 
a search of stable and efficient photocatalysts for water 
splitting, and revealing fundamental insight into the 
development of novel visible light-adsorbing photocatalysts. 
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Hydrogen (H2) production using visible-light 

photocatalyst for water splitting has attracted considerable 
attention due to the growing demand for environmentally 
friendly and sustainable energy sources. The number of 
journal articles on water splitting for H2 production 
dramatically increased over the past few years (Fig.1), 
highlighting the tremendous interests in photocatalytic water 
splitting as a means of producing renewable clean energy 
production with minimum carbon footprint. Since the early 
1970s, intensive efforts have been directed toward research 
and development of various photocatalytic materials for 
water splitting for H2 production. Most traditional 
photocatalysts, such as TiO2 and ZnGa2O4, have relatively 
large band gaps and thus can capture only ultraviolet (UV) 
irradiation, which accounts for a small fraction of solar 
irradiation. To overcome this limitation, many types of 
visible-light-absorbing materials with narrower band gaps, 

such as mixed oxides, oxynitride, and metal sulfides1-3, are 
developed as shown in Fig. 2. Until today, developing 
visible light photocatalysts remains the focus in this field. As 
shown in Fig. 1, the number of journal articles on visible 
light-driven photocatalyst between 2006 and 2010 is almost 
5 times the number of journal articles published between 
1981 and 1985. It is also worth noting that before 2000, the 
publications on water splitting under UV irradiation 
outnumbered those under visible light. By contrast, after 
2000, much more attention is being directed toward water 
splitting under visible light, especially in the past five years. 
Moreover, the number of journal articles on UV driven water 
splitting has declined over that past 5 years.  

This article compared the quantum yield (QY) and H2 
productivity in different novel visible-light–adsorbing 
photocatalytic systems that were developed in the past few 
years. This article also examined the colloidal stability or 
durability, quantum efficiency, and potential environmental 
impacts between different studies, which laid groundwork 
toward developing and designing new rationale 

 

Fig. 1. The number of journal articles on water 
splitting published with years. VIS: visible light. 
UV: ultraviolet. 
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visible-light-responsive photocatalysts.  
 
1. Visible light-driven metal sulfide 
photocatalyst for water splitting 

Metal sulfides are attractive materials as candidates of 
visible light-driven photocatalysts due to the narrow band 
gaps and negative valence band potentials. Despite the 
excellent visible-light photocatalytic activity, they often 
exhibit poor photostability and undergo photocorrosion with 
prolonged light illumination. Yet the photocorrosion can be 
suppressed in the presence of sacrificial reagents. Many 
metal sulfide photocatalysts have been successful for H2 
evolution in the presence of sacrificial reagents as 
demonstrated in Table 1. For instance, CdS is one of the 
most popular photocatalysts,2, 4 because of its appropriate 
band gap (2.4eV) and electronic structures (e.g., the 
conduction band is -0.9 eV in reference to NHE at PH=7, the 
valence band is +1.5 eV in reference to NHE at PH=7). 
Different photocatalysts led to dramatically different QYs 
for different systems (Table 1). In addition, it is actually 
challenging to quantitatively compare the H2 production 
efficiency and productivity due to the lack of a common 
measure or indicator. So, H2 productivity expressed with 
different units (i.e., µmol/h, µmol/mg/h, and µmol/m2/h) 
were proposed and calculated in Table 1. Due to the 
availability of data or experimental details in the reference 

articles, we were able to obtain some of the H2 productivity 
quantities, which appeared to vary significantly with 
photocatalytic systems. Yan et al. reported that a quantum 
yield of 93% at 420 nm using the Pt-PdS/CdS photocatalyst 
in the presence of the sacrificial reagent of Na2S and 
Na2SO3 , which is the highest photocatalytic activity so far.2 
Accordingly, its H2 productivity seems to be the highest. 
However, Graphene-CdS and CdSeZnS/Zr/Ti/phosphate, if 
evaluated by the H2 production rate per unit photocatalyst 
mass, would apparently yield much greater H2 than 
Pt-PdS/CdS. Thus, it is important develop holistic evaluation 
methods to access the H2 productivity for different 
photocatalytic systems.  
 

2. Water splitting for H2 production using 
composite photocatalysts 

Clearly, efficient photocatalytic water-splitting systems 
require stable photocatalysts that have photocatalytic activity 
with repeated consecutive use. Most recently, many efforts 
have focused on the design of novel semiconductor materials 
and the optimization of chemical composition and 
microstructures to increase the photostability and quantum 
yield. For example, multicomponent sulfides, such as 
ZnIn2S4,5, 6 and (CuAg)xIn2xZn2(1-2x)S2 7, 8 have been studied 
as a new class of visible-light-driven photocatalysts for 
water splitting and H2 production.9  Zhang et al., recently 
developed a visible light-responsive photocatalyst 
(Ru/(CuAg)0.15In0.3Zn1.4S2) and successfully achieved H2 
evolution in the presence of KI as the sacrificial reagent.10. 
The study also examined the kinetics of photocatalytic 
generation of H2, stability and reusability of the catalyst over 
multiple cycles of H2 production and catalyst regeneration, 
which is not commonly reported elsewhere. The 
examination of stability and longevity of photocatalytic H2 
production is important and necessary to quantitatively 
compare the actual H2 productivity from different 
photocatalytic systems.  

The photocatalyst reported by Zhang et al was 
well-crystallized particles (30–50 nm in diameter) with high 
photocatalytic activity and broad visible light absorbance 
(from 400 nm up to 650 nm). The highest H2 production rate 
was approximately 190 ± 6.5 µmol·h-1 at the initial pH of 4 

 

 

Fig. 2. The number of journal articles on different 
popular visible-light-responsive photocatalysts 
published from 2007 to 2012. 
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and 0.2 M KI as electron donor. The highest QY415–425 (QY 
under the wavelength of 420±5 nm) was 4.6 ± 0.3%. 
Although this QY does not seem to be stunning and even 
lower than those of some similar catalysts, such as Pt/CdS 
(QY415–425 ≈ 24%),11 and (CuAg)0.15In0.3Zn1.4S2 (QY415–425 ≈ 

7%),8 the catalyst exhibited relatively good colloidal 
stability and was able to capture a wide spectrum of the solar 
irradiation (400–650 nm). Most importantly, this article 
provided systematic investigations on the longevity of the 
photocatalyst with consecutive reaction cycles. The study 
monitored the particle size distribution and metal ion release 
during the photocatalytic H2 production, which help 
understand why the H2 production rate decreased from 190 
to 120 µmol·h-1 with over different reaction cycles. It was 
experimentally observed that the photocatalyst particles 
underwent pronounced aggregation, which led to the 

increase in particle size; and a significant release of metal 
ions was observed during H2 production, which led to a loss 
of the catalyst mass and potential changes in the 
photocatalytic activity. Consequently, these processes may 
result in the decrease of photocatalytic activity and stability. 

 

3. Conclusion 
Solar water splitting for H2 production is important to 

obtain clean energy in the future. Nowadays, there are many 
photocatalysts have been developed, and the focus is largely 
on the novel material synthesis and improvement of 
photocatalytic activity. In the future, it is necessary to take 
the stability and reusability of photocatalysts into 
consideration. In addition, applications of photocatalyst 
materials made of earth abundant elements would be more 
attractive and critical for energy sustainability.

 
Table 1. Comparison of hydrogen evolution with different visible light-responsive photocatalysts 

Catalyst Light source 
QY H2 Productivity 

Ref.  
% µmol/h µmol/mg/h µmol/m2/h 

Pt/CdS/TiO2 N.A. 20 54 0.68 N.A. 1 
Pt-PdS/CdS ≥420 nm 93 8770 29.23 N.A. 2 
Pt/[In(OH)ySz]:Zn ≥420 nm 0.59 67 0.22 N.A. 12 
PPy/CdS ≥430 nm N.A. 110 0.73 N.A. 13 
Graphene-CdS 420 nm 22.5 1120 556 N.A. 14 
CdSeZnS/Zr/Ti/phosphate 420 nm 9.6 714 35.71 N.A. 15 
CdS/TiO2 420 nm 43.4 402 N.A. N.A. 16 
(Cd0.8Zn0.2)S ≥420 nm N.A. 302 3.02 N.A. 17 

REFERENCE 
 
1. Daskalaki, V. M.; Antoniadou, M.; Li Puma, G.; 
Kondarides, D. I.; Lianos, P., Solar light-responsive 
Pt/CdS/TiO2 photocatalysts for hydrogen production and 
simultaneous degradation of inorganic or organic sacrificial 
agents in wastewater. Environmental science & technology 
2010, 44, (19), 7200-7205. 
2. Yan, H.; Yang, J.; Ma, G.; Wu, G.; Zong, X.; Lei, Z.; Shi, J.; 
Li, C., Visible-light-driven hydrogen production with 
extremely high quantum efficiency on Pt–PdS/CdS 
photocatalyst. Journal of Catalysis 2009, 266, (2), 165-168. 
3. Tsuji, I.; Kato, H.; Kobayashi, H.; Kudo, A., 

Photocatalytic H2 Evolution Reaction from Aqueous 
Solutions over Band Structure-Controlled (AgIn) xZn2(1-x)S2 
Solid Solution Photocatalysts with Visible-Light Response 
and Their Surface Nanostructures. Journal of the American 
Chemical Society 2004, 126, (41), 13406-13413. 
4. Zong, X.; Yan, H.; Wu, G.; Ma, G.; Wen, F.; Wang, L.; Li, 
C., Enhancement of photocatalytic H2 evolution on CdS by 
loading MoS2 as cocatalyst under visible light irradiation. 
Journal of the American Chemical Society 2008, 130, (23), 
7176-7177. 
5. Fan, W. J.; Zhou, Z. F.; Xu, W. B.; Shi, Z. F.; Ren, F. M.; 
Ma, H. H.; Huang, S. W., Preparation of 
ZnIn2S4/fluoropolymer fiber composites and its 

NSTI-Nanotech 2013, www.nsti.org, ISBN 978-1-4822-0586-2 Vol. 3, 2013586



photocatalytic H2 evolution from splitting of water using Xe 
lamp irradiation. Int. J. Hydrog. Energy 2010, 35, (13), 
6525-6530. 
6. Li, M. T.; Su, J. Z.; Guo, L. J., Preparation and 
characterization of ZnIn2S4 thin films deposited by spray 
pyrolysis for hydrogen production. Int. J. Hydrog. Energy 
2008, 33, (12), 2891-2896. 
7. Tsuji, I.; Kato, H.; Kudo, A., Photocatalytic hydrogen 
evolution on ZnS-CuInS2-AgInS2 solid solution photocatalysts 
with wide visible light absorption bands. Chem. Mater. 2006, 
18, (7), 1969-1975. 
8. Tsuji, I.; Kato, H.; Kudo, A., Visible-light-induced H2 
evolution from an aqueous solution containing sulfide and 
sulfite over a ZnS-CuInS2-AgInS2 solid-solution photocatalyst. 
Angew. Chem. Int. Ed. 2005, 44, 3565-3568. 
9. Shen, S. H.; Zhao, L. A.; Guo, L. J., ZnmIn2S3+m (m=1-5, 
integer): a new series of visible-light-driven photocatalysts 
for splitting water to hydrogen. Int. J. Hydrog. Energy 2010, 
35, (19), 10148-10154. 
10. Zhang, G.; Zhang, W.; Wang, P.; Minakata, D.; Chen, Y.; 
Crittenden, J., Stability of an H2 producing photocatalyst 
(Ru/(CuAg)0.15 In 0.3 Zn1.4S2) in aqueous solution under visible 
light irradiation. International Journal of Hydrogen Energy 
2012. 
11. Jing, D. W.; Guo, L. J., A novel method for the 
preparation of a highly stable and active CdS photocatalyst 
with a special surface nanostructure. J. Phys. Chem. B 2006, 
110, (23), 11139-11145. 
12. Lei, Z.; Ma, G.; Liu, M.; You, W.; Yan, H.; Wu, G.; Takata, 

T.; Hara, M.; Domen, K.; Li, C., Sulfur-substituted and 
zinc-doped In(OH)3: A new class of catalyst for 
photocatalytic H< sub> 2</sub> production from water 
under visible light illumination. Journal of Catalysis 2006, 
237, (2), 322-329. 
13. Zhang, S.; Chen, Q. Y.; Wang, Y. H.; Guo, L. J., Synthesis 
and photoactivity of CdS photocatalysts modified by 
polypyrrole. International Journal of Hydrogen Energy 2012, 
37, (17), 13030-13036. 
14. Li, Q.; Guo, B.; Yu, J.; Ran, J.; Zhang, B.; Yan, H.; Gong, J. 
R., Highly efficient visible-light-driven photocatalytic 
hydrogen production of CdS-cluster-decorated graphene 
nanosheets. Journal of the American Chemical Society 2011, 
133, (28), 10878-10884. 
15. Biswal, N.; Das, D. P.; Martha, S.; Parida, K. M., Efficient 
hydrogen production by composite photocatalyst 
CdS-ZnS/Zirconium-titanium phosphate (ZTP) under visible 
light illumination. International Journal of Hydrogen Energy 
2011, 36, (21), 13452-13460. 
16. Li, C. L.; Yuan, J. A.; Han, B. Y.; Jiang, L.; Shangguan, W. 
F., TiO2 nanotubes incorporated with CdS for photocatalytic 
hydrogen production from splitting water under visible light 
irradiation. International Journal of Hydrogen Energy 2010, 
35, (13), 7073-7079. 
17. Wang, X. W.; Liu, G.; Chen, Z. G.; Li, F.; Lu, G. Q.; Cheng, 
H. M., Efficient and stable photocatalytic H2 evolution from 
water splitting by (Cd0.8Zn0.2)S nanorods. Electrochemistry 
Communications 2009, 11, (6), 1174-1178. 
 

 

NSTI-Nanotech 2013, www.nsti.org, ISBN 978-1-4822-0586-2 Vol. 3, 2013 587




