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Abstract 

The photoreduction behaviour of CO2 on cadmium-loaded ZnS microcrystals and ZnS-CdS solid solution microcrystals was 
investigated. The photoreduction product on Cd-loaded ZnS was formate, and the highest quantum efficiency of production 
was 32.5%, which was twice as large as that obtained on bare ZnS microcrystals. However, solid solutions of ZnS-CdS 
microcrystals did not exhibit high activities for the photoreduction of CO2. With increasing mole fraction of CdS, the activities 
for formate production decreased, and the production of CO was observed for a CdS mole fraction of 0.5--0.67. 
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1. Introduction 

The light-induced reduction of CO2 molecules in 
aqueous solutions using semiconductor photocatalysts 
has been investigated extensively [1-15]. Two-electron 
reduction products, such as carbon monoxide and for- 
mate, and four- and six-electron reduction products, 
such as formaldehyde and methanol, have been reported. 
However, the quantum efficiencies of these reductions 
are very low, except for the use of ZnS microcrystals 
in the presence of highly reactive hole scavengers 
[3,13,14]. 

In a previous report, using ZnS microcrystals as 
photocatalyst, 2-propanol was used as hole scavenger. 
The significance of the use of this hole scavenger is 
that the light energy can be stored in the light-induced 
reaction given by 

C O  2 "~ ( C H 3 ) 2 C H O H  , HCOOH + ( C H  3 ~ C O  

The Gibbs free energy of this reaction is +62.8 kJ 
mol-1 at 25 °C. 

The most popular technique for enhancing the pho- 
tocatalytic activity is the loading of electrocatalysts on 
semiconductor photocatalysts. For example, the pho- 
todecomposition of water on TiO2 and SrTiO3 [16-18], 
the photosynthesis of amino acids on TiO2 and CdS 

* Corresponding authors. 

[18-20] and the photodecomposition of saturated car- 
boxylic acids on TiO2 [18,21] are enhanced by noble 
metal loading. 

In this study, we have tested the loading of several 
kinds of metal on ZnS microcrystal photocatalysts and 
found that Cd is effective in enhancing the quantum 
efficiency of the photoproduction of formate. On the 
basis of this finding, the reduction of CO2 on solid 
solutions of ZnS-CdS microcrystals (which show sen- 
sitivity to visible light) has been investigated. It has 
been reported that ZnS-CdS co-colloids, prepared on 
alumina, clay and Nation supports, show remarkable 
photocatalytic activity for hydrogen evolution from 
aqueous sulphite solutions without the loading of noble 
metal electrocatalysts [22]. Although an enhancement 
of the photocatalytic activity of CO2 reduction is not 
observed by combining ZnS microcrystals with CdS, 
the reduction behaviour is influenced by the amount 
of CdS mixed with ZnS. 

2. Experimental details 

2.1. Preparation of ZnS and CdxZnl_xS 
microcrystaUine colloids 

The ZnS microcrystalline colloids were prepared by 
mixing 6×10 -4 mol dm -3 (1 mol din-3=1 M) 
Zn(CIO4)2 and 4×10 -4 M Na2S in an equal volume 
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in the presence of fine SiO2 powder (Japan Aerosil, 
200CF; specific surface area, 200 m 2 g- l )  which was 
used as stabilizer. Details of the preparation procedures 
have been reported previously [14]. The resulting ZnS 
colloids contained excess Zn 2÷ ions (1 x 10 -4 M Zn2÷). 
ZnS-CdS microcrystalline solid solution colloids given 
by the chemical formula CdxZnl_xS (0~<x~<l) were 
prepared by a similar method to that described above. 
By fixing the sum of the concentrations of Zn(C104)2 
and Cd(CIO4)2 to 6x10  -4 M, and adding 4x10  -4 M 
Na2S to the mixed solution of Zn(C104)2 and Cd(C104)2 
of equal volume, 2 x 10-4 M CdxZnl _xS microcrystalline 
colloids were produced in which Zn 2÷ or Cd 2÷ ions 
or both were in excess, with a total concentration of 
1 × 10 - 4  M. The colloid was aged for 1 day prior to 
use in the CO2 photoreduction experiments. Bulk ZnS 
and CdxZn~_xS colloids were also prepared using similar 
procedures but without SiO2 powder as stabilizing agent. 
The average size of the ZnS microcrystals was 3.9 nm 
as reported previously [14] and that of the bulk ZnS 
colloids was 45 nm, as determined by a Photal DLS- 
70 Ar dynamic light scattering apparatus (Otsuka Elec- 
tronics). The mean particle diameter of the prepared 
CCZnl_xS microcrystals, evaluated by transmission 
electron microscopy, was about 4 nm for all cases 
independent o fx  values. On the other hand, the mean 
particle diameter of bulk CCZn~_,S was 50 nm for 
x=0.83 and x=0.75, 60 nm for x=0.50 and x=0.33 
and 80 nm for x=0.  

2.Z Metal loading of the ZnS microcrystals 

The metal loading of the ZnS particles was carried 
out as follows. A 3.9 cm 3 volume of the prepared ZnS 
colloids (0.78 /zmol of ZnS) was placed in a quartz 
cell (1 cmx1  cmx4.5 cm) having a side branch. A 
0.1 cm 3 aliquot of Cd(C104)2, Pb(Cl04)2, Ni(C104)2, 
AgCIO4 or Cu(C104)2 (various concentrations) was 
added to the ZnS colloids. Finally, 2-propanol was 
added as a hole scavenger to a concentration of 1 M, 
followed by flushing the resulting solution with Ar for 
30 min to purge off the dissolved oxygen. The pho- 
todeposition of metals onto the ZnS microcrystals was 
then attempted by illuminating the prepared reaction 
solution with a 500 W high-pressure Hg arc lamp (Ushio 
UI-501C) through 0.1 M NaI solution to cut off UV 
wavelengths shorter than about 270 nm. 

2.3. Photoreduction of carbon dioxide 

Prior to CO2 photoreduction experiments, 50/zl of 
1.5 X 10 -3  M NaHCO3 was added to 4 cm 3 of the ZnS 
and CCZna_xS colloids using a microsyringe, and then 
CO2 was passed through the cell for 30 min. For  the 
metal-loaded ZnS microcrystals, the same procedures 
were applied just after the photodeposition of the metals. 
The pH of the colloids was 5.5. A 500 W high-pressure 
mercury arc lamp or a 500 W xenon arc lamp was used 

as light source, and light from the lamp was passed 
through a 0.1 M NaI solution for the former and a 
UV-39 cut-off filter (Toshiba) for the latter. 

Hydrogen and carbon monoxide produced in the gas 
phase were determined using a gas chromatograph 
(Yanaco G-180), equipped with a molecular sieve 5A 
column (GL Sciences) and a thermal conductivity de- 
tector (TCD) (argon as carrier gas for the former and 
helium for the latter). Acetone produced in the liquid 
phase was determined using a gas chromatograph 
(Okura model 802) equipped with a BX-10 column 
(GL Sciences) and a flame ionization detector (FID). 
A high-pressure liquid chromatograph (Tosoh CCPD), 
equipped with an organic acid column (Waters) and 
a UV detector (Tosoh UV-8000), was used to determine 
the formate produced. 

2.4. Determination of the quantum efficiency 

The quantum efficiency was determined at 280 nm. 
Monochromatic light was obtained by passing light from 
the mercury arc lamp through a 280 nm interference 
filter (Oriel 280BPll). The width at half intensity was 
12 nm. The number of photons absorbed by the pho- 
tocatalyst was determined by subtracting the number 
of photons transmitted through the cell from the number 
of incident photons, both of which were determined 
by ferrioxalate actinometry. 

2.5. Photochemical measurements 

Absorption spectra were measured using an HP8452A 
diode-array spectrophotometer (Hewlett Packard). The 
fluorescence spectra were measured at an excitation 
wavelength of 280 nm using an F-3010 fluorescence 
spectrometer (Hitachi). 

3. Results and discussion 

3.1. Quantum efficiency of photoreducfion of carbon 
dioxide using various metal-loaded zinc sulphide 
microcrystals 

The ZnS microcrystals show absorption spectra with 
an onset wavelength near 315 nm, as reported previously 
[14]. The fluorescence spectra show a peak at around 
435 nm, which is attributed to the recombination of 
photogenerated electrons and holes at anion vacancies 
[23]. 

Fig. 1 shows the changes in the fluorescence spectra 
of 2× 10 -4 M ZnS microcrystalline colloids caused by 
Cd loading. As described in Section 2, the ZnS mi- 
crocrystalline colloids contained 1 x 10 -4 M Zn 2÷ ions. 
On addition of 5 x 10 -6  M Cd 2÷ ions, the fluorescence 
intensity of the colloids decreases significantly, sug- 
gesting that Cd 2÷ ions act as a quencher, but the peak 
fluorescence wavelength is unchanged. On the other 
hand, excess Zn 2÷ ions do not act as a quencher [24]. 
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Fig. 1. Fluorescence spectra of ZnS microcrystalline colloids: (a) 
original ZnS microcrystalline colloids before the addition of cadmium 
~ons; (b) after the addition of cadmium ions; (c) after subsequent  
41umination for 30 min with a 500 W mercury arc lamp; (d) after 
introduction of CO2 for 30 rain. 

The inactivity of Zn 2 + ions for fluorescence quenching 
may be related to their low reducibility on photoexcited 
ZnS microcrystals in the presence of 2-propanol. After 
30 min of illumination of 4 ml of the ZnS colloids in 
the presence and absence of 5× 10 - 6  M Cd 2÷ ions, 
0.2 ml of 10 mM methyl viologen (MV 2÷) was added 
to the colloids, and the amount of resulting methyl 
viologen cation radical (MV "÷) was determined. By 
assuming that MV "÷ is produced by reaction with the 
deposited metals alone, it is found that all Cd 2÷ ions 
present in the ZnS colloids before illumination are 
photodeposited, whereas only 5% of the Zn 2÷ ions are 
deposited by illumination for 30 min. The easy electron 
transfer from ZnS microcrystals to Cd 2÷ was reported 
by Weller et al. [23]. The results obtained here indicate 
that Zn 2÷ ions exhibit very weak electronic interaction 
with the ZnS microcrystals. 

When the deposition of Cd onto ZnS microcrystals 
is complete, the ZnS microcrystals recover their fluor- 
escence emission ability, as shown by spectrum (c) of 
Fig. 1. If COz is introduced at this stage, the fluorescence 
intensity decreases again to give spectrum (d) of Fig. 
1. The fluorescence intensity in this case is lower than 
that obtained for bare ZnS microcrystals in the presence 
of CO2 (not shown), suggesting that photogenerated 
electrons are more easily scavenged by CO2 with Cd 
loading. The pH of the colloids decreases from 9.0 to 
5.5 on introduction of CO2, and a pH decrease of this 
magnitude causes about a 75% decrease in the fluor- 
escence intensity of Cd-loaded ZnS even if CO2 is 
absent. Accordingly, the decrease in the fluorescence 
intensity caused by CO2 introduction must result from 
both the pH change and the quenching action of CO2. 

Fig. 2 shows the time course of the production of 
formate and hydrogen (reduction products) and acetone 
(oxidation product) during the photoreduction of CO2 
in the presence of 1 M 2-propanol on the Cd-loaded 
ZnS microcrystals. No reduction products of CO2 other 
than formate were detected, as observed on bare ZnS 
microcrystals [14]. The amounts of the oxidation and 
reduction products satisfy the chemical stoichiometry 
of the light-induced reactions. Since the production of 
these compounds occurs in proportion to the illumi- 
nation time, the activity of the ZnS microcrystals remains 
the same for the time interval given in the figure, 
suggesting that the Cd deposited on the ZnS micro- 
crystals is stable, unlike colloidal Cd [25]. The Cd- 
loaded ZnS microcrystals do not show any appreciable 
activity in the dark. 

Fig. 3 shows the quantum efficiency of photoprod- 
uction of each product as a function of the molar ratio 
of loaded Cd to the ZnS microcrystals. For the Cd- 
free ZnS microcrystalline colloid, pre-illumination for 
30 min was carried out before the CO2 reduction 
experiments were performed. It can be seen that the 
quantum efficiency of photoproduction of formate is 
enhanced by Cd loading of the ZnS microcrystals (up 
to twofold larger than that obtained on bare ZnS 
microcrystals). The highest quantum efficiency of 42% 
is achieved with a Cd loading of 0.025 mol.%. If the 
fluorescence intensity is measured in the presence of 
CO2 before the photoreduction experiments are per- 
formed, the intensity decreases with an increase in the 
Cd loading, as shown by the broken curve in Fig. 3, 
suggesting that CO2 interacts electronically with the 
Cd deposited on ZnS. The quantum efficiency of formate 
production is saturated for loading values above 0.025 
mol.%. The saturation of the photocatalytic activity 
with an increase in metal loading has been discussed 
for the photoreduction of water, using Pt-loaded TiO2 
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Fig. 2. Time course of the  production of acetone (a), formate (b) 
and hydrogen (c) on Cd-loaded ZnS microcrystals. Molar ratio of 
Cd to ZnS microcrystals was 0.025. Other  reaction conditions are 
given in the text. 
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Fig. 3. Quan tum efficiency of photoproduction of acetone (a), formate 
(b) and hydrogen (c), and the fluorescence intensity at 435 nm after 
the introduction of CO2, as a function of  the molar ratio of  loaded 
cadmium on the ZnS microcrystals. I l lumination time, 30 min. 

and CdS powder as photocatalysts, in terms of a screen- 
ing effect of the deposited metals for light absorption 
by the photocatalysts [26-28]. In addition, the size of 
deposited Cd may increase with an increase in Cd 
loading [29]. 

It may be speculated that the photoinduced reduction 
of CO2 molecules on Cd-loaded ZnS microcrystals takes 
place with the consumption of photogenerated electrons, 
not only through the conduction band edge, but also 
through surface states associated with anion vacancies 
[30]. The observation that the fluorescence peaks at 
435 nm for both bare and Cd-loaded ZnS microcrystals, 
and the absorption wavelength is 315 nm for the two 
kinds of photocatalyst, suggests that the anion vacancies 
are located at a position 1.07 V more positive than 
the conduction band edge. Since CO2 quenches the 
fluorescence intensity as described above, the anion 
vacancies seem to be involved in the photoreduction 
of CO2. However, it is possible that fluorescence quench- 
ing occurs even if photogenerated electrons in the 
conduction band move directly to the deposited metal 
at which the reduction of CO2 takes place. In this 
regard, the involvement of the conduction band process 
cannot be ruled out. 

Table 1 summarizes the quantum efficiencies of pro- 
duction of formate, hydrogen and acetone determined 
at 280 nm for ZnS microcrystals with various loaded 
metals. In the preparation of the metal-loaded pho- 
tocatalysts, 5 x  10 - 6  M metal ions were added to the 
2 × 10 -4 M ZnS microcrystalline colloids in the presence 
of 1 x 10 -4 M Zn 2÷ in all cases. As described above 
for the deposition of Cd, metal deposition seems to 

Table 1 
Q u a n t u m  efficiencies of  reduction and oxidation products obtained 
during the photoreduction of CO2 in the presence of 2-propanol on 
ZnS microcrystallites having various loaded metals  a 

Photocatalyst b Quan tum efficiency (%) 

Formic acid Hydrogen Acetone 

Bulk ZnS c 0 15.1 24.5 
Zn/ZnS 15.2 7.3 21.7 
Cd/ZnS 32.5 5.0 42.0 
Pb/ZnS 13.9 2.8 20.8 
Ni/ZnS 10.0 8.4 17.0 
Ag/ZnS 10.7 3.4 16.4 
Cu/ZnS 4.9 1.7 8.3 

a Metal loading was performed by illumination for 30 min. 
bExper iments  were carried out in the presence of 1× 10 -4 M 

Zn  2 +. 

c Bulk ZnS prepared in the absence of silica. 

be completed on illumination for 30 min, except for 
Zn deposition where only 5% of the Zn 2+ ions present 
in the solution are deposited. It may be speculated 
that, when the metal ions are added, replacement 
deposition occurs on the ZnS microcrystal surfaces even 
without the assistance of irradiation, because the sol- 
ubility products of the sulphides of the added metal 
ions are smaller than that of ZnS. However, the fluor- 
escence spectra of the ZnS microcrystalline colloids 
are unchanged on addition of metal ions. This suggests 
that the formation of the new metal sulphide by the 
replacement reaction does not influence significantly 
the fluorescence of the ZnS microcrystals. 

All the loaded metals investigated in this study give 
formate alone. Interestingly, bulk ZnS does not show 
any noticeable activity for the photoreduction of CO2. 
Furthermore, the loading of the metals tested in this 
study (except for Cd) causes a decrease in the activity 
for the photoreduction of CO2. No appreciable fluor- 
escence quenching is observed on introduction of CO2 
for Ag-, Ni- and Cu-loaded ZnS microcrystals, but 
fluorescence quenching is seen for Pb-loaded ZnS mi- 
crocrystals, as obtained for Cd-loaded ZnS microcrystals. 
However, Pb-loaded ZnS shows zero activity for CO2 
reduction (Table 1). Presumably, the CO2 adsorbed on 
the loaded Pb shows strong interaction with the pho- 
togenerated electrons in the ZnS microcrystals, but is 
not easily reduced, probably due to the high overvoltage 
of Pb for the reduction of CO2 [31,32]. 

3.2. Photoreduction of carbon dioxide using zinc 
sulphide-cadmium sulphide solid solution microcrystals 

The absorption spectra of CdxZnl_xS microcrystals, 
shown in Fig. 4, do not exhibit the characteristic ab- 
sorption of CdS and ZnS, suggesting that solid solutions 
of CdS and ZnS are formed. With increasing content 
of CdS, red shifts in the absorption spectra are seen. 
The fluorescence spectra of Cd~Znl_xS microcrystals 
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Fig. 4. Absorption spectra of Cd~Zn~ _~S microcrystals with x = 0 (a), 
x=0.17 (b), x=0.25 (c), x=0.50  (d), x=0.67 (e) and x = l . 0  (f). 
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Fig. 5. Band gap energy of CdxZnt_,S microcrystals (a) and bulk 
Cd~Zn,_,S powder (b) as a function of the mole fraction of CdS. 

also show one fluorescence peak irrespective of the 
mole fraction of CdS and this peak is red shifted with 
an increase in the mole fraction of CdS. 

Both ZnS and CdS are semiconductors with direct 
band gap transitions. If it is assumed that the CdxZnl _xS 
microcrystals prepared in this work are semiconductors 
belonging to this class, the band gap energy of each 
Cd~Zn~_~S microcrystal can be evaluated by plotting 
(ehv) 2 vs. hv [31] where e is the molar extinction 
coefficient, h is the Planck constant and u is the 
wavenumber. The band gap energies of various 
Cd~Zna _xS microcrystals and bulk Cd~Znl_xS powder, 
determined in this way, are shown in Fig. 5 as a function 
of the mole fraction of CdS. The band gap energy of 
the microcrystals is larger than that of the bulk powder 
for the same composition. 

Fig. 6 shows the time course of the production of 
formate and hydrogen (reduction products) and acetone 
(oxidation product) when the Cdo.sZno.sS microcrystals 
are used as photocatalyst. The reduction products are 

Fig. 6. Time course of the production of acetone (a), hydrogen (b), 
CO (c) and formate (d) on Cd05Zno.sS microcrystals. Other reaction 
conditions are given in the text. 

produced after 8 min of illumination, while acetone is 
produced without a time lag. The time lag is not observed 
for the use of ZnS microcrystals, but for CdxZnl_xS 
it increases with increasing mole fraction of CdS. After 
the time lag, the colour of the CdxZnl _xS microcrystals 
changes from transparent yellow to dark brown; this 
returns to the original yellow colour on exposure to 
air, suggesting that the reduction of Cd 2 + ions to give 
highly active Cd metal takes place preferentially at the 
start of illumination. As described in Section 2, excess 
C d  2+ ions are present in the CdxZnl_xS colloids, de- 
pending on the composition. If it is assumed that the 
molar ratio of e x c e s s  C d  2+ ions to Z n  2÷ ions is equal 
to that of the solutions used in the preparation of 
CdxZnl_xS before the addition of S 2-, the number of 
moles of excess Cd 2+ ions present in the cell increases 
with increasing mole fraction of CdS: 0.067, 0.10, 0.20, 
0.27 and 0.40 ~mol for CdS mole fractions of 0.17, 
0.25, 0.50, 0.67 and 1.0 respectively. The observation 
that the time lag required for the formation of the 
reduction products (formate, C O  and H/) increases 
with increasing mole fraction of CdS in CdxZnl_xS 
suggests that the deposition of Cd 2÷ ions takes place 
preferentially within the time lag. 

The production rates of formate, CO and hydrogen 
on the CdxZn~_xS microcrystals were determined from 
their linear dependence on the illumination time; the 
results are shown in Fig. 7 as a function of the mole 
fraction of CdS. With increasing mole fraction of CdS, 
the rate of formate production decreases, while hy- 
drogen evolution increases. In the CdS mole fraction 
range 0.5-0.67, CO is produced as a minor reduction 
product of CO2. As shown in Fig. 3, deposited Cd 
enhances the photocatalytic activity for COz reduction 
to formate without producing CO. If this is taken into 
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Fig. 7. Production rate of hydrogen (a), formate (b) and CO (c) on 
CdxZnz _,S microcrystals. 

consideration, CO is not expected as a reduction product 
for CdxZn~_xS. 

The intensity of the fluorescence peak of 2 ×  10 -4 
M CdxZnl_xS colloids (between 435 and 570 nm de- 
pending on the value of x) is quenched by the intro- 
duction of CO2. The degree of fluorescence quenching 
depends on the value of x and significant quenching 
is observed for CdxZnl_~S microcrystals having 
x=0.5-0.67, i.e. the range in which CO production 
from CO2 is seen. However, the fluorescence quenching 
observed is in accord with that obtained due to the 
variation in the pH of the colloids, suggesting that it 
is solely related to the adsorption of H ÷ ions. It is 
speculated that adsorbed H ÷ ions play a key role in 
the reduction behaviour of CO2, although the details 
are unknown at present. 

It can be concluded that, by preparing solid solutions 
of ZnS and CdS, the photocatalysts become sensitive 
to visible light, but the electrocatalytic activities are 
not enhanced. 
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