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Abstract Photocatalysts containing nanocrystallites of

cadmium sulphide dispersed in the channels of mesoporous

silicate SBA-15 exhibited enhanced activity for visible-

light mediated splitting of water, as compared to bulk CdS.

Whereas the incorporation of 1 wt.% Pt co-catalyst in CdS/

SBA-15 led to a substantial increase in H2 yield, Au at

similar loading resulted in marginally decreased activity.

The results indicate that the photocatalytic activity of CdS

crystallites is structure sensitive. Similarly, the role of a

noble metal may be associated with the particle size

dependent micro-structural features, rather than its elec-

tronic properties such as the work function or the heat of

adsorption of reactant or product molecules.
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1 Introduction

The large scale production of hydrogen by means of

semiconductor mediated photocatalytic splitting of water

remains an un-fulfilled dream as yet, even after more than

three decades of the discovery of this process by Fujishima

and Honda [1]. The main limitations in the commercial

exploitation of this process pertain to the low quantum

efficiency, difficulty in the recovery of a photocatalyst

when dispersed in water, and the loss of its activity over a

period of time. With a view to overcome these constraints,

concerted efforts have been devoted during last few years

to prepare various nano-structured semiconducting mate-

rials, so as to improve their surface-to-volume ratio and

hence the reaction efficiency, as is reviewed in several

articles [2, 3]. Another approach has been to confine these

nano-particles in certain porous silicate matrices in order to

ensure easier catalyst recovery after completion of the

reaction and at the same time to provide a hydrophobic

environment to catalyst particles [4–12]. We have reported

recently that the CdS nanocrystallites anchored over certain

water-repellent polymeric surface not only exhibit a high

catalytic activity for visible light-driven hydrogen pro-

duction from water splitting, they also maintain a

significantly long active life because of the hydrophobic

nature of the support [13]. We now report on the photo-

catalytic properties of CdS nanocrystallites deposited in

zeolite SBA-15 at the loadings of 2.5–10 wt.%. This par-

ticular silica support was chosen because of its

hydrophobic nature, comparatively high chemical and

hydrothermal stability, and at the same time one-dimen-

sional large-size cylindrical pores of SBA-15.

Corresponding CdS/SBA-15 composite catalysts incorpo-

rating highly dispersed Au or Pt metal were also

synthesized in order to understand the promotional role

played by a noble metal in the semiconductor-mediated

photocatalytic processes, as is reported in earlier studies

[14]. The samples were characterized for physico-chemical

properties and their photocatalytic activity was monitored

for the visible-light induced splitting of water. Another

study on SBA supported CdS photocatalyst for such an

application has been reported recently by Hirai et al. [15].

2-propanol was employed as a sacrificial agent, as the

addition of certain electron donor chemicals is known to

augment the rate of hydrogen release [14, 15].
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2 Experimental Methods

2.1 Catalyst Preparation

The SBA-15 host was synthesized using tetraethyl ortho-

silicate (TEOS) as a silica source and Pluronic P123

(Aldrich) as a structure directing agent. Following an ear-

lier reported procedure [16], the silicate gel of appropriate

molar composition was aged at 35 �C for a period of

*24 h under constant stirring followed by a hydrothermal

treatment at 80 �C for 15 h. The recovered solid product

was washed and dried in air at room temperature. After

raising the temperature at 1� per minute, the sample was

calcined at 500 �C for about 6 h. For the loading of CdS,

an aliquot of SBA-15 was soaked with desired amount of

cadmium acetate (Loba chemicals) dissolved in methanol,

accompanied with constant stirring and followed by

exposure to H2S flow. After filtration, the sample was dried

at room temperature and then heated at 200 �C. The sam-

ples were prepared with CdS loadings of ca. 2.5, 5 and

10 wt.% and are denoted as CdS(x)/S in the text, where x

represents the loading in weight percent and S stands for

SBA-15 host matrix. Taking CdS(5)/S as a representative

starting material, composite catalysts containing 1 wt.% of

either Au or Pt were synthesized in a small two-neck round

bottom flask fitted with a reflux condenser. A method

reported by Lin et al. [17] was adopted for this purpose,

where H2PtCl6 or HAuCl4, solutions in methanol were

employed as metal precursor and sodium citrate as capping

agent. The sodium citrate and metal salt (about 3:1 molar

ratio) in methanol solution were refluxed at 353 K under

stirring. The reaction was allowed for *30 min, when the

solution turned black in case of Pt and purple for Au, and

the flask was then immersed in chilled water. This solution

was then contacted with CdS (5%)/S for *30 min under

stirring, followed by evaporation on a rotavapor. Samples,

dried initially at room temperature and then at 200 �C, are

denoted in text as Pt/CdS/S and Au/CdS/S.

2.2 Photocatalytic Activity

Hydrogen evolution as a result of water splitting was

monitored in a quartz reaction cell, with a provision of

withdrawal of samples at regular intervals. 0.1 g of catalyst

was taken in 20 mL of water to which 15 vol.% 2-propanol

was added [15]. A 500 W Halogen lamp (Philips, India)

surrounded by flowing water channel of *0.5 cm width to

cut-off heat radiation, was employed as radiation source.

The reaction cell was held vertically at a distance of

*3 cm from the lamp. The hydrogen evolved was ana-

lyzed periodically by using a gas chromatograph

(Shimatzu, model 15 A), equipped with a molecular sieve-

5A packed column and a thermal conductivity detector

maintained at 355 K. No attempt was made to monitor the

other reaction product O2.

2.3 Characterization

X-ray powder diffraction (XRD) patterns were taken at a

scan rate of 1 min-1 on Rigaku (Miniflex, Japan) diffrac-

tometer using CuKa (1.5406 A�) radiation. The UV–visible

spectra were recorded on Perkin Elmer spectrophotometer

in spectral range 200–800 nm, using barium sulphate as

reference. The information about CdS crystallite size was

obtained by using transmission electron microscopy (TEM)

and a JEOL 1200 EX instrument was employed for this

purpose. The samples were dispersed in isopropanol for

transferring them to a copper grid. The specific surface area

and pore size were analyzed on Quantachrome model-

NOVA 1200 equipment. The samples were evacuated at

473 K prior to N2 sorption at 77 K. The specific surface

area (SBET) was calculated from the linear part of BET

(Brunauer–Emmet–Teller) plots while the method of Bar-

ret–Joyner–Halenda (BJH) was used to determine the pore

size distribution.

3 Results and Discussion

3.1 Physical Characteristics

The nitrogen adsorption/desorption isotherms of calcined

SBA-15 and also of the CdS loaded samples were of type-

IV showing H1 hysterisis loop, a typical feature of the

mesoporous silicates. The surface area, pore diameter and

pore volume of different samples, as derived from N2-

adsorption data, are reported in Table1. A marginal

decrease in the surface area and the pore size of the

photocatalysts may be attributed to ingress of CdS, Au or

Pt particles in the channels of the host matrix, as confirmed

by electron microscopy results. The scanning electron

microscopy pictures revealed that the as-synthesized SBA-

15 was of rod like morphology (not shown). Transmission

electron microscopy (TEM) images showed a well ordered

hexagonal array of mesopores in all the samples, a well

reported feature of SBA zeolite. The average diameter of

these pores was found to be *6 nm, matching well with

the N2-adsorption data (Table 1). Very few individual CdS

crystallites were seen in the TEM micrographs of CdS

(2.5)/S (Fig. 1a), while they were more abundant in the

samples having higher loadings (Fig. 1b, c). The size of the

CdS crystallites, seen as randomly distributed round size

dark objects covering the pore openings in Fig. 1b, c, was

found to vary in the range 2–6 nm. The TEM results also
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reveal that the incorporation of CdS has no significant

effect on the original mesopore structure of SBA-15.

3.2 XRD

The powder X-ray diffraction (XRD) patterns of base

material SBA-15 (curve a, Fig. 2) showed a prominent low

angle reflection at 2h = 0.95� along with two low intensity

lines at ca. 1.65 and 1.9�, which match well with the

characteristic (100), (110) and (200) reflections of meso-

porous SBA-15 having p6 mm symmetry (16). Curves b–f

in this figure show the XRD reflections of CdS loaded SBA

samples, and also their Au and Pt containing nano-com-

posites. These data clearly reveal that the structure of the

host matrix remained unaffected after inclusion of the CdS

or the co-catalyst particles.

Curves a–d in Fig. 3 exhibit the XRD patterns of SBA

samples in 2h range 10–70�, without and for different load-

ings of CdS. Curve (e) shows the XRD reflections of a bulk

CdS sample, synthesized by precipitation from a methanol

solution of cadmium acetate, followed by filtration, drying,

and heating in N2 at 500 �C. The XRD lines marked * in

Fig. 3 (curve e) and appearing at 2h values of 26.7, 30.9, 44.0

and 52.0� are the characteristic reflections of cubic (b) phase

of CdS ( JSPD S01-0647). Several low intensity XRD lines in

Table 1 Physical

characteristics of SBA-15 and

CdS loaded photocatalysts

a From XRD data

No. Photocatalyst Surface area

(SBET) (m2 g-1)

Pore volume

(cm3 g-1)

Pore diameter

(DBJH) nm

Average CdS

crystallite sizea (nm)

1 SBA-15 733 1.00 6.7 –

2 CdS(2.5)/S 667 0.90 6.7 Not measurable

3 CdS(5)/S 626 0.83 5.7 4.5

4 CdS(10)/S 616 0.81 5.7 7.5

5 Pt/CdS(5)/S 598 0.80 6.7 –

6 Au/CdS(5)/S 610 0.81 6.7 –

7 CdS powder – – – 17.0

Fig. 1 Transmission electron

micrographs of (a) CdS(2.5)/S,

(b) CdS (5)/S, and (c) CdS (10)/S

samples
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this figure arise due to hexagonal (a) phase of CdS. Data in

Fig. 1b–d thus reveal that the CdS particles in SBA-15 exist

mainly in the b-phase. Considerable line broadening

observed in curves (b–d) is a characteristic feature associated

with small (nanosize) crystallites. The average size of CdS

particles, estimated by using Debye-Sherrer formula, is

found to be around 17, 8 and 4.6 nm in bulk CdS, CdS(10)/S

and CdS(5)/S samples, respectively. The further broadening

of XRD lines in Fig. 1b suggests that the CdS particles in the

sample containing 2.5 wt.% loading were of size smaller

than 3–4 nm, which is the detection limit of XRD mea-

surement. These results clearly reveal that the crystallite size

increases progressively with increase in CdS loading, as was

observed in our earlier study also [13]. Furthermore, similar

XRD patterns were observed for Pt/CdS/S and Au/CdS/S

samples also, revealing the structural integrity of the com-

posite catalysts as well. No individual reflections due to Au

or Pt were detected in the XRD patterns of these samples,

indicating again the high dispersion and the nano-size of the

metal particles.

3.3 UV–Visible Spectra

Figure 4 exhibits the diffuse-reflectance UV–visible

absorption spectra of different CdS/S and bulk CdS sam-

ples. The decrease observed in the absorbance of SBA-15

1 3 5

(200)
(110)

(100)

d

f

b

c

e

a

In
et

ns
it

y 
(a

. u
.)

2θ (Degree)
2 4

Fig. 2 Low angle powder X ray diffraction patterns of (a) SBA-15

with no loading, (b) CdS(2.5)/S, (c) CdS (5)/S, (d) Pt/CdS (5)/S, (e)

Au/CdS (5)/S, and (f) CdS (10)/S samples
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Fig. 3 Wide angle powder X ray diffraction patterns of (a) SBA-15,

(b) CdS(2.5)/S, (c) CdS (5)/S, (d) CdS (10)/S, and (e) bulk CdS

samples
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Fig. 4 DR UV–visible absorbance spectra of (a) CdS(2.5)/S, (b) CdS

(5)/S, (c) CdS (10)/S, and (d) bulk CdS samples
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supported catalysts is commensurate with the amount of

CdS available in a particular sample. We also observe a

progressive shift in the onset of absorption edge to lower

wavelength region (curves a–c), which finds a correlation

with the loading-dependent decrease in CdS particle size.

This feature may be ascribed to the well-reported quantum-

confinement effect [18].

3.4 Photocatalytic Activity

The formation of H2 commenced within *15 min time,

when the catalytic reactor containing suspension of a CdS/

S sample in water-propanol (15 vol.%) mixture was

exposed to visible light, and the brisk formation of H2

bubbles continued till about 70 h of a typical test runs

without any apparent decrease in hydrogen yield. No

reaction was observed under dark condition. Curves a–c in

Fig. 5A depict the time dependent progress of photocata-

lytic reaction for the samples containing different loadings

of CdS. Curve (d) in this figure shows comparative cata-

lytic activity of a powder CdS sample. As seen in this

figure, the amount of hydrogen evolved per unit mass of

CdS in a sample follows a trend: CdS(5)/S [ CdS(2.5)/S

[ CdS(10)/S [ Bulk CdS. Taking into account the size of

CdS particles in different samples (Table 1), the activity

results clearly indicate an important role of the dispersion

and the size of the CdS particles, in addition to the amount

of photocatalyst loaded in a sample. In general, smaller is

the size of CdS particles better is the catalyst performance

because of the increase in surface to volume ratio of active

catalyst component (curve a, Fig. 5a).

In order to further highlight the dispersion effect, the

specific activity of three CdS/S samples, i.e., the yield of H2

per unit CdS particle, are plotted in Fig. 5b. The number of

CdS particles available in a particular sample was estimated

on the basis of the crystallite size data (Table 1), assuming

the shape of each particle to be spherical. These results fur-

ther illustrate that the particle size plays a crucial role in

determining the photocatalytic activity of a semiconducting

material. This particle size effect is similar to the structure-

activity relationships observed in the case of several noble

metal catalysts. For instance, although bulk gold is known to

be a poor catalyst for CO oxidation, around *3 nm size Au

crystallites are found to exhibit the highest activity in case of

Au/TiO2 catalysts [19, 20]. Not only the noble metals, the

chemical properties of semiconductor nano-crystals are also

reported to be size-dependent [21]. Various explanations

have been offered for these size-specific properties of the

nano-structured particles, such as modification of electronic

structure and varying surface properties at metal/support

interfaces as a function of crystallite size [20, 21]. It is

therefore suggested that the activity trend seen in Fig. 5b

may have its origin in the structure sensitivity of CdS pho-

tocatalyst, the presence of the micro-structural surface

defects playing an important role. The strong bonding of

molecules at rough single crystal surfaces comprising of

certain structural defect centers and the unique catalytic

activity of oxide–metal interfaces have indeed been dem-

onstrated [22].

In order to assess the long term stability of SBA sup-

ported samples, the activity of a representative CdS(5)/S

photocatalyst was monitored over a period of several days

for splitting of water under visible light. Figure 6 presents

these results where the experiment was interrupted after

about 30 h of an initial test run (curve a). The sample was
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then flushed with nitrogen and was reused for the next

cycle of 30 h experiment (curve b). As seen in Fig. 6a, b, a

similar rate of hydrogen evolution is observed during these

two reaction cycles. Similar trend was observed when such

experiments with in-between breaks were repeated several

times. The XRD pattern recorded on the sample recovered

after this prolonged contact with water revealed its struc-

tural stability.

Figure 7 depicts the hydrogen yield during photocata-

lytic splitting of water using samples Pt/CdS(5)/S (curve a),

CdS(5)/S (curve b) and Au/CdS(5)/S (curve c), containing

identical loadings at 5 wt.% of CdS and 1 wt.% of Au or

Pt. As seen in curve Fig. 7a, the photocatalytic activity of

CdS is found to increase substantially by inclusion of Pt.

On the other hand, almost no change in catalytic activity

was observed in the case of CdS/S sample containing a

similar amount of gold, besides a small decrease in

hydrogen yield (Fig. 7c).

The role of a co-catalyst in semiconducting materials

has been debated extensively and many contradictory

explanations have been offered for the noble metal

induced enhancement of photocatalytic activity, both for

the splitting of water and for the mineralization of vol-

atile organic contaminants. According to one school of

thought, a noble metal serves as electron sink to mini-

mize the recombination of photo-generated charge

carriers, leading thereby to improved quantum efficiency

[23–25]. Another explanation envisages a correlation

between the enhanced photocatalytic activity and the

work function of the deposited co-catalyst [26]. While

discounting such a relationship, Subramanian et al. [27],

on the other hand, proposed that the deposition of the

organic-capped noble metal particles of Au, Pt and Ir on

nano-structured TiO2 film cause a shift in the quasi-

Fermi level of the composite, resulting in the decreased

over-voltage of interfacial charge transfer process. The

extent of this energy level shift is found to be dependent

of the particle size of the noble metal. In a recent study

on visible light induced photocatalytic splitting of water

over platinum group metals dispersed on CdS nanocrys-

tallites, Satish et al. [28] proposed that the rate of

hydrogen production can be related to the metal-hydro-

gen bonding, and the electron work function and redox

potential of the noble metal atom. These authors sug-

gested that the better performance of Pt as a co-catalyst

compared to other platinum group elements such as Pd,

Rh and Ru can be ascribed to its higher work function,

lower metal-hydrogen bond energy, and more positive

redox potential. It was argued that when the metal-

hydrogen bond energy is less, the hydrogen evolution

barrier is substantially reduced, resulting in easy evolu-

tion of molecular hydrogen. Similarly, more positive is

the redox potential of the noble metal the faster will be

the reduction of H+ ions generated during H2O–h+

interaction [28].

We, however, observe that many of the above-men-

tioned correlations may not hold good when we take into

account the physical–chemical properties of Pt and Au

metals (Table 2) and the activity data presented in Fig. 7.

For instance, whereas electron work function of the two

metals is quite comparable, the reduction potential of Au

is considerably higher than that of Pt. Similarly, since the

heat of hydrogen adsorption is at least three times lower
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on Au as compared to Pt, one would expect much higher

catalytic activity with Au co-catalyst, in contrast to the

results shown in Fig. 7c. It is therefore apparent that the

surface properties and not the electronic structure of a

highly dispersed metal co-catalyst may play a vital role,

an aspect not given a serious thought so far. The activity

trend in Fig. 7 is in fact commensurate with the well-

reported size-dependence of the catalytic properties of

metals. The structure-sensitivity of small (nanosize)

noble metal particles, including Au and Pt, is known to

make them active for certain reactions and at the same

time inactive for others [20, 29, 30]. By similar analogy,

it can be argued that the metal–CdS interfaces in com-

posite photocatalyst may promote the adsorption of water

molecules, thus enhancing their interaction with the

photo-generated charge carriers. Just as an optimum size

of Au or Pt particles is a prerequisite for certain catalytic

processes, such as adsorption and oxidation of CO [19],

it is imperative that the adsorption of water molecules is

also structure-sensitive. An optimum crystallite size of

semiconductor and metal component may thus promote

the photocatalytic processes involved in the dissociation

of water. It is likely that this optimum size may vary for

different photocatalytic materials and also for different

noble metals, thus explaining the results in Figs. 5and 7.

In fact, an over-size metal particle may result in decrease

in the activity by covering some of the active semicon-

ductor sites, as seen in the results of Fig. 7c.

4 Conclusions

In conclusion, the results of our study reveal that both the

semiconductor and the dispersed metal phase in a com-

posite photocatalysts may exhibit structure-sensitivity for

the adsorption of water molecules. The size-tuning of both

the components may therefore prove to be vital for syn-

thesizing an efficient photocatalyst for splitting of water.

More detailed experiments are now planned to further

substantiate these ideas.
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