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Abstract

The effect of heai trentment at high temperature and etching with acetic acid on the composition, oxidation state and photoactivity of RhO,/
CdS catalysts was investigated. Our results indicate that heat treatment at high temperature is a crucial step in the enhancement of the
photocatalytic activity of RhO,/CdS catalysts, and they confirm the oxidation of RhCl, into Rh,0;, during heat treatment at 773 K in air (X-
ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) observations). Our results also indicate the formation of CdO, CdSO,
and CdCl, during treatment at 773 K and their removal by washing with acetic acid solution at pH 4.5. The photoactivity results reveal that
the pretreated catalyst exhibits a much higher activity for hydrogen generation from H,S decomposition and methanol dehydrogenation on
visible light irradiation. CdO shows no photoactivity regardless of the method used to prepare the catalyst. No evidence of Cd(OH), or Rh,S;
formation was found in our investigation. XPS data suggest that there is a strong interaction between Rh,0, and CdS after heating at 773 K.
The possible mechanism of enhanced photocatalytic activity is discussed.
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1. Introduction

Many different semiconductors have been used as photo-
catalysts for light-induced electron transfer reactions. CdS
has attracted a great deal of attention because of its low band
gap (2.4 eV) strong reducing ability of its conduction band
(—0.9 V vs. saturated calomel electrode (SCE) ) and strong
oxidizing ability of its valence band hole (1.5 V vs. SCE)
[1,2]. Noble metal loading can promote its light-induced
electron transfer reactions [ 3-5]. CdS loaded with Rh,0; has
been shown to produce oxygen on illumination with visible
light in the presence of PtCls*~ as electron scavenger [6a].
Its activity was found to be superior to that of RuO,/CdS in
alkaline conditions [6b,c]. More recently, Rh,0,/CdS has
also been used for the light-driven cleavage of hydrogen
sulphide and the dehydrogenation of methanol [7-11].

In the preparation of highly active Rh,03/CdS catalysts,
heating in air at 300 °C for several hours, followed by an
increase in temperature to 500 °C for 10 min, are important.
Some workers have ascribed this to the complete conversion
of RhCl, into Rh,0; [6-12]. Etching with 0.2 M acetic acid
(pH 4.5) is also very important, during which any CdO
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fraction which is present as a contaminant or is formed during
heating in air at elevated temperatures can be removed from
the surface of the CdS particles.

Although active M/CdS photocatalysts have been
obtained by this method, the detailed mechanism is unknown.
The purpose of this study is to provide detailed information
on the effect of redox etching pretreatment on the control of
the surface componentand on the promotion of electron trans-
fer reactions on the catalyst surface. The surface oxidation
states of Rh and the photocatalytic activities are correlated.
The possible mechanism of high temperature treatment is
presented.

2. Experimental section
2.1. Materials

Cadmium sulphide (better than 99.999%) and RhCl3.H,0
(analytically pure grade) were purchased from Shanghai
First Reagent Plant. All other chemicals were of at least ana-
Iytically pure grade and were used as supplied. Double dis-
tilled water was used throughout.
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2.2. Photocatalyst preparation

Method A: CdS (2 g) was mixed thoroughly with the
required amount of solution of RhCl;.H,0 (0.5 wt.% of
RhCl,); the slurry was dried at 353 K in air for 1 h, and
subsequently heated in an oven at 573 K in air for 3 h.

Method B: the same treatment as described in method A
was applied, followed by a rapid increase in temperature to
773 K which was maintained for 10 min; after this, the mix-
ture was taken out of the oven and cooled to room tempera-
ture.

Method C: RhO, loaded CdS, obtained from method B,
was suspended in acetic acid solution at 333 K (pH 4.5) for
30 min, and then washed with distilled water and dried.

Method D: the same treatment as described in method B
was applied except that the amount of Rh loaded was 3 wt.%.

Method E: the catalyst obtained by method C was reduced
in a hydrogen atmosphere at 823 K for 2 h,

2.3, Apparatus

Illumination experiments were carried out in visible light
with a wavelength longer than 440 nm. The reactor system
was equipped with a 10 cm water jacket and a 440 nm filter
to remove IR and UV radiation respectively. The reactor was
made of quartz glass. The photoactivity was determined by
the measurement of hydrogen produced during irradiation. In
each run, 25 mg of catalyst was dispersed in 25 ml of Na,$
or methanol solution at room temperature. The hydrogen
evolved during the tests was monitored by gas chromatog-
raphy with a 13x column. A TD detector was used with argon
as carrier gas. Blank tests were performed in the same con-
ditions.

2.4. Characterization methods

The X-ray diffraction (XRD) measurements were per-
formed using a Rigaku DI MAX-RB X-ray diffractometer.
The X-ray photoelectron spectroscopy (XPS) and Auger
electron spectroscopy (AES) data were measured with a
PHI-550 multifunctional spectrometer ¢ P-E Co., USA) using
Mg Ka radiation (power, 320 W; energy, 1253.6 eV). The
voltage of argon ion sputtering was 4 kV, and the sputtered
area was 5 mm X S mm. The binding energy was calibrated
using the C s line of the sample (&, =284.6 V). The error
in the binding energy measurement was approxiately 0.1
¢V. Gas desorption mass spectra (GDMS) were obtained
using a self-assembled quadrupole mass spectrometer con-
nected to a multifunctional spectrometer. Transmission elec-
tron microscopy (TEM) and scanning electron microscopy
(SEM) results were obtained using a JEM-7 electron micro-
scope (Japan). The specific surface area data of the RhO,/
CdS catalysts were determined by a volumetric Brunauer—
Emmett-Teller (BET) method with nitrogen as adsorbent.

3. Results
3.1. Characterization of Rh,0,/CdS photocatalysts

Commercial cadmium sulphide powder contains a certain
amount of cadmium oxide [12]. CdO is formed by the slow
oxidation of CdS in air. High temperature treatment in air
promotes this oxidation process. No remarkable colour
change occurs after 3 h thermal treatment at 573 K in air.
However, subsequent heating at 773 K yields a dark yellow
product. After etching, the colour of the catalyst is yellow—
green. As shown by our XRD results in Fig. 1, the amount of
CdO increases significantly after 10 min air treatment at 773
K, but not in the sample heated at 573 K for 3 h. The fraction
of CdSO, (as 3CdSO,.3H,0 and CdSO,.H,0) is also high
after heating at 773 K. Washing these powders with acetic
acid (pH 4.5) allows the dissolution of CdO and CdSO,
without inducing significant dissolution of CdS itself. From
theresultsof Refs. [ 11} and { 12], these observations indicate
that CdO and CdSO, are almost exclusively present on the
surface of the CdS microcrystals. No evidence of Cd(OH),
formation is observed from our XRD data (usually, water in
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Fig. 1. XRD spectra of RhO,/CdS catalysts: (a) catalyst A; (b) catalyst B;
(c) catalyst C.
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air is easily adsorbed by CdSO, and forms CdSO,.xH,0). It
should be noted that Cd(OH), can only be formed when CdO
is mixed with KOH or NaOH [ 13] or in an aqueous disper-
sion at pH 10 [14]. No evidence of CdCO; formation is
observed after treatment of catalyst B (because CdCO; will
decompose into CdO and CO, at 573 K). Due to the small
amount of RhCl; (approximately 0.5 wt.%), the XRD spectra
show no signal for CdCl, formation. However, when the
amount of RhCl, is increased to 20 wt.%, a clear signal of
CdCl, is observed.

Heating at 573 or 773 K does not result in a significant
change in the specific surface area of the catalyst (4.24 and
3.70 m® g~ respectively); however, acetic acid etching
results in a sharp decrease in the specific surface area (0.77
m? g~'). One possible reason for this is the elimination of
the rough surface fraciions of CdO and CdSO,,. It is observed
by SEM that the edge sharpness of the CdS microcrystals
increases after acetic acid etching. The particle size of this
catalyst is around 1 um and the RhO, particle size on the CdS
surface is about 3-5 nm (TEM results). No significant par-
ticle accumulation of RhO, is observed during these treat-
ments indicating that Rh,O, is highly dispersed on the CdS
surface.

In order to investigate the oxidation state of the surface
components, the X-ray photoelectron spectra of the three
different catalysts A, B and C were measured. The results are
given in Fig. 2. Two peaks of S 2p are observed for catalyst
A heated at 573 K for 3 h. The different strengths of the two
peaks indicate that one kind of S species dominates the other
on the surface of catalyst A. However, for catalyst B, heated
at 773 K for 10 min, the strengths of the two S signals are
almost the same. This indicates that the amounts of the two
S species on the surface of catalyst B are roughly the same.
After etching with acetic acid, only one & 2p peak remains.
The signal at the high energy end represents the SO,*~ spe-
cies; therefore the results given above indicate SO,*~ for-
mation during high temperature heat treatment in air. This
process is rather slow at 573 K but fast at 773 K (or near 773
K). No evidence of SO, species in catalyst C indicates that
this oxidation process only occurs on the CdS surface, and
not in the deep lattice phase (core structure), because oxygen
diffusion in these conditions is slow.

A very significant segregation of chlorine species is
observed in the high temperature heat treated sample. Since
the amount of RhCl, is low (approximately 0.5 wt.%), and
no XRD signal for the CdCl, phase is observed, the chlorine
signal reveals that the chlorine species are formed mainly on
the catalyst surface and can be removed easily by acetic acid
etching.

There is no clear signal of Rh 3d in catalyst B, but strong
signals in catalysts A and C. Only after etching with acetic
acid can clear Rh 3d spectra be obtained. This indicates that
the RhO, species are formed near the inner CdS surface. Fig.
3 shows the X-ray photoelectron spectra as a function of the
sputtering time with an argon beam for catalyst D; 3 wt.% of
RhCl; was loaded on this sample in order to obtain clear
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Fig. 2. X-Ray photoelectron spectra of RhO,/CdS catalysts: (a) catalyst A;
(b) catalyst B; (c) catalyst C.
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spectra of Rh 3d. Before sputtering, the catalyst was heated
at 573 K for 3 h and then at 773 K for 10 min. The sputtering
area was 5 mm X 5 mm and the sputtering voltage was 4 kV.
Initially, the C 1s and Cl 2p signal strengths decrease contin-
uously as a function of the sputtering time. After 90 min
sputtering, no clear C 1s and CI 2p signals arc observed,
whereas the signals of S 2s, S 2p, Cd 4s and Cd 4d have
increased. In addition, only one peak of S 2s remains after
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Fig. 3. X-Ray photoelectren spectra of catalyst D at different sputtering
times, Sputtering conditions: S mmX 5§ mm, 4 kV, argon beam, 3 wt.%
Rh;0,.

sputtering, which means that thc adsorbed C, outer-surface
chlorine and S®* species have been sputtered away.

Since the outer-surface fraction will provide a large atten-
uation of the XPS signals, if several different cadmium com-
ponents are distributed scparately as a function of depth, the
X-ray photoelectron spectra will mainly represent the outer
cations. The signals of the buried cations will be attenuated
relative to the signals of the cations on the surface. Further-
more, for some elements, such as Cd, the binding energy shift
is very small and insufficient to determine the chemical sit-
uation. In this case, the Auger chemical shift of Cd exceeds
the photoelectron chemical shift by approximately 4.9 eV
{15]. Therefore we can obtain the exact chemical situation
of Cd by comparing the binding energy and Auger line. The
position of the Auger kinetic energy can be obtained by sub-
tracting the Auger line from the photoenergy (Mg Ke, 1253.6
eV).

Table | compares the signals observed for XPS and Auger
electrons emitted by X-ray-cxcited Cd cations in the different
catalysts. For catalysts A and C (treated at 573 K and 773 K
after etching), no pronounced binding energy difierence is
observed. However, the binding energy of Cd 3ds,, in catalyst
B heated at 773 K in air without etching is shifted to the
higher energy end by about 0.5 eV, i.c. 405.7 eV. This is
approximately the same as the Cd 3ds,, line of CdCl, (405.9
¢V). This indicates that cadmium on the outer surface of
catalyst B is in an oxidative environment. From a comparison
between the data in Ref. [16] and our experiments, the main
component on the suiface of catalysts A and C is CdS.

Although the MAN45N4S5 line of catalyst B is similar to that
of Cd(OH),, the binding energy and a+hw data are very
different. From our results, the most probable explanation is
that CdCl, and CdSO, are formed on the CdS catalyst surface
at high temperature in air. This hypothesis agrees well with
the XRD results. Only at pH > 8 does significant hydrolysis
of Cd®* occur [14]. From electrophoretic mobility curves,
Hayes et al. [ 14] found that the CdS surface was coated by
Cd(OH), at pH values greater than 10 and the isoelectric
point of Cd(OH), is at pH 10.5. In addition, from the results
for catalyst D and sputtering experiments, CdSO, is present
nearer to the surface than CdO. When CdSOQ, is sputtered off,
the signals of CdO appear. It is possible that the outermost
fraction is CdCl,, followed by CdSO, or CdO, and then Rh,0,
and CdS. The hydrogen reduction conditions promote CdCl,
formation by passing through the chloride ions remaining
after ctching. This is understandable because CdS is casily
reduced under an H, atmosphere to yicld H,S and CdCl,.

The S 2p binding energy data of the different catalysts are
shown in Fig. 4. The binding energy for 2~ and S** are
161.8 and 168.8-169.0 ¢V respectively in these catalysts. As
expected, the $°* signal is observed in catalyst A. This indi-
cates the partial oxidation of CdS at 300 °C. However, the
main fraction of this catalyst surface component is CdS
(S*7). In contrast, after heat treatment for a short time at 773
K in air, the S** signal increases sharply in catalyst B. Total
oxidatioa of the outer surface of the catalyst is not observed
as there is still a strong signal of $*~. After washing with
acetic acid at pH 4.5, the S** signal disappears in catalyst C,
indicating the removal of the $°* fraction (SO,*" ). Sputter-
ing experiments under ultrahigh vacuum (UHV) conditions
also reveal that S** can be sputtered off easily. These results
also suggest that the S°* fraction only cxists on the catalyst
outer surface.

Table |
Observed XPS and Auger signals for RhO,/CdS prepared by different meth-
ods

Sample Cd 3y, M4N4SN45 at+hy
(eV) (eV) (eV)
CdS [16) 405.1 3814 786.5
cds* 405.3 380.5 785.8
cds® 405.1 380.6 785.7
Cds 404.9 3809 785.8
CdO {16) 4014 382.5 786.5
Cd(OH), [16] 404.9 380.2 785.1
cdcl, 4059 3799 785.8
cdco, 405.1 379.3 784.4
Catalyst A 4052 3814 786.6
Catalyst B 405.7 380.2 785.9
Catalyst C 4052 3814 786.6
Catalyst D 405.3 380.0 785.3
Catalyst B 405.8 380.1 785.9
Catalyst D ¢ 404.2 382.4 766.6

* Bare CdS in UHV chamber ai room temperature.

¢ Bare CdS in UHV chamber at 573 K.

© Bare CdS in UHV chamber at 873 K.

< Catalyst D afier sputtering at 4 kV (5 mm X S mm for 60 min).
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Fig. 4. S 2p spectra of different catalysts: (a) catalyst A; (b) catalyst B; (¢)
catalyst C.

Table 2
O 1s binding energy data of different catalysts and references

Sample Ols Possible oxygen species
(eV)
CdS 532.1 H,0 weakly adsorbed
CdS 5318 H,0 tightly adsorbed
Cds 5314 -OH hydioxyl
RhCl, on Au foil * 532.1 H,0 weakly adsorbed
RKCl, on Au foil 5314 ~OH hydroxyl
RhCl; on Au foil 529.8 Lattice O in RhO,
RhCI; on Au foil ¢ 529.7 Lattice O in Rh,0;
RhCl; on Au foil ¢ 531.8 H,0 tightly adsorbed
Catalyst A 531.5 ~-OH hydroxyl
Catalyst B 531.8 h,0 tightly adsorbed
Catalyst C 5315 ~OH hydroxyl
Catalyst D 5317 H,0 tightly adsorbed
Catalyst D/ 528.5 Lattice O in CdO
5310 Lattice O in RhO,

® RhCl, on Au foil at room temperature.

® RhCl; on Au foil after 3 h calcination at 573 K in air.

¢ RhCl, on Au foil after 3 h calcination at 773 K in air.

4 RhCI, on Au foil after 3 h calcination at 1073 K in air.

© RhCl, on Au foil after 3 h calctaation at 1073 K in air, then H, reduction
at 823K for 1 h.

f Catalyst D after sputtering at 4 kV (5 mmx 5 mm for 60 min).

Investigations of the O 1s binding energy are very complex.
The O Is binding energy is dependent on the chemical situ-
ation of the oxygen atoms, the materials used and the appa-
ratus. Thus it is not advisable to draw conclusions from X-ray
photoelectron spectra only without other methods =s refer-
ence. Several kinds of oxygen species exist on the catalyst
surface: O from SO,2~, CdO, H,O in the lattice of
CdSO, - xH,0, adsorbed O,, CO,, H;0, etc. In order to study
this problem, highly pure CdS with no Rh was chosen to set
up the O Is line reference on the CdS surface. Both XPS and

GDMS were used to identify the surface O components. H,O
desorption exhibits three main states of adsorbed H,O. The
H,O desorption signal appears at room temperature and
reaches the first maximum at 573 K and the second at 773 K.
The signal at room temperature represents weakly adsorbed
water, which is simply hydrogen bonded to surface S atoms;
the peak at 573 K represents tightly adsorbed water, which is
non- dissociative with the oxygen atom coordinated to a sur-
face metal atom; the peak at 773 K represents the most tightly
bound water which is dissociatively adsorbed as hydroxyl.
Consequently, in considering the O 1s binding energies listed
in Table 2, we can deduce that the O 1s line for weakly
adsorbed water is 532.1 eV, the O 1s line for tightly adsorbed
water is 531.8 ¢V and the O 1s line for the most tightly
adsorbed water (as hydroxyl) is 531.4 eV,

Another important O 1s reference line is O 1s of RhO,. In
order 10 obtain these data, RhCl, was loaded onto Au foil and
then calcined in air at different temperatures from 273 to
1073 K. As shown in Tables 2 and 3, Rh 3d,,; of the sample
caleined at 1073 K is 308.0 eV, which is identical to that of
Rh 3d,,, in Rh,04. The corresponding O 1s line is equivalent
10 529.7 ¢V. Therefore the main O species on the surface of
catalysts A and C is dissociatively adsorbed hydroxyl, while
the main O species on the surface of catalysts B and D is
tightly adsorbed water. From the XRD results, this may be
the lattice water in CdCl,.xH,0 or CdSO,.xH,0.

In order to determine the O species distribution with depth
in catalyst D, argon ion beam sputtering was used to peel the
shell of CdSO, and CdCl, until thc Cd signal of CdO was
observed. The O 1s lines of O in CdO and Rh,0, are at 528.5
and 531.0 eV respectively (see Table 2). Therefore the com-
ponent distribution with depth in catalysts B and D can be
described as shown in Fig. 5.

In the investigation of Rh,O,/SrTiO; by Lehn etal. [17],
the binding cnergy of Rh 3ds,, in the catalyst obtained by

Table 3
Binding cnergies of different catalysts and references

Sample Rh 3ds/; Possible Rh
(eV) species

RACl, on Au foil * . 3098 Rh in RhCl,
RhCl, o, Au foil ® 309.3 Rh in RhO,Cl
Rh(l, on Au foil ¢ 308. Rh in RhO,CI
RhCl, on Au foil ¢ 308.0 Rh in Rh0,
RhCl, on Au foil © 3074 Rh metai
Catalyst A 309.1 Rh in RhO,CI
Catalyst B 307.6 Rh in Rh,0,
Catalyst C 307.2 Rh in Rh;0,
Catalyst D 306.6 Rh in Rh,0,
Catalyst E 307.0 Rh metal
CatalystD 306.6 Rh in Rh;0,

» RhCl on Au foil at room temperature.

b RhCl, on Au foil after 3 h calcination at 573 K in air,

¢ RhCi, on Au foil after 3 h caicination at 773 K in air,

4 RhCl, on A foil after 3 h calcination at 1073 K in air.

¢ RhCl, on Au foil after 3 h calcination at 1073 K in air, then Hj reduction
at 823 K for 1 h.

* Catalyst D after sputtering at 4 kV (5 mm x5 mm for 60 min).
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Fig. 5. Possible structure of catalysts B and D.
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Fig. 6. Binding energy of Rh 3d;,; of different catalysis: (A) carndyst A,
(B) catalyst B; (C) catalyst C; (D) catalyst D; (B) catalyst D after 90 min
sputtering at 4 kV, S mmX$ mm with argon Lcam; (F) catalyst C after
reduction in Hyat 823 K for2 h.

heating at 773 K was nearly 309.3 eV. However, in the work
by Li et al. {10], the binding energy of Rh 3ds,, in Rh,0,/
TiO, catalyst heated at 773 K was around 308.2 eV. These
results indicate that the nature of loaded Rh,O; on different
semiconductors is quite different. In the present work, the
binding energy of Rh 3dy,, of Rh,0;/CdS treated at 773 K
for 10 min is 307.2 eV (see Fig. 6), while that of RhO,/CdS
treated at 573 K for 3 h is 309.1 eV. In comparison with the
data in Ref. [ 14], Rh 3ds,, of the sample heated at 773 K is
shifted to lower energy by nearly 1 eV. In another separate
experiment, RhCl; was loaded onto Au foil. Treatments sim-
ilar to the catalyst preparation processes given above were
used and Rh 3ds,; binding energies were obtained. The resuits
are listed in Table 3 (Au 4fand C Is lines used as references).
Clearly, the vinding encrgy of Rh 3ds,, of RhCl, is 309.8 eV,
while that of Rh,0; is 308.0 ¢V. The data at 309.3 and 308.6
¢V only represent partially oxidized RhCly. The binding
energy of metallic Rhis 307.4 eV, Therc are two possibilitics
for the low Rh 3dg,, data in catalyats C and D. During high
lemperature treatment, several possible reactions can occur
in air as shown below

2RhCly 3H,0 — Rh,0,(OH),_,+6HCl (N
Rh;0,(0UH); ., —> Rh,0;+3/2H,0 (2)
2RhCl, +3CdS — Rh,S, +3CdCl, (3)
Rh,S; +0, — Rh+S0, (4)
2HCI +CdS + 0, — CdCl, + H,0+ 1/250, (5)
CdS +3/20, — CdSO, —> CdO + SO, (6)

CdSO, +1/20, — CdSO, N

The Rh 3dy,,. Cd 3d,,. and S 2p binding energy data of
the different catalysts are listed in Table 4. For the approxi-
mately pure surface of CdS (bare CdS desorbed in a UHV
chamber at a temperature higher than 573 K), the Cd 3ds;»
binding energy is in the range 404.9-405 1 ¢V and that of §
2p is in the range 161.1-161.2 eV. The Cd 3d,,, and S 2p
binding energies of impregnated RhCl,/CdS and hydrogen
reduced catalyst E lie within these ranges, and the correspond-

Table 4

Rh 3dy;3, €d 3d, S 2p and €1 2p data of different catalysts and references

Sample Cd 3d $2p Cl2p Rh 3ds,, Rh/Cl
(eV) (eV) (eV) (eV)

Cds * 408.2 1613

cds® 408.1 161.2

Cds* 4049 161.1

RhCY,/CdS 4049 161.0 1979 309.9 1:3.12

Catalyst A 405.2 161.7 1989 309.1 1:2.1

Catalyst B 404.5 161.6 198.8 307.2 I:L.16

Catalyst € 408.2 1618 1930 307.2 2.6:1

Catalyst B 408.1 161.3 198.3 306.6 1:27

CdCl, 4089 1985

* Bare CdS in UHV chamber at room temperature.

® Bare CdS in UHV chamber at $73 K.

© Bare CdS in UHV chamber at 873 K.
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Table 5
Effect of pretreatment on the activity of RhO,/CdS catalysts

Sample Rate of hydrogen evolution
(10"*mlh~! (mgcat)~")
In 0.1 M Na,S In 70% methanol-water
(pH 12) (pH 12)

Catalyst A 035 0.95

Catalyst B 0.90 0.40

Catalyst C 335 2.75

ing Rh 3ds,, data are in line with that of RhCl, and metallic
Rh. However, after high temperature heat treatment above
573 K, the Cd 3ds,» and S 2p binding energies are shifted to
lower energies (see Table 4), especially for the samples
treated at 773 K. These results may indicate the strong inter-
action of Rh,0, and CdS in the Rh;0,/CdS catalyst treated
at773 K.

The GDMS results support this hypothesis and provide
evidence for the determination of the surface reactions occur-
ring during high temperature treatment. We used 20 wt.%
RhCl,/CdS as a model sample. After treatment at 573 K for
3 h, this sample was analysed by GDMS. The GDMS results
are as follows: (1) between room temperature and 573 K,
strong desorption signals of water and HCI are observed;
however, the signals of oxygen and carbon dioxide desorption
are low; (2) between 573 and 873 K, the signals of SO, HCI,
0, and CO, desorption increase with increasing temperature,
and the signals of SO,, O, and CO, reach a maximum at 773
K. These results indicate that the oxidation of S atoms occurs
simultaneously with HC] formation. After the GDMS exper-
iments, the atomic concentration of Cl has decreased from
13.9% to 4.4%, while the atomic concentrations of §, O and
Rh have increased from 11.5%, 24.6% and 3.1% to 18.3%,
29.3% and 5.6% respectively; this can be attributed to the
formation and desorption of HCI, the oxidation of S and the
formation of Rh,0, and SO,.

Is there any possibility of Rh metal formation passing
through the sulphide compound? In order to check for this
possibility, we prepared a model sample containing 20 wt.%
RhCl, in 1 g of highly pure CdS. After treatment at 573 K
for 3 h and at 773 K for 10 min, the colour of this mixture
changed from yellow to dark green. This product was sent
for XRD analysis. The results reveal that Rh,0, is present in
this sample. No evidence of metallic Rh or Rh,S, formation
is observed in the XRD spectra of the samples heated at 573
and 773 K. Therefore the low binding energy of Rh 3ds, in
catalysts B and C does not represent Rh metal formation on
the CdS surface after high temperature treatment, i.e. reac-
tions (3) and (4) do not occur during our catalyst preparation
process.

3.2. Photocatalytic activity of different catalysts

Table 5 shows the rate of hydrogen evolution on illumi-
nation of RhO,/CdS catalyst dispersions with visible light.

With S?~ as hole scavenger, hydrogen is formed according
to

Cathode: 2H,0+2¢e™ — H,+20H"
Anode: 2827 +2h* — §,;%°

where ¢~ and h* are produced in the conduction band and
valence band respectively on visible light irradiation. The
volume of hydrogen evolved is a linear function of the illu-
mination time during our test. In 0.1 M Na,S (pH 12), ithe
activity of catalyst C is highest. The activity of catalyst B is
higher than that of the unpretreatcd catalyst. The hydrogen
formation rates of irradiated RhO,/CdS catalyst dispersions
in methanol-water (70% methanol, pH 12) are similar, but
with a reverse order for catalysts A and B. However, catalyst
C shows the highest photoactivity. This indicates that Rh;0,
loading on CdS promotes the redox reaction significantly, i.c.
hydrogen cvolution. CdO absorbs light up to 560 nm and acts
as an optical filter of absorbed and emitted light [ 12]. Our
results reveal that the catalytic activity decreases in the pres-
ence of CdO. Pure CdO and CdO obtained from Cd(NO,),
exhibit no photoactivity for hydrogen production. Thus for
the preparation of a good M/CdS catalyst, CdO must be
eliminated.

4. Discussion

Two kinds of CdS structural type exist, i.e. cubic and hex-
agonal close-packed airangement of the anions. In both struc-
tural types, tetrahedral T* (or T™) sites are occupied and
octahedral sites are empty. The interatomic distance in cubic
or hexagonal CdS can be calculated from the unit cell dimen-
sions [ 18], and these data are listed in Table 6, GDMS exper-
iments reveal that tightly bonded hydroxyl desorbs at 773 K,
while strongly adsorbed water desorbs at 573 K. However,
for RhCl,/CdS, the water desorption signals are continuously
high between room temperature and 773 K. In addition, HCI
is the main desorption product. This indicates that Rh;0; is
formed at the same time as the formation and desorption of
water and HCL. It seems that physically adsorbed water has
very little effect on the Rh,O; loading. However, water
bonded to metal atoms blocks the sites which would other-
wise adsorb RhCl, (usually as RhCl;.3H,0 in water). Water

Table 6

Interatomic distances in CdS and Rh,0, [ 18]

Structural type Distance (A)

Cubic CdS Cd-S 2.159
Cd-Cd 4113
S-S 4.113

Hexagonal CdS Cd-§ 2530
Cd-Cd 4,130
S-S 4.130

Rh,0;4 Rh-0 2.05




T2 G. Lu, S. Li/Journal of Photochemistry and Photobiology A: Chemistry 97 (1996) 65-72

~ l /C|
OH —_— o
OH OH 300°C A ?H
| | od
S’Cd‘ s d G
500°C
i |
I ~d. Cl
O3RN-0 "th‘o
w IS 5
Cd é,..Cd € e OH
SONG dat da
2894 5 d‘lS'T 5
T o J \
413A )y 302

Fig. 7. Possible mechanism of high temperature treatment in air and related
structure.

hydrogen bonded to the S atoms will desorb at 573 K. In this
case, the Rh atom in RhCl,.3H,0 will link with an O atom
of surface bonded hydroxy! by a condensation reaction when
the impregnated catalyst is heated at 573 K. At the same time,
HCl is formed and desorbs from the sample. When this sam-
ple is further heated at 773 K in air, surface S atoms will be
oxidized to SO, and an S vacancy will form. The neighbour-
ing S vacancy of the Cd atom will be occupied by a terminal
O atom linked to an Rh atom. The terminal Cl atom linked
to Rh and O atoms in the neighbouring hydroxy! can bond
together and release a molecule of HCL Indeed, strong
desorption of SO, and HCl is observed during this treatment.
In other words, RhCl,.3H,0 is converted into Rh,0, by a
condensation reaction and linked to the surface of CdS by an
oxygen bridge. The structural data listed in Table 6 are in
good agreement with this hypothesis. Thus this kind of struc-
ture results in a strony interaction between Rh,0, and CdS,
and provides a special path of electron transfer excited by
visible light (see Fig. 7). The simultancous process on bare
CdS will involve the oxidation of CdS at 773 K. Our exper-
imental evidence indicates that CdSQ, and CdO are the oxi-
dized products. HCI, formed by a condensation reaction, may
also react with Cd to produce CdCl,. These products can be
removed by acetic acid at pH 4.5. This process produces a
bare CdS surface and island-like Rh,O, residing on the CdS
surface; the former acts as a light absorption centre and the
latter acts as an electron transfer centre: both are necessary
for high activity performance. No evidence of Cd(OH), for-
mation is observed.

5. Conclusions

The results obtained in this paper verify that high temper-
ature treatment at 773 K in air leads to RhCl,; conversion into
Rh,0;, which acts as a photoreaction centre. XPS results
suggest that there is strong interaction between Rh,O; and
CdS in the Rh,0,/CdS system after high temperature treat-
ment. XRD, XPS, AES and GDMS studies reveal that CdSO,,
CdCl, and CdO are formed during this high temperature
treatment, and these components can be removed by etching
with acetic acid at pH 4.5. No evidence for Cd(OH), and
Rh,S, formation is observed. CdCl, and CdSO, exist only at
the outer surface of catalysts B and D, while Rh,0, is located
near the CdS surface. The reasons for the high activity of the
catalysts obtained by this method are as follows: (1) the
formation of a bare CdS surface with island-like Rh,O4; the
former acts as a light absorption centre and the latter acts as
an clectron transfer centre; (2) the strong interaction between
Rh,0; and CdS promotes charge transfer during the photo-
reaction.
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