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CdS-based catalysts preparation has been investigated, and the obtained photocatalysts were character-
ized and tested in photocatalytic oxidation of ethanol and isopropanol vapors under visible light irradi-
ation (k > 420 nm) with oxygen of air. The catalysts were prepared with a two-step method: (1) reaction
between CdCl2 and NaOH and (2) exchange of hydroxide ions of Cd(OH)2 intermediate with S2� to form
CdS. Influence of the reagents addition rate, stirring rate, temperature of the reaction mixture and the
reagents’ ratio on the oxidation rate of alcohols on solids was investigated. It was found that the rate
of photooxidation increases with the increase in the stirring rate and with the decrease in the reagents
addition rate during the synthesis. The photocatalytic activity as a function of sulfur content reaches
the highest value for the stoichiometric CdS, which is obtained at P2:1 S2� to Cd2+ molar ratio in precur-
sors. Kinetic features of the isopropanol photocatalytic oxidation were studied. The Langmuir–Hinshel-
wood model describes satisfactorily the rate vs. concentration curve. The increase in the air relative
humidity results in higher isopropanol oxidation rate. Partial deactivation of CdS catalyst was observed
and described with exponential decay. Deactivation was less pronounced at high relative humidity. CdS
deactivation took place due to the surface sulfur ions oxidation with formation of SO2�

4 groups. The
results show a potential of CdS photocatalysis for solar light–driven green oxidation processes of organic
compounds.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The growing concerns about the environmental issues and the
exhaustion of natural resources have resulted in the development
of green and sustainable methods for chemical transformations of
organic compounds. Solar light represents a renewable energy
source that can be used for driving various chemical transforma-
tions. However, direct photochemical transformations of organic
compounds upon absorption of solar light are often obstructed by
the low absorption of reagents in the visible light region. Application
of suitable photocatalyst that absorbs wider spectrum of light could
lead to visible light reaction initiation and increased selectivity to-
ward desirable products.

Photocatalytic processes have already been used for selective
oxidation [1,2], condensation [3], isomerization [4], CO2 reduction
[5,6], hydrogenation [7], hydrogen production [8] and other organic
reactions. Titanium dioxide is often used for photocatalytic reac-
tions as highly active catalyst. In relation to oxidative reactions,
TiO2 main disadvantages are low selectivity toward partial oxidation
in aerobic conditions (e.g. oxidation of aryl alcohols [9]) and wide
band gap of about 3 eV that causes UV light absorption only. Other
ll rights reserved.
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active semiconductor photocatalysts such as ZnO and ZnS also ab-
sorb UV light only [10–13]. Cadmium sulfide, on the contrary, is
capable of driving partial oxidation with high selectivity and has
band gap for bulk material of about 2.4 eV that corresponds to the
absorption of light at k < 515 nm [14–17]. Under illumination with
visible light (k > 400 nm), CdS was proven to be one of the most ac-
tive photocatalysts [18]. Various organic reactions like hydrogen
generation [19,20], oxidation of dyes and simpler organics [21–
25], condensation of amines and alcohols [26], racemization and
cyclization of aminoacids [27,28], reduction of nitrobenzene [29]
have already been carried out successfully over CdS in liquid phase
using visible light in many cases.

Performing photocatalytic oxidation in gas phase has proven to
be advantageous since the rates are much higher due to the avail-
ability of oxygen, absence of solvent adsorption competition and
enhanced mass transport. The gas-phase reactions over CdS re-
ported so far are limited to few examples [30,31], and to the best
of our knowledge, no reports are available for oxidation.

The CdS photocatalyst properties depend on composition, phase
and morphology. The composition is determined by CdS prepara-
tion that is mainly performed via reaction of Cd2+ and S2� ions in
solution. The sulfide ions can be added as is, or they can be
generated in situ by hydrolysis of thiourea (NH2CSNH2), as realized
in thermohydrolysis [22] and chemical bath deposition [31], or can
be obtained from elemental sulfur by dark or photocatalytic
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reduction with sacrificial agents [32]. Cd(OH)2 and CdO can serve
as Cd source for CdS synthesis via anion-exchange mechanism [20].

CdS has two main crystallographic modifications – more stable
hexagonal (wurtzite type) and cubic (sphalerite type), both being
used as photocatalysts with similar properties, and both hexagonal
and cubic [33] phase possesses high photocatalytic activity
[20,34,35].

The morphology of CdS is controlled during synthesis, so that
different particle shapes like nanowires, nanoribbons, hollow par-
ticles, etc. can be obtained [36,37]. The porous structure can be
controlled by applying templates (structure directing agents) like
polystyrene latex particles [21] and bio-organic matrixes [23].
Alternatively, the pores are formed during CdS synthesis from
Cd(OH)2 precursor since the molar volume of CdS is smaller than
that of Cd(OH)2 [20].

In the present work, we focused on the optimization of CdS
preparation using the self-templated two-step synthesis with
Cd(OH)2 intermediate. The CdS catalysts were evaluated in partial
oxidation of ethanol and isopropanol vapors with oxygen of air un-
der visible light. A very high selectivity to acetaldehyde and ace-
tone was obtained. The highest activity was attained for CdS
synthesized at definite Cd2+ and S2� precursor ratio, reagents addi-
tion rates and stirring conditions. Kinetic studies of ethanol and
isopropanol oxidation revealed that Langmuir–Hinshelwood equa-
tion can be used to describe the substrate concentration effect. Par-
tial deactivation of CdS was observed which is reduced at higher
humidity. The oxidation of surface S2� into sulfate was determined
to contribute to the CdS deactivation. Since the deactivation was
incomplete, the process has prospects for green partial oxidation
of alcohols with atmospheric oxygen.
2. Experimental

2.1. Reagents

Na2S�xH2O (32–38% (RT)) was a Fluka product, cadmium chlo-
ride and sodium hydroxide were purchased from Reakhim (Russia),
and their purity was not less than 97–98%. Ethanol and isopropanol
were purchased from Reakhim (Russia), and their purity was not
less than 97–98%.

2.2. Preparation of catalysts

The synthesis of CdS was carried out according to the method
proposed by Bao et al. [20]. It goes through the following two
stages.

CdCl2 þ 2NaOH! CdðOHÞ2 þ 2NaCl; ð1Þ

CdðOHÞ2 þ Na2S! CdSþ 2NaOH: ð2Þ

A typical procedure was as follows. 100 ml of 0.1 M NaOH was ta-
ken in a 250-ml glass beaker; then, 10 ml of 0.1 M CdCl2�2.5H2O
was slowly added to the above solution through a dropping funnel
under stirring during 5 min. Magnetic stirrer was used to carry out
convection. Additional measurements of shear stress and stirring
energy were not performed, thus detailed parameters of stirring
equipment are listed below. The tank had cylindrical shape (diam-
eter 55 mm, height 120 mm) with no baffles, and the stir bar was
6 mm in diameter and 25 mm in length. The stirrer bar rotation
velocity was varied from 26.16 to 125.57 rad/s, and the exact value
is indicated in the text, tables and figures’ captions. A white precip-
itate of cadmium hydroxide was obtained. Then, a proper amount of
0.1 M Na2S�aqueous solution was added at the same stir bar rate to
obtain a yellow-orange precipitate of CdS. Molar ratio of S2� to Cd2+

varied from 0.26 to 6.24. The solution was centrifuged, and the
resulting precipitate was washed thoroughly with distilled water
10–15 times. The precipitate was dried at 343 K overnight in an
oven.

2.3. Catalyst characterization

Crystallographic structure of catalysts with different S to Cd ra-
tio was investigated with X-ray diffraction technique (XRD). The
XRD patterns were obtained by means of an X-ray diffractometer
X’tra (Thermo, Switzerland) with a CuKa source. Measurements
were carried out from 20� to 65� of 2H angle value with 0.05�
increment and a point signal accumulation time 3 s.

The surface chemical composition and the sulfur electronic
state in the fresh and deactivated CdS catalysts were examined
with X-ray photoelectron spectroscopy (XPS). The XPS analyses
were carried out on a SPECS’ photoelectron spectrometer equipped
with a hemispherical electron energy analyzer PHOIBOS-150 as
reported in [38]. The core-level spectra were obtained using non-
monochromatic MgKa radiation (hm = 1486.7 eV). All binding
energies were referenced to the C1s peak at 284.8 eV, which
corresponds to hydrocarbon impurities.

The surface morphology research by high-resolution transmis-
sion electron microscopy (HRTEM) was performed on a JEM-2010
electron microscope (JEOL, Japan) at the accelerating voltage of
200 kV and a lattice resolution of 0.14 nm.

The elemental analysis was made with X-ray fluorescence spec-
troscopy (XRF). XRF measurements were done with X-ray fluores-
cence spectrometer ARL ADVANT’X 3.6 kW. An X-ray tube with a
rhodium anode was used as a radiation source (voltage 50 kV, cur-
rent 40 mA). The samples were put into a cartridge that was cov-
ered with spectrolene six film. Data processing was made with
QuantAS program.

The diffuse reflectance spectra recording was performed on Per-
kin Elmer UV/VIS spectrometer Lambda 35 with the integrating
sphere RSA-PE-20 (Labsphere, USA) in the wavelength range be-
tween 200 and 1100 nm. Magnesium oxide was used as the refer-
ence material, assuming its reflectance equal to 100%.

2.4. Catalytic activity measurements

Photocatalytic activity measurements in the oxidation of the
ethanol and isopropanol vapor were done in a batch and a flow
reactor, respectively. The batch reactor consists of a 280-ml flask
with a light source over it. The flask was irradiated by the light
of a high-pressure mercury lamp «DRSh-1000» (1000 W, Russia)
using a cutoff filter (k P 410 nm). The intensity of the incident
radiation was 166.5 W/m2. The reaction was carried out under con-
tinuous magnetic stirring with the rate 600 rpm. The initial con-
centration of ethanol vapors was 607 ppm. The humidity of the
air mixture was 60% at 25 �C. The photocatalyst (10 mg) was
deposited on a glass slide; the area of the catalyst spot was
2 cm2. Acetaldehyde was detected with a gas-chromatograph HP
5890. Oxidation was carried out at the temperature 25 �C.

The flow-type reaction setup was described earlier [38]. It
consists of a thermostated stainless steel reactor with a quartz
window at the top, air dosage blocks, air purification block, satura-
tors, syringe pump for reagents addition, a gas-chromatograph
equipped with a mass-selective detector and a PLOT Fused Silica
column (25 m � 0.32 mm) coated with CP Poraplot QHT and data
collection PC. A halogen lamp IEK (150 W) with a cutoff filter
(k P 410 nm) was used as a visible light source. The intensity of
the incident radiation was 4.44 W/m2. The gas mixture flow rate
was about 17 ml/min. Isopropyl alcohol was injected into the air
flow by means of the syringe pump with the rate 1.6 ll/h; this rate
corresponds to the isopropanol concentration of 500 ppm in the
inlet air flow. The humidity of the gas mixture was 65% unless
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otherwise stated. Measurements of the relative humidity were per-
formed at 25 �C. The reactor was thermostated at 40 �C. Photocat-
alyst (30 mg) was deposited on a glass slide; the area of the
catalyst spot was 2.5 � 2.5 cm. Acetone and isopropanol were de-
tected with GCMS. Since the CdS photocatalysts undergo partial
deactivation during photocatalytic oxidation, the rate of oxidation
was extrapolated to reaction beginning using the first five mea-
surement points that corresponded to the first 70 min of reaction.
3. Results and discussion

The present study is focused on the preparation of active CdS
photocatalysts, their characterization and investigation of kinetic
features of alcohols oxidation by oxygen of air under visible light
irradiation in the gas phase. While preparing series of CdS samples
by the two-step Cd(OH)2 precipitation and ion-exchange method,
the following parameters were changed:

– CdCl2 and Na2S solutions addition rate;
– stirring rate during precipitation and ion exchange;
– temperature;
– Cd2+ to S2� molar ratio.

The next sections describe the characterization of obtained CdS
samples, their activity in ethanol and isopropanol gas-phase pho-
tocatalytic oxidation and kinetics of oxidation and catalyst
deactivation.
3.1. Catalysts characterization

The XRD patterns of CdS catalyst series with various stirring
rate and reagent addition rate during their synthesis are demon-
strated in Fig. 1. Intensive CdS peaks are observed at 2h = 26.5�,
43.8� and 52�. The patterns can be attributed to hexagonal (wurtz-
ite like) structure called Greenockite with stacking faults. About
every three layers of the CdS wurtzite structure, there is a stacking
defect as it was determined using XRD spectra modeling program
described by Cherepanova and Tsybulya [39]. Therefore, the crystal
20 30 40 50 60 70 80 90

6.4nm

6.5nm

5.4nm

5.0nm

#18

#17

#16

#15

SW
W

SW
WW

WW
S

W
S

WWW,S
W

W,S
WW

W,S
WS

W
W,S

2Theta, degrees

5

CdS (wurtzite-like)
CdS (sphalerite-like)

W

A

Fig. 1. XRD patterns of catalysts with different stirring rate (A) and reagent addition rate
were obtained with 2-fold excess of sulfide ions to cadmium ions. The numbers above the
and sphalerite lines, respectively.
structure can be considered as intermediate between hexagonal
(wurtzite) and cubic (sphalerite). The presence of CdS hexagonal
phase is in a good accordance with the previous data [20].

Coherent domain sizes were estimated to change from 5.0 to
6.4 nm when the stirring rate increased from 250 to 1000 rpm.
Thus, the stirring rate has small effect on domain sizes. The coher-
ent domain size increases from 7.1 to 9.1 nm when the reagents
addition rate increases from 5 to 41.0 ml/min.

Since the S to Cd ratio has a large effect on photocatalytic activ-
ity, the catalysts prepared with different S to Cd ratio in the precur-
sor solutions were subjected to detailed characterization. Table 1
demonstrates the results of their elemental analysis.

One can see that the catalyst samples contain impurities Cl, Al
and Si with overall content below 3.27 wt.%. The principal impurity
is Si at low S/Cd ratio, while at the higher ratio, it is Cl that gives the
largest contamination. The Si contamination can be due to the
glassware dissolution at high pH by NaOH. The elements O, H and
C were not determined by the method used, but it is implied that
the catalysts contain amorphous Cd(OH)2 and CdCO3 especially at
the low S/Cd ratio. The content of these impurity phases decreases
as the sulfur to cadmium ratio in the precursor solutions increases.

The morphology and the structure of the catalyst with the high-
est sulfur content were explored with HRTEM. The TEM images of
catalyst #23 with different magnification are shown in Fig. 2.

This catalyst obtained with 2 to 1 S to Cd molar ratio in the syn-
thesis is composed from small well-crystallized particles. These
particles have many randomly arranged crystal lattices. The plane
distances (d-values) at the different spots were found to be 3.59,
3.36, 3.16, 2.45, 2.07 and 1.90 Å representing the (100), (002),
(101), (102), (110) and (103) lattice planes distance of hexagonal
phase CdS (Greenockite structure) [40]. The shape and size of the
obtained CdS nanostructures are very close to those of the Cd(OH)2

intermediates [20]. Fig. 2A is a review image of CdS sample in the
large (200 nm) scale and shows that the CdS particles form
agglomerates of size above 100 nm. Fig. 2B shows a fragment of
CdS with 50 nm scale in which a hollow flattened nanorod with
the diameter about 50 nm and the wall thickness about 5 nm is
present. Fig. 2C shows CdS nanoparticle in 10 nm scale. One can
see that coherently scattering domains are about 2–5 nm in size.
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Table 1
Elemental analysis of catalysts series with various S2� to Cd2+ ratio in the precursor
solutions.

S2� to Cd2+ ratio Element content (wt.%)

Cd S Cl Al Si

0.26 94.4 2.3 0.7 0.11 2.46
0.52 92.9 4.3 0.6 0.07 2.16
1 89.5 8.2 0.3 0.14 1.75
1.56 86.3 12.3 0.3 0.12 1.10
2.08 79.4 20.3 0.2 0.08 0.10
3.12 82.3 17.4 0.2 0.04 0.07
4.16 81.6 18.0 0.3 0.03 0.04
6.24 80.1 19.6 0.2 0.05 0.02
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Energy-dispersive X-ray spectroscopy data confirm the presence of
sulfur and cadmium in the specimen. In Fig. 2D, one can see several
walls of the nanorods. Formation of these nanostructures is ex-
plained by the two-step synthesis scheme with Cd(OH)2 interme-
diate. In contrast to the material described by Bao et al. [20], the
amount of hollow nanorods in our sample is small that can be
caused by the change of Na2S amount during the synthesis.

XRF measurements of the samples with different sulfur to cad-
mium ratio in the precursor solutions were made in order to esti-
mate the catalyst elemental composition. As shown in Fig. 3, the
sulfur to cadmium molar ratio in the catalysts depends strongly
on the reagents solutions molar ratio used for CdS synthesis. This
dependence is close to linear in the initial spot of the curves; the
sulfur to cadmium ratio reaches its maximum value at 2:1 S to
Cd molar ratio in the precursor solutions. Further increase in the
reagents ratio during the synthesis does not yield the sulfur con-
tent growth. Moreover, sulfur to cadmium ratio in the catalyst de-
creases slightly when S to Cd molar ratio in solutions increases
from 2 to 6.24. This decrease is, however, within the error of mea-
surements (about 8% for the highest S to Cd ratio). Thus, it is estab-
lished that the 2-fold excess of Na2S during the synthesis is
required for the formation of nearly stoichiometric CdS.

Diffuse reflectance spectra of samples with various sulfur to
cadmium molar ratio in synthesis were measured in order to deter-
mine the light absorption edges of catalysts. Fig. 4A exhibits
absorption spectra of CdS catalysts. One can see that increase in
C

A

Fig. 2. HRTEM and TEM images a
sulfur content in catalysts in the series from #19 to #26 results
in red shift of absorption threshold. The overall shift span is nearly
40 nm, and the largest change occurs from catalyst #21 to #22,
which corresponds to attaining stoichiometric composition.

The Tauc’s function was used to calculate the absorption edges
of catalysts [41] as shown in Fig. 4B. Linear approximation of the
Tauc’s plots of F(R)2(hv)2 vs. hv gives the absorption edges for cat-
alysts: 490.12 (#19), 497.59 (#20), 500.20 (#21) 500.00 (#22)
529.24 (#23), 528.78 (#24), 529.46 (#25) and 532.19 (#26) nm,
which correspond to 2.53, 2.49, 2.48, 2.48, 2.34, 2.35, 2.34 and
2.33 eV band gap values.

The observed shift of absorption edge is probably associated
with the quantum-size effect [42]. The sizes of the particles can
be estimated according to the band gap dependence of CdS parti-
cles size using the following equation [43].

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2hp2 � Eg

ððEgðRÞÞ2 � E2
gÞ �me

s
; ð3Þ

where R – the particle radius, Eg – the bulk semiconductor band gap
energy, Eg(R) – measured band gap and me – the electron mass. The
particle radii determined using the above expression were found to
be 10.2, 11.0, 11.4, 11.3, 18.7, 18.5, 18.8 and 20.4 nm. The sizes are
considerably larger than the coherent crystallite sizes from HRTEM
(Fig. 2) data. This difference could be caused by electrons delocal-
ization among the adjacent CdS crystallites that are tightly con-
nected but are not coherently aligned though this issue has not
been studied in detail. Indeed, Fig. 2 shows that the individual crys-
tallites are fused into particles with sizes above 10 nm.

3.2. Influence of the catalysts synthesis conditions on the
photocatalytic activity

In this work, four different series of catalysts were examined.
Each series has one variable parameter of synthesis, while the
three others are fixed. These parameters are stirring rate, reagents
addition rate, synthesis temperature and sulfur to cadmium ratio
in the precursor solutions. Oxidation of ethanol and isopropanol
vapors was taken as the test reaction with formation of acetalde-
hyde and acetone, respectively, according to the next equations.
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nanorod
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B

nd EDX data of catalyst #23.
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2C2H5OHþ O2 þ 2hm!CdS
2CH3CHOþ 2H2O; ð4Þ

2ðCH3Þ2CHOHþ O2 þ 2hm!CdS
2ðCH3Þ2COþ 2H2O: ð5Þ

Only acetaldehyde and acetone were detected in the gas-phase
products during the alcohols oxidation over CdS samples. Therefore,
the selectivity toward gaseous carbonyl compounds is high. Table 2
presents the rate of products formation over CdS photocatalysts
synthesized at varied conditions.

The variation of the synthesis temperature from 25 to 70 �C re-
sulted in negligible changes of the activity, and the corresponding
results are not included in Table 2. The rate of stirring during the
reagents mixing and further catalyst formation exerts significant
influence on alcohols oxidation. Fig. 5A shows that the rate of acet-
aldehyde formation decreases linearly with an increase in reagents
addition rate in the both stages of CdS preparation and attains the
highest value at addition rate below 10 ml min�1. A similar depen-
dence was observed on the catalysts prepared with optimized S/Cd
molar ratio in the isopropanol vapor photocatalytic oxidation.
Fig. 5B indicates that the rate of acetone formation increases to-
ward lower reagents addition rate. One can see that the rate is
higher over optimized CdS photocatalysts significantly. Fig. 1B
shows that the size of CdS coherent crystallite domains increases
with an increase in reagents addition rate for samples 6–9. It is
possible that the larger CdS crystallites possess smaller photocata-
lytic activity due to smaller surface area. The larger crystallites can
be formed due to the higher rate of CdS formation at the higher
rate of reagents addition.

Fig. 6 shows the influence of the stirring rate during the both
stages of CdS preparation on the rate of ethanol (Fig. 6A) and iso-
propanol (Fig. 6B) vapors photocatalytic oxidation. One can see
that the oxidation rate increases with an increase in the stirring
rate and reaches a constant value for stirring at >1000 rpm.

The effect of the stirring rate is possibly not associated with the
change in the CdS crystallite size since the increase in the stirring
rate results in larger crystallites (Fig. 1).

The most intriguing series of CdS photocatalysts was obtained
with the different S/Cd ratio in precursor solution. Eight samples
with the S to Cd molar ratio during the synthesis from 0.26 to
6.24 were prepared. Fig. 7 demonstrates the dependence of rate
of isopropanol vapors visible light oxidation on the S/Cd ratio in
the precursor solutions. One can see that photocatalytic activity
generally increases with the S/Cd ratio. The maximum activity
was obtained on catalyst with the 2:1 sulfur to cadmium molar ra-
tio. The influence of S to Cd ratio on photocatalytic activity has
been investigated previously for CdS–TiO2 thin-film catalysts. It
was shown previously that the activity of TiO2–CdS in the metha-
nol vapors photocatalytic oxidation grows with the S:Cd ratio and
reaches its maximum value at 4:1 ratio for thin-film photocatalyst
prepared by chemical bath deposition [31]. The highest activity for
this ratio was explained by the highest crystallinity of the CdS film.
This can also be the explanation for our study results. Indeed, the
2:1 ratio results in the formation of stoichiometric CdS catalysts
with the minimum content of impurities (Fig. 3). Since impurities
are often causing recombination of photogenerated charges and
decrease in adsorption constant, their minimum content is essen-
tial for activity.

The impact of the catalysts stoichiometry becomes evident if
the activity is plotted against the actual sulfur content according
to data of Fig. 3 that were obtained from XRF. Fig. 8 shows that
the acetone formation rate grows in a linear manner with the in-
crease in sulfur content. Some decrease in activity for samples ob-
tained at S/Cd ratio in excess of 2:1 can be associated with the
sodium contamination of CdS due to the higher content of Na in
solution the ion-exchange step of CdS preparation.

It is interesting to note that the photocatalytic activity does not
decrease to zero if one extrapolates the linear dependence of activ-
ity on zero sulfur content. Since the Cd(OH)2 formed without sul-
fide addition does not absorb visible light, its activity is assumed
to be absent. Therefore, the dependence of activity on S/Cd ratio
should change its shape at low values.

Since the content of the supposed active-phase CdS is different
in different catalyst samples, Fig. 8 shows the rate of oxidation nor-
malized to CdS content as well. One can see that the normalized
rate decreases with an increase in sulfur content. This is a usual
tendency in photocatalysis that an increase in the thickness of
the catalyst layer absorbing light does not lead to continuous in-
crease in the reaction rate. The fraction of light absorbed by photo-
catalyst obeys Bouger–Lambert exponential law. As will be shown
lower, the rate obeys Langmuir–Hinshelwood equation and the
combined effect of catalyst content and the reagents concentration
can be expressed as follows.



Table 2
Influence of synthesis conditions on catalysts activity in photocatalytic oxidation of alcohol vapors. The catalysts were prepared at 25 �C.
Catalytic activity test conditions: isopropanol initial concentration 500 ppm, relative humidity 65%.

# Reagents addition
rate (ml/min)

Stirring
rate (rpm)

S2�/Cd2+

ratio
r (mol (CH3COH)
s�1 cm�2 � 1011)

r (mol (CH3)2CO)
s�1 cm�2 � 10�11)

Quantum
efficiency (%)

1 1.88 750 0.26 3.93 – 0.06
2 3.64 750 0.26 3.75 – 0.05
3 8.6 750 0.26 3.97 – 0.06
4 14.3 750 0.26 3.03 – 0.04
5 54.5 750 0.26 2.4 – 0.04
6 5 1000 2 – 10.9 5.27
7 10 1000 2 – 10.1 4.89
8 25 1000 2 – 1.12 0.54
9 41 1000 2 – 0.8 0.38

10 8.0 250 0.26 1.87 – 0.03
11 8.0 500 0.26 2.42 – 0.04
12 8.0 750 0.26 3.58 – 0.05
13 8.0 1000 0.26 6.1 – 0.09
14 8.3 1200 0.26 6.19 – 0.09
15 7.0 250 2 – 4.55 2.20
16 7.0 500 2 – 6.45 3.12
17 7.0 750 2 – 8.84 4.28
18 7.0 1000 2 – 9.68 4.69
19 8.0 1200 0.26 – 2.94 1.54
20 8.0 1200 0.52 – 2.03 1.05
21 8.0 1200 1 – 3.42 1.76
22 8.0 1200 1.56 – 4.92 2.53
23 8.0 1200 2.08 – 5.31 2.58
24 8.0 1200 3.12 – 4.90 2.38
25 8.0 1200 4.16 – 4.88 2.37
26 8.0 1200 6.24 – 4.78 2.31
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r ¼ I0 1� 10�
amvS

dS

� �
� LH; ð6Þ

where I0 is the incident photon irradiance (mol s�1 cm�2), a – CdS
absorption coefficient (a � 4 � 104 cm�1 at 500 nm [44]), m –
deposited photocatalyst mass (0.03 g), vS – sulfur mass fraction
(dimensionless), d – catalyst density (�4 g cm�3), S – geometric area
of photocatalyst spot (6.25 cm2) and LH – Langmuir–Hinshelwood
dependence of the rate on concentrations (dimensionless, see Eq.
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(10)). The equation does not take in account the effects of light scat-
tering and reflection. By inserting all values in Eq. (6), we obtain the
dependence of the rate on CdS fraction

r ¼ I0ð1� 10�48vS Þ � LH: ð7Þ

Thus, the rate of reaction should have reached 99% of its maximum
value already at CdS content vS = 0.04 according to Eq. (7). Fig. 8
demonstrates that the rate increases further when the fraction of
CdS exceeds 10%. Normalization of the rate to the CdS fraction in
catalysts shows linear proportionality between sulfur content and
activity at higher sulfur contents in contradiction with Eq. (6). This
discussion proves that the rate of isopropanol oxidation over cata-
lysts containing CdS depends on CdS catalyst properties as a result
of synthesis conditions changes and to a lower extent on CdS
content.

Our results show that one-phase hexagonal CdS without impu-
rities is the best photocatalyst for the isopropanol gas-phase oxida-
tion. This contrasts with the earlier finding that the multi-phase
composition CdS–Cd(OH)2 of the photocatalysts can lead to higher
activity due to the decrease in electron–hole recombination via
charge separation [45]. The high photocatalytic activity could also
be caused by the developed porous structure with hollow nano-
rods, advantageous for the photocatalytic reactions [20].

Another reason for increased photocatalytic activity of catalysts
with stoichiometric S to Cd ratio can be associated with the quan-
tum-size effect. Fig. 4A shows diffuse reflectance spectra of the
samples with different S to Cd ratio. One can see that samples with
increased sulfur content have the absorption threshold shifted to-
ward the red part of the spectrum. Therefore, a larger part of the
incident visible light is absorbed, and higher reaction rate can be
attained at the same quantum yield.

Quantum efficiency for each catalyst of the above series were
determined according to band gap energy obtained using diffuse
reflectance spectroscopy. The following equation was used.

u ¼ r
U
� 100%; ð8Þ

where U – photon irradiance (mol s�1 cm�2), u – quantum effi-
ciency and r – acetone formation rate (mol s�1 cm�2). The quantum
yields are given in Table 2. Quantum efficiency for one of the most
active catalyst (#23) at isopropanol initial concentration 3000 ppm
and relative humidity 65% was found to be 6.6% that is significantly
higher compared to 2% demonstrated earlier by Green and Rudham
for liquid-phase isopropanol photocatalytic oxidation on CdS [46].

3.3. Kinetic studies

Up to the present time, gas-phase photocatalytic oxidation has
not been studied over CdS photocatalysts. Thus, it is highly inter-
esting to learn how reaction conditions affect the reaction rate.
The influence of isopropanol concentration, air humidity and reac-
tion time was studied for isopropanol oxidation. The most active
#23 catalyst was taken for the kinetic studies.

Fig. 9 shows how acetone formation rate depends on the isopro-
panol initial concentration. Since partial CdS catalyst deactivation
is observed during oxidation, only initial three measurements dur-
ing the initial 40 min of oxidation were taken and approximated
with the following linear function was used to obtain the acetone
formation initial rate at t = 0 moment.

rðtÞ ¼ r0 þ A � t; ð9Þ

where r(t) – acetone formation rate, t – time of reaction and r0 –
acetone formation initial rate.

One can see that the rate increases with the increase in isopro-
panol concentration and stays nearly the same above isopropanol
concentration 1500 ppm. The obtained experimental data can be
approximated using the Langmuir–Hinshelwood rate expression.

r ¼ k1 �
K � C

1þ K � C ; ð10Þ

where C is the isopropanol concentration, k1 is the reaction rate con-
stant and K is the effective adsorption constant. The following
constants were found by fitting the experimental points:
k1 = 1.41 � 10�10 mol s�1 cm�2, K = 0.0101 ppm�1. Earlier Tasbihi
et al. found k1 = 0.3–3.6 � 10�10 mol s�1 cm�2 for isopropanol
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photocatalytic oxidation on TiO2 under UV light [47]. The value of the
constant is close to the value obtained earlier [47]. The higher value
on TiO2 was due to the fact that the authors used a xenon lamp that
provided the light intensity practically 7-fold higher than in our
experiments [47].

Adsorption of alcohols is the first stage of their photocatalytic
oxidation. However, further mechanism of photocatalytic oxida-
tion over CdS should be different from that over TiO2 for the fol-
lowing reasons. Hydroxyl radicals are often supposed as active
oxidizing species on UV irradiated TiO2. However, the potential
for the formation of hydroxyl radicals from water or less abundant
hydroxyl anions is 2.6 and 1.8 V vs. NHE, respectively [48]. The va-
lence band potential of CdS is about +1.7 V vs. NHE [49] as com-
pared to +2.9 V for TiO2 [49]. Therefore, the probability of
hydroxyl radical formation on CdS is low. Direct reaction of organic
species with photogenerated holes should be considered as the
predominant way of oxidation on CdS.

The mechanism of oxygen involvement into the oxidation of or-
ganic species on CdS is not clear. The Mars–van Krevelen mecha-
nism that is operational on TiO2 [50] cannot be realized over CdS
since oxygen cannot travel across the CdS lattice. Measurements
of water content influence on oxidation rate can shed light on
the oxidation mechanism.

Fig. 10 shows the influence of air humidity on photocatalytic
oxidation rate of isopropanol. Unexpectedly, the rate increases
strongly with an increase in reaction mixture humidity. The depen-
dence can be described with Langmuir–Hinshelwood model that
upon fitting gives parameters k1 = 2.0 � 10�10 mol s�1 cm�2 and
K = 0.0068 (%)�1. The increase in oxidation rate with the increase
in humidity on CdS contrasts strongly with the effect of water va-
por on photocatalytic oxidation over TiO2. Earlier it was shown that
TiO2 catalyst activity in gas-phase isopropanol oxidation falls down
with relative humidity increase [51].

This principal difference between CdS and TiO2 should be asso-
ciated with the different mechanism of photocatalytic oxidation.
The increase in the rate with increase in humidity could be due
to the larger amounts of hydroxyl radicals formed by reaction of
water or hydroxide anions with photogenerated holes. However,
as we demonstrated above, the formation of hydroxyl radicals
should be very limited over CdS due to thermodynamical reasons
and their supposed role should be minor. Organic compounds
could be oxidized directly by photogenerated holes with the for-
mation of the corresponding radical-cations.

RHþ hþ ! RHþ: ð11Þ

The radical-cations can further dissociate into organic radical and
solvated proton.
RHþ þH2O! R� þH3Oþ: ð12Þ

The stoichiometric surface of cadmium sulfide is not hydrated or
populated with hydroxyl groups. Therefore, high water vapor con-
centrations in the gas phase should be needed in order to create
the surface layer of adsorbed water, which dissolves the charged
oxidation intermediates.

Another very important difference of CdS from TiO2 is that
Mars–van Krevelen mechanism with lattice transport of oxygen
is not possible. Photogenerated holes and electrons tend to migrate
and react over different crystallographic faces as has been demon-
strated for TiO2 [52]. If the distance between the faces for holes and
electrons reactions is significant, then charged products have to
travel toward each other in order to react and form the final un-
charged products. In the case of TiO2, reduced oxygen O2� can tra-
vel across the lattice to the needed places as a consequence of
photoexcitation. For CdS, such transport through the lattice is not
possible. Nor is it possible via surface diffusion because the CdS
surface is generally of low polarity. The surface layer of adsorbed
water on CdS can play the role of the transport medium for charged
oxygen species forming during electrons capture.

O2 þ e� ! O��2 ; ð13Þ

O��2 þH2O ¢ HO�2 þ OH�; ð14Þ

OH� þH3Oþ¢ 2H2O: ð15Þ

The overall reaction mechanism for photocatalytic oxidation of iso-
propanol over CdS proceeds via the following stages. At first, light
absorption by semiconductor particles occurs producing conduction
band electrons and valence band holes (Eq. (16)). The holes and
electrons may migrate to the surface of catalyst (Eqs. (17) and
(18)) or recombine with each other (19). Water molecules can be
needed for the transport of charged species forming from oxygen
(Eqs. (20)–(22)). It was revealed by Davis et al. [27, 28] that reaction
between surface holes and adsorbed organics is the main way for
cadmium sulfide to oxidize organics (Eq. (25)). The final product
of oxidation, acetone, is formed as a result of electron injection from
radical (CH3)2C_OH into CdS (26).

CdS!hm CdSðhþ þ e�Þ; ð16Þ

hþ ! hþsurf ; ð17Þ

e� ! e�surf ; ð18Þ

hþ þ e� ! recombination; ð19Þ

e�surf þ O2 ! O��2 ; ð20Þ

O��2 þHþ ! HO�2; ð21Þ

HO�2 þ e�surf ! HO��2 ; ð22Þ

HO�2 þHþ ! H2O2; ð23Þ

H2O2 þ 2e�surf þ 2Hþ ¼ 2H2O; ð24Þ

ðCH3Þ2CHOHþ hþsurf ! ðCH3Þ2C�OHþHþ; ð25Þ

ðCH3Þ2C�OHþ CdS! ðCH3Þ2COþHþ þ CdSðe�Þ: ð26Þ

The presence of H2O layer on CdS surface can also be important
for the stabilization of radicals formed as intermediates during the
oxidation reaction stages and making them more favorable
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Table 3
Characteristic parameters of deactivation curves approximation for different relative
humidity.

Relative humidity (%) r0 (mol/(s cm2)) A (mol/(s cm2)) s (min)

7.5 0 1.37 � 10�11 29.14
25 7.56 � 10�12 3.46 � 10�11 58.41
50 1.74 � 10�11 5.78 � 10�11 60.59
65 2.39 � 10�11 9.07 � 10�11 55.37
91 3.03 � 10�11 7.37 � 10�11 60.23
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thermodynamically. Radicals can be very unstable in a gas phase,
so water molecules can help them to survive. Thus, H2O molecules
take a very important part in both oxidation on TiO2 and CdS.

Vildozo et al. has reported for PCO of isopropanol vapors on TiO2

that relative humidity increase leads to the adsorption competition
between water and organic compound [51]. This fact is explained
by extremely high TiO2 surface hydrophilic properties. Cadmium
sulfide is not as hydrophilic compound as titanium dioxide. CdS
catalyst surface probably has not enough ability to adsorb large
amounts of water vapors that correspond to competition for
adsorption sites. So isopropanol vapor oxidation rate on CdS in-
creases with relative humidity increase continuously. Isopropanol
molecules can be absorbed by the surface water layer on CdS sur-
face, and this layer could increase the surface concentration of
isopropanol.

It is well known that a typical problem of using cadmium sul-
fide as the photocatalyst in solutions is deactivation due to its
photocorrosion. Therefore, it is very interesting to examine photo-
catalytic oxidation on CdS in gas phase. The flow-type reactor used
allows one to measure both the reaction rate and the stability of
the photocatalyst. Fig. 11A demonstrates the temporal profiles of
activity at different RH. One can see that activity decreases with
reaction time at any RH used. However, the deactivation time
and the residual activity increase as RH grows. The obtained exper-
imental profiles were approximated using the single exponential
decay.

r ¼ r0 þ A � e�t
s; ð27Þ

where r – the acetone formation rate (mol s�1 cm�2), t – the reac-
tion time (min), r0 – the steady acetone formation rate, A – the rate
decrease during deactivation and s – the characteristic time of cat-
alyst deactivation. The results of data fitting are shown in Table 3.

One can see that relative humidity growth from 7.5% to 25% al-
lows increasing deactivation characteristic time from 29 to 60 min.
The residual activity after the deactivation, r0, increases
continuously from zero at low RH to a significant value at RH
91%. A possible reason for the positive influence of humidity on
photocatalytic oxidation over CdS is that the film of adsorbed
water dissolves compounds causing deactivation and frees the
CdS surface.

Fig. 11B shows the typical dependence of the acetone formation
rate on the reaction time for the most active obtained catalyst #23
over a long reaction period at RH 65%. One can see that the gradual
deactivation of the catalyst occurred, but the activity is not lost
completely. The deactivation process can be described by the expo-
nential decay combined with a linear decrease.

r ¼ 2:39� 10�11 þ 9:07� 10�11 � e� t
55:37 � 1:516� 10�14 � t; ð28Þ

where r is the acetone formation rate (mol s�1 cm�2) and t is the
reaction time (min). The characteristic time of activity decay is
55.3 min. After the exponential period, the activity declines slowly
in a linear manner. It is interesting that activity is not lost com-
pletely: even after 22 h of reaction, the oxidation rate was
4.8 � 10�12 mol s�1 cm�2.

In order to identify the surface changes that cause catalyst deac-
tivation, XPS research was performed. Fig. 12 demonstrates Cd3d
and S2p spectra of fresh and deactivated CdS catalyst #23 that have
operated at 65% RH during 1350 min (see Fig. 11B). Cd3d peak can
be described as a doublet Cd3d5/2–Cd3d3/2 with integral intensity
ratio 3:2 and spin–orbit energy shift 6.73 eV. Binding energy of
Cd3d5/2 is 405.2 eV that corresponds to cadmium cations in CdS
[53–55]. In S2p spectra of fresh catalyst, one can observe a doublet
S2p3/2–S2p1/2 with integral intensity ratio 2:1 and spin–orbit en-
ergy shift 1.18 eV. Binding energy of S2p3/2 is 161.7 eV, which also
conforms to sulfur in CdS [53–55]. In S2p spectra of deactivated
catalyst, one can see additional doublet with a substantially higher
binding energy EB(S2p3/2) = 168.1 eV, which corresponds to sulfate
groups SO2�

4 [56]. Furthermore, increase in line intensity with
binding energy 531.6 eV is observed in O1s spectra (not shown in
Fig. 12). Moreover, the ratio of oxygen O1s to sulfur S2p3/2 amount
is 3.9:1. All of these facts allow us to suggest that the second
doublet in deactivated catalyst spectra corresponds to sulfur in
SO2�

4 group. The formation of sulfate and cadmium (II) in aqueous
solution was previously observed during photooxidative CdS disso-
lution [57]. XRD investigations of the spent catalyst (not shown)
did not reveal any changes in the bulk semiconductor phase
composition.

The mechanism of sulfate formation has been proposed previ-
ously by Meissner [58] and includes formation of photogenerated
charge carriers

CdSþ hm! CdSðe� þ hþÞ; ð29Þ

oxidation of sulfide with photogenerated holes

CdSþ 2hþ ! Cd2þ þ S; ð30Þ

reduction of oxygen with photogenerated electrons

O2 þ e� ! O�2 ; ð31Þ

and reaction of oxygen radical anions with sulfur
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Sþ 2O�2 ! SO2�
4 : ð32Þ

Photodissolution with the formation of SO2�
4 and Cd2+ leads to

the destruction of the CdS photocatalyst [24]. In our case, forma-
tion of sulfate species results in the deactivation of CdS photocat-
alyst for gas-phase alcohols oxidation. The sulfate anions cover
CdS surface and hinder oxidation and reduction reactions between
holes, electrons and reagents. Higher amounts of water help to
keep the reaction steady by dissolving sulfates.

4. Conclusions

The results distinctly demonstrate that the two-step synthesis
method allows obtaining CdS catalyst with high photocatalytic
activity in gas-phase ethanol and isopropanol oxidation reactions.
The most efficient conditions of synthesis are found to be high stir-
ring rate and slow reagents addition rate. Catalysts activity grows
with the S to Cd molar ratio increase in precursor solutions and
reaches its maximum value at 2:1. XRD and XRF measurements re-
veal that the catalyst obtained with 2:1 sulfur to cadmium molar
ratio contains the highest sulfur amount that is close to the stoichi-
ometric ratio in CdS. Alcohol vapors’ photocatalytic oxidation un-
der visible light irradiation was carried out in a batch and in a
flow-type reactors. Langmuir–Hinshelwood rate expression was
used to describe PCO kinetic features, and appropriate constants
were found. The CdS is deactivated in alcohol vapors oxidation,
but the increase in air humidity leads to lower deactivation effects.
It was established that the photooxidation rate increases with the
relative humidity rise. Photocatalyst deactivation was investigated.
XPS measurements showed that the catalyst deactivation is
accompanied by the oxidation of surface S2� into SO2�

4 .
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