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a b s t r a c t

This work stud ies the variation in 

 

 

 

 

 

 

 

 the photocatalytic properties of CdS derived from the insertion of In,
Ga, Ag-In and Ag-Ga in the CdS lattice through 

 

 

 

 

 

 

 

 solvothermal method ology. Solvothermal synthesis of
CdS-M photocatalysts has been succesful for the inse rtion of Ga3þ, In 3þ, Ga 3þ/Agþ and In3þ/Agþ into the
hexagonal crystal lattice of one-dimensi onal CdS. The insertion of 

 

 

 

 

 

 

 

 In, Ga, Ag-In and 

 

 

 

 

 

 

 

 Ag-G a modi es thefi

band gap and the 

 

 

 

 

 

 

 

 relative position 

 

 

 

 

 

 

 

 of EVB. CdS mo di ed with Infi 3þ or Ga 3þ shows an increase in the band
gap 

 

 

 

 

 

 

 

 and upshift in the relative position of the valence band energy 

 

 

 

 

 

 

 

 which 

 

 

 

 

 

 

 

 leads to a low ef ciencyfi

hydrogen production. The co-addition of Agþ-In 3þ or Agþ-Ga 3þ favours the insertion of Agþ ions into the
CdS lattice with 

 

 

 

 

 

 

 

 narrower band gap . Of all the co-substituted photocatalysts, the CdS-A gGa was 

 

 

 

 

 

 

 

 the only
one that showed a higher photoactivity with respect to the CdS. The increase in t he photoactivity of the
CdS-AgGa photocatalyst is related to the band gap narrowing 

 

 

 

 

 

 

 

 and downshift in the relative 

 

 

 

 

 

 

 

 position 

 

 

 

 

 

 

 

 of
the 

 

 

 

 

 

 

 

 valence band energy whic h enhance their visib le light absorption and potential for oxidation. The
CdS-AgGa photocatalyst shows small segregation of metallic Ag nanopa rticles at the surf ace whic h also
assist in the photoactivity 

 

 

 

 

 

 

 

 of the sample.
© 2018 Els evier Ltd. All rights reserved.

1. Introduction

The photocatalytic water splitting process using visible light is
an interesting 

 

 

 

 

 

 

 

 way to produce renewable hydrogen . Different[1]
types of photocatalysts e.g. oxides, sul des, oxynitrides and oxy-fi

sul des, have been developed over the past 40 years for this pro-fi

cess [2 4]e . However their ef ciency for hydrogen production underfi

visible light 

 

 

 

 

 

 

 

 still needs to 

 

 

 

 

 

 

 

 be improved before it can 

 

 

 

 

 

 

 

 be applied.
Among the photocatalysts developed for hydrogen evolution under
visible light, CdS is one of the most studied because of the[5 8]e

energy position 

 

 

 

 

 

 

 

 of the conduction and valence bands and its nar-
row band gap (2.4eV) which enables a good use of 

 

 

 

 

 

 

 

 the solar spec-
trum. Several research studies into CdS have been presented in 

 

 

 

 

 

 

 

 the
literature with the aim of improving its photocatalytic ef ciency byfi

controlling its electronic, microstructural, morphological and sur-
face properties because these factors de ne its photoactivityfi

[9e12 ]. Among the 

 

 

 

 

 

 

 

 available strategies for the enhancement of

hydrogen production are the use of co-catalysts [13,14], the
hybridation with 

 

 

 

 

 

 

 

 highly conductive materials to form hetero-
junctions [15 e17 ] , doping with transition metals [18] or forming
solid solutions . Two of the most studied strategies for the[19]
improvement of the ef ciency of the CdS photocatalysts are relatedfi

to the tuning of its band-gap energy by means of cation doping, and
by the deposition of co-catalysts on its surface to reduce the acti-
vation energy for 

 

 

 

 

 

 

 

 gas 

 

 

 

 

 

 

 

 evolution . These 

 

 

 

 

 

 

 

 strategies must be[20,21]
combined with the control of the synthesis of CdS to adjust its
crystallinity, size and morphology at the nanometric scale because
these characteristics havev a strong in uence on the photoactivity.fl

Regarding the synthesis of CdS, one dimensional (1D) nano-
structures e.g. nanorods, nanowires and nano bers, have attractedfi

much attention arising from their high activity which 

 

 

 

 

 

 

 

 comes from
the con nement effects associated with their high surface to vol-fi

ume ratio. Several synthesis methods enable 1D nano-
morphologies: e.g. electrochemical synthesis, chemical vapor
deposition, colloidal micellar methods, vapor-liquid-solid (VLS)
assisted-methods, hydrothermal and solvothermal, among others.
The 

 

 

 

 

 

 

 

 solvothermal method uses polyamines 

 

 

 

 

 

 

 

 as structure directing
agents that allows the control of the nanostructure of the CdS
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particles in the form of 1D nanomorphologies 

 

 

 

 

 

 

 

 . Ethyl-[22 24]e

enediamine (EDA) is the most frequently used polyamine solvent
because it favours the growth of CdS and has a preferential direc-
tion by means of the coordination of EDA with the Cd 2þ ions. In
addition to 

 

 

 

 

 

 

 

 the solvent, other solvothermal variables such as tem-
perature, precursors and 

 

 

 

 

 

 

 

 time, are also important 

 

 

 

 

 

 

 

 factors that
control the crystallinity and morphology of the CdS nanostructures.

As indicated above the replacement of Cd 2þ ions in its 

 

 

 

 

 

 

 

 crystal
lattice with other transition metal ions is a versatile strategy for the
modi cation 

 

 

 

 

 

 

 

 of its electronic band structure. This modi cation canfi fi

create intermediate energy states through the formation of solid
solutions or interstitial doping that improves absorption in the
visible range and/or the potential for water-oxidation/reduction
processes, changes to the 

 

 

 

 

 

 

 

 electrical properties or improving 

 

 

 

 

 

 

 

 the
chemical stability 

 

 

 

 

 

 

 

 by injecting 

 

 

 

 

 

 

 

 the holes into the formed acceptor
energy levels thereby 

 

 

 

 

 

 

 

 reducing photocorrosion. The doping of the
CdS by 

 

 

 

 

 

 

 

 metal cations has been the subject of many studies where
the cations are 

 

 

 

 

 

 

 

 introduced in its crystal lattice by chemical vapor
deposition, sol gel, coprecipitation or plasma implantation. Usu-e

ally 

 

 

 

 

 

 

 

 metal doping in CdS is performed by replacement 

 

 

 

 

 

 

 

 of the Cd 2þ

ions, substitutionally or interstitially, with transition metal cations
e.g. Ni 2þ, Zn 2þ, Co 2þ, M n 2þ, with charge and ionic radii similar to
Cd 2þ (0.85 Å). Enhanced photoactivity and stability of Mn-, Cu-, Ni-
and Zn-doped CdS for visible-light hydrogen production has been
extensively documented in the literature showing the effectiveness
of this process in improving the ef ciency by inter-semiconductorfi

transfer steps in the doped photocatalysts .[25 28]e

Metal doping of CdS with the aliovalent ions In 3þ and Ga 3þ has
also been proposed as a doping strategy to improve its photo-
activity, taking into account the possibility offered by 

 

 

 

 

 

 

 

 these cations
to tune the band structure of CdS in order to improve the ef ciencyfi

for 

 

 

 

 

 

 

 

 the absorption and use of solar light . The modi cation[29 32]e fi

of the photoactivity of CdS with these metal doping agents has been
poorly studied, and the effect of doping with In and 

 

 

 

 

 

 

 

 Ga on the
structure and photoactivity of CdS remains unclear . Yang et al.[33]
reported the successful preparation of interstitial Ga-doped CdS
which showed an enhancement in photoactivity attributed to the
band gap narrowing, the widening 

 

 

 

 

 

 

 

 of the valence band, and an
indirect semiconductor nature . Sasikala et al. reported the[42]
enhanced activity of the 

 

 

 

 

 

 

 

 indium doped supported CdS system due
to the 

 

 

 

 

 

 

 

 increased lifetime of the charge carriers and 

 

 

 

 

 

 

 

 the 

 

 

 

 

 

 

 

 relatively
improved optical absorption of this system . In spite of the[33]
improvements associated with the replacement of the Cd 2þ ions
with the M 3þ aliovalent ions, the replacement can also cause 

 

 

 

 

 

 

 

 charge
imbalance and vacancies 

 

 

 

 

 

 

 

 that may negatively affect the photo-
activity of the substituted CdS. In order to avoid the drawbacks
associated with the individual substitution with aliovalent ions in
the structure of CdS, the co-substitution of M þ and M 3þ ions was
also proposed as a strategy for altering the electronic band struc-
ture of 

 

 

 

 

 

 

 

 CdS because the insertion of both aliovalent cations results
in the 

 

 

 

 

 

 

 

 balancing of charge minimizing vacancies . Co-[34,35]
substitution of M 3þ ions with Agþ could be of 

 

 

 

 

 

 

 

 special interest tak-
ing into account the possible formation of solid solutions between
AgMS 2 and sulphides with a wurtzite structure that facilitates the
insertion of both cations in the CdS lattice . In addition, an[36 38]e

enhancement in the recombination life-time of carriers could 

 

 

 

 

 

 

 

 be
achieved on Ag-doped 

 

 

 

 

 

 

 

 CdS associated with the surface plasmon
resonance (SPR) which act as photosensitizers to strengthen the
absorption of CdS.

In line with the above, this work was undertaken with the aim of
modifying 

 

 

 

 

 

 

 

 the photocatalytic properties of CdS 

 

 

 

 

 

 

 

 by means of the
mono-substitution of CdS with In 3þ and Ga 3þ and the co-
substitution with Ag þ-Ga 3þ and Agþ-In3þ. The possibility offered
by these cations to change the band structure of CdS in order to
improve the ef ciency for the absorption and use of solar light wasfi

taken into consideration. The strategy of the modi cation of thefi

CdS with aliovalent cations was combined 

 

 

 

 

 

 

 

 with the control of the
nanosynthesis of 

 

 

 

 

 

 

 

 the CdS by solvothermal methodology that 

 

 

 

 

 

 

 

 en-
ables customizing the crystallinity and morphology at the nano-
metric scale. Textural, structural and 

 

 

 

 

 

 

 

 surface properties of the
substituted CdS samples have been determined in order 

 

 

 

 

 

 

 

 to analyse
the role of aliovalent ions during the synthesis, and their effect on
the nal morphological, optical and structural properties of thefi

modi ed CdS samples.fi

2. Experimental

2.1. Solvothermal synthesis of CdS-M (M In, Ga, AgIn, AgGa)¼

Two CdS-M series corresponding to the mono-substitution of
CdS with In 3þ and Ga3þ and the co-substitution with Ag þ-Ga3þ and
Agþ-In 3þ were prepared according to the stoichiometry M 0.05-
Cd0.95S ( M ¼ In 3þ, G a3þ) and Ag 0.05M0.05-Cd 0.9S ( M ¼ In 3þ, G a3þ).
Cadmium chloride (CdCl 2 ), silver acetate (Ag(CH 3COO)), indium
acetate (In(CH 3COO) 3), gallium chloride (GaCl 3 ) and elemental
sulfur (S) were used as precursors in the synthesis of the CdS-M
samples. As described in our previous work the sol-[7 9]e

vothermal synthesis uses a Te on-lined stainless steel autoclavefl

filled with 

 

 

 

 

 

 

 

 ethylenediamine (EDA) to 80% of its capacity with
metallic salts in a Cd/M (M In, Ga) molar ratio 

 

 

 

 

 

 

 

 1/0.05. In order to¼

promote 

 

 

 

 

 

 

 

 the complete precipitation of the metal sul des, an excessfi

of elemental sulfur was added in a Cd/S molar ratio equal to 1/3.
The autoclave was heated 

 

 

 

 

 

 

 

 at 120  C for 12 h and then cooled to
room temperature. The solids obtained were washed with distilled
water 

 

 

 

 

 

 

 

 and ethanol and collected by centrifugation. Finally 

 

 

 

 

 

 

 

 the solids
were dried under vacuum at 

 

 

 

 

 

 

 

 70 C for 2 h. According to the alio-
valent cation used, the samples were labelled: CdS-M (M In, Ga,¼

AgIn and AgGa). A non-substituted CdS reference sample was also
synthesized using this methodology.

2.2. 

 

 

 

 

 

 

 

 Physicochemical characterization

The chemical composition of 

 

 

 

 

 

 

 

 the CdS-M photocatalysts was
determined by total X-ray uorescence 

 

 

 

 

 

 

 

 analysis (TXRF) using afl

benchtop S2 PicoFox TXRF spectrometer (Bruker Nano GmbH,
Berlin, Germany), equipped with a molybdenum X-ray source
working at 50 kV and 

 

 

 

 

 

 

 

 60 0 A, a multilayer monochromator with 80%
reflectivity at 17.5 keV (Mo K), an XFlash SDD 

 

 

 

 

 

 

 

 detector with an
effective area of 30 mm 2, and an 

 

 

 

 

 

 

 

 energy resolution better than
150 eV for Mn K. The beam impacts over the sample and is re ectedfl

almost entirely, penetrating approximately only 10 15 nm in thee

sample.
The speci c surface area of photocatalyst samples were 

 

 

 

 

 

 

 

 deter-fi

mined by the BET method to the N 2 adsorption/desorption iso-
therms measured at liquid nitrogen at 19 6 C on a Micromeritics
TRISTAR 30 0 0 instrument over samples which had previously been
degassed under vaccum at 70 C for 2 h, to 

 

 

 

 

 

 

 

 remove the gases and
moisture adsorbed on the surface of the samples. The speci cfi
surface area of all the samples have been calculated within the
relative pressure 0.05 P/Po 0.30.< < 

 

 

 

 

 

 

 

 

The crystalline characteristics of CdS-M photocatalysts were
evaluated by X-ray Powder Diffraction (XRD) using an X'Pert Pro
PANalytical polycrystal diffractometer with a X'Celerator RTMS
detector 

 

 

 

 

 

 

 

 and nickel- ltered Cu Kfi a radiation (l¼ 0.15406 nm, 45 kV,
40 mA) under constant instrument parameters. The scanning range
was established 

 

 

 

 

 

 

 

 between Bragg angles 20  and 90 (2q) with a step
size 0.0335 during a continuous scan. The estimation of the size of
the crystalline domains of the CdS-M samples (Dp) was carried out
by applying the Scherrer equation from the broadening of the (0 02)
reflections of the hexagonal CdS-M phase. In 

 

 

 

 

 

 

 

 this study the
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Williamson-Hall analysis was carried out for the estimation of the
lattice strains of 

 

 

 

 

 

 

 

 the CdS-M nanostructures which are a conse-
quence of the insertion of aliovalent cations on the CdS lattice. By
plotting eq. (below) for 

 

 

 

 

 

 

 

 the three main re ection 

 

 

 

 

 

 

 

 planes of the(1) fl

hexagonal CdS-M, it is possible to quantify the microstrain lattice
parameter ( ):

cos ¼
K

D
þ 4 $sin (1)

where b is the broadening of the diffracted peak, K is a shape factor
close to unity, l is the X-ray wavelength, D is the crystallite size and

is the 

 

 

 

 

 

 

 

 slope of the linear t of the plot.fi

Raman spectra of all the samples were obtained 

 

 

 

 

 

 

 

 using a 

 

 

 

 

 

 

 

 com-
bined Raman-AFM-SNOM confocal microscope WITec alpha30 0
RAS (WITec, Ulm, 

 

 

 

 

 

 

 

 Germany). An Nd:YAG laser operated at 532 

 

 

 

 

 

 

 

 nmþ

was used as the excitation source with the power set at 1 mW.
Raman spectra were collected with a 10 0 objective lens with an

acquisition time of 2 s and 10 acquisitions. Raman imaging exper-
iments were performed by raster-scanning the laser beam over the
samples and accumulating a full Raman spectrum at each pixel.
Raman images were constructed by integrating over speci c Ramanfi

bands using WITec software for data evaluation and processing.
Surface analyses of 

 

 

 

 

 

 

 

 the 

 

 

 

 

 

 

 

 CdS-M 

 

 

 

 

 

 

 

 samples were obtained from X-
ray photoelectron spectra (XPS) obtained using a VG Escalab 20 0R
spectrometer equipped with a hemispherical electron analyser and
Mg Ka radiation (1253.6 eV). The Cd 3d, Ga 2p, In 3d and Ag 3d
core-level spectra in the CdS-M samples were recorded. The spectra
for the regions of interest were curve tted using thefi XPS Peak

software. Curve tting was performed using Gaussian-Lorentzianfi

(90% G-10% L) shapes with a Shirley background. Atomic ratios
were computed from the intensity ratios normalized by atomic
sensitivity factors .[39]

The nanomorphological characteristics of the CdS-M photo-
catalysts were determined from transmission electron microscopy
(TEM) 

 

 

 

 

 

 

 

 and high-resolution transmission electron microscopy
(HRTEM) with a TEM/STEM JEOL 2100F 

 

 

 

 

 

 

 

 electron microscope oper-
ating at a 20 0 kV accelerating voltage with a Field Emission Gun
(FEG), obtaining a point resolution of 0.19 nm.

Diffuse re ectance measurements 

 

 

 

 

 

 

 

 of the CdS-M photocatalystsfl

were performed in a UV-vis-NIR Varian Cary 50 0 0 spectrometer
with the double beam and double shutter 

 

 

 

 

 

 

 

 synchronized electroni-
cally. The sources were deuterium (UV) and halogen quartz. The
detectors were a multiplier and PbS detector refrigerated for the
NIR area. By plotting the Kubelka-Munk Function F(R) against the
photonic energy (hy) an approximated pro le of the absorptionfi

properties of 

 

 

 

 

 

 

 

 the samples was obtained. The band gap size was
obtained from Tauc plot tracing a tangent line parallel to the slope
of the curve to the x-axis. The wavelength obtained was converted
to energy units according to Eph hc/¼ l, where Eph is the photonic
energy, h is the Planck constant, c the speed of light, and l the
photon wavelength. Defects can cause a tailing effect on UV vise

spectra, Urbach tails due to the presence of localized elec-[29,40]
tronic states near the band gap region in the UV vis spectra weree

observed. By applying the Urbach law (eq. below) it is possible(2)
to quantify the density of defects near the band gap through the
Urbach energy parameter, Eu:

lnð ð ÞÞ ¼ þF R A
1

Eu
$hv (2)

where F(R) is the Kubelka-Munk function, h is the Planck constant,
n the speed of light and Eu is the inverse of the slope of 

 

 

 

 

 

 

 

 the straight
line of the plot in meV.
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 w e r e
p e r f o r m e d t o d e t e r m i n e  

 

 

 

 

 

 

 

 t h e  

 

 

 

 

 

 

 

 v a l e n c e  

 

 

 

 

 

 

 

 b a n d  

 

 

 

 

 

 

 

 e n e r g y p o s i t i o n
( V B M )  

 

 

 

 

 

 

 

 o f C d S - M s a m p l e s .  

 

 

 

 

 

 

 

 T h e  

 

 

 

 

 

 

 

 m e a s u r e m e n t s  

 

 

 

 

 

 

 

 w e r e  

 

 

 

 

 

 

 

 a c q u i r e d
u s i n g  

 

 

 

 

 

 

 

 a S P E C S  

 

 

 

 

 

 

 

 G m b H  

 

 

 

 

 

 

 

 s p e c t r o m e t e r  

 

 

 

 

 

 

 

 w i t h  

 

 

 

 

 

 

 

 U H V  

 

 

 

 

 

 

 

 s y s t e m  

 

 

 

 

 

 

 

 ( c a  .
1010 m b a r ) e qui p p e d w i t h a n e n er g y an a l y z e r P H OI B O S 150
9 M C D .  

 

 

 

 

 

 

 

 T h e U P S  

 

 

 

 

 

 

 

 s p e c t r a w e r e  

 

 

 

 

 

 

 

 o b t a i n e d b y  

 

 

 

 

 

 

 

 a p p l y i n g  

 

 

 

 

 

 

 

 a  

 

 

 

 

 

 

 

 m o n o -
c h r o m a t i c  

 

 

 

 

 

 

 

 r a d i a t i o n H e  

 

 

 

 

 

 

 

 ( I )  

 

 

 

 

 

 

 

 r a d i a t i o n  

 

 

 

 

 

 

 

 ( h y ¼ 21 . 2 e V ) w i th a p a ss
e n e r g y  

 

 

 

 

 

 

 

 2 e V  

 

 

 

 

 

 

 

 a n d  

 

 

 

 

 

 

 

 a s t e p  

 

 

 

 

 

 

 

 e n e r g y  

 

 

 

 

 

 

 

 0 . 0 2 e V . T h e  

 

 

 

 

 

 

 

 r e l a t i v e  

 

 

 

 

 

 

 

 e n e r g y  

 

 

 

 

 

 

 

 p o -
s i t i o n  

 

 

 

 

 

 

 

 o f t h e  

 

 

 

 

 

 

 

 v a l e n c e  

 

 

 

 

 

 

 

 b a n d  

 

 

 

 

 

 

 

 m a x i m u m  

 

 

 

 

 

 

 

 ( V B M )  

 

 

 

 

 

 

 

 w i t h r e s p e c t t o  

 

 

 

 

 

 

 

 t h e
c o n d u c t i o n b a n d m i n i m u m  

 

 

 

 

 

 

 

 ( C B M ) w a s  

 

 

 

 

 

 

 

 c  a l c u l a t e d  

 

 

 

 

 

 

 

 b y  

 

 

 

 

 

 

 

 a p p  l y i n g
t h e  

 

 

 

 

 

 

 

 e q s .  

 

 

 

 

 

 

 

 ( 3 ) e( 5 )  

 

 

 

 

 

 

 

 b e l o w ) [ 4 1 ] :

¼ h  Ecutoff (3)

VBM h¼  Ecutoff þ E VBM (4)

CBM VBM BG¼ þ (5)

where F is the work 

 

 

 

 

 

 

 

 function, h y corresponds to the radiation en-
ergy of He (I), E cutoff is the secondary edge region and E VBM is the
energy level of the valence band obtained from the intersection of
the tangent line to the 

 

 

 

 

 

 

 

 slope with 

 

 

 

 

 

 

 

 x-axis in the UPS spectra.
The photoluminescence (PL) spectra of CdS-M photocatalysts

were recorded in a sonicated aqueous suspension at room tem-
perature using a Varian Cary Eclipse uorescence spectrophotom-fl

eter with a sweep analysis in the range of 400 60 0 nm and ane

excitation wavelength of 375 nm at high voltage.

2.3. Photocatalytic activity tests

The photoactivity of the CdS-M samples was determined using a
closed Pyrex glass reactor (247 mL) at ambient temperature and
filled with Ar atmosphere. 50 mg of CdS-M 

 

 

 

 

 

 

 

 photocatalyst, in 

 

 

 

 

 

 

 

 a
powder form, 

 

 

 

 

 

 

 

 was magnetically stirred in 150 mL of 

 

 

 

 

 

 

 

 an aqueous
solution 

 

 

 

 

 

 

 

 containing 

 

 

 

 

 

 

 

 0.05 

 

 

 

 

 

 

 

 M Na 2S and 0.02 M Na 2SO 3 as sacri cialfi

electron donor agents. The photocatalytic hydrogen production was
determined according to the reactions that take place, and are
described below:

CdS!
h

eðCBÞ þ  hþ ð ÞVB

2H2 O
!

2eð ÞCB
H2 þ 2OH

SO2
3 þ H2 O

!

2hþð ÞVB
SO2

4 þ 2Hþ

2S2

!

2hþð ÞVB
S 2

2

S2
2 þ SO 2

3 S 2 O2
3 þ S2

SO2
3 þ S 2

!

2hþð ÞVB
S 2 O 2

3

The closed pyrex reactor system was irradiated with a Xenon arc
lamp (150W, ozone 

 

 

 

 

 

 

 

 Free, LOT Oriel GmbH CO KG, Darmstadt,& 

 

 

 

 

 

 

 

 

Germany) for 5 h. Gas samples were extracted from the reactor
every 60 min to quantify the hydrogen production by gas chro-
matography (Star 3400 CX chromatograph, Varian) equipped with a
TCD detector and a 5 molecular sieve packed column using Ar asÅ

the carrier gas.
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3. Results and discussion

3.1. Physicochemical characterization

3.1.1. Chemical and textural analysis

Table 1 shows the chemical composition of the CdS-M photo-
catalysts analysed by TXRF. The concentration of In or Ga in the
mono-substituted CdS-M samples was, in both cases, lower than
their nominal values which implies some losses during the syn-
thesis. In the case of co-substituted CdS-M samples, the concen-
tration of Ag decreased considerably 

 

 

 

 

 

 

 

 with respect to the nominal
value, while the concentration of In and Ga maintained the low
values already observed on the monosubstituted counterparts. The
atomic (Cd 

 

 

 

 

 

 

 

 M)/S ratio was similar in all CdS-M photocatalyts andþ

was not substantially modi ed with respect to the value observedfi

in the unmodi ed CdS reference.fi

The N2 adsorption-desorption isotherms 

 

 

 

 

 

 

 

 and the corresponding
pore distribution of CdS-M photocatalysts are shown in a andFig. 1
b respectively. a shows that the isotherms of all the CdS-MFig. 

 

 

 

 

 

 

 

 1
samples are of type IV, which is typical of mesoporous materials,
with hysteresis loops of type H3 associated with aggregates of
platelet like particles forming slit-like pores. The pore sizes of 

 

 

 

 

 

 

 

 the
CdS-M samples ( b) show 

 

 

 

 

 

 

 

 a wide distribution in all samplesFig. 1
with some differences in the maximum pore diameter 

 

 

 

 

 

 

 

 from 15 nm
in the 

 

 

 

 

 

 

 

 case of the CdS-In to 35 nm in the case 

 

 

 

 

 

 

 

 of the CdS-AgIn
sample. All CdS-M photocatalysts showed a lower pore size than
that observed on the unsubstituted CdS reference sample. The
changes in the pore distribution of the CdS-M photocatalysts are
derived from the differences in the degree of 

 

 

 

 

 

 

 

 aggregation of 

 

 

 

 

 

 

 

 the
primary CdS-M particles because these particles do not develop
microporosity ( a). The textural data i.e. the BET surface areaFig. 1
and pore size, of the CdS-M photocatalysts determined from the N 2

adsorption-desorption isotherms are shown 

 

 

 

 

 

 

 

 in . The resultsTable 2
in this table corroborate the observation that the speci c surfacefi

area 

 

 

 

 

 

 

 

 of the CdS was substantially modi ed when Agfi
þ, I n 3þ and

Ga 3þ were added to the CdS. For the 

 

 

 

 

 

 

 

 mono-substituted CdS series,
the In- and Ga-CdS samples showed a signi cant increase in theirfi

surface areas with respect to the CdS reference sample. The surface
areas of the co-substituted photocatalysts decreased considerably
with respect to the monosubtituted In- and Ga- counterparts. 

 

 

 

 

 

 

 

 This
indicates the impact of the presence of Ag on the 

 

 

 

 

 

 

 

 development of
the porous structure in the co-substituted 

 

 

 

 

 

 

 

 CdS-M samples.

3.1.2. Powder X-Ray dif fraction

Fig. 2 shows the X-ray diffraction patterns of the CdS-M pho-
tocatalysts, and Table 3 summarizes the quanti cation of the rela-fi

tive intensities of the main diffraction peaks and the calculation of
the crystallite domain sizes by applying the Debye-Scherrer equa-
tion. The XRD diffraction patterns of all CdS-M photocatalysts
( ) are consistent with the re ections corresponding to theFig. 2 fl

crystalline hexagonal phase of CdS 

 

 

 

 

 

 

 

 (JCPDS: 01-077-230 6). The low
relative (0 01)/(002) peak 

 

 

 

 

 

 

 

 intensities observed in the difractograms
of all the 

 

 

 

 

 

 

 

 CdS-M samples (Table 3) indicated a preferential growth
along the <0 02 > direction which is characteristic of the presence of

one-dimensional 

 

 

 

 

 

 

 

 (1D) CdS nanostructures. The XRD pro les showfi

that the addition of the aliovalent cations to CdS caused slight
modi cations to the 

 

 

 

 

 

 

 

 structure and crystallite domain size withfi

respect to the non-substituted CdS reference sample. The CdS-In
and CdS-Ga photocatalysts show 

 

 

 

 

 

 

 

 a pronounced decrease in 

 

 

 

 

 

 

 

 both
the intensity 

 

 

 

 

 

 

 

 and the broadening of the (0 01) and (101) diffraction
peaks of the CdS phase with respect to the 

 

 

 

 

 

 

 

 reference sample, which
is evidence of a lower development and size of the 1D nano-
structures of CdS i.e. 90.9 nm 

 

 

 

 

 

 

 

 for the CdS reference sample, 35.3 nm
for CdS-In, and 42.4 for CdS-Ga ( ). In the CdS-In sample theTable 3
diffraction peaks of 

 

 

 

 

 

 

 

 the CdS phase show a slight shift which could
indicate the replacement of the Cd 2þ by the In 3þ ions. The similar
radii of the In 3þ and Cd 2þ ions explains the minimal disturbance in
the CdS crystal lattice in the case of their mutual substitution.
Diffraction peaks corresponding to either the 

 

 

 

 

 

 

 

 In 2S3 or CdIn 2S 4
phases were not observed in the XRD pro le of the CdS-In whichfi

Table 1

Chemical surface composition (atomic percentage) of CdS-M photocatalysts deter-
mined by TXRF analyses.

Cd (at %) S (at %) Ag (at 

 

 

 

 

 

 

 

 %) In (at%) Ga (at %) (Cd M)/Sþ

CdS 47.4 52.6 e e e 0.90
CdS-In 45.5 52.9 1.6 0.89e e

CdS-Ga 46.1 52.4 e e 1.5 0.91
CdS-AgIn 44.1 53.2 0.8 1.9 0.88e

CdS-AgGa 46.0 52.4 0.4 1.2 0.91e

Fig. 

 

 

 

 

 

 

 

 1. N 2 adsorption-desorption isotherms (a) and pore-size distribution curves (b) of
CdS-M photocatalysts; ( ) CdS-In; ( ) CdS-Ga; ( ) CdS-AgIn; ( ) CdS-AgGa and
( ) CdS (reference).

Table 2

BET speci c 

 

 

 

 

 

 

 

 surface area, average pore diameter and pore volume of CdS-M pho-fi

tocatalysts determined 

 

 

 

 

 

 

 

 from N 2 isotherms.

BET m 2/g Average Pore Diameter nm

CdS 38.6 58
CdS-In 95.2 15
CdS-Ga 78.5 25
CdS-AgIn 74.8 35
CdS-AgGa 46.3 26
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indicates a low 

 

 

 

 

 

 

 

 concentration of the In segregated species and also
supports the insertion of the In 3þ ions into the CdS phase. The
diffraction peaks corresponding to the CdS phase in the CdS-Ga
photocatalyst show a clear 

 

 

 

 

 

 

 

 shift in their position to higher angles.
This is indicative of the substitution of Cd 2þ by Ga 3þ ions 

 

 

 

 

 

 

 

 into the
CdS lattice taking into account the low ionic size of the Ga 3þ ions.
Diffraction peaks corresponding to the segregated Ga 0 or Ga 2S 3

phases were not observed in the XRD pro le of this CdS-Ga samplefi

which also points to the insertion of Ga 3þ ions into the CdS phase.
The substitution by Ga 3þ observed in this sample contrasts with the
study performed by Yang et al. who observed interstitial[42]
doping of Ga ions into CdS leading to an increase in their lattice
plane distances. 

 

 

 

 

 

 

 

 The differences could be 

 

 

 

 

 

 

 

 related to the different
concentration of Ga used in both studies because it is known that at
a low [Ga]/[Cd] ratio, Ga 3þ ions replace Cd 2þ ions in the lattice
substitutionally while 

 

 

 

 

 

 

 

 for a high [Ga]/[Cd] ratio Ga 3þ ions start 

 

 

 

 

 

 

 

 to
enter the lattice both substitutionally and interstitially which
causes an increase in 

 

 

 

 

 

 

 

 the lattice distances.
The XRD pro le of the 

 

 

 

 

 

 

 

 co-substituted CdS-AgIn photocatalystfi

was close to that observed in the CdS-In counterpart, showing a 

 

 

 

 

 

 

 

 low
intensity and broadening of the diffraction peaks, but with some
improvement in the development 

 

 

 

 

 

 

 

 and crystallite size of the hex-
agonal structure 

 

 

 

 

 

 

 

 of CdS with respect to the CdS-In counterpart. The
diffractogram of this CdS-AgIn sample does not show any other
diffraction peaks indicating the absence of segregated 

 

 

 

 

 

 

 

 phases. 

 

 

 

 

 

 

 

 The
analysis of the position of the 

 

 

 

 

 

 

 

 diffraction peaks of the CdS phase in
the CdS-AgIn photocatalyst indicates a slight upshif ting with
respect to the CdS-In counterpart which means a small decrease in
its lattice. This could be associated with the co-substitution of the
Agþ and In3þ ions into the CdS phase which facilitated the insertion
of Agþ . The known formation of solid solutions between AgInS 2 and

metal sul des with a wurtzite 

 

 

 

 

 

 

 

 structure 

 

 

 

 

 

 

 

 fi [37] could facilitate the
observed co-substitution of the Ag and In ions in the CdS structure.
Similarly, the XRD pro le of the CdS-AgGa sample shows smallfi

diffraction 

 

 

 

 

 

 

 

 peak s pointing to the low development of 

 

 

 

 

 

 

 

 the hexagonal
phase with respect to the monosubstituted counterparts. The CdS-
AgGa sample does not show any shifting in the diffraction 

 

 

 

 

 

 

 

 peaks
previously observed on the CdS-Ga that may have been caused by
the insertion of the Agþ ions which compensate the lattice
contraction observed with the insertion of the Ga 3þ in the CdS
structure. As indicated 

 

 

 

 

 

 

 

 for the CdS-AgIn sample, 

 

 

 

 

 

 

 

 the co-substitution
of Agþ and Ga 3þ could be possible in view of the solid solution
range of AgGaS 2 into sulphides with a wurtzite structure . The[36]
absence of the segregated species in the XRD pro le of the 

 

 

 

 

 

 

 

 CdS-fi

AgGa photocatalyst also supports the co-insertion of 

 

 

 

 

 

 

 

 Ag þ and
Ga 3þ into the CdS structure.

The microstrain of all the CdS-M samples (Table 

 

 

 

 

 

 

 

 3) has been
calculated through the slope of the Williamson-Hall plot linear tfi
( . 1). The negative slopes 

 

 

 

 

 

 

 

 summarized inFig. SI Table 

 

 

 

 

 

 

 

 3 

 

 

 

 

 

 

 

 are indicative
of the strains associated to the compression of the CdS nano-
structures caused by the insertion of the aliovalent cations on its
lattice. The mono-substituted CdS-In and CdS-Ga samples show a
compressive strain slightly higher than that observed in the CdS-
reference sample. The compressive strain in the CdS-Ga sample is
in line 

 

 

 

 

 

 

 

 with the macro-strain expressed by a 

 

 

 

 

 

 

 

 shift in the peak po-
sitions derived from the substitution of the Cd 2þ ions by Ga 3þ ions
of a lower size. The compressive strain observed in the case of the
CdS-In 

 

 

 

 

 

 

 

 sample contrasts with the small downshift observed in its
XRD peaks. This fact indicates the existence of nonuniform micro-
strains in the crystallites of CdS-In which produce a broad peak
without signi cant macro-strain as derived from the similar posi-fi

tion of the XRD peak . The microstrain values in the co-[43]
substituted CdS-AgIn 

 

 

 

 

 

 

 

 and CdS-AgGa are lower 

 

 

 

 

 

 

 

 than in the case of
the mono-substituted counterparts. This fact is a consequence of
the presence of the balancing cation Ag þ which equlibrates the
lattice stress observed in the mono-substituted counterparts.

3.1.3. Raman 

 

 

 

 

 

 

 

 spectroscopy studies

The properties of the CdS and CdS-M photocatalysts were also
analysed by Raman spectroscopy, at room temperature, using an
excitation wavelength set at 532 nm. The non-doped CdS sample
( a) at 302 cmFig. 3 1 shows the typical fundamental longitudinal
optical phonon mode (LO) of the hexagonal 

 

 

 

 

 

 

 

 phase, and 

 

 

 

 

 

 

 

 at 607 cm 1

the rst-order overtone (2LO), as previously reported for CdS .fi [44]

Fig. 2. XRD patterns of CdS-M photocatalysts: a) CdS (reference); b) CdS-In; c) CdS-Ga; d)CdS-AgIn and e) CdS-AgGa.

Table 3

Crystalline data of the CdS hexagonal phase detected on 

 

 

 

 

 

 

 

 CdS-M 

 

 

 

 

 

 

 

 photocatalysts
determined from XRD data.

Dp (nm) Relative Intensities 

 

 

 

 

 

 

 

 microstrain

002 I(100)/(002)

CdS 90.9 0.43 0.0014

CdS-In 

 

 

 

 

 

 

 

 35.3 0.49 0.0022

CdS-Ga 42.4 0.55 0.0022

CdS-AgIn 42.6 0.47 0.0018

CdS-AgGa 35.3 0.60 0.0016

E. Soto et al. / Materials Today Energy 9 (2018) 345 358e 349



In the Raman spectra of all the doped CdS-M photocatalysts, these
two spectroscopic features were still observed but with signi cantfi

changes depending on the type of metal dopant. Table 4 

 

 

 

 

 

 

 

 summa-
rizes the relevant Raman data collected from the spectroscopic
measurements performed on the CdS and CdS-M samples (see
Table 5).

While slight shifts have been observed in the 

 

 

 

 

 

 

 

 Raman bands
ascribed to the LO and 2LO modes, more pronounced changes were
clearly observed in their relative intensities. The Raman data indi-
cate a lower I 2LO/ILO ratio for the doped samples when compared to
CdS and there is a tendency for this ratio to decrease as 

 

 

 

 

 

 

 

 the average
diameter of the nanorods decreases. This type of observation has
been reported by other authors and has 

 

 

 

 

 

 

 

 been attributed to a
decrease in the strength of the electron-phonon interaction
occurring in nanosized CdS, to which the I 2LO/ILO ratio is 

 

 

 

 

 

 

 

 very sen-
sitive . However, 

 

 

 

 

 

 

 

 there is a deviation in this behavior for the[4 4 47e ]
co-substituted CdS-AgGa and CdS-AgIn samples. These differences
can arise due to the presence 

 

 

 

 

 

 

 

 of residual metallic Ag . The[48 51e ]
rise in the 1(LO) intensity could also be derived from the presence
of metallic Ag nanoparticles whose electronic 

 

 

 

 

 

 

 

 eld interferes withfi

the laser excitation, creating a strongly concentrated local eld asfi

consequence of the plasmon excitation on these particles. As will be
discussed below, this hypothesis is supported by the XPS 

 

 

 

 

 

 

 

 results
that indicate the presence of metallic Ag at the surfaces of the CdS-
AgIn and CdS-AgGa samples.

The Raman spectra discussed above were recorded in resonant
conditions and therefore the bands due to the surface bound eth-
ylenediamine, can be obscured by the 

 

 

 

 

 

 

 

 intense Raman 

 

 

 

 

 

 

 

 bands of the
CdS. Consequently, the ATR spectra 

 

 

 

 

 

 

 

 of the CdS-M photocatalysts
( 3) show vibrational bands that have been ascribed to eth-Fig. SI
ylenediamine at the CdS-M surfaces. Amine ligands 

 

 

 

 

 

 

 

 at the surface of
the CdS-M could have an in uence on the photoactivity due tofl

surface states that promote the transference of the photogenerated
electrons. Therefore 

 

 

 

 

 

 

 

 the Raman mappings over the 

 

 

 

 

 

 

 

 surfaces of the
CdS-M samples have also been collected. Hence, the Raman band
located at 1459 cm1 which is ascribed to bending the CH 2 of
ethylenediamine, was monitored as the diagnosis band ( 2). InFig. SI
addition, the Raman band due to the LO fundamental mode was
used to monitor the CdS 

 

 

 

 

 

 

 

 surface. These Raman maps were collected
using 2250 0 spectra 

 

 

 

 

 

 

 

 by raster-scanning the laser beam over a sur-
face area of 150  150 mm. The integration of the absolute area
underneath the band at 1495 cm 1 (ethylenediamine) and
305 cm1 (CdS) were then used 

 

 

 

 

 

 

 

 to establish the 

 

 

 

 

 

 

 

 color intensity and
create the Raman images shown in 2. The brighter colors inFig. SI
Fig. SI 2 center correspond to Cd. However, ethylenediamine was
also detected by the few bright regions presented in 2 right,Fig. SI
although with less intensity. Overall, the Raman intensities corre-
sponding to 

 

 

 

 

 

 

 

 ethylenediamine were weak regardless of the CdS-M
samples analysed, and there were no signi cant differences be-fi

tween them.

3.1.4. HR-TEM analysis

The nanomorphology of the CdS-M samples was analysed by
HR-TEM. The TEM image of the CdS reference sample shows well-
de ned nanostructures with an average size of approximatelyfi

95 nm in length 

 

 

 

 

 

 

 

 and 20 nm in width, that leads to an aspect ratio of
approximately 5 which is characteristic of nanorods ( a). TheFig. 4
lattice spacing of 0.338 nm is in accordance with the spacing of 

 

 

 

 

 

 

 

 the
(002) crystal plane 

 

 

 

 

 

 

 

 of hexagonal CdS, which corresponds to the
preferential growth direction identi ed by XRD ( 4a). Thefi Fig. SI 

 

 

 

 

 

 

 

 
CdS-In sample ( b) has 

 

 

 

 

 

 

 

 the formation of 

 

 

 

 

 

 

 

 a mixture of irregularFig. 4
particles and nanorods with a lower development and size 

 

 

 

 

 

 

 

 of 30 nm
length and 6 nm width, than those observed on the CdS reference
sample. The measured spacing of the CdS lattice in the CdS-In
photocatalyst is 0.336 nm which is slightly lower than the (0 02)
lattice of the hexagonal CdS planes determined in the CdS reference
sample. The modi cation 

 

 

 

 

 

 

 

 in the lattice parameter was in line withfi

the minimal disturbance in the CdS crystal lattice observed by XRD.
The presence of other segregated phases in the CdS-In sample was
sparse, in line with the previous XRD analysis, with 

 

 

 

 

 

 

 

 only the
detection of a few domains with lattice spacing of 0.322 nm asso-
ciated with the (311) plane of CdIn 2S 4 phase ( 4b). The CdS-GaFig. SI
sample has a nanomorphology ( c) composed of a mixture ofFig. 5
irregular particles and nanorods with a low extent in the formation
of nanorods (28 nm in length 

 

 

 

 

 

 

 

 and 

 

 

 

 

 

 

 

 7 nm width). The lattice spacing
of CdS in this sample (0.321 nm) indicated some contraction in the
interplanar distance of CdS corroborating the insertion of the Ga 3þ

ions as previously observed from the XRD analysis ( 4c). TEMFig. SI
images of co-modi ed CdS-M samples ( d and e) show afi Fig. 4
similar nanomorphology to that in the 

 

 

 

 

 

 

 

 case of their mono-
substituted CdS counterparts based on irregular nanoparticles
and short nanorods. The CdS-AgIn showed nanostructures 

 

 

 

 

 

 

 

 with an
average size of 4 4.8 nm length and 5.8 

 

 

 

 

 

 

 

 nm width, while CdS-AgGa
showed particles with 4 4.1 nm length and 8.5 nm width ( dFig. 4
and e). The 

 

 

 

 

 

 

 

 lattice spacing of the CdS phase measured on the co-
substituted samples was similar to that observed on the CdS
reference sample in accordance with the absence of any lattice
modi cation derived from XRD analysis on these samples. Limitedfi

segregation of crystalline 

 

 

 

 

 

 

 

 domains of AgInS 2 and AgGaS 2 was
scarcely detected in the co-modi ed CdS-M samples ( 4d,e).fi Fig. SI

Fig. 3. Raman spectra of CdS-M photocatalysts: a) CdS (reference); b) 

 

 

 

 

 

 

 

 CdS-In; c) CdS-
Ga; d) CdS-AgIn and e) CdS-AgGa.

Table 4

Raman data collected for the CdS and CdS-M samples.

l (1(LO)) a l (2(LO)) a I2(LO)/I 1(LO)
a Widthb (nm)

CdS 302.8 0.3 607.3 0.2 0.59 20± ±

CdS-In 303.1 0.9 607.1 1.2 0.09 6± ±

CdS-Ga 304.6 0.3 610.8 1.7 0.06 7± ±

CdS-AgIn 303.7 0.5 607.3 1.9 0.22 5.8± ±

CdS-AgGa 305.2 

 

 

 

 

 

 

 

 0.9 608.4 2.2 0.17 8.5± ±

a Average Raman intensity values obtained from 5 Raman spectra from each
sample, using the 532 nm laser source.

b Values taken from TEM images.
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Fig. 4. HR-TEM images of CdS-M samples: (a) CdS reference, (b) CdS-In, (c) CdS-Ga, 

 

 

 

 

 

 

 

 (d) CdS-AgIn and (e) CdS-AgGa.
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3.1.5. Surface analysis by X-ray photoelectron spectroscopy

The chemical composition 

 

 

 

 

 

 

 

 and state of the surface elements in
the CdS-M photocalysts was investigated using X-ray photoelectron
spectroscopy. The energy 

 

 

 

 

 

 

 

 regions of Cd 3d, S 2p, Ga 2p and Ag 3d
core-levels were recorded ( . 5) and the binding energies areFig. SI
shown 

 

 

 

 

 

 

 

 in Table 5. The Cd3d 5/2 level 

 

 

 

 

 

 

 

 in all the CdS-M photocatalyts
show a main component located at approximately 404. 6 eV which
is consistent with Cd 2þ in CdS [51]. The S 2p 3/2 level in all photo-
catalysts show a symmetric peak close to 161.0 eV which is char-
acteristic of sulphide (S 2) species . The position of the main[52]
contribution in the 

 

 

 

 

 

 

 

 In 3d 5/2 level in the CdS-In and CdS-AgIn pho-
tocatalysts at 4 44.4 eV is in agreement with the presence of In 3þ

ions in a sulphide environment (In 2 S3 or MInS 2) . A second[53]
minor component at 4 43.3eV was observed in the In 3d level of the
CdS-In photocatalysts which is characteristics of metallic In species
[44]. The binding energy for Ga 2p 3/2 level in the CdS-Ga photo-
catalyst at 1117.6 eV is in good agreement with the reported energy
values for Ga 3þ ions . A slight shift in the binding energy of 

 

 

 

 

 

 

 

 the[54]
Ga 2p 3/2 level was observed for the CdS-AgGa photocatalyst
(1116.8 eV) that is indicative of the partial reduction of the Ga ions
on the surface of this co-substituted photocatalyst . The binding[55]
energy of the main peak of the Ag 3d 5/2 level was 367.0 367.6 eV ine

the CdS-AgIn and CdS-AgGa photocatalysts which is 

 

 

 

 

 

 

 

 consistent
with the presence of metallic 

 

 

 

 

 

 

 

 Ag particles . In the CdS-AgIn[56]
photocatalysts a second minor component at 369 eV in the Ag
3d 5/2 level, was also observed which could be caused by the pres-
ence of Ag particles of a smaller size. As mentioned above in the
Raman confocal images, the presence of ethylenediamine 

 

 

 

 

 

 

 

 over the
surface of the samples has been corroborated by XPS analysis with
the presence of a small hump in 

 

 

 

 

 

 

 

 the region of 

 

 

 

 

 

 

 

 Cd 3d 5/2 , corre-
sponding to the contribution of the N 1s level.

The surface concentration of Cd, In, Ga, Ag and S calculated from
the XPS intensities are listed in 

 

 

 

 

 

 

 

 Table 6. The surface concentrations
of In, Ga and Ag in the CdS-M samples 

 

 

 

 

 

 

 

 are similar to those 

 

 

 

 

 

 

 

 derived
from the 

 

 

 

 

 

 

 

 bulk analyses (Table 1) which indicates homogeneity of
the composition of the photocatalyts, the only exception being the
CdS-Ga sample for which a lower concentration of Ga content at the
surface level with respect to the bulk was observed.

3.1.6. UV vis spectrae

Fig. 5 shows the UV ev i s  

 

 

 

 

 

 

 

 s p e c t r a o f t h e C d S - M  

 

 

 

 

 

 

 

 s a m p l e s  

 

 

 

 

 

 

 

 a c -
cording to the Kubel ka-M unk func tion . The CdS- M photocat alysts
show one slo pe in th eir absor ption edges whi ch indic ated s ingle
phase wi th all owed tran siti ons. The photoc ata lysts show a s i mila r
absorpti on edge with d iffere nces 

 

 

 

 

 

 

 

 in thei r de ni tion and p ositi onfi

depen ding on the elemen t in troduce d in the C dS la ttice . Sh if ting
in the absorpti on ed ges to hi gher wavelengt hs wit h resp ect to the
CdS ref erence sa mple was 

 

 

 

 

 

 

 

 obs erved for the CdS- In , CdS-G a, 

 

 

 

 

 

 

 

 Cd S-
AgIn a nd CdS- AgGa sampl es. Thi s prod uces a colour 

 

 

 

 

 

 

 

 change in the
solid photoca talysts as shown i n (ins et). The sharpne ss ofFig. 5
the ads orption pro les of the CdS -M photoc atalysts increasesfi

follow in g the sequen ce CdS CdS-I n CdS-A gGa> > > C d S -
Ga C dS-AgI n whi ch co inci des with the variation in t he c rys->

tallin ity of th e CdS na nost ructures obser ved by XR D and TEM .
This is in ac corda nce with the fact th at nanost ruct ures wit h high
crystall ini ty an d low numb er of str uctu ral defe cts are a ssoci ated
with a better de ni tion of the ab s orpti on edge . T he ab-fi [57]
sorptio n c apaci ty at a wavelengt h lower th an 525 nm also shows
differe nces be tween th e CdS-M sa mple s . An increa se in the a b-
sorptio n cap acity of 

 

 

 

 

 

 

 

 the CdS- M photoca talysts corres pondi ng to a
decreas e in the particl e s ize of t he CdS n an ostr uctures was
obser ved, w hich is a cons equence of the ir 

 

 

 

 

 

 

 

 high er surfa ce b eing
able to ab sorb rad iatio n.

Defects in the CdS structures 

 

 

 

 

 

 

 

 can 

 

 

 

 

 

 

 

 cause a tailing effect on 

 

 

 

 

 

 

 

 their
spectra which are called Urbach tails . These are due to the[29,40]
presence of localized electronic states near the band gap edges. The
quanti cation of the density of the defects near the band gap of thefi

CdS-M photocatalysts calculated using the 

 

 

 

 

 

 

 

 Urbach 

 

 

 

 

 

 

 

 energy param-
eter Eu ( . 3) is 

 

 

 

 

 

 

 

 shown in 

 

 

 

 

 

 

 

 Fig. SI Table 7. The lower Eu value was
observed in the CdS reference sample associated with the well
de ned electronic states of 

 

 

 

 

 

 

 

 its high crystalline nanostructures. Thefi

Eu parameter in the CdS-M 

 

 

 

 

 

 

 

 photocatalysts increases in parallel with
the increase in their lattice defects related to the gradual lowering
in crystallinity and size as derived from TEM and XRD analyses:
CdS-In CdS-Ga CdS-AgIn CdS-AgGa. In addition, the greater< < 

 

 

 

 

 

 

 

 <

Fig. 5. UV vis spectra of CdS-M photocatalysts: ( )CdS (reference); ( ) CdS-In; ( )e

CdS-Ga; ( ) CdS-AgIn and ( ) CdS-AgGa.

Table 6

XPS surface composition (atomic 

 

 

 

 

 

 

 

 percentage) of the CdS-M photocatalysts.

Cd S In/Ga Ag

CdS 42.7 57.3 e e

CdS-In 41.4 55.9 2.7 e

CdS-Ga 42.6 56.7 0.7 e

CdS-AgIn 37.5 58.5 3.3 0.7
CdS-AgGa 45.2 52.4 1.8 0.6

Table 5

XPS binding energies (eV) of core electrons of the CdS-M photocatalysts.

Cd 3d 5/2 S 2p 3/2 Ga 2p 3/2 In 3d 5/2 Ag 3d 5/2

CdS 404.6 161.1 e e  

 

 

 

 

 

 

 

 e

CdS-In 404.6 

 

 

 

 

 

 

 

 161.1 444.4 (81)/443.3(19)e e

CdS-Ga 404.6 161.0 1117.6 e e

CdS-AgIn 404.7 161.3 444.5 367.6 (84)/369(16)e

CdS-AgGa 404.6 161.0 1116.8 367.0e

Peak percentages in parentheses.
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structural disorder derived from the higher Eu values could 

 

 

 

 

 

 

 

 be
derived from the higher structural disorder due to the Cd substi-
tution or Cd/S vacancies which contribute to extending the band
tail.

The band gap values of the CdS-M photocatalysts were calcu-
lated from 

 

 

 

 

 

 

 

 the slope of the Tauc plot ( ) and are shown inFig. 6
Table 7. The CdS-In and CdS-Ga samples show a slight increase in
the band gap with respect to the CdS reference sample. This 

 

 

 

 

 

 

 

 in-
crease in the band gap could be a consequence of the
Burstein Moss effect associated with 

 

 

 

 

 

 

 

 the increase in the 

 

 

 

 

 

 

 

 carriere

concentration from the substitution of Cd 2þ by the In 3þ or Ga 3þ

ions . Conversely, the co-substituted photocatalysts, CdS-[58,59]
AgIn and CdS-AgGa, show a signi cant narrowing in their bandfi

gap with respect to the CdS reference sample. The change 

 

 

 

 

 

 

 

 in the
band gap demonstrates the co-substitution of the Ag þ and In3þ/
Ga 3þ ions into the CdS phase because it is known that the insertion
of cations in the CdS lattice promotes the appearance of localized
states near the bandgap region, as described above using an anal-
ysis of 

 

 

 

 

 

 

 

 the Urbach tails. This favours the promotion of the 

 

 

 

 

 

 

 

 electrons

Table 7

Band Gap energy and Urbach energy derived from UV visible spectra of CdS-Me

photocatalysts.

BG Eu

eV meV

CdS 2.46 41.7
CdS-In 2.48 78.8
CdS-Ga 2.47 79.1
CdS-AgIn 2.41 113.4
CdS-AgGa 2.42 103.3

Fig. 6. Tauc plots of CdS-M 

 

 

 

 

 

 

 

 photocatalysts: a) CdS (reference); b) CdS-In; c) CdS-Ga; d) CdS-AgIn and e) CdS-AgGa.
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from the conduction band to the tail, and tail to tail transitions .[60]
The observed decrease in the band gap for the CdS-AgIn photo-
catalyst concurs with the work of Zang et al [61] who associated the
narrowing in the band gap with the downward and upward shifts
in the conduction and the valence bands of the CdS from the
contribution of the In and Ag states inserted into the CdS structure
i.e. the 

 

 

 

 

 

 

 

 top edge of Ev by hybridization of the Ag 4d 

 

 

 

 

 

 

 

 and S 3p or-
bitals, and the 

 

 

 

 

 

 

 

 bottom edge of Ec by hybridization of the In5s5p and
Cd5s5p. In the case of the CdS-AgGa photocatalyst there are no
references in the literature to the formation and electronic struc-
ture of ternary CdS-Ag-Ga systems with the insertion of Ag and Ga.
Nevertheless, 

 

 

 

 

 

 

 

 taking into 

 

 

 

 

 

 

 

 account the valence electron energies of
the Cd, Ag and Ga elements it can be assumed that the con-[62]
duction band of the CdS-AgGa photocatalyst was composed of
hybrid orbitals 

 

 

 

 

 

 

 

 of Cd 5s5p and Ga 4p4d, 

 

 

 

 

 

 

 

 and the valence band
comprised of S 3p and Ag 4d orbitals.

3.1.7. Ultraviolet photoelectron spectroscopy (UPS)

UPS was used to determine the relative position of the valence
band maximum energy (VBM) with respect to the conduction band
minimum (CBM) . shows the magni ed UPS spectra of the[41] Fig. 

 

 

 

 

 

 

 

 7 

 

 

 

 

 

 

 

 fi

CdS-M samples used to 

 

 

 

 

 

 

 

 deduct the energy 

 

 

 

 

 

 

 

 value of E VBM from the
intersection of the linear 

 

 

 

 

 

 

 

 portion of spectrum and the baseline. The
summarized E VBM and work function ( F) derived from the UPS
spectra are 

 

 

 

 

 

 

 

 listed 

 

 

 

 

 

 

 

 in which shows slight differences in theTable 8
position of the valence band maximum energy of the CdS-M
samples.

The relative positions of E VBM and E CBM presented in Fig. 8 was
determined using the E VBM values calculated from the UPS and the
optical band gap values derived from the UV vis spectra. It is well-e

known that 5s5p orbitals of Cd contribute mainly to the bottom of
the conduction band of CdS 

 

 

 

 

 

 

 

 while the 3p orbital of S contributes to
the top of the valence band of CdS . Theoretical calculations 

 

 

 

 

 

 

 

 of[63]
the band structure of M-doped CdS (M Ga or AgIn)¼ 

 

 

 

 

 

 

 

 [42,61,62]
indicated variations in the position of the top edge of valence
bands of CdS from the hybridization of 

 

 

 

 

 

 

 

 Ga 4s, Ag 4d and S 3p or-
bitals while the In 5s5p states mainly contribute to the 

 

 

 

 

 

 

 

 bottom edge
of the conduction 

 

 

 

 

 

 

 

 band. Therefore, the different relative position of
the E VBM of CdS-Ga, CdS-AgIn and CdS-AgGa with respect to the
CdS-In sample could be derived from their different hybrid band
levels near the band edges i.e. S3p-Ga4s for CdS-Ga, S3p-Ag4d for
CdS-AgIn, S3p-Ga4s-Ag4d for CdS-AgGa and S3p for CdS-In.

3.1.8. Photoluminescence analysis (PL)

Fig. 9 shows the PL spectra of the CdS-M photocatalysts
measured in an aqueous suspension at room temperature with an
excitation wavelength at 375 nm. The PL spectra of the CdS refer-
ence 

 

 

 

 

 

 

 

 sample photocatalyst shows a broad emission band in the
525 650 nm range. The emission band centered at ~525 nme

originates from band to band transitions near the band gap of the
CdS nanostructures since the peak energy of this band (2.47 eV) 

 

 

 

 

 

 

 

 is
closed to 

 

 

 

 

 

 

 

 its bandgap . The broad emission bands located at[64 67]e

wavelengths higher than the 550 nm observed in the PL spectrum
of the CdS reference sample are commonly related to the 

 

 

 

 

 

 

 

 recom-
bination of shallow trapped 

 

 

 

 

 

 

 

 electrons in sulfur vacancy defect en-
ergy states (Vs) with holes in the valence band.

The CdS-Ga and CdS-In photocatalysts exhibited a broad PL
pro le similar to that observed in the CdS reference sample butfi

with lower intensity in spite of their low particle size 

 

 

 

 

 

 

 

 and 

 

 

 

 

 

 

 

 less well
developed crystalline structure. The lower PL intensity in the CdS-
Ga and CdS-In photocatalysts can be derived from the insertion of
Ga3þ/In3þ ions into the CdS lattice which creates levels that can
compensate for the higher recombination rate of electrons and
holes expected from 

 

 

 

 

 

 

 

 their the 

 

 

 

 

 

 

 

 low particle size and crystallinity.
This observation was consistent with the results in the literature
indicating the quenching effect of the luminescence of CdS 

 

 

 

 

 

 

 

 when
indium was introduced 

 

 

 

 

 

 

 

 in its structure . In the case of the CdS-[68]
In photocatalyst the presence of the surface metallic In species
detected by XPS, which introduces deep levels, could also
contribute to 

 

 

 

 

 

 

 

 the decrease in the PL emission of this sample with
respect to the CdS reference sample. The co-substituted CdS-AgIn
and CdS-AgGa photocatalysts show a clear decrease and shifting to
higher wavelengths 

 

 

 

 

 

 

 

 in the their PL emission 

 

 

 

 

 

 

 

 spectra with respect to
CdS-In and CdS-Ga counterparts. The shifting of the PL to the 

 

 

 

 

 

 

 

 higher
wavelengths observed for the co-substituted photocatalysts is
consistent with band to band transitions near the band gap since
their peak 

 

 

 

 

 

 

 

 energies are close to the band gap derived from UV vise

analysis. The quenching in the PL of the co-substituted 

 

 

 

 

 

 

 

 photo-
catalysts may be derived from the presence of segregated metallic
silver as detected by XPS, 

 

 

 

 

 

 

 

 which could also favour the spatial sep-
aration of photogenerated charges via new nonradiative pathways
created by the proximity of the metal resulting from 

 

 

 

 

 

 

 

 the electron
transfer 

 

 

 

 

 

 

 

 from CdS to the metallic particles .[69]

3.2. 

 

 

 

 

 

 

 

 Structure 

 

 

 

 

 

 

 

 and photoactivity

As illustrated in Fig. 10 there are evident differences in the
photoactivity of the CdS-M samples. The inclusion of Ga- or In- on
the CdS structure provokes a substantial decrease in the photo-
activity of 

 

 

 

 

 

 

 

 the photocatalyts with 

 

 

 

 

 

 

 

 respect to the CdS reference. The
co-substitution with Ag and In also produces a very 

 

 

 

 

 

 

 

 low H 2 pro-
duction rate with similar values to that obtained on the 

 

 

 

 

 

 

 

 sample
replaced solely with indium. Only the co-substituted CdS-AgGa
photocatalyst showed an improvement in the photoproduction of
hydrogen with respect 

 

 

 

 

 

 

 

 to the CdS reference 

 

 

 

 

 

 

 

 sample.
Physicochemical characterization of the CdS-M photocatalysts

has shown the effectiveness of the solvothermal synthesis for the
insertion of Ga 3þ, In 3þ, Ga3þ/Agþ and 

 

 

 

 

 

 

 

 In 3þ/Agþ into the hexagonal
Fig. 7. UPS spectra of low-binding energy region for E VBM determination ( ) CdS-In;
( ) CdS-Ga; ( ) CdS-AgIn and ( ) CdS-AgGa.

Table 8

Calculated valence band maximum energy and work function derived from
UPS on CdS-M photocatalysts.

E VBM F

eV eV

CdS-In 2.92 4.2
CdS-Ga 1.24 4.2
CdS-AgIn 2.31 4.2
CdS-AgGa 3.44 4.2
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crystal lattice of one-dimensional CdS nanostructures with low
concentration of segregrated species. The solvothermal formation
of nanocrystals of CdS-M samples using ethylenediamine (EDA) as a
solvent and elemental sulfur includes the following steps [7,8]:

(1) formation of Cd 2þ and M nþ complexes with EDA (Cd-EDA
and M-EDA),

Cd 2þ þ 2 EDA [M(EDA) 2 ]2þ (1)

Mnþ þ x EDA [M(EDA) x ]nþ

(2) reaction of elemental sulfur with EDA to form S 2, S 6
2, S4

 and
other polyanions [24,70]

S EDA Sþ 2 (2)

(3) reaction of M-EDA and Cd-EDA complexes with S 2 ions to
form crystalline CdS-M structures. On the basis of the large
difference in the 

 

 

 

 

 

 

 

 solubility 

 

 

 

 

 

 

 

 product constants of the indi-
vidual sul des the segregation of M- and Cd-sul des as in-fi fi

termediates is expected

[Cd(EDA) 2] 2þ þ S 2 CdS 2 EDA (3)þ

[M(EDA) x]nþ þ n/2 S 2 MS n/2 þ x EDA

and,

(4) nally the formation of the mixed CdS-M sul des from thefi fi

M- and Cd-sul des 

 

 

 

 

 

 

 

 as indicated in the literature concerningfi

the solvothermal synthesis of mixed sulphides [71,72]:

CdS MSþ n/2 CdS M (4)

Fig. 

 

 

 

 

 

 

 

 9. PL spectra of CdS-M photocatalysts (375 nm excitation wavelength): a) CdS
(reference) b) CdS-In; c) CdS-Ga; d) CdS-AgIn and e) CdS-AgGa.

Fig. 

 

 

 

 

 

 

 

 8. Schematic diagram displaying the relative positions of VBM and CBM obtained from the UPS and UV vis for CdS-M samples.e

Fig. 10. Hydrogen evolution rate ( mmol) and standard deviation on CdS- M
photocatalysts.
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From the for matio n me cha nism men tione d ab ove, one can see
that the develo pment and size of the nanos truc tures of 

 

 

 

 

 

 

 

 the 

 

 

 

 

 

 

 

 C dS-
M sa mples is controlle d by the kineti cs of the n ucleat ion of the
individ ual s ul d es and the growt h of the mixed Cd S-M su lfi fid e
which are determine d by the relea se rate of S 2 ions as well as
the relative s tabil ity of the [M(E DA) x ]nþ compl exes with respect
to the formati on of the sul phide precipi tates. Th e slow 

 

 

 

 

 

 

 

 rele a se of
S 2 ions favour s a low rate of n ucl eation and 

 

 

 

 

 

 

 

 growth, l eading to
the fo rmati on of nanostr uctures of low crysta ll init y and siz e.
Therefore , th e low solubili ty of the In- and Ga- s ul de sfi

(In 2S 3 < Ga 2 S3 < CdS) favours th e form ati on of small In 2S 3 and
Ga 2 S 3 nuclei . T he se nuclei 

 

 

 

 

 

 

 

 c ould act as nu clea ting p lat fo rms
which p rob ably mod ify the no rmal g rowth of th e C dS nan o-
struc tures obs erved i n th e CdS ref erence s ample, and justi es th efi

lower 

 

 

 

 

 

 

 

 siz e and crys tall init y ob served for th e mixed CdS- In 

 

 

 

 

 

 

 

 an d
CdS-Ga sulphi des whe n comp ared with th e C dS refere nce. When
In 3þ or Ga 3þ ions were simul taneou sly com bine d w i th Ag þ the
growth of CdS was al so modi ed , in this case by t he initi al for-fi

mation of smal l nucl ei of AgIn or GaIn s ul de s. The low size of thefi

crystal line phas e ob served in the mixed C dS-A gGa sulfid e c o u l d
be der ived fro m th e ini tial fo r mati on of sma ll A gGa sul d e nu clei ,fi

taking into ac count its 

 

 

 

 

 

 

 

 low s ol ubi lity, which co uld prevent the
growth of the Cd S na nostr uctu res and limi t t he growth of the
mixed sulfid e s .

The differe nces in t he photoactivi ty o f the C dS-M samp l es
shou ld be a nalyze d taking into accou nt 

 

 

 

 

 

 

 

 their struct ural and
photo-p hysical prope rti es beca use th ese fac tors govern the p ho-
tocata lyti c steps i nvolved in the p roduc tion of 

 

 

 

 

 

 

 

 hydrogen: 

 

 

 

 

 

 

 

 light
absor ptio n to generate th e cha rge carrier s (el ectron s and h oles ) ,
and the migrat ion and reac tion of the se charge car rier s to t he
surf ace, 

 

 

 

 

 

 

 

 to prod uce the red ox reac tions . T he gen erati on o f t he[ 2 ]
charge ca rri ers is governed by th e p hoto-p hysica l p roper tie s of
the C dS- M photoc ata lysts. The an alysi s of the ligh t ab sorpti on
capa city of ph otocalyst s f rom the UV vis analyse s ( )e Fig. 5
showed modi cati ons in the vi sibl e li ght abso rption c apac ity offi

the CdS- M p hotoca talysts th rough the mo di ca tio n in th eir ban dfi

gap and abs orb an ce at wavelengths l ower than 525 nm. T he
produc tion rate of th e CdS-M 

 

 

 

 

 

 

 

 photo catalyst s in F i g .  

 

 

 

 

 

 

 

 11  

 

 

 

 

 

 

 

 a r e
norma lize d per s urfac e area ( mmol/h1

$m 2
$cat) i n ord er to un -

ders tand th e ph otoactivi ty t ren ds of the p hotocata lysts a ssoc i-
ated with their elec tro nic/ str uctu ral bulk changes beca use as
previo usly shown 

 

 

 

 

 

 

 

 in the textu ral an alys is, th ey und ergo sig ni -fi
cant 

 

 

 

 

 

 

 

 c hanges in th e surf ace a rea. T he com par ison b etwee n the
band gap of 

 

 

 

 

 

 

 

 the C dS-M sa mpl es with thei r photoac ti vity 

 

 

 

 

 

 

 

 f or
hydrogen evolu tion i ndic ated tha t there is 

 

 

 

 

 

 

 

 no parallel b ehavio ur

between both param eters ( Fig. 11 ). The CdS- AgGa photo catalyst is
the only s ampl e t hat shows highe r p hotoact ivit y wi th respe ct to
the Cd S referenc e samp le, w hi ch 

 

 

 

 

 

 

 

 c an be re lated to the enhance -
ment in th e vi sibl e li ght a bsor ption of the 

 

 

 

 

 

 

 

 photoc atalyt s wi th t he
co-ins ert ion of Ag a nd Ga in the CdS str uctu re. C onversely, th e
CdS-G a and CdS-I n photoca talyst s show a sl ight increa se i n thei r
band gap whi ch reduc es th eir cap acit y f or v isib le light a bsor p-
tion . 

 

 

 

 

 

 

 

 T he increas e 

 

 

 

 

 

 

 

 in the ban d gap obser ved for CdS -In and Cd S -
Ga samp les is du e to the b and fil l i n g  

 

 

 

 

 

 

 

 i . e . t h e B u r s t e i n - M o s s  

 

 

 

 

 

 

 

 e f f e c t ,
becau se the hi gh dop ing den sity in th ese sa mpl es leads to
degene rate se mico nduc tors i n whi c h th e Fermi level shif ts to a
high er ener gy wi th res pec t to the bottom o f t he c onduc tion ban d.
This would explai n th e i n creas e i n the ba nd ga p and th eir l ower
photoact ivit y wit h re s pec t to the Cd S refe renc e samp le. The drop
in p hotoact ivit y of the 

 

 

 

 

 

 

 

 C d S-A gIn was not expecte d tak ing into
accou nt the ir improveme nt fo r the vis ible l ight ab sorpt ion as so-
ciated wit h the de creas e in b and gap. Theref ore, other explana -
tion s b esid es the variat ion in the capa city for vi sibl e light
abso rption should be explored in order to jus tif y the dro p in
activi ty o bser ved on the Cd S-AgI n photoc ata lyst.

In 

 

 

 

 

 

 

 

 addition to the generation of the charge carriers, related to
the optical band-gap, the mobility and use of the charge carriers
i.e. electron and holes, are other factors that should be discussed
in the analysis of the relationship between the photoactivity and
the structure of the CdS-M photocatalysts. The high mobility, the
low rate of recombination and the high ef ciency in the 

 

 

 

 

 

 

 

 transfer offi

the charge 

 

 

 

 

 

 

 

 carriers to the surface molecules results in an
improvement in the 

 

 

 

 

 

 

 

 photocatalytic H 2 production rates. The ef -fi
ciency in the separation of charge-carriers is related to the num-
ber of structural defects; the size and presence 

 

 

 

 

 

 

 

 of co-catalysts 

 

 

 

 

 

 

 

 on
the surface of the CdS-M photocatalysts. A decrease in the rate of
the recombination processes is associated 

 

 

 

 

 

 

 

 with photocatalysts
structures which exhibit well developed crystallinity, a low
number of structural defects and the presence of co-catalysts. The
PL spectra of CdS-Ga and CdS-In photocatalysts ( ) show aFig. 9
slightly lower charge-carrier recombination processes on these
samples with respect to the CdS reference sample. Therefore the
possible contribution of the recombination processes associated
with the substitution of Ga or In, on the CdS structure could be
discarded as a cause for the low photoactivity 

 

 

 

 

 

 

 

 observed on these
samples. The same argument applies to the CdS-AgIn sample
which shows low photoactivity in spite of a clear decrease in the
PL emission associated with the low rate in the charge-carrier
recombination processes 

 

 

 

 

 

 

 

 derived 

 

 

 

 

 

 

 

 from the presence of segre-
gated silver which favours the spatial separation of photo-
generated charges.

The reaction of charge carriers i.e. the electron 

 

 

 

 

 

 

 

 and holes, on the
photocatalyst surface is the last factor to take into consideration in
the analysis of the photoactivity of the CdS-M samples. It is well-
known that the potential of the photogenerated 

 

 

 

 

 

 

 

 electrons and
holes to be able to react depends on the relative energy of the
conduction band and the valence band levels with respect to the
potential to produce the redox reactions involved in the nal pro-fi

duction of H 2 . As deduced from the relative band structure of the$

CdS-M samples illustrated in , the CdS-In, CdS-Ga and CdS-Fig. 8
AgIn samples show an upshift in the relative position of the
valence 

 

 

 

 

 

 

 

 band energy with respect to the CdS-AgGa 

 

 

 

 

 

 

 

 counterpart,
which coincides with the decrease in the H 2 production rate
observed in the former. Therefore, the upward shift in the top edge
of the valence band observed in 

 

 

 

 

 

 

 

 the CdS-In, CdS-Ga and CdS-AgIn
samples could also justify their low photoactivity by a decrease in
the driving 

 

 

 

 

 

 

 

 force 

 

 

 

 

 

 

 

 for the oxidation of S 2/SO 3
2 species.

The characterization of CdS-AgIn and CdS-AgGa samples by XPS
showed the presence of small amounts of metallic Ag

Fig. 11. Relationship between surface-normalized hydrogen evolution rate ( mmol/
m 2

$h) and band gap of the CdS-M samples.

E. Soto et al. / Materials Today Energy 9 (2018) 345 358e356



nanoparticles. These species can act as co-catalysts improving the
ef ciency of photocatalysts as a result of transferring the electronsfi

to surface molecules thus reducing the activation energy for the
hydrogen production [73,74] . Therefore, part of the improvement in
the photoactivity observed in the CdS-AgGa sample, could also be
derived from the existence of metallic silver at the surface 

 

 

 

 

 

 

 

 which
facilitates 

 

 

 

 

 

 

 

 the electron transfer reaction and promotes the photo-
catalytic hydrogen production.

The co-addition of Agþ-In 3þ and Agþ-Ga3þ favours the insertion
of Agþ ions into the CdS lattice. Among the co-substituted photo-
catalysts, only the CdS-AgGa showed a higher photoactivity with
respect to the CdS. It is the rst time that the ternary sul de CdS-fi fi

AgGa photocatalyst has been synthesized and reported as an
active photocatalyst under a visible light 

 

 

 

 

 

 

 

 opening a new 

 

 

 

 

 

 

 

 way to tune
the photocatalytic properties of CdS by co-doping with Ag þ and
Ga3þ. Obviously, the photocatalyst CdS-AgGa 

 

 

 

 

 

 

 

 has not yet been
optimized as it needs 

 

 

 

 

 

 

 

 further improvements in its photocatalytic
activity by controlling the doping content and the optimization of
the solvothermal variables.

4. Conclusions

Solvothermal synthesis of CdS-M photocatalysts has been
succesful for the insertion of Ga 3þ , In3þ, Ga3þ/Agþ and In 3þ/Agþ

into the hexagonal crystal lattice of one-dimensional CdS nano-
structures with a low concentration of segregrated 

 

 

 

 

 

 

 

 species.
UV vis analyses showed modi cations in the visible light ab-e fi

sorption capacity of the CdS-M photocatalysts through the
modi cation in their band gap and absorbance 

 

 

 

 

 

 

 

 at wavelengthsfi

lower than 525 nm. The insertion of In 3þ or Ga3þ in the CdS leads
to an increase in its band gap, while the co-addition of Ag þ-In 3þ

and Agþ-Ga 3þ favours the 

 

 

 

 

 

 

 

 insertion of Ag þ into the CdS lattice
forming Ag(In/Ga) x Cd 1-xS solid solutions with a lower band gap.
The relative position of E VBM also varies with the insertion of Ga 3þ,
In3þ, Ga 3þ/Agþ and In 3þ/Agþ into the CdS lattice. The CdS-In, CdS-
Ga and CdS-AgIn samples show an upshift in the relative position
of the valence band energy with respect to the CdS-AgGa coun-
terpart. The upward shif t in the top edge of the valence band
observed in the CdS-In, CdS-Ga and CdS-AgIn samples could
justify their low photoactivity by a 

 

 

 

 

 

 

 

 decrease in the driving force
for the oxidation of S 2/SO3

2 species. The CdS-AgGa photocatalyst
shows a higher photoactivity related to the band 

 

 

 

 

 

 

 

 gap narrowing
and downshift in the relative position of the valence 

 

 

 

 

 

 

 

 band energy
which enhances 

 

 

 

 

 

 

 

 both their visible light absorption, and the po-
tential for oxidation, respectively. Solvothermal 

 

 

 

 

 

 

 

 synthesis the CdS-
AgGa photocatalyst produces a small segregation of metallic Ag
nanoparticles at the surface which also assist in the photoactivity
of the sample. In the case of the CdS-AgGa photocatalyst, this is
the rst time that this 

 

 

 

 

 

 

 

 ternary 

 

 

 

 

 

 

 

 sul de has been synthesized andfi fi

reported as photocatalyst active under a visible light opening a
new way to tune the photocatalytic properties 

 

 

 

 

 

 

 

 of CdS by 

 

 

 

 

 

 

 

 co-
doping with Agþ and Ga 3 .þ
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