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This work studies 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 methodology. Solvothermal synthesis of
CdS-M photocatalysts has been succesful for the insertion of Ga>*, In3t, Ga3*/Ag" and In3>*/Ag™" into the
hexagonal crystal lattice of one-dimensional CdS. The insertion of In, Ga, Ag-In and Ag-Ga modifies the
band gap and the relative position of Eyg CdS modified with In®* or Ga3* shows an increase in the band
gap and upshift in the relative position of the valence band energy which leads to a low efficiency
hydrogen production. The co-addition of Ag"-In3* or Ag+-Ga3* favours the insertion of Ag*t ions into the
CdS lattice with narrower band gap. Of all the co-substituted photocatalysts, the CdS-AgGa was the only
one that showed a higher photoactivity with respect to the CdS. The increase in the photoactivity of the
CdS-AgGa photocatalyst is related to the band gap narrowing and downshift in the relative position of
the valence band energy which enhance their visible light absorption and potential for oxidation. The
CdS-AgGa photocatalyst shows small segregation of metallic Ag nanoparticles at the surface which also
assist in the photoactivity of the sample.

© 2018 Elsevier Ltd. All rights reserved.

Solvothermal

1. Introduction

The photocatalytic water splitting process using visible light is
an interesting way to produce renewable hydrogen [1]. Different
types of photocatalysts e.g. oxides, sulfides, oxynitrides and oxy-
sulfides, have been developed over the past 40 years for this pro-
cess [2—4]. However their efficiency for hydrogen production under
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 [5—8] because of the
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 efficiency by
controlling its electronic, microstructural, morphological and sur-
face properties because these factors define its photoactivity
|9e12]. Among the available strategies for the enhancement of
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hydrogen production are the use of co-catalysts [13,14], the
hybridation with highly conductive materials to form hetero-
junctions [15e17 |, doping with transition metals [18] or forming
solid solutions [19]. Two of the most studied strategies for the
improvement of the efficiency of the CdS photocatalysts are related
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 [20,21]. These strategies must be
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 influence on the photoactivity.
Regarding the synthesis of CdS, one dimensional (1D) nano-
structures e.g. nanorods, nanowires and nanofibers, have attracted
much attention arising from their high activity which comes from
the confinement effects associated with their high surface to vol-
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 [22—24]|. Ethyl-
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 2* 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 2" ions in its crystal
lattice with other transition metal ions is a versatile strategy for the
modification of its electronic band structure. This modification can
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-
ally metal doping in CdS is performed by replacement of the Cd %*
ions, substitutionally or interstitially, with transition metal cations
e.g. Ni%*, Zn?*, Co?*, Mn?", with charge and ionic radii similar to
Cd?* (0.85 A). 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 efficiency by inter-semiconductor
transfer steps in the doped photocatalysts [25—28].

Metal doping of CdS with the aliovalent ions In >* and Ga3* 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 efficiency
for the absorption and use of solar light [29—32]. The modification
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 [33]. Yang et al.
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 [42]. Sasikala et al. reported the
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 [33]. In spite of the
improvements associated with the replacement of the Cd %* ions
with the M3 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+ and M>* 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 [34,35]. Co-
substitution of M3" ions with Ag* could be of special interest tak-
ing into account the possible formation of solid solutions between
AgMS, and sulphides with a wurtzite structure that facilitates the
insertion of both cations in the CdS lattice [36—38]. In addition, an
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 In3* and Ga®* and the co-
substitution with Ag *-Ga>* and Ag*-In>". The possibility offered
by these cations to change the band structure of CdS in order to
improve the efficiency for the absorption and use of solar light was

taken into consideration. The strategy of the modification of the
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 final morphological, optical and structural properties of the
modified CdS samples.

2. Experimental
2.1. Solvothermal synthesis of CdS-M (M = In, Ga, AgIn, AgGa)

Two CdS-M series corresponding to the mono-substitution of
CdS with In®* and Ga3* and the co-substitution with Ag *-Ga>* and
Agt-In3t were prepared according to the stoichiometry M qgs-
CdggsS (M = In3*, Ga>*) and Agg95Mp05-CdgoS (M = In3*, Ga®™).
Cadmium chloride (CdCl,), silver acetate (Ag(CH3COO)), indium
acetate (In(CH3COO)3), gallium chloride (GaCl3) and elemental
sulfur (S) were used as precursors in the synthesis of the CdS-M
samples. As described in our previous work [7—9]| the sol-
vothermal synthesis uses a Teflon-lined stainless steel autoclave
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 to
promote the complete precipitation of the metal sulfides, an excess
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,
Agln 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 fluorescence analysis (TXRF) using a
benchtop S2 PicoFox TXRF spectrometer (Bruker Nano GmbH,
Berlin, Germany), equipped with a molybdenum X-ray source
working at 50 kV and 600 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 reflected
almost entirely, penetrating approximately only 10—15 nm in the
sample.

The specific surface area of photocatalyst samples were deter-
mined by the BET method to the N, adsorption/desorption iso-
therms measured at liquid nitrogen at —196 °C on a Micromeritics
TRISTAR 3000 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 specific
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-filtered Cu K radiation (A = 0.15406 nm, 45 kV,
40 mA) under constant instrument parameters. The scanning range
was established between Bragg angles 20 ° and 90° (260) 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 (002)
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. (1) (below) for the three main reflection planes of the
hexagonal CdS-M, it is possible to quantify the microstrain lattice
parameter ( ):

cos :£+4 -Sin (1)
D
where f is the broadening of the diffracted peak, K is a shape factor
close to unity, Ais the X-ray wavelength, D is the crystallite size and
is the slope of the linear fit of the plot.

Raman spectra of all the samples were obtained using a com-
bined Raman-AFM-SNOM confocal microscope WITec alpha300
RAS+ (WITec, Ulm, Germany). An Nd:YAG laser operated at 532 nm
was used as the excitation source with the power set at 1 mW.
Raman spectra were collected with a 100 x 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 specific Raman
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 200R
spectrometer equipped with a hemispherical electron analyser and
Mg Ko, 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 fitted using the XPS Peak
software. Curve fitting was performed using Gaussian-Lorentzian
(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 200 kV accelerating voltage with a Field Emission Gun
(FEG), obtaining a point resolution of 0.19 nm.

Diffuse reflectance measurements of the CdS-M photocatalysts
were performed in a UV-vis-NIR Varian Cary 5000 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 (hv) an approximated profile of the absorption
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/ A, where Eph is the photonic
energy, h is the Planck constant, ¢ the speed of light, and A the
photon wavelength. Defects can cause a tailing effect on UV—vis
spectra, Urbach tails [29,40] due to the presence of localized elec-
tronic states near the band gap region in the UV—vis spectra were
observed. By applying the Urbach law (eq. (2) below) it is possible
to quantify the density of defects near the band gap through the
Urbach energy parameter, Eu:

In(F(R)) = A + E]—u -hv (2)

where F(R) is the Kubelka-Munk function, h is the Planck constant,
v the speed of light and Eu is the inverse of the slope of the straight
line of the plot in meV.

Ultraviolet photoelectron spectroscopy analyses (UPS) were
performed to determine the valence band energy position
(VBM) of CdS-M samples. The measurements were acquired
using a SPECS GmbH spectrometer with UHV system (ca.
1019 mbar) equipped with an energy analyzer PHOIBOS 150
9MCD. The UPS spectra were obtained by applying a mono-
chromatic radiation He (I) radiation (hv = 21.2 eV) with a pass
energy 2eV and a step energy 0.02 eV. The relative energy po-
sition of the valence band maximum (VBM) with respect to the
conduction band minimum (CBM) was calculated by applying
the eqgs. (3)—(5) below) [41]:

=h — Ecutoﬁr (3)
VBM =h — Ecyof + Evem (4)
CBM = VBM + BG (5)

where @ is the work function, hv corresponds to the radiation en-
ergy of He (I), E.ytoff is the secondary edge region and E y)\; 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 fluorescence spectrophotom-
eter with a sweep analysis in the range of 400—600 nm and an
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 Na3S and 0.02 M Na3SO03 as sacrificial
electron donor agents. The photocatalytic hydrogen production was
determined according to the reactions that take place, and are
described below:

Cds™ e~ (CB) + h* (VB)

2e (CB)

2H,0 Hy + 20H"
%
s+ H,0o " sz 4 ot
%
252— 2h+(VB) S%_

S2-+503~ S ,05 +S*

2h*(VB)

SO5™ + S~ S,0%~

The closed pyrex reactor system was irradiated with a Xenon arc
lamp (150W, ozone Free, LOT Oriel GmbH & CO KG, Darmstadyt,
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 A molecular sieve packed column using Ar as
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 and
was not substantially modified with respect to the value observed
in the unmodified CdS reference.

The N, adsorption-desorption isotherms and the corresponding
pore distribution of CdS-M photocatalysts are shown in Fig. 1a and
b respectively. Fig. 1a shows that the isotherms of all the CdS-M
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 (Fig. 1b) show a wide distribution in all samples
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 (Fig. 1a). The textural data i.e. the BET surface area
and pore size, of the CdS-M photocatalysts determined from the N 5
adsorption-desorption isotherms are shown in Table 2. The results
in this table corroborate the observation that the specific surface
area of the CdS was substantially modified when Ag *, In3* and
Ga>* were added to the CdS. For the mono-substituted CdS series,
the In- and Ga-CdS samples showed a significant increase in their
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 diffraction

Fig. 2 shows the X-ray diffraction patterns of the CdS-M pho-
tocatalysts, and Table 3 summarizes the quantification of the rela-
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
(Fig. 2) are consistent with the reflections corresponding to the
crystalline hexagonal phase of CdS (JCPDS: 01-077-2306). The low
relative (001)/(002) peak intensities observed in the difractograms
of all the CdS-M samples (Table 3) indicated a preferential growth
along the <002> direction which is characteristic of the presence of

Table 1
Chemical surface composition (atomic percentage) of CdS-M photocatalysts deter-
mined by TXRF analyses.

Cd(at%) S(at%) Ag(at%) In(atk) Ga(at%) (Cd+ M)/S
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Fig. 1. N, adsorption-desorption isotherms (a) and pore-size distribution curves (b) of
CdS-M photocatalysts; ( ) CdS-In; ( ) CdS-Ga; ( ) CdS-Agln; ( ) CdS-AgGa and
( ) CdS (reference).

one-dimensional (1D) CdS nanostructures. The XRD profiles show
that the addition of the aliovalent cations to CdS caused slight
modifications to the structure and crystallite domain size with
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 (001) 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 (Table 3). In the CdS-In sample the
diffraction peaks of the CdS phase show a slight shift which could
indicate the replacement of the Cd ?* by the In3* ions. The similar
radii of the In®>* and Cd?* ions explains the minimal disturbance in
the CdS crystal lattice in the case of their mutual substitution.
Diffraction peaks corresponding to either the In ,S; or CdIn,S4
phases were not observed in the XRD profile of the CdS-In which

Table 2
BET specific surface area, average pore diameter and pore volume of CdS-M pho-
tocatalysts determined from N, isotherms.

CdS 474 52.6 — — — 0.90
CdS-In 45.5 52.9 — 1.6 — 0.89
CdS-Ga 46.1 524 — — 1.5 0.91
CdS-Agin 441 53.2 0.8 1.9 — 0.88
CdS-AgGa 46.0 524 04 — 1.2 0.91

BET m?/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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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 l(100)/(002)
Cds 90.9 0.43 -0.0014
CdS-In 353 0.49 —0.0022
CdS-Ga 42.4 0.55 —0.0022
CdS-Agin 42.6 0.47 —0.0018
CdS-AgGa 353 0.60 —-0.0016

indicates a low concentration of the In segregated species and also
supports the insertion of the In3" jons 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 " by Ga>" ions into the
CdS lattice taking into account the low ionic size of the Ga 3% ions.
Diffraction peaks corresponding to the segregated Ga® or Ga,S3
phases were not observed in the XRD profile of this CdS-Ga sample
which also points to the insertion of Ga 3" ions into the CdS phase.
The substitution by Ga3* observed in this sample contrasts with the
study performed by Yang et al. [42] who observed interstitial
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>" ions replace Cd?* ions in the lattice
substitutionally while for a high [Ga]/[Cd] ratio Ga 3" ions start to
enter the lattice both substitutionally and interstitially which
causes an increase in the lattice distances.

The XRD profile of the co-substituted CdS-Agin photocatalyst
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-Aglin 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-AgIin photocatalyst indicates a slight upshifting 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
Ag* and In" ions into the CdS phase which facilitated the insertion
of Ag". The known formation of solid solutions between AgInS , and

metal sulfides with a wurtzite structure [37] could facilitate the
observed co-substitution of the Ag and In ions in the CdS structure.
Similarly, the XRD profile of the CdS-AgGa sample shows small
diffraction peaks 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 Ag™% ions which compensate the lattice
contraction observed with the insertion of the Ga3* in the CdS
structure. As indicated for the CdS-Agln sample, the co-substitution
of Ag™ and Ga3" could be possible in view of the solid solution
range of AgGas, into sulphides with a wurtzite structure [36]. The
absence of the segregated species in the XRD profile of the CdS-
AgGa photocatalyst also supports the co-insertion of Ag * and
Ga>* 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 fit
(Fig. SI. 1). The negative slopes summarized in 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 2" ions by Ga>" 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 significant macro-strain as derived from the similar posi-
tion of the XRD peak [43]. The microstrain values in the co-
substituted CdS-Agln 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 ™ 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
(Fig. 3a) at 302 cm ! shows the typical fundamental longitudinal
optical phonon mode (LO) of the hexagonal phase, and at 607 cm ~!
the first-order overtone (2LO), as previously reported for CdS [44].
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Fig. 3. Raman spectra of CdS-M photocatalysts: a) CdS (reference); b) CdS-In; c¢) CdS-
Ga; d) CdS-AgIn and e) CdS-AgGa.

In the Raman spectra of all the doped CdS-M photocatalysts, these
two spectroscopic features were still observed but with significant
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 1o/l o 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 210/Iio ratio is very sen-
sitive [44—47]. However, there is a deviation in this behavior for the
co-substituted CdS-AgGa and CdS-Agln samples. These differences
can arise due to the presence of residual metallic Ag [48—51 |. The
rise in the 1(LO) intensity could also be derived from the presence
of metallic Ag nanoparticles whose electronic field interferes with
the laser excitation, creating a strongly concentrated local field as
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-
Agln and CdS-AgGa samples.

Table 4
Raman data collected for the CdS and CdS-M samples.
A (1(LO))* A (2(LO))? Loylioy' Width® (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 6073+ 1.9 0.22 5.8
CdS-AgGa 305.2 +0.9 608.4 + 2.2 0.17 8.5

4 Average Raman intensity values obtained from 5 Raman spectra from each
sample, using the 532 nm laser source.
b Values taken from TEM images.

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
(Fig. SI 3) show vibrational bands that have been ascribed to eth-
ylenediamine at the CdS-M surfaces. Amine ligands at the surface of
the CdS-M could have an influence on the photoactivity due to
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 cm~! which is ascribed to bending the CHy of
ethylenediamine, was monitored as the diagnosis band (Fig. SI2). In
addition, the Raman band due to the LO fundamental mode was
used to monitor the CdS surface. These Raman maps were collected
using 22500 spectra by raster-scanning the laser beam over a sur-
face area of 150 x 150 um. The integration of the absolute area
underneath the band at 1495 cm~! (ethylenediamine) and
305 cm ! (CdS) were then used to establish the color intensity and
create the Raman images shown in Fig. SI 2. The brighter colors in
Fig. SI 2 center correspond to Cd. However, ethylenediamine was
also detected by the few bright regions presented in Fig. SI 2 right,
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 significant differences be-
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-
defined nanostructures with an average size of approximately
95 nm in length and 20 nm in width, that leads to an aspect ratio of
approximately 5 which is characteristic of nanorods (Fig. 4a). The
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 identified by XRD (Fig. SI 4a). The
CdS-In sample (Fig. 4b) has the formation of a mixture of irregular
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 (002)
lattice of the hexagonal CdS planes determined in the CdS reference
sample. The modification in the lattice parameter was in line with
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 ,S4 phase (Fig. SI 4b). The CdS-Ga
sample has a nanomorphology (Fig. 5¢) composed of a mixture of
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 3+
ions as previously observed from the XRD analysis (Fig. SI 4c). TEM
images of co-modified CdS-M samples (Fig. 4d and e) show a
similar nanomorphology to that in the case of their mono-
substituted CdS counterparts based on irregular nanoparticles
and short nanorods. The CdS-Agln showed nanostructures with an
average size of 44.8 nm length and 5.8 nm width, while CdS-AgGa
showed particles with 44.1 nm length and 8.5 nm width (Fig. 4d
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
modification derived from XRD analysis on these samples. Limited
segregation of crystalline domains of AgInS, and AgGaS, was
scarcely detected in the co-modified CdS-M samples (Fig. SI 4d,e).
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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 (Fig. SI. 5) and the binding energies are
shown in Table 5. The Cd3d s level in all the CdS-M photocatalyts
show a main component located at approximately 404.6 eV which
is consistent with Cd#* in CdS [51]. The S 2p3); level in all photo-
catalysts show a symmetric peak close to 161.0 eV which is char-
acteristic of sulphide (S?7) species [52]. The position of the main
contribution in the In 3d 5/, level in the CdS-In and CdS-AgIn pho-
tocatalysts at 444.4 eV is in agreement with the presence of In 3+
ions in a sulphide environment (In,S3 or MInS,) [53]. A second
minor component at 443.3eV 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 2p3/; level in the CdS-Ga photo-
catalyst at 1117.6 eV is in good agreement with the reported energy
values for Ga>7 ions [54]. A slight shift in the binding energy of the
Ga 2p3)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 [55]. The binding
energy of the main peak of the Ag 3d 5/, level was 367.0—367.6 €V in
the CdS-AgIn and CdS-AgGa photocatalysts which is consistent
with the presence of metallic Ag particles [56]. In the CdS-Agln
photocatalysts a second minor component at 369 eV in the Ag
3ds/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/, corre-
sponding to the contribution of the N 1s level.

Table 6
XPS surface composition (atomic percentage) of the CdS-M photocatalysts.
Cd S In/Ga Ag

Cds 42.7 57.3 — —
CdS-In 41.4 55.9 2.7 —
CdS-Ga 42.6 56.7 0.7 —
CdS-Agin 37.5 58.5 3.3 0.7
CdS-AgGa 45.2 524 1.8 0.6

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 spectra

Fig. 5 shows the UV—vis spectra of the CdS-M samples ac-
cording to the Kubelka-Munk function. The CdS-M photocatalysts
show one slope in their absorption edges which indicated single
phase with allowed transitions. The photocatalysts show a similar
absorption edge with differences in their definition and position
depending on the element introduced in the CdS lattice. Shifting
in the absorption edges to higher wavelengths with respect to the
CdS reference sample was observed for the CdS-In, CdS-Ga, CdS-
Agln and CdS-AgGa samples. This produces a colour change in the
solid photocatalysts as shown in Fig. 5 (inset). The sharpness of
the adsorption profiles of the CdS-M photocatalysts increases
following the sequence CdS > CdS-In > CdS-AgGa > CdS-
Ga > CdS-Agin which coincides with the variation in the crys-
tallinity of the CdS nanostructures observed by XRD and TEM.
This is in accordance with the fact that nanostructures with high
crystallinity and low number of structural defects are associated
with a better definition of the absorption edge [57]. The ab-
sorption capacity at a wavelength lower than 525 nm also shows
differences between the CdS-M samples. An increase in the ab-
sorption capacity of the CdS-M photocatalysts corresponding to a
decrease in the particle size of the CdS nanostructures was
observed, which is a consequence of their higher surface being
able to absorb radiation.

Defects in the CdS structures can cause a tailing effect on their
spectra which are called Urbach tails [29,40]. These are due to the
presence of localized electronic states near the band gap edges. The
quantification of the density of the defects near the band gap of the
CdS-M photocatalysts calculated using the Urbach energy param-
eter Eu (Fig. SI. 3) is shown in Table 7. The lower Eu value was
observed in the CdS reference sample associated with the well
defined electronic states of its high crystalline nanostructures. The
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

Table 5
XPS binding energies (eV) of core electrons of the CdS-M photocatalysts.
Cd 3d5/2 S 2p3/2 Ga 2p3/2 In 3d 5/2 Ag 3d5/2
CdS 404.6 161.1 — —
CdS-In 404.6 161.1 444.4 (81)/443.3(19) —
CdS-Ga 404.6 161.0 1117.6 — —
CdS-Agin 404.7 161.3 4445 367.6 (84)/369(16)
CdS-AgGa 404.6 161.0 1116.8 — 367.0

Peak percentages in parentheses.
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Band Gap energy and Urbach energy derived from UV—visible spectra of CdS-M

photocatalysts.

BG Eu

eV meV
CdS 2.46 41.7
CdS-In 2.48 78.8
CdS-Ga 247 79.1
CdS-Agin 2.41 1134
CdS-AgGa 2.42 103.3

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.

353

The band gap values of the CdS-M photocatalysts were calcu-
lated from the slope of the Tauc plot (Fig. 6) and are shown in
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 carrier
concentration from the substitution of Cd 2" by the In3* or Ga3*
ions [58,59]. Conversely, the co-substituted photocatalysts, CdS-
Agln and CdS-AgGa, show a significant narrowing in their band
gap with respect to the CdS reference sample. The change in the
band gap demonstrates the co-substitution of the Ag* and In>*/
Ga>" 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

a)
5
s
o
o
1)
- ]
©
=
1 T 1
1,8 2,0 2,2 2,4
b)
5
s
S
o
)
— |
©
[
BG: 2,48 eV
| ] 1 1 v ] v |
1,8 2,0 2,2 2,4 2,6 2,8 3,0 3,2
hv(eV)
d)
3
s
o
[+
O
— |
©
et
BG: 2,41 eV
I T T T Y T T T
1,8 2,0 2,2 24 2,6 2,8 3,0 3,2
hv(eV)

hv(eV)

BG: 2,46 eV
2,6 2)8 3'0 392
¢)
35
s
o
[+ 8
T
-3
©
-
BG: 2,47 eV
1,8 20 2,2 2,4 2,6 2,8 3,0 3,2
hv(eV)
€)
35
s
°
o
o
—
©
-
BG: 2,42 ¢V
1,8 20 2,2 2,4 2,6 2,8 3,0 3,2
hv(eV)

Fig. 6. Tauc plots of CdS-M photocatalysts: a) CdS (reference); b) CdS-In; ¢) CdS-Ga; d) CdS-Agln 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 [62] it can be assumed that the con-
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) [41]. Fig. 7 shows the magnified UPS spectra of the
CdS-M samples used to deduct the energy value of E yg); from the
intersection of the linear portion of spectrum and the baseline. The
summarized Eypy and work function ( ®) derived from the UPS
spectra are listed in Table 8 which shows slight differences in the
position of the valence band maximum energy of the CdS-M
samples.

The relative positions of E ygv and Ecgm presented in Fig. 8 was
determined using the E ygpvalues calculated from the UPS and the
optical band gap values derived from the UV—vis spectra. It is well-
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 [63]. Theoretical calculations of
the band structure of M-doped CdS (M = Ga or Agin) [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 Eypp of CdS-Ga, CdS-Agln 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-Agln, S3p-Ga4s-Ag4d for CdS-AgGa and S3p for CdS-In.

Counts(a.u.)

Binding Energy (eV)

Fig. 7. UPS spectra of low-binding energy region for E ), determination ( ) CdS-In;
() CdS-Ga; () CdS-Agln and ( ) CdS-AgGa.

Table 8
Calculated valence band maximum energy and work function derived from
UPS on CdS-M photocatalysts.

Evem i}

eV eV
CdS-In 2.92 4.2
CdS-Ga 1.24 4.2
CdS-Agin 2.31 472
CdS-AgGa 3.44 472

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 nm
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 [64—67]. The broad emission bands located at
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
profile similar to that observed in the CdS reference sample but
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
Ga3*/In®* 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 [68]. In the case of the CdS-
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-Agln
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—vis
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 H2 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 Ga3*, In3t, Ga*/Ag" and In3*/Ag" into the hexagonal
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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?** and M"* complexes with EDA (Cd-EDA
and M-EDA),

Cd** + 2 EDA [M(EDA) »]J** (1)

M + x EDA [M(EDA) xJ**

PL Intensity (a.u.)

R
450 500 550 600 650 700
Wavelength (nm)

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.

(2) reaction of elemental sulfur with EDA to form S 2, S, S; and
other polyanions [24,70]

S+ EDA S 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 sulfides the segregation of M- and Cd-sulfides as in-
termediates is expected

[CA(EDA),]?>* + S>~ CdS + 2 EDA (3)
[M(EDA))]"* + n/2S*~ MS ) + x EDA
and,
(4) finally the formation of the mixed CdS-M sulfides from the
M- and Cd-sulfides as indicated in the literature concerning

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

CdS + MSy,, CdS—-M (4)
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Fig. 10. Hydrogen evolution rate (umol) and standard deviation on CdS-M
photocatalysts.
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From the formation mechanism mentioned above, one can see
that the development and size of the nanostructures of the CdS-
M samples is controlled by the kinetics of the nucleation of the
individual sulfides and the growth of the mixed CdS-M sulfide
which are determined by the release rate of S 2~ ions as well as
the relative stability of the [M(EDA) x|®" complexes with respect
to the formation of the sulphide precipitates. The slow release of
S2~ jons favours a low rate of nucleation and growth, leading to
the formation of nanostructures of low crystallinity and size.
Therefore, the low solubility of the In- and Ga- sulfides
(InpS3 < GazS3 < CdS) favours the formation of small InS3 and
Ga;S3 nuclei. These nuclei could act as nucleating platforms
which probably modify the normal growth of the CdS nano-
structures observed in the CdS reference sample, and justifies the
lower size and crystallinity observed for the mixed CdS-In and
CdS-Ga sulphides when compared with the CdS reference. When
In3* or Ga3t ions were simultaneously combined with Ag * the
growth of CdS was also modified, in this case by the initial for-
mation of small nuclei of Agln or Galn sulfides. The low size of the
crystalline phase observed in the mixed CdS-AgGa sulfide could
be derived from the initial formation of small AgGa sulfide nuclei,
taking into account its low solubility, which could prevent the
growth of the CdS nanostructures and limit the growth of the
mixed sulfides.

The differences in the photoactivity of the CdS-M samples
should be analyzed taking into account their structural and
photo-physical properties because these factors govern the pho-
tocatalytic steps involved in the production of hydrogen: light
absorption to generate the charge carriers (electrons and holes),
and the migration and reaction of these charge carriers to the
surface, to produce the redox reactions [2]. The generation of the
charge carriers is governed by the photo-physical properties of
the CdS-M photocatalysts. The analysis of the light absorption
capacity of photocalysts from the UV—vis analyses (Fig. 5)
showed modifications in the visible light absorption capacity of
the CdS-M photocatalysts through the modification in their band
gap and absorbance at wavelengths lower than 525 nm. The
production rate of the CdS-M photocatalysts in Fig. 11 are
normalized per surface area (pmol/h~!-m?-cat) in order to un-
derstand the photoactivity trends of the photocatalysts associ-
ated with their electronic/structural bulk changes because as
previously shown in the textural analysis, they undergo signifi-
cant changes in the surface area. The comparison between the
bandgap of the CdS-M samples with their photoactivity for
hydrogen evolution indicated that there is no parallel behaviour
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Fig. 11. Relationship between surface-normalized hydrogen evolution rate ( umol/

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

between both parameters (Fig. 11). The CdS-AgGa photocatalyst is
the only sample that shows higher photoactivity with respect to
the CdS reference sample, which can be related to the enhance-
ment in the visible light absorption of the photocatalyts with the
co-insertion of Ag and Ga in the CdS structure. Conversely, the
CdS-Ga and CdS-In photocatalysts show a slight increase in their
band gap which reduces their capacity for visible light absorp-
tion. The increase in the band gap observed for CdS-In and CdS-
Ga samples is due to the band filling i.e. the Burstein-Moss effect,
because the high doping density in these samples leads to
degenerate semiconductors in which the Fermi level shifts to a
higher energy with respect to the bottom of the conduction band.
This would explain the increase in the band gap and their lower
photoactivity with respect to the CdS reference sample. The drop
in photoactivity of the CdS-AgIn was not expected taking into
account their improvement for the visible light absorption asso-
ciated with the decrease in band gap. Therefore, other explana-
tions besides the variation in the capacity for visible light
absorption should be explored in order to justify the drop in
activity observed on the CdS-Agin photocatalyst.

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 efficiency in the transfer of
the charge carriers to the surface molecules results in an
improvement in the photocatalytic H, production rates. The effi-
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 (Fig. 9) show a
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 final pro-
duction of H.-As deduced from the relative band structure of the
CdS-M samples illustrated in Fig. 8, 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 counterpart,
which coincides with the decrease in the H, 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 S2~/SO%~ species.

The characterization of CdS-Agln and CdS-AgGa samples by XPS
showed the presence of small amounts of metallic Ag
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nanoparticles. These species can act as co-catalysts improving the
efficiency of photocatalysts as a result of transferring the electrons
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 Ag*-In3* and Ag*-Ga>* favours the insertion
of Ag™ 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 first time that the ternary sulfide CdS-
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 © and
Ga3*. 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 Ga3*, In®t, Ga3*/Agt and In3*/Ag™*
into the hexagonal crystal lattice of one-dimensional CdS nano-
structures with a low concentration of segregrated species.
UV—vis analyses showed modifications in the visible light ab-
sorption capacity of the CdS-M photocatalysts through the
modification in their band gap and absorbance at wavelengths
lower than 525 nm. The insertion of In3* or Ga>* in the CdS leads
to an increase in its band gap, while the co-addition of Ag *-In3"*
and Ag*t-Ga3* favours the insertion of Ag™ into the CdS lattice
forming Ag(In/Ga),Cd ;.S solid solutions with a lower band gap.
The relative position of Eypgwm also varies with the insertion of Ga 3+
In*, Ga3*/Ag" and In3*/Ag* into the CdS lattice. The CdS-In, CdS-
Ga and CdS-Agln samples show an upshift in the relative position
of the valence band energy with respect to the CdS-AgGa coun-
terpart. The upward shift in the top edge of the valence band
observed in the CdS-In, CdS-Ga and CdS-Agln samples could
justify their low photoactivity by a decrease in the driving force
for the oxidation of S2~/SO3~ 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 first time that this ternary sulfide has been synthesized and
reported as photocatalyst active under a visible light opening a
new way to tune the photocatalytic properties of CdS by co-
doping with Ag* and Ga>*
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