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A B S T R A C T   

A new hybrid, GSw-Pd-CdS, consisting of CdS nanoparticles and Pd clusters supported on S-functionalized 
graphene, GSw, has been obtained for photocatalytic water reduction. GSw has been prepared by mild treatment 
of graphene, G, with cold CS2 plasma allowing the G sp2 moieties to be preserved. GSw-Pd-CdS was prepared 
under mild conditions by the sequential adsorption on GSw of small-size Pd particles followed by the slow 
precipitation of CdS. The support of Pd clusters on GSw is controlled by the interaction with S-functions. The 
support of the CdS nanoparticles occurred by the physical adsorption on GSw. The GSw-Pd-CdS hybrid shows 
high photocatalytic activity in water reduction providing a constant average H2 production of 3.79 mmol g–1 h–1 

during 20 h. This value outperforms 31.1 times that of CdS. The excellent behavior of the hybrid is based on 
suitable optical properties of Pd clusters and on the preservation of the graphene π-conjugated moieties act as 
active reduction sites. The analysis of both the structure and the optical properties of GSw-Pd-CdS and its 
components allowed to propose a reliable mechanism to the photocatalytic reduction in which the Pd clusters 
and the GSw cocatalysts act as hole receptor and electron receptor from CdS, respectively.   

1. Introduction 

The social concern about the global warming is speeding up as the 
effects of the climate change are becoming more and more evident. This 
is driving extensive demand for renewable energy sources to reduce the 
emissions of greenhouse gases from fossil fuels, which nowadays are the 
main source of energy. This is boosting extensive research in developing 
technologies based on the use of renewable sources [1,2]. The sun is an 
endless source of energy (in the time scale of the human beings) that 
even though it is difficult to be directly handled, it can be converted into 
another energy sources including chemical sources as hydrogen. 
Hydrogen, is a chemical fuel that can be obtained from water and whose 
combustion with oxygen produces water as the only reaction product. 
Moreover, it can be also used in fuel cells to produce energy and in many 
industrial reactions. 

The water splitting can be addressed by using semiconductor 

materials whose activation with sunlight as energy source results in the 
formation of electron-positive hole pairs capable of inducing the redox 
decomposition of water. This is accomplished if the semiconducting 
material conduction band (CB) is more negative than 0.00 eV and the 
valence band (VB) more positive than 1.23 eV [3]. Nevertheless, in 
practice, the required band gap is larger than 1.23 eV due to the over-
potential derived from the kinetic barriers in each process (mainly in 
case of oxygen oxidation). Moreover, an important limitation for the 
efficient conversion of light into hydrogen and oxygen through the 
above process, comes from the trend of the generated electron-hole pairs 
to recombine. Thus, the new materials for the total or partial O2 or H2 
production by photocatalytic water splitting require on the one hand 
optical and electronic properties of the semiconductor phase. On the 
other, the electron-hole recombination needs to be at least partially 
prevented. These requirements can be accomplished (among other 
strategies) by hybridizing the semiconductor with suitable cocatalysts. 
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It has been reported a wide range of metal-based semiconductors, 
including sulfides, nitrides, single metal oxydes and double metal oxy-
des (perovskites) that have been successfully used in water reduction 
reaction [4–6]. Among them a great interest has been focussed in CdS [4, 
7–9]. This is mainly due to this semiconductor fits suitable optical 
properties to be activated by visible light, i. e. a band gap of c.a. 2.4 eV, 
and suitable CB position to proton reduction [10,11]. An additional 
advantage is that it can be obtained as ultrathin layers [12,13] which 
help the charge carriers to reach more easily the surface of the catalyst. 
The thickness control of CdS crystals (which can be achieved by several 
ways) also allows some control on its behavior and semiconductor 
character, as the band gap of the crystals increases as the thickness de-
creases [14–16]. In spite of this, the efficiency of these strategies is quite 
limited due to electron-hole recombination is fast. A successful strategy 
to improve its photocatalytic efficiency consists in combining CdS with 
suitable 2D semiconductors capable to accept electrons from the former 
to the surface of the second, which stabilizes the charge separation [7, 
17,18]. 

We have reported [19] that the photocatalytic activity of CdS in 
water reduction is very significantly increased when it is hybridized. In 
particular, a hybrid consisting of CdS, a polyamine-functionalized gra-
phene and PdS shows notable results in this reaction. The role of the 
hybrid components on the water reduction is discussed in the paper 
[19]. In spite of the excellent performance of this hybrid in water 
reduction, it was found that the aliphatic polyamine functions attached 
to Cπ centres of the graphene (G) layers favour extended stacking of the 
functionalized G sheets via hydrogen bonding formation of the 
–N-H⋅⋅⋅⋅⋅⋅N– type, between amino functions attached to the surface of 
adjacent sheets. It is believed that this fact results in shielding effect 
making difficult the light to reach the inner active CdS centres, which 
probably limits its photocatalytic efficiency [7]. Experimental results 
supporting the stacking of polyamine functionalized G layers were, i) the 
acid-base properties of the polyamine attached to the sheets suffers 
significant changes relative to the free polyamine [19], indicating that 
the stacking of sheets probably remain in water solution, ii) a sharp 
decrease of the BET surface of G (468.0 m2 g–1) under adsorption of the 
polyamine derivative (101.9 m2 g–1 for the polyamine functionalized G) 
[19], i.e. the stacking of the polyamine functionalized G sheets results in 
decrease of the mesopore surface (which mainly contributes to the BET 
surface). Even when functionalized graphene with other similar poly-
amine functionalities is used, in addition to observing similar stacking of 
the functionalized G, adsorption of metal ions as PdCl42− does not affect 
the stacked structure, i.e. most of the metal ions remain in the very 
narrow pores between the stacked sheets [20]. With this background in 
mind, in this work we have considered interesting the design of a new 
G-based photocatalyst that pays attention, among others, to this point. 

A new hybrid based on CdS + graphene has been prepared, using a 
sulfur-functionalized graphene as support (GSw), which has been ob-
tained by CS2 cold plasma treatment of the graphene (G) used in refer-
ence 19, as previously reported [21]. The resulting GSw contains mainly 
C–S–C and C–S–H functions and small amounts of C-SO-C and C-SO2-C 
which are attached to the edges of the graphene sheets. The BET surface 
area of GSw (430.0 m2 g–1) [21] is very similar to that of the precursor G 
(468.0 m2 g–1, see above) which points out that (probably due to 
coplanarity of S-functionalities with G-sheets) in this case the possible 
interactions between sheets dońt take place via stacking. Thus, the role 
of GSw in this new CdS-based hybrid is twofold. On the one hand, the 
sulfur containing functions seems not to induce additional stacking to 
that of G [19–22]. On the other, the sulfur containing groups are able to 
capture palladium from solution due to the high affinity of sulfur 
functions (soft Lewis bases) to palladium (soft Lewis acid). This results in 
palladium deposition on the graphene surface forming 
size-homogeneous S-Pd nanoclusters and Pd nanoparticles [23,24]. Both 
nanostructures show interesting optical properties as they absorb light 
in a wide wavelength range which covers both UV–Vis and NIR ranges 
[24–26] which ensures efficient light harvesting. Thus, it is expected 

these nanostructures act as efficient cocatalyst when they combine with 
CdS on the surface of GSw. 

This paper reports the preparation, characterization and photo-
catalytic activity in water reduction of the GSw-Pd-CdS hybrid. This 
material has been obtained by deposition of CdS and Pd on the surface of 
the sulfur-functionalized graphene, GSw. The photocatalytic activity in 
water reduction of the hybrid is compared with those of GSw-Pd, Pd-CdS 
and CdS materials and the mechanisms of the reaction are discussed on 
the basis of the structures and the electronic properties of these mate-
rials. This has allowed to propose the mechanism of the reaction when 
the hybrid is used. Moreover, the hybrid has an excellent performance 
which largely outperforms the results of the former hybrid [19]. This last 
result has also been discussed on the basis of the differences between the 
texture and electronic properties of both photocatalysts. 

2. Experimental 

2.1. Materials 

A commercial graphene sample, G, (# 2191YJ) provided by Nano-
Amor (USA) was used as precursor to prepare GSw. G is a few-layered 
graphene (sheet lateral sizes between 2 and 10 μm and 1–3 layers), 
with c.a. 3 wt% oxygen content, and has been already characterized by 
the authors [20,21,27]. All the solvents and the other chemicals used in 
this work were of analytical grade and used without any further 
purification. 

2.2. Preparation of GSw 

GSw graphene derivative has been obtained following a method 
previously described [21]. The preparation method is based on a 
two-step procedure consisting of a short exposition (5 min) of G to CS2 
microwave cold plasma. This results in a sulfur functionalized GS ma-
terial, which was further treated with distilled water during 24 h to 
remove the labile sulfur functionalities, obtaining the final material 
GSw. 

2.3. Preparation of GSw-Pd 

GSw-Pd was obtained by suspending 0.0100 g of GSw in 20 mL of an 
1 M KCl and 7.5⋅10− 4 M K2PdCl4 aqueous solution. The pH was fixed to 
5.0 by HCl 0.1 M. The mixture was shaken in a thermostatic air- 
incubator at 298.1 K during 48 h. Then the solid was separated by 
filtration, washed with double distilled water and ethanol and air dried. 
The amount of Pd(II) in the resulting material GSw-Pd (0.83 at%, 6.48 
wt%) was determined from the survey XPS spectrum. 

2.4. Preparation of GSw-Pd-CdS 

The GSw-Pd-CdS hybrid material was obtained by the slowly depo-
sition of CdS on GSw-Pd up to the final amount of precipitated CdS was 
c.a. 95 wt% of the resulting material. This was carried out by adding 
0.25 mL of 0.0235 M Na2S and Cd(CH3COO)2 aqueous solutions alter-
natively to a stirred aqueous suspension of GSw-Pd (5 mg in 20 mL of 
water). Consecutive additions were needed to reach the desired amount 
of CdS (95 wt%) which were set up at 5 min time intervals between the 
additions. Then, the mixture was centrifuged and the resulting solid 
GSw-Pd-CdS was recovered by filtration, washed with water and 
ethanol, and dried at 110 ◦C for 8 h. This solid contains c.a. 4.5 wt% of 
GSw and c.a. 0.5 wt% of Pd. 

2.5. Preparation of Pd-CdS 

Pd-CdS was prepared in two steps. In the first one Pd0 NPs were 
obtained by adding, drop by drop, 10 mL of a 2.5 M NaBH4 aqueous 
solution to 50 mL of a 0.1 M Na2PdCl4 aqueous solution (molar ratio 
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BH4
− /PdCl42− = 5/1). The mixture was allowed to react under stirring for 

30 min. The resulting black solid was separated by filtration, washed 
repeatedly with doubly distilled water, and dried in a desiccator under 
silica until a constant weight was obtained. In a second step, the Pd-CdS 
material was obtained by slowly CdS precipitation on Pd0 NPs. The 
procedure was the same above described for the preparation of GSw-Pd- 
CdS. The resulting Pd-CdS material contains c.a. 0.7 wt% of Pd. 

2.6. Preparation of CdS 

CdS was prepared by mixing, in 1:1 molar ratio, saturated aqueous 
solutions of Cd(CH3COO)2 and Na2S. The resulting solid was recovered 
by filtration, washed with water and ethanol and air dried. 

2.7. Characterization 

Several GSw data has been already reported. Moreover, the surface 
charge density (Q in mmol H+⋅g–1 of adsorbent) of GSw was determined 
from the potentiometric titration of the solid [28,29]. This was carried 
out in an aqueous suspension at 298.1 K, using (CH3)4NCl 0.1 M and 
(CH3)4NOH 0.1 M as background electrolyte and titrating agent, 
respectively [30]. The proton isotherm was obtained by plotting Q vs 
equilibrium pHs. The pKa distribution plot of the acid surface groups 
was obtained by analyzing of the proton isotherm with SAIEUS software 
[28]. 

X-ray diffraction (XRD) of the samples was performed at room 
temperature on a Panalytical Empyrean diffractometer using Cu-Kα ra-
diation (λ = 1.5406 Å) over a 2θ angular range of 10–70◦, at a scan rate 
of 5◦ min− 1. 

The optical properties of the solids were studied through the 
UV–visible absorption spectra. The spectra were obtained in water dis-
persions when it was possible, i.e. for water dispersible samples. They 
were obtained in the 200–900 nm range, by using 1 cm quartz cells on a 
Perkin Elmer, Lambda 25, spectrophotometer. In the case of the low 
dispersible GSw-CdS and GSw-Pd-CdS the UV-visible diffuse reflectance 
spectra (DRS) were obtained on a Shimadzu UV-2600 spectrophotom-
eter, over the 250–900 nm range, using BaSO4 as a reference. Band gap 
energies of both direct and indirect electron transitions were calculated 
by analyzing the Tauc plots resulting from the Kubelka–Munk trans-
formation of the UV-visible spectra [31]. 

The X-ray Photoelectron Spectroscopy (XPS) spectra were obtained 
in a Kratos Axis Ultra DLD spectrometer. Monochromatic Al/MgKα ra-
diation in constant analyzer energy mode with pass energy of 160 and 
20 eV (for the survey and high-resolution spectra, respectively) was 
used. The C 1s transition at 284.6 eV was used as a reference to obtain 
the heteroatoms binding energies. The accuracy of the binding energy 
(BE) values was ±0.2 eV. 

Transmission electron microscopy (TEM) images, high-resolution 
transmission electron microscopy (HRTEM) images, selected area elec-
tron diffraction (SAED) patterns, energy-dispersive X-ray (EDX) spectra 
and mapping were collected by using a HAADF FEI TITAN G2 micro-
scope. The resolutions were 0.8 Å and 1.4 Å in TEM and STEM mode, 
respectively. The microscope was operated with a working tension of 
300 kV. 

2.8. Photocatalytic experiments 

The photocatalytic hydrogen production experiments were per-
formed at 298.1 K and atmospheric pressure in a 140 mL doubled-walled 
flask, sealed with a silicone rubber septum. A solar simulator (PICO G2V 
Optics Inc.), providing a standard AM1.5 G light spectrum, was used as a 
visible light source to trigger the photocatalytic reaction under solar 
simulated conditions. In a typical experiment, 5 mg of the catalyst was 
dispersed in an aqueous solution (5 mL) of 0.35 M Na2S and 0.25 M 
Na2SO3 as sacrificial agent. A continuous magnetic stirrer was applied at 
the bottom of the reactor in order to keep the photocatalyst in 

suspension. Prior to irradiation, the system was bubbled with argon for 
20 min to remove the dissolved oxygen. In each experiment the sus-
pension was irradiated for 8 h; during this time, 0.02 mL of the gener-
ated gas was collected through the septum for analysis at predesigned 
time intervals. The hydrogen content in the generated gas was analysed 
by gas chromatography (GC-Agilent Technologies 7820A, TCD, Ar car-
rier 5 Å molecular sieve column). Recycling tests of photocatalytic H2 
evolution were performed as follows to evaluate the stability of the 
photocatalyst. Typically, after a first run of 4 h under visible light irra-
diation by the solar simulator, the photocatalytic system was thoroughly 
degassed again, without the separation of the photocatalyst. Subse-
quently, the degassed system was irradiated again. The following runs of 
photocatalytic recycling tests were performed in the same way. The 
apparent quantum efficiency (AQE) of the H2 evolution was measured 
with a 420 nm high power LED as light source. For this experiment, the 
photoreactor (containing 30 mg of phtocatalyst in 5 mL of 0.35 M Na2S 
and 0.25 M Na2SO3 aqueous solution, at 298.1 K and atmospheric 
pressure) was placed 1 cm away from the LED source. The moles of 
incident photons in unit time (1.8⋅10− 7 einstein⋅s–1) were measured by 
chemical actinometry, using potassium ferrioxalate as actinometer [32, 
33]. The AQE (%) was calculated according to the following equation: 

AQE (%) =
number of reacted electrons in unit time
number of incident photons in unit time

× 100

=
2x number of evolved H2 molecules in unit time

number of incident photons in unit time
× 100  

3. Results and discussion 

3.1. Characterization of GSw 

The Raman spectrum of the precursor, G, already reported [21] 
shows a relatively large intensity of the D band. This fact, together with 
the size of the sheets is relatively small (between 2 and 10 μm), points 
out that G contains significant amount of irregularities and defects that 
should be mainly placed at the edge of the sheets [19,21,27]. The 
treatment of G with CS2 cold plasma during 5 min, followed by water 
washing of the obtained solid during 24 h (Section 2.2) results in a solid, 
GSw containing c.a. 1.5 at% of S (mainly as C-S-C and C-S-H, and small 
amounts of C-SO-C and C-SO2-C) and c.a. 6 at% of O [21]. According to 
both Raman and XPS data the treatment does not result in significant 
increase of defects in the precursor G neither alters the extension of the 
sp2 moieties [21] that remains unaffected after the treatment. This 
suggests that most of the sulfur containing functionalities in GSw are 
also probably placed at the edge of the defects [21]. 

To get further insight into the (Brønsted) acid-base properties of the 
GSw surface the proton isotherm was obtained in water solution (see 
Section 2.7). The analysis of the isotherm data with the SAIEUS software 
allows to obtain the pKa distribution values (Fig. 1). Most of the positive 
surface charge at the onset of the titration is assigned to protonation of 
Cπ centres of the graphene surface, i.e. to Cπ → H3O+ interactions [34]. 
This assignment is based on the sulfur and oxygen containing groups 
remaining after the plasma treatment, lack Brønsted basic character. 

This charge is significantly smaller in GSw (c.a. 2.5 mmol H+ per 
gram) than in the precursor G (c.a. 5.0 mmol per gram) [27]. This is 
probably due to the removal of carboxylate and hydroxyl oxygen func-
tions by the CS2 plasma treatment which reduces the protonation sites of 
GSw. This statement is based on the functionalization with S neither 
increases the number of defects nor decreases the extension of conju-
gated sp2 system [21]. This is an important point as it has been pointed 
out that sp2 moiety is crucial in water reduction with photocatalysts 
supported on graphene. This results in the point of zero charge (pzc) of 
GSw (7.7, see Fig. 1a) is slightly smaller than that of G (8.6) [27]. In 
contrast to the surface of the precursor G, Fig. 1b shows that the surface 
of GSw lacks carboxyl groups (with pKa < c.a. 3.0). This suggests that 
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the CS2 plasma species mainly react with the oxygen containing groups 
of the precursor G. The pKa peaks at c.a. 4.9, 7.0, 8.3 and 10.0 are 
assigned to deprotonation of the groups resulting from disaggregation of 
unstable thiocarboxylate/anhydride groups, neutralization of H3O+

attached to Cπ moieties and thiophenol and thiocarboxylate, 
respectively. 

The UV-visible spectrum of GSw in aqueous suspension (Fig. 2a) was 
obtained to have additional information about its electronic properties. 
In the UV range, GSw shows an intense band at c.a. 280 nm, (like G), but 
also a shoulder at c.a. 220 nm which is absent in G spectrum [19]. Ac-
cording to the literature the band at c.a. 280 nm, characteristic of 
few-layered graphene, is due to plasmon π-π* transitions from the sp2 

domains. Both the asymmetry of the band at 280 nm and the shoulder at 
c.a. 220 nm probably merge from n− π* transitions (which usually 
appear at c.a. 310− 320 nm) of non-bonding electrons of the conjugated 
oxygen and sulfur atoms, respectively [35,36]. The broad absorbance in 
the whole visible range is typical of graphene [37]. 

The plots (Fig. S1) of the square and square root of αE (where α =
absorbance and E = hʋ) vs hʋ [31] obtained from the GSw UV-visible 
spectrum do not show any absorption edge (which is similar to this of 
G) [19,27]. This suggests the absence of any energy gap between the 
valence and conduction bands, i.e. most of the extended sp2 system re-
mains after the treatment of G with CS2 plasma. This means that the 
overlapped π bonding and π* antibonding orbitals are not split which is 
also consistent with the lack of hole defects in GSw sheets [21]. 

In spite of its limited lateral resolution XPS is a reliable technique to 

measure the work function of graphene, ϕ, in the energy scale of this 
technique [38]. The relative values of the work function of the compo-
nents of the hybrid photocatalysts are useful to stablish suitable elec-
tronic diagram which can help to get insight into the possible 
mechanism of the catalytic process. From the XPS spectrum of GSw in 
the VB region, a value of − 0.29 eV for its work function is obtained 
(Fig. 2b). 

3.2. Characterization of GSw-Pd 

As already commented in the experimental section, the preparation 
of the GSw-Pd-CdS hybrid photocatalyst was carried out through two 
steps. Firstly, the GSw-Pd material was obtained and then it was used as 
support to obtain the final GSw-Pd-CdS material by slow precipitation of 
CdS. This section is focused on the characteristics of GSw-Pd. 

The Pd content in GSw-Pd obtained from the survey XPS is 0.83 at% 
(Fig. S2). The TEM images of GSw-Pd in Fig. 3 (a and b) show a ho-
mogeneous distribution of very small particles deposited on GSw sheets 
which, according to the EDX spectrum of Fig. 3c and XPS analysis, 
correspond to Pd aggregates. The size of the particles was analysed 
statistically with ImageJ software [39] from which a mean particle size 
between 1 and 2 nm was obtained (inset in Fig. 3b). 

In addition, it is seen in Fig. 3b that more than 95 % of the particles 
has sizes smaller than 3 nm, i.e. almost the whole of the palladium 
deposited on the surface of GSw are small-size palladium clusters. 
Moreover, Fig. 3d clearly shows the homogeneous distribution of the 

Fig. 1. a) Plot of surface charge density values of GSw (Q in mmol of H+per gram) as a pH function; b) plot of pKa values of the surface acidic groups of GSw.  

Fig. 2. a) Uv-visible spectrum of GSw; b) XPS valence band spectrum and value of the work function of GSw.  
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pair sulfur/palladium on the graphene surface. This suggests that the 
deposition of most Pd on the GSw surface is mainly driven by the 
bonding to sulfur functions which results in the formation of clusters 
[21,23]. Having in mind the outstanding advantages for photocatalytic 
applications of metal nanoparticles having both small sizes and good 
crystal quality, it can be expected the GSw-Pd structure is suitable for 
photocatalytic application [40]. 

Magnified HRTEM images of GSw-Pd (Fig. 3e) show crystals of Pd 
clusters in the 2–3 nm range which were obtained for further analysis of 
its morphology. In most of the crystals some irregularities due to 
apparent mixed crystal phases or defects in their morphology, prevent 
from accurate measurement of interplanar spacing. This can be observed 
in Fig. 3e together to a lonely crystal displaying lattice fringes with 
interplanar spacing of 0.22 nm, which can be assigned to (111) crys-
tallographic planes of the Fm3m cubic symmetry group, typical of 
clusters with the above sizes [40]. The selected area electron diffraction 
(SAED) pattern (Fig. 3f) also shows two diffraction rings (with 16.8 
nm− 1 and 9.5 nm− 1 diameters) corresponding to (111) and (311) Pd 
planes [AMCDS code 0011155]. It must be hightligted the very small 
sizes of the Pd clusters and their homogeneous distribution on the GSw 
surface favour both the efficient absorption of radiation and the stability 
of the Pd phase. These facts will lead to an efficient catalytic cooperation 
with the other two components of the GSw-Pd-CdS catalyst. 

The data obtained from the XPS spectra of both GSw and GSw-Pd 
provide additional information about their composition and the chem-
ical nature of the components. The survey spectrum of GSw-Pd, (Fig. S2) 
shows C, O, S, Pd, and Cl as significant components of this material. The 
amount of Pd is much higher than the one the parent G is able to adsorb 
under similar conditions [21]. This points out to the role of the sulfur 
containing groups of GSw have for the capture of Pd. The Cπ centres on 
the graphene surface are also active sites for the planar adsorption of 
PdCl42− , via Cπ-π interactions [41]. Nevertheless, the small amount of Cl 
in GSw-Pd (Fig. S2) indicates that only a residual amount of Pd has been 
adsorbed through the Cπ-π mechanism. 

The S 2p high resolution XPS spectrum of GSw-Pd (Fig. 4a) consists 
of two main components, due to spin-orbit coupling (2p1/2 and 2p3/2, 
respectively). This spectrum can be deconvoluted into four doublets, 
corresponding to four S functions [21]. The doublet with peaks at 162.4 
eV (due to S 2p1/2) and 163.6 eV (due to S 2p3/2) is assigned to C-SH 
groups. These binding energies are shifted to smaller values compared to 
the same function in GSw (163.8 eV and 165.2 eV) [21] which is due to 
the C-SH/Pd interactions. A similar effect has been already reported for 
the same C-SH functions in GO when Pd is added forming 2–3 nm 
clusters [23]. The doublet at 164.0 eV and 165.2 eV (which is assigned 
to C-S-C groups) is almost unshifted compared to the same groups in 
GSw (163.7 eV and 164.9 eV), which points out that these groups barely 
retain Pd atoms. The doublets assigned to C-SOC and C-SO2-C functions 
in GSw-Pd at 167.9 eV-169.1 eV and 169.0 eV-170.1 eV respectively, are 
also shifted to larger BE values compared to GSw (165.0 eV-166.2 eV 
and 168.0 eV-169.2 eV) [21]. This means that these functions also take 
part in the stabilization of Pd clusters. This is consistent with literature 
data about the ability of ligands bearing both R-SO and R-SO2 functions 
to bind Pd(II) by S acting as donor atom [42–44]. 

The oxygen contents of GSw, 5.18 at% and GSw-Pd, 8.23 at%, were 
obtained from the survey XPS spectra (Fig. S2). The O 1s high resolution 
XPS spectrum of GSw (Fig. 4b) contains two main components; one at 
534.3 eV, assigned to R-SO and R-SO2 functions, and the other one at 
532.4 eV, due to R1-CO-R2 functions. A weak component at 536.2 eV, is 
assigned to H2O adsorbed on graphene surface [45]. Deconvolution of 
the high resolution O 1s spectrum of GSw-Pd (Fig. 4d) shows a 
component at 532.1 eV ascribed to R1-CO-R2 functions. Its relative in-
tensity is higher than in GSw spectrum (Fig. 4b) suggesting that the 
added oxygen is included in this component whose BE value points out 
that doesńt correspond to water attached to the graphene surface. 
Moreover the BE value of 532.1 eV fits that of the oxygen attached to Pd 
[45]. Finally, a slightly increased intensity of the water component (at 
535.9 eV) of GSw-Pd relative to the GSw also accounts for the above 
mentioned increase in oxygen content. The third component in the O 1s 

Fig. 3. Images and spectra of GSw-Pd obtained by HRTEM: a) and b) TEM images and Pd particle distribution sizes (inset Fig. 3b); c) EDX spectrum; d) element 
distribution map; e) HRTEM image and f) SAED pattern. 

M.L. Godino-Salido et al.                                                                                                                                                                                                                     



Surfaces and Interfaces 46 (2024) 104078

6

high resolution spectrum of GSw-Pd, at c.a. 534.0 eV, is assigned to R-SO 
and R-SO2 functions. 

The Pd 3d high resolution spectrum of GSw-Pd (Fig. 4c) consists of a 
doublet due to Pd 3d5/2 and Pd 3d3/2 states. Deconvolution of the 
doublet results in two components; a pair with peaks at 337.3 and 342.6 
eV and a second one with peaks at 338.3 and 344.0 eV. These values are 
in a higher range than those given in the literature for Pd(0) whilst fit 
better those given in the literature for Pd-O in total/partially oxidized Pd 
clusters, namely at c.a. 335 eV and 340 eV [23,40,46,47]. Thus the 
above data point out that the nature of Pd in the GSw-Pd material 
consists of Pd-PdO core-shell clusters. According to this it should be 
expected three chemically different Pd atoms: i) those linked to oxygen 
at the more external shells of the clusters, ii) those linked to S-functions, 
and iii) those at the inner core of the clusters. Nevertheless, the decon-
volution of the signals (Fig. 4c) results in two components. Thus, the 

insignificance of a component due to Pd(0) at the core the clusters that 
should appear at values of BE smaller than the two others could be due to 
they are difficult to be reached by radiation. The peak at c.a. 4 eV seen in 
the XPS VB spectrum of GSw-Pd (Fig. 5a), which is not seen in the XPS 
VB spectrum of the precursor GSw (Fig. 2b), is assigned to the electrons 
evolved from the Pd nanoclusters. The energy of the work function of 
this phase, 0.97 eV, obtained from the tangent at the onset of the signal, 
is slightly higher than the one of the GSw, − 0.29 eV. In summary, the 
whole XPS data are consistent with the nature of Pd in the GSw-Pd 
material consists of Pd clusters and Pd-PdO core-shell clusters. 

It was attempted to get more insight on the nature of Pd species in 
clusters through XRD, but probably due to the low Pd content in GSw-Pd 
sample it was not detected in its XRD any other peak than those of GSw 
support [22] (Fig. S3). 

The UV-visible spectrum of GSw-Pd was obtained in aqueous 

Fig. 4. High resolution XPS spectra of: GSw-Pd in the S 2p, Pd 3d and O 1s regions (a, c and d, respectively), GSw in the O 1s region (b).  

Fig. 5. a) XPS valence band spectrum and value of the work function of GSw-Pd; b) UV-visible spectrum of GSw-Pd (together with the spectrum of GSw); c) plot of 
(αE)2 vs photon energy (direct transitions) for GSw-Pd. 
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suspension to get insight into the optical properties of this material 
under similar conditions to those used in the photocatalytic water 
reduction. GSw-Pd shows higher background absorption than GSw in 
the whole 200–750 nm range which gives rise the absorption bands 
arising from GSw in the UV range to be hidden (Fig. 5b). This fact is in 
accordance with the very little size of Pd clusters existing in GSw (most 
of them having sizes varying in the 0.5–3.0 nm range). Thus, the wide 
absorption should be adscribed to electron transitions between states of 
the Pd clusters, whose non uniform sizes lead to a wide wavelength 
absorption range. It has been also pointed out that in the case of Pd 
nanoclusters with sizes > 4 nm it should be expected absorption due 
LSPR at values of c.a. 700 nm [47], however this shouldńt be probable in 
the case of GSw-Pd due to clusters having these sizes are insignificant 
(see Fig. 3b). From the UV–vis spectrum of GSw-Pd, a direct transition at 
c.a. 689 nm (1.8 eV) is detected in the Tauc plot of Fig. 5c. 

In summary, the above data show that the adsorption of Pd on GSw 
results in a really uniform covering of its surface with very small and 
homogeneous Pd nanoclusters (c.a. 97 % with sizes smaller than 3 nm). 
This type of metal/layer-structures is crucial in the electrocatalytic ac-
tivity of water oxidation of other noble metal nanoparticles deposited on 
thiolate supports [48,49]. The GSw-Pd hybrid shows significant increase 
of absorption in the UV-visible range compared to GSw. It is expected 
this increase favours its efficiency as cocatalyst in water reduction when 
it is combined with CdS. For this task it is necessary the energy of Pd 
nanoclusters HOMO and LUMO systems suitably aligns with that of the 
CdS VB and CB, so allowing charge transfer between the two phases [50, 
51]. 

3.3. Characterization of GSw-Pd-CdS 

The GSw-Pd-CdS hybrid (95 wt% CdS) was obtained by slow pre-
cipitation of CdS on the solid GSw-Pd (see Section 2.4). The TEM images 
and the element distribution map of GSw-Pd-CdS (Fig. 6) show small Pd 

nanoclusters of quite uniform sizes also very uniformly distributed on 
the GSw surface. CdS appears forming crystal aggregates of different 
sizes deposited on the Pd clusters which results in close contact between 
both phases. The average size of the CdS aggregates on the surface of 
GSw-Pd is significantly smaller than this obtained by a similar procedure 
in absence of a graphene support (see Fig. S4). This points out that the 
graphene/CdS nanoparticles interaction probably limits their aggrega-
tion. The crystal nature of CdS phase is observed in the magnified 
HRTEM images of Fig. 6c and d obtained from selected areas of crystal 
aggregates. The images display lattice fringes with interplanar spacing 
of 0.33 nm and 0.17 nm, which can be assigned to (111) and (311) 
crystallographic planes of cubic CdS (COD code 1011260; AMCSD code 
0018121). Moreover, interspacing plane values of 0.24 nm and 0.35 nm, 
assigned to (102) and (100) planes of hexagonal CdS (COD code 
1011054; AMCSD code 0017955) are displayed in Fig. 6c. Thus, both 
CdS crystal forms are present in the GSw-Pd-CdS hybrid. 

The selected area electron diffraction (SAED) pattern of Fig. 6d in-
dicates the presence of nanocrystals of CdS. Three of the inside 
diffraction rings in Fig. 6d (those with 5.98, 9.86 and 11.61 nm− 1 di-
ameters) are due to (111), (220) and (311) planes of the cubic CdS. None 
of the diffraction rings in Fig. 6d belong to hexagonal CdS, which means 
that most of the CdS crystals are cubic whereas the hexagonal phase is a 
minor component. This is clearly seen in the XRD pattern in Fig. 7. This 
Fig. shows diffraction peaks at 26.7◦, 44.2◦ and 52.0◦ assigned to the 
(111), (220) and (311) planes of the cubic CdS [7] (COD code 1011260; 
AMCSD code 0018121) and much weaker peaks of hexagonal CdS 
component at 23.5◦, 26.9◦, 30.2◦, 36.4◦, 43.7◦, 48.0◦, 49.8◦, 52.2◦, 58.2◦

and 65.5◦corresponding to (100), (002), (101), (102), (110), (103), 
(200), (112), (202) and (203) planes (COD code 1011054; AMCSD code 
0017955) [52]. The diffraction peaks of graphene and Pd are not evident 
which is probably due to they are in very small amounts in the hybrid 
(see Section 2.4). Moreover, the fact that Pd is not seen neither in the 
HRTEM images nor in the SAED pattern (Fig. 6) nor in XRD (Fig. 7) is 

Fig. 6. Images and spectra of GSw-Pd-CdS obtained by HRTEM: a) TEM image; b) element distribution map; c) and d) HRTEM images and SAED pattern (inset 
Fig. 6d); e) and f) EDX spectra. 
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probably due to these data were obtained from an area where the CdS 
crystals cover the Pd clusters avoiding the radiation to reach them. This 
is seen in the EDX analysis of two selected areas of Fig. 6e and f. Thus, in 
area 1 (Fig. 6e) it is seen the main component is CdS whereas in area 2 
(Fig. 6f) no CdS is evident and only Pd is seen. 

Nevertheless, although Pd is a minor component of GSw-Pd-CdS, its 
HR XPS spectrum in the 3d region (Fig. 8a) shows a well-defined double 
signal, with maxima at 337.2 eV and 342.5 eV, very similar to that of the 
GSw-Pd precursor (Fig. 4c). This suggests that the deposition of CdS on 
the GSw-Pd surface doesńt affect the nature of the Pd clusters which 
remain attached to surface by the sulfur containing functions. Moreover, 
the HR XPS spectrum of GSw-Pd-CdS in the S 2p region (Fig. 8b) consists 
of a wide intense double signal with two components at c.a. 162.0 eV 

and 163.0 eV, assigned to 2 p1/2 and 2 p3/2 of CdS [45]. Furthermore, it 
is present another weak wide signal at c.a. 169.0 eV, which is assigned to 
the satellites of these two components and which is indicative of the 
semiconductor character of the CdS crystals [53]. Due to CdS is the 
major component of Gsw-Pd-CdS, their S signals hide those of sulfur in 
GSw-Pd (with peaks at c.a. 164 eV and 169 eV, see Fig. 4a) as both have 
similar energies, although these lasts are evidenced on deconvolution of 
the signal (Fig. S5). In the Cd 3d range (Fig. 8c) there are two signals at 
405.6 eV and 412.3 eV which correspond to the 3 d5/2 and 3 d3/2 
component of Cd(II) species [45,54]. A signal in the C 1s region (with 
maximun at 284.6 eV, Fig. 8d) confirms that graphene is a component of 
the Gsw-Pd-CdS hybrid. Deconvolution of this signal show that besides C 
sp2 and C sp3 components those corresponding to carbon linked to sulfur 

Fig. 7. XRD pattern of GSw-Pd-CdS showing XRD peaks assigned to hexagonal CdS (H) and cubic CdS (C).  

Fig. 8. High resolution XPS spectra of: i) GSw-Pd-CdS in the, Pd 3d, Cd 3d and C 1s regions (a, c and d, respectively) and ii) CdS and GSw-Pd-CdS in the S 2p and 
valence band regions (b, e, and f). 
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functions existing in the precursor GSw are also preserved in 
GSw-Pd-CdS, as shown in Fig. S6. 

The XPS spectrum in the VB range of GSw-Pd-CdS only shows the 
band due to CdS (Fig. 8e). The onset energy of the weak signal at the 
smallest energy range corresponds to the highest electron energy in the 
VB of the semiconductor CdS [55]. This value, 1.50 eV, has been ob-
tained from the intersection of the tangent to the onset of this signal with 
the BE axis, as depicted in Fig. 8f, and is similar to that obtained from the 
spectrum of the bare CdS. 

The UV-visible diffuse reflectance spectrum of GSw-Pd-CdS and this 
of CdS are shown in the Fig. 9a. The CdS spectrum shows high absorp-
tion values in the 250–500 nm range which sharply decreases reaching 
almost insignificant absorbance values in the 600–800 nm range. The 
spectrum of GSw-Pd-CdS also shows that the absorbance in the 250–500 
nm range is a bit higher than this of CdS. This is probably due to the main 
contribution comes from CdS (the major component of this material, 95 
wt%) but also from both Pd clusters and GSw. Nevertheless, in contrast 
to CdS, the absorption of GSw-Pd-CdS in the 600–800 nm region is very 
significant. This is assigned to the absorption of both Pd clusters and 
GSw moieties, despite the amounts of both in the hybrid are small (c.a. 
0.5 wt% and 4.5 wt%, respectively). The Tauc plots [31] of CdS and 
GSw-Pd-CdS are shown in Fig. 9b and c, respectively. The comparison of 
both Fig. shows that the direct transition at 494 nm (2.56 eV) in the case 
of GSw-Pd-CdS (Fig. 9c) is due to the band gap transition of the CdS 
component (Fig. 9b). The fact that the amount of CdS in GSw-Pd-CdS (95 
wt%) largely exceeds that of Pd nanoclusters (0.5 wt%), is probably the 
reason explaining the expected defined edges from electronic transitions 
of Pd are not seen. 

3.4. Photocatalytic studies 

As stated in the introduction section, in a previous study it was found 
that the photocatalytic activity in water reduction reaction of a hybrid 
consisting of CdS, a polyamine-functionalized graphene and PdS 
(labelled as G-Tren-PdS-CdS) shows notable results in this reaction [19]. 
In spite of its excellent catalytic performance it was found, as discussed 
in the Section 1, that the sheets of the polyamine functionalized gra-
phene (G-Tren) tend to stack one to other and stacking is assumed to be a 
factor that limits the photocatalytic performance to some extent. The 
new hybrid GSw-Pd-CdS, containing a S-functionalized graphene de-
rivative as support (GSw), which exhibits lower trend to stacking and 
high affinity to palladium [21], has been prepared and essayed as 
photocatalyst in the water reduction reaction. 

The results of the photocatalytic activities in the water reduction 
reaction vs time, and the average amounts of H2 produced when GSw- 
Pd-CdS, Pd-CdS, GSw-Pd and GSw are used as photocatalysts, are sum-
marized in Fig. 10a and b, respectively. The photocatalytic activity of 
CdS is also included in Fig. 10b for comparative purpose. The very low 
dispersibility in water of non-functionalized graphene G (precursor of 

GSw) [19] probably caused unsuccessful attempts to obtain isolated 
G-CdS and G-Pd-CdS phases, so their photocatalytic activity could not be 
considered for comparative purposes. For the reduction of holes in the 
photocatalytic studies a mixture of Na2SO3 and Na2S in water solution 
(instead only Na2S) has been used, so preventing the formation of un-
desired S2

2− occurring in the last case, as S2
2− ions compete with the 

protons in the reaction with the photogenerated electrons [11]. 
The results show the excellent photocatalytic behavior of GSw-Pd- 

CdS in water reduction (3.79 mmol H2 g− 1 h− 1 in average) which out-
performs that of CdS by a factor of 31.1. Moreover, the AQE value (%) of 
GSw-Pd-CdS was calculated as 15.9 % at 420 nm. Fig. 10c shows that the 
production of H2 slightly increases with time among the first two cycles 
up to a constant value which remains constant in the three last ones. The 
C, Pd, Cd and S high resolution XPS spectra of the fresh and used (for 20 
h) GSw-Pd-CdS hybrid (Fig. S7) are very similar indicating that there are 
not chemical changes after being used. In addition, the C/S, C/Pd and C/ 
Cd ratios obtained from the survey XPS spectra of both the fresh and 
used catalyst are very similar (Fig. S8). These two facts point out that the 
smaller H2 evolution during the two first reaction cycles (Fig. 10c) is not 
the result of the photocatalyst degradation. It is likely the trend of the 
two first cycles is related to the ability of Pd to irreversibly absorb 
hydrogen, even at room temperature, which occurs during these cycles 
up to saturation [47]. 

The relative positions of energy levels of the GSw-Pd-CdS, GSw, Pd 
and CdS components are essential to explain their role in the photo-
catalytic reaction. For this purpose, the VB energy value (EVB) of CdS 
was firstly calculated in the vacuum scale by using the Mulliken 
equation: 

EVB = X − Ee + 0.5Eg  

where Ee is the energy of free electrons vs hydrogen (4.5 eV), X is the 
electronegativity of the CdS semiconductor, which is calculated from 
those of the ionization potential and the electronic affinities of their 
atomic components (S and Cd), and Eg is the band gap value obtained 
from the Tauc plot (2.56 eV, Fig. 10c) [19,56,57]. The calculated EVB 
value relative to vacuum was − 6.3 eV and that of CB, obtained from Eg, 
− 3.8 eV. Although tentatively, (due to lateral resolution of XPS spec-
trum of c.a. 10 μm) [38], the XPS spectra of GSw and GSw-Pd in the VB 
region (Figs. 2b and 5a) allow positioning of both the work function (ϕ) 
of the former (− 0.29 eV), and the energy of the HOMO of the Pd-clusters 
of the latter (0.97 eV) in relation to the VB energy of CdS as determined 
by its XPS spectrum in the VB range (1.50 eV, Fig. 8f) [55]. So, according 
to these data, the VB energy of CdS differs by 1.79 eV from the energy of 
the work function of GSw and by 0.53 eV from the energy of the HOMO 
of the Pd-clusters. Assuming that the energy of its different components 
is kept in the GSw-Pd-CdS hybrid, its electron diagram is that of Fig. 11a. 

This diagram allows explaining the possible role played by each of 
the components of the GSw-Pd-CdS hybrid in the photocatalytic water 

Fig. 9. a) UV–vis absorption spectra of CdS and GSw-Pd-CdS; b) plot of (αE)2 vs photon energy (direct transitions) for CdS; c) plot of (αE)2 vs photon energy (direct 
transitions) for GSw-Pd-CdS. 
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reduction reaction (Fig. 11). For this purpose, the photocatalytic per-
formance in water reduction of GSw, GSw-Pd, GSw-CdS and Pd-CdS is 
analysed. In these cases, the same experimental conditions as in the case 
of GSw-Pd-CdS hybrid were used. 

According to the electronic diagram of Fig. 11a, the alignment of the 
GSw work function and the hydrogen reduction energies points out that 
the electrons excited in the GSw surface are able of water reduction. 
Nevertheless, no hydrogen evolution was observed during the photo-
catalytic experiment with GSw, which is probably due to quick electron- 
hole recombination. 

Similarly, GSw-Pd does not shows any photocatalytic activity. Ac-
cording to the diagram of the Fig. 11a, the relative energy of the elec-
trons excited from HOMO to LUMO of Pd clusters under light radiation is 
able of hydrogen reduction on the Pd cluster surface. Moreover, ac-
cording to the literature data [58], the Gibbs energy of Pd-hydrogen 
interaction, should also favour water reduction to take place at Pd sur-
face. Thus, probably the small amount of Pd and /or the quick recom-
bination of electron-holes in Pd clusters determine the hydrogen 
formation is also negligible. On the other hand, the possible transference 
of the electrons from the LUMO of Pd clusters to the surface of GSw is 
probably reduced as the former are placed at the edges of both the sheets 
and defects of GSw, resulting in a poor contact of Pd and GSw surfaces, 
which makes the electron transference between these phases difficult. 

In contrast with these results, the photocatalytic activity of the GSw- 

CdS hybrid significantly enhances that of the CdS by a factor of 7.5. 
According to Fig. 11a this result can be explained on the basis of an 
efficient transference of excited electrons in the CdS phase to the GSw 
surface which is favoured by the uniform distribution of the relatively 
small CdS nanoparticles in close contact with the graphene surface. It is 
worth comparing this result with that obtained in a previous work in 
which a hybrid (labelled G-Tren-CdS) based in CdS and an aromatic 
polyamine (labelled Tren)-functionalized graphene (G) was used [19]. 
Thus, when G-Tren-CdS is used the hydrogen production is 2.05 larger 
than that obtained with CdS, i.e. the GSw-CdS efficiency in water 
reduction outperforms that of G-Tren-CdS by a 3.7 factor. This differ-
ence, is probably due to the functionalization of G with Tren takes place 
via non-covalent attachment of the aromatic moiety of Tren to the Cπ 
centres of the graphene layers [19]. This fact significantly reduces the 
graphene surface available for reduction of H3O+ ions [19,34]. Never-
theless, in the case of GSw the functionalization with sulfur containing 
groups occurs at the edges and defects of the graphene layers which 
results in the graphene surface is preserved after functionalization. 

The photocatalytic H2 production with GSw-Pd-CdS outperforms 
that of GSw-CdS by a factor of c.a. 4.2. This large improvement of the 
catalytic performance points out to the important role of the Pd clusters 
as cocatalyst. Although it shouldńt be discarded that missimportant 
hydrogen reduction takes place on Pd surface (see above), the main role 
of Pd cocatalyst probably consists in a charge transference between the 

Fig. 10. Photocatalytic activity in water reduction reaction under visible light irradiation, using 5⋅10− 3 g of the corresponding photocatalyst in 0.35 M Na2S/0.25 M 
Na2SO3 mixed aqueous solution: a) hydrogen evolution for GSw-Pd-CdS, Pd-CdS, GSw-Cd, GSw-Pd, and GSw catalysts; b) comparison of the photocatalytic H2- 
production activity during 20 h of samples GSw-Pd-CdS, Pd-CdS, GSw-Cd, CdS, GSw-Pd, and GSw and c) cycling test of photocatalytic H2 evolution for the GSw-Pd- 
CdS photocatalyst. 

Fig. 11. a) Schematic energy diagram of GSw-Pd-CdS photocatalyst; b) schematic illustration for water reduction process with GSw-Pd-CdS photocatalyst.  
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Pd clusters and the CdS semiconductor, which favours the stabilization 
of the electron-hole pairs created in the latter under light radiation. The 
charge transference is favoured by the close contact between CdS and Pd 
phases of GSw-Pd-CdS (Fig. 6b). According to the electronic diagram in 
Fig. 11a the relative position of the valence band of CdS component and 
the EHOMO of Pd clusters determines the possible hole transference from 
the former to the latter. 

The photocatalytic water reduction when a Pd-CdS mixture is used 
results in 2.40 mmol h–1 g–1, which is significantly larger than that of 
CdS but almost half of that obtained with GSw-Pd-CdS. This clearly 
points out to: i) the synergy between the CdS and Pd phases greatly 
favours the stabilization of the electron-hole pairs in CdS and ii) the 
important role of GSw surface which behaves as electron receptor for 
water reduction and favours a large dispersion of small CdS particles. 
TEM images of Pd NPs and Pd-CdS mixture together with the element 
distribution map of the last appear in Fig. S4b and c. It is seen a close 
contact of the CdS and Pd phases and that the size of the Pd and CdS NPs 
are larger than those in GSw-Pd-CdS (Fig. 6). 

In summary the GSw-Pd-CdS photocatalyst shows excellent behavior 
that multiplies 31.1 times that of CdS which outperforms that of the 
analogous G-Tren-PdS-CdS [19]. In addition, its AQE (%) value almost 
doubles that of the homologous G-Tren-PdS-CdS [19]. The CdS 
component in the hybrid is in close contact with both the GSw surface 
and the Pd clusters. Nevertheless, the GSw and Pd clusters (which are at 
the edges and defects of the layers) do not have or have poor contact one 
to other, which probably limits the charge transference between them. 
According to the electronic diagram of Fig. 11a, the alignment of the CdS 
CB and the unoccupied orbitals of GSw facilitates the transference of the 
excited electrons from the former to the latter which allows H2 forma-
tion on the surface of graphene. Moreover, the suitable alignment of the 
CdS VB and the Pd HOMO orbitals facilitates the hole transference from 
the CdS VB to the Pd HOMO orbitals. The photocatalytic reaction ends 
by the reduction of holes with the sacrificial agent, Na2S / Na2SO3, 
resulting in the formation of Na2S2O3. 

Both G-Tren-PdS-CdS [19] and GSw-Pd-CdS have similar structures 
but the second shows a better catalytic performance which is mainly 
determined by: i) the mild treatment to functionalize the surface of G 
with sulfur containing groups by CS2 plasma preserves most of the sp2 

moieties whose C-π sites play a key role in the reaction. Nevertheless, in 
G-Tren-PdS-CdS part of these sites are blocked due to the functionali-
zation with Tren takes place via the interaction with Cπ centres [19]; ii) 
the high stability of the sulfur functions covalently bonded to the surface 
of GSw conditions the formation of very small (2– 3 nm) and 
size-uniform Pd clusters via attachment to these sulfur functions. This 
determines the high stability of the Pd clusters and the efficient 
light-harvesting in the whole UV-visible range. Moreover, the poor 
contact of Pd to GSw adds efficiency to the CdS-Pd hole transport. 
Finally, assuming that it should be expected that the lack of stacking in 
GSw remains after deposition of Pd and CdS, it could be hypothesized 
that this fact should also contribute to the excellent photocatalytic 
performance of GSw-Pd-CdS. 

The photocatalytic activities of several CdS-based photocatalysts 
bearing carbon-derivatives and metals are shown in Table 1. As the 
experimental conditions vary (i.e. light source, atmospheric pressure vs 
closed gas circulation, sacrificial agent…) a reliable parameter to 

compare the photocatalyst efficiencies, is the enhanced factor in relation 
to CdS. It is seen that GSw-Pd-CdS exhibits a higher enhanced factor than 
the rest of photocatalysts based on graphene acting as support and 
having metal nanoparticles (Pd, PdS or Pt) as cocatalysts. This enhanced 
factor is significant and shows the potential application of this type of 
photocatalysts in the H2 production. Moreover, the behavior of GSw-Pd- 
CdS points out that an important aspect in the design of this type of 
catalysts is to preserve as unaltered as possible the planar sp2 moieties of 
graphene [59]. 

4. Conclusions 

Functionalization of a few layer graphene, G [19,27] via cold CS2 
plasma treatment [21] provide an excellent graphene platform, GSw, 
with similar textural properties as G. GSw behaves as efficient support 
for CdS in photocatalytic water reduction. Preservation in GSw of the 
few layer graphene nature of G, allows efficient exposure of the particles 
of CdS photocatalyst to light. The S-functions are added to graphene 
through the reaction of CS2 plasma with the graphene oxygen functions, 
which are mainly placed at the edges of the graphene sheets. This is an 
important point in the excellent photocatalytic performance of 
GSw-Pd-CdS due to Cπ centres act as reduction sites together to the 
surface of CdS. In addition, as the more the extension of sp2 is preserved 
the smaller the sizes of deposited CdS nanoparticles, i.e. the larger the 
surface of the photocatalyst is exposed to the incident light. The depo-
sition of Pd on the surface of graphene takes place via interaction of Pd 
(soft Lewis acid) with S (soft Lewis base). Pd is adsorbed in the photo-
catalyst as small clusters. The attachment of Pd to S-functions probably 
leads to the lack or the scarce contact of Pd with graphene sp2 moieties 
which determines that the main role of Pd, which is the hole transport 
from CdS, is more efficient. These results encourage to get more insight 
into this point by studying the behavior of similar materials with 
different amounts of Pd clusters. Moreover, using other graphene sup-
ports with smaller layer surface area, i.e. graphene nanoplatelets, less 
prone to stacking than graphene also is probably beneficial to improve 
the quantum yield of this class of photocatalysts. 
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Table 1 
Comparison of photocatalytic data of CdS-based photocatalysts bearing carbon-derivatives and metals.  

Photocatalyst Sacrificial Agent Light source Activity (mmol⋅h–1⋅g–1) Enhanced factor Reference 

G-WS2/Pt/CdS (4.2 wt%/1wt%/94.8wt%) Na2S/Na2SO3 500 W Xe lamp (λ ≥ 420 nm) 1.842 c.a. 10 [60] 
G-Nanoribbons/Pt/CdS (2wt%/1wt%/97wt%) Lactic Acid 300 W Xe lamp (λ ≥ 400 nm) 1.891 3.7 [61] 
3DGN/Pt/CdS (2wt%/1wt%/97wt%) Na2S/Na2SO3 300 W Xe lamp (λ ≥ 400 nm) 2.310 9.3 [62] 
g-C3N4/Pd/CdS (15wt%/5wt%/80wt%) Na2S/Na2SO3 300 W Xe lamp (λ ≥ 420 nm) 0.293 12.0 [63] 
G-Tren/PdS/CdS (5wt%/0.5wt%/94.5wt%) Na2S/Na2SO3 Simulated solar irradiation (AM 1.5 G) 2.30 18.9 [19] 
GSw/Pd/CdS (4.5wt%/0.5wt%/95wt%) Na2S/Na2SO3 Simulated solar irradiation (AM 1.5 G) 3.79 31.1 This work  
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