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Abstract

BACKGROUND: The use of CdS as a catalyst under visible light for hydrogen production has attracted much attention owing
to its ability to perform the photocatalytic hydrogen production under visible light; the use of noble metals as co-catalysts
has been reported as an effective method to increase their efficiency. This work compares the activity of CdS catalysts using
different metals as co-catalysts supported on its surface, such as gold, and non-noble metals such as Cu and Ni, enhancing the
photocatalytic response.

RESULTS: The photodeposition method was used to support Au, Cu and Ni nanoparticles on the CdS to perform the photocat-
alytic evolution of hydrogen in the presence of visible light. The photodeposition method for these metals produced a mixture
of oxidation states for the different metals evaluated (Au, Cu and Ni), being partially oxidized and partially in metallic form. Dif-
ferent metal loadings were analyzed to perform this reaction, the most active material obtained was Ni/CdS (10083𝛍mol h−1

g−1) at metal loadings of 1.0% wt.% improving the photoactivity of bare support CdS by a factor of 15. Au and Cu improved the
photoactivity of CdS semiconductor by factors of 6 and 2, respectively.

CONCLUSIONS: The presence of metal co-catalysts on CdS nanofibers increased the photocatalytic activity for hydrogen
production under visible light. These results show that Ni can be an efficient co-catalyst enhancing the photoactivity of CdS
semiconductors at low metal loadings that may overcome the use of noble metals as co-catalysts.
© 2016 Society of Chemical Industry
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INTRODUCTION
The use of CdS semiconductors for photocatalytic applications
has attracted much attention since it can be activated in the
visible light region; specifically, it has recently been reported
for photocatalytic hydrogen production.1 – 3 Different routes of
synthesis4 –8 leading to particular structures and morphologies,9

such as nanospheres10 nanorods,11 nanofibers,12 nanowires,13

nanoflowers14,15 have been obtained and reported since this
semiconductor has the advantage of absorbing throughout the
visible region from 300 to 500 nm. Different modifications have
been proposed for this photocatalysts to improve its performance.
As has been reported, the formation of a heterojunction using
TiO2,16 the deposition of noble metals such as Pt on its surface,17,18

non-noble metals such as copper19 and nickel;20 and recently the
formation of Au@CdS core shell nanoparticles on TiO2 have been
evaluated for hydrogen production under visible light.21 Among
the efforts to improve the photocatalytic activity of semiconduc-
tors, several strategies to increase the response under visible light
and to avoid the recombination of the h+ e− pair, have been used.
These include forming composites with graphenes;3 mixing with
metal oxides to prevent e− h+ recombination by attracting the

electrons to the surface of the semiconductor, acting as electron
traps; and also the use of nanosized semiconductor nanoparticles
to perform photocatalytic water splitting in the presence of visible
light.22 In the present work, photocatalytic hydrogen production
under visible light using metal nanoparticles of Au, Cu, and Ni
photodeposited on CdS, is investigated and compared in order to
evaluate the effect of each metal as co-catalysts and the optimal
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metal loading. The photocatalysts were characterized by UV-Vis
diffuse reflectance, XRD, N2 physisorption, TEM and XPS. The
photocatalytic activity of the materials was evaluated using an
ethanol/water solution 50–50% vol., the irradiation source was a
set of four blue-LED lamps with primary emission at 450 nm.

EXPERIMENTAL SECTION
Synthesis of CdS nanofibers
The CdS nanofibers were prepared by the precipitation method12

using a mixture of solvents containing 10 vol.% of H2O, 60 vol.% of
ethylenediamine (Aldrich) and 30 vol.% of n-butanol (Baker). In a
typical procedure, appropriate amounts of Cd(NO3)2H2O (Reasol)
were dissolved in the aqueous solution of n-butanol at room
temperature at constant stirring for 15 min; then ethylenediamine
was added dropwise. Afterwards carbon disulfide (CS2, Aldrich)
was added dropwise, maintaining a stoichiometry molar ratio
S:Cd of 1:1. The transparent solution obtained was heated at
boiling point (90–110 ∘C) for 1 h and subsequently cooled at
room temperature under vigorous magnetic stirring. Finally, the
resulting yellow precipitate was collected by filtration, washed
several times with an ethanol–water solution and dried at 80 ∘C
for 1 h. The final solids were recovered and stored.

Photodeposition of metal nanoparticles on CdS nanofibers
Deposition of the different metal nanoparticles on the CdS sur-
face was performed by the photodeposition method23 using four
blue-LED lamps of a primary emission at 450 nm. Briefly, 500 mg
of the CdS nanofibers were put in distilled water and methanol
(Caledon 99.8%) at a concentration 1 mol L−1 in a final volume
of 500 mL. In this procedure, the quartz reactor was placed in
dark conditions, and deoxygenated for 30 min under N2 flow
(100 mL min−1) and constant stirring, then the metallic precur-
sor was added to the suspension; HAuCl4 · 3H2O (Aldrich 99.99%),
Cu(NO3)2 · 2.5H2O (Aldrich 99%) or Ni(OCOCH3)2 · 4H2O (Aldrich
98.5%). Afterwards the four blue-LED lamps were turned on and
the samples left for 2 h under irradiation. Finally, the suspensions
were centrifuged and the materials collected and washed with dis-
tilled water. After drying at 80 ∘C for 12 h, the samples were stored
at room temperature in a desiccator under vacuum, away from
light in order to prevent any alteration. The different metal load-
ings photodeposited on the CdS surface were 0.5, 1.0 and 1.5 wt.%

Characterization
To estimate the band-gap energy of the photocatalysts (Eg), a Cary
100 Scan spectrophotometer by Varian equipped with an inte-
grating sphere (Labsphere DRA-CA-30I) was used. The elemental
analysis of the catalysts was determined by energy dispersive X-ray
fluorescence spectroscopy using a JSX1000S JEOL Spectrometer.
The analysis of metal particle size was performed by transmis-
sion electron microscopy (TEM) using a JEOL JEM 2010 operated
at 200 keV. The structure of the CdS support was determined
by X-ray powder diffraction using a D8 Advance Bruker X-ray
diffractometer with Cu K𝛼 radiation of 1.5406 Å (35 kV 25 mA).
The scanning rate was 0.03∘ s−1 in the 2𝜃 range from 5∘ to 80∘. N2

adsorption–desorption isotherms at−196 ∘C were obtained using
a Quantachrome Autosorb-3B equipment. The specific surface
areas were calculated by the BET method. Prior to N2 admission
to the cell all the semiconductors were degassed at 80 ∘C for
24 h under vacuum. The oxidation states of the different metal
nanoparticles on the CdS nanofibers were analyzed by XPS on a

Table 1. Parameters of the CdS photocatalysts containing different
metals as co-catalysts (1 wt.%)

Photocatalyst

Metal
loading
(wt.%)

Eg

(eV)

Surface
area

(m2 g−1)
Particle

size (nm)

Hydrogen
production

(μmol h−1 g−1).

CdS --- 2.5 173.1 --- 636
Au/CdS 1.0 wt.% 1.2 2.4 151.2 6.5 3602
Cu/CdS 1.0 wt.% 1.2 2.4 167.4 5.5 1186
Ni/CdS 1.0 wt.% 1.1 2.4 137.4 5.2 10083

Thermo Scientific Escalab 250 Xi instrument. The working pressure
was ∼10−10 mbar, and the photoelectrons were generated with an
Al K𝛼 (1486.68 eV) source. The X-ray voltage used was 14 kV and
the power 350 W. The spectra were obtained using pass energy
of 50 eV, and the recorded photoelectron peaks were curve fitted
using the Thermo Avantage software V 5.41. The binding energies
were referenced to the C (1 s) peak fixed at 284.8 eV.

Evaluation of the photocatalytic activity for hydrogen
production
The photocatalytic activity of the CdS nanofibers and the CdS
materials containing metal nanoparticles Au/CdS, Ni/CdS and
Cu/CdS at different metal loadings of 0.5, 1.0 and 1.5 wt.%, were
evaluated in a homemade photoreactor containing 20 mg of the
catalyst in 200 mL of a water–ethanol mixture (1:1 vol. ratio). The
irradiation source was a set of four blue-LED lamps of 3 W with
emission at 450 nm. The determinations of hydrogen were made
in a Shimadzu G-08 gas chromatograph with a thermal conductiv-
ity detector (TCD) using a Shincarbon packed column (2 m length,
1 mm ID and 25 mm OD). The reactions were monitored for 6 h. To
assure adsorption/desorption equilibrium, the system was stirred
in the dark for 30 min and degassed by bubbling nitrogen prior to
the photochemical reaction.

RESULTS AND DISCUSSION
Elemental analysis
In Table 1 the measured metal loadings on the CdS nanofibers con-
taining 1 wt.% are reported, and present good agreement with the
nominal values calculated indicating that the metallic precursors
were efficiently deposited by the photodeposition method.

Structural analysis of the CdS nanofibers
The main diffraction peaks of the CdS materials are presented in
Fig. 1, exhibiting the planes (100), (002) (101) (102) (210) (103) (212)
corresponding to the hexagonal phase of CdS (JCPD 41-1049)
with the lattice parameters (a= 4.1 Å and c= 6.7 Å). The high
relative intensity of the diffraction peak (002) plane indicates
preferential growth along the c-axis of the hexagonal phase.8

Diffractograms of the superficially modified materials by metal
nanoparticles (Cu, Ni or Au) did not present any obvious change in
the crystalline structure of the hexagonal CdS, and no evidence of
metal nanoparticles is observed by this characterization technique
since the metal loadings are below 1 wt.% (Table 1).

Particle size distribution
Figure 2 shows micrographs of the CdS materials and the CdS
nanofibers containing metal nanoparticles. These images show

wileyonlinelibrary.com/jctb © 2016 Society of Chemical Industry J Chem Technol Biotechnol 2016; 91: 2205–2210
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Figure 1. X-ray diffractograms of (A) bare CdS and (B) CdS containing different metal nanoparticles as co-catalysts (1 wt.%).

Ni/CdS 1.0 wt. %  Cu/CdS 1.0 wt. %  

CdS  Au/CdS 1.0 wt. % 

Figure 2. TEM images of the CdS photocatalysts and CdS containing different metals as co-catalysts (1 wt.%).

agglomerated fiber-like morphologies for the CdS with diameters
between 6 and 12 nm, and lengths above 100 nm. In these images,
the presence of small rounded particles with diameters between 4
and 9 nm can be observed, corresponding to the metal nanopar-
ticles photodeposited on the CdS nanofibers surface; the aver-
age particle size of these metal nanoparticles is 5 nm (Table 1).
These results indicate that photodeposition of the metal nanopar-
ticles allowed good control and good dispersion of these metallic
nanoparticles over the surface of the CdS nanofibers.

Determination of the oxidation state of the metal
nanoparticles
Determination of the oxidation state of the different metal
nanoparticles used as co-catalysts on the CdS nanofibers was
studied by X-ray photoelectron spectroscopy; in order to reduce
the noise in the XPS spectra, the samples selected were those
containing 1.5 wt.%. Figure 3 shows the XPS spectra of samples

previously dried at 80 ∘C under air flow. The position of the Au
4f peaks showed the characteristic signal 4f 7/2 in the range 82.8
and 83.2 eV, Fig. 3(A). The position of the signal is slightly lower
than that of bulk gold, and it is usually assigned to small gold
particles in the metallic state. The spectrum was deconvoluted
into several components, the Au0 4f7/2 peaks were detected at a
range of binding energy (BE) of 83.0–83.1 eV, typical of metallic
gold; and the spectra binding energies at 86.2 and 89.9 eV were
attributed to the presence of Au in the form of Au3+.24 The doublet
corresponding to metallic gold (Au0) is located at 84 eV (Au 4f 7/2)
and 87.5 eV (Au 4f 5/2); the oxidized gold signal appears at higher
binding energies (AuI 4f7/2 at 84.7 eV and AuIII 4f7/2 at 85.2 eV).25

From these spectra we can observe that the photoreduction of
gold was not totally completed, resulting in higher amounts of
oxidized gold than metallic gold (Fig. 3(A)).

The XPS spectra of the CdS material containing Cu nanoparticles
is presented in Fig. 3(B), and for the region 960–920 eV, the peak

J Chem Technol Biotechnol 2016; 91: 2205–2210 © 2016 Society of Chemical Industry wileyonlinelibrary.com/jctb
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Figure 3. XPS of the different CdS nanofiber catalysts containing metal nanoparticles evaluated for hydrogen production: (A) Au/CdS, (B) Cu/CdS, and (C)
Ni/CdS at metal loadings of 1.5 wt.%.

for the Cu 2p core level is observed. The deconvolution of the Cu
2p signal was resolved in Cu 2p1/2 and Cu 2p3/2 core level peaks,
identifying the Cu0 and Cu1+ species26 (Fig. 3(B)).

The XPS spectra of the CdS materials containing Ni nanoparticles
are presented in Fig. 3(C), where the signals in the 2d region
correspond to Ni 2p3/2 and Ni 2p1/2 at 854.9 and 872.7 eV and the
satellite peaks at 860.9 and 878.7 eV.27 These signals correspond to
NiO and/or Ni(OH)2, Fig. 3(C).28

Textural properties of CdS nanofibers
The nitrogen adsorption–desorption isotherms of the CdS sample
and the Au/CdS, Ni/CdS and Cu/CdS for the metal loadings of
1 wt.% are presented in Fig. 4. According to the IUPAC classifica-
tion, the isotherms correspond to type II, characteristic of materials
where the interactions between the adsorbate and the adsorbent
are weak; however, the adsorbed volume slightly decreased when
the metal nanoparticle was deposited. The specific surface area
of the CdS was 173 m2 g−1 and it decreased to 167, 151 and
137 m2 g−1 for Cu/CdS, Au/CdS and Ni/CdS, respectively, at metal
loadings of 1 wt.%. The CdS area obtained corresponds to the inter-
stitial spaces between the fibers, and the small decrease in the sur-
face area presented by the CdS nanofibers superficially modified

by metal nanoparticles is probably attributable to stacking of the
CdS support due to the different mechanical effects of the several
washes, centrifugations and heating during the photoreduction
process for deposition of the different metal nanoparticles.

Optical properties of photocatalysts
The selected UV-Vis diffuse reflectance spectra of CdS nanofibers
and CdS materials containing metal nanoparticles (1 wt.%) were
analyzed and are presented in Fig. 5. The bare CdS semiconductor
presents absorption in the range 400–500 nm, attributed to the
intrinsic bang-gap transition of electrons from the valence band
to the conduction band of CdS. The material containing gold
nanoparticles (Au/CdS) presents wide absorption in the visible
region from 500 nm to the IR region at 800 nm. This signal is partly
generated by the plasmonic resonance of light on the surface
of the small amount of formed metallic nanoparticles at 550 nm,
besides the wide absorption from 400 up to 800 nm, attributed
to the gold oxide species Au(III)29 attached to the CdS surface. For
the sample Cu/CdS, wide absorption throughout the visible region
due to the contribution in the visible region of the CuOx species
located in the visible range (400 to 800 nm).30 The Ni/CdS materials
presented lower absorption in the visible region. The bandgap

wileyonlinelibrary.com/jctb © 2016 Society of Chemical Industry J Chem Technol Biotechnol 2016; 91: 2205–2210



2209

Comparative activity of CdS nanofibers superficially modified www.soci.org

0

100

200

300

400

500

600

0 0.2 0.4 0.6 0.8 1

Vo
lu

m
e 

(c
c/

g
)

Relative Pressure (P/Po)

CdS
Au/CdS1.0 wt.%
Cu/CdS1.0 wt.%
Ni/CdS1.0 wt.%

Figure 4. N2 adsorption–desorption isotherm of the CdS and the CdS
support modified by different metal nanoparticles (1 wt.%).

400 500 600 700 800

A
bs

or
ba

nc
e 

(a
.u

.)

Wavelength (nm)

CdS

Au/Cd S1.0 wt. %

Cu/Cd S1.0 wt. %

Ni/Cd S1.0 wt. %

Figure 5. UV-Vis absorption spectra of CdS and CdS photocatalysts with
different metals evaluated as co-catalysts at the optimal metal loading of
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energies of these materials were estimated by the Kubelka–Munk
(KM) method using the theory of optical absorption for indirect
allowed transitions (2.4–2.5 eV) and are reported in Table 1.

Hydrogen production of CdS nanofibers containing metal
nanoparticles
Evaluation of the photocatalytic hydrogen production of CdS
using different metals as co-catalysts (Au, Cu and Ni) was per-
formed under visible light and results are shown in Fig. 6. As
shown by XPS, the photodeposition method allowed the syn-
thesis of metals in a mixture of metallic and oxidized states for
the different metals. As has also been studied and reported in
previous works,25 a mixture of 75% of metallic gold and 25% oxi-
dized gold of (Au+/Au3+) is formed using this deposition method
for gold nanoparticles. Ni after the photodeposition method
forms Ni(OH)2, and during the photocatalytic reaction may lead
to NiO.31 Metals such as Ni and Cu nanoparticles are known to be
easily oxidized in aqueous medium and therefore the presence
of these metals corresponded to NiO and CuO and Cu2O.28 The
combination of CdS with these NiO nanoparticles as co-catalysts
modified the semiconductor surface of the conduction band
(CB) levels to enhance the charge transfer on the surface at the
junction of the photodeposited metals and the CdS surface; these
transferred electrons are able reduce aqueous protons and to
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avoid the recombination of h+ e−, so that Ni co-catalyst presented
the highest catalytic effect under visible light. Au in its metallic
form has been reported to be a very efficient co-catalysts for
hydrogen production,28 however, this deposition method led to
a mixture of oxidation states that may have hindered its activity
as co-catalyst. The presence of Cu as metallic Cu0 and Cu2O also
improved the photoactivity of bare CdS but with less effect than
Ni and Au nanoparticles.

The hydrogen evolution of the CdS nanofibers at metal loadings
of 0.5, 1.0 and 1.5 wt.% of Au, Cu and Ni was evaluated, and the
photoactivity was improved for all CdS materials containing metal
co-catalysts. Optimal metal loading was 1.0 wt.%, and Ni was the
best co-catalyst at every metal content evaluated. The optimal
photocatalyst 1.0 Ni/CdS gave photoactivity 10083 μmol h−1 g−1;
in decreasing order of activity it was followed by the material
Au/CdS (3600 μmol h−1 g−1) and Cu/CdS (1185 μmol h−1 g−1). All
these materials reported an enhancement in the photoactivity
over the bare photocatalyst CdS (636 μmol h−1 g−1) as can be
observed in Fig. 7.

CONCLUSIONS
The presence of metal co-catalysts on the surface of CdS
nanofibers increased the photocatalytic activity for hydrogen

J Chem Technol Biotechnol 2016; 91: 2205–2210 © 2016 Society of Chemical Industry wileyonlinelibrary.com/jctb
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production under visible light. The photodeposition method
for these metals produced a mixture of oxidation states for the
different metals evaluated (Au, Cu and Ni), being partially oxidized
and partially in metallic form. The most active material obtained
was Ni/CdS (10083 μmol h−1 g−1) at metal loadings of 1.0 wt.%,
improving the photoactivity of the bare support CdS by a factor of
15. Au and Cu improved the photoactivity of CdS semiconductor
by factors of 6 and 2, respectively. These results show that Ni can
be used as an efficient co-catalyst, enhancing the photoactivity
of CdS semiconductors at low metal loadings and can replace the
use of noble metals as co-catalysts.
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