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a b s t r a c t

ZnO1-xSx (x ¼ 0.2, 0.5, 0.7, and 1.0) composites were prepared from the hydrozincite precursor
(Zn5(CO3)2(OH)6) as Zn source by sulfidation during the solvothermal treatment using thiourea as sulfur
source at different molar ratio. The sulfurized composites were characterized by XRD, FTIR, TGA, SEM-
EDS, N2 physisorption, UVevis diffuse reflectance spectroscopy, and photoluminescence. Additionally,
photocatalysts were deposited onto ITO coated supports to perform their photoelectrochemical char-
acterization. The sulfurized samples were composed of cubic-ZnO and cubic-ZnS with proportions close
to the theoretical ones, given a ZnO1-xSx heterostructures. Mesoporous composites with large specific
surface area (up to 207 m2 g�1) were obtained. All the obtained composites were evaluated in the
production of H2 from a MetOH-water solution and UV light. The photocatalytic stability of the best
composite was also evaluated for five reaction cycles. The photocatalytic properties of the ZnO1-xSx
composite is explained as a function of the generation capacity of electron-hole pairs when the pho-
tocalyst is illuminated jointly with the charge transfer resistance of photocatalysts in a methanol-water
solution.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Oil and coal have been used for a long time as the main sources
for producing energy forms such as electrical, mechanical, thermal,
etc. The burning of these non-renewable resources generates
emissions of polluting gases such as CO2, CO, NOx, SOx, etc., which
are harmful to human health in addition to propitiate the global
warming [1]. One alternative to obtain clean and renewable energy
is the dissociation of water to generate H2 by means of a photo-
catalysis process with solar light, using a semiconductor material as
Aguilar-Martínez), agileohg@
z@inin.gob.mx (R. P�erez-
~na), almamireya@gmail.com
�omez), fjtz@xanum.uam.mx
photocatalyst. This method simulate the photosynthesis, thus it can
be considered as an artificial photosynthesis process [2]. In 1972
Fujishima and Honda [3] reported for the first time the dissociation
of water using light on TiO2 as photocatalyst. In the subsequent
years (1982) Yanagida [4] and Reber [5] reported the hydrogen
production using ZnS semiconductor using UV light.

Zinc sulfide (ZnS) has two crystal structures: cubic zinc blende
(sphalerite) and hexagonal (wurtzite) with large band gap energies
of 3.72 and 3.77 eV, respectively [6], and it has beenwidely studied
due to its applications such as photoluminescence device and light-
emitting diodes [6]. Various methods such as microwaves, thermal
evaporation, coprecipitation, and hydrothermal or solvothermal
[6e8] have been used to synthesize ZnS in a variety of forms such as
wires, bars, tubes, strips, and leaf-shaped structures or flowers,
where each one has specific chemical and physical properties. In
this line we have recently reported the synthesis of ZnS from
hydrozincite (Zn5(CO3)2(OH)6) precursor by the solvothermal
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method showed high photocatalytic activity in H2 production [9].
The ZnS is a photocatalyst that has a good efficiency producing

H2 from water in the presence of sacrificial agents such as MetOH,
EtOH, and electrolytic solutions (S2�, SO3

2�) [4,5]; this is possible
because the positions of the conduction and valence bands of ZnS
are adequately favorable for both reducing and oxidizing the water
molecule [10]. The use of a sacrificial agent helps to catch the holes
generated during the reaction process, thereby decreasing the
recombination rate of the photogenerated e�-hþ pair. However, in
some cases, ZnS tends to degrade during the photocatalytic reaction
[11,12], reducing their efficiency for H2 production. Some relevant
strategies have been employed to maintain or improve the photo-
catalytic activity of ZnS for H2 production, as the doping with co-
balt, cerium ions and nitrogen [11,13,14] or by the formation of
composite materials such as ZnS-ZnO [15,16].

Although the ZnS is active even without a cocatalyst, the
forming of composite materials like heterojunction, formed be-
tween two semiconductor materials, significantly improves the
photocatalytic properties [17]. The ZnS-ZnO composite has shown
to have better photocatalytic properties not only removing organic
compounds [18,19], but also for H2 production under UV light
[19,20] or visible light [16,21].

Most of the physical and chemical properties of composite-
photocatalytic materials are mainly influenced by the synthesis
method and their precursors. Recently, the synthesis of the ZnS-
ZnO composite by either ZnO sulfidation or ZnS oxidation with
photocatalytic applications has been reported [20,22]. However,
the inconvenience of synthesizing this ZnS-ZnO composite is the
low specific surface area obtained as a consequence of the thermal
treatment used to produce these composites [20,23]. The specific
surface area is a very important parameter in a catalyst because the
chemical reactions take place on its surface, so the synthesis of
composite materials with high specific surface area is of great in-
terest in the design of photocatalytic materials.

As a new strategy to obtain nanostructured ZnO with high
porosity (mesoporous material) of different morphologies, it was
prepared by annealing the material hydrozincite (Zn5(CO3)2(OH)6)
[24,25], however, in our knowledge, this hydrozincite precursor has
never been directly used as a Zn source for the synthesis of ZnO1-xSx
composite.

In the present paper, a simplemethod for the synthesis of a ZnO1-

xSx mesoporous composite from the gradual sulfidation of the ma-
terial hydrozincite (zinc source) by the solvothermal method in
ethanol, varying the amount of thiourea used as a sulfur source, is
presented. The composite were characterized by XRD, FTIR, TGA,
SEM-EDS,N2 physisorption,UVevis diffuse reflectance spectroscopy,
and photoluminescence. The mesoporous composite materials were
evaluated in the production of H2 using aMetOH-water solution and
the composite with the best photoactivity was identified with the
optimal sulfur amount. In order to know the stability of the best
photoactive material, it was evaluated during five reaction cycles.
Additionally, all mesoporous composites were also characterized by
photoelectrochemical using the same MetOH-water solution. The
improved photoactivity of the ZnO1-xSx composite was discussed as
function of generation capacity of photogenerated electron-hole
pairs when the photocalyst is illuminated jointly with the lower
charge transfer resistance to drive thehydrogenevolution reaction at
the photocatalyst/methanol-water solution interface.

2. Methodology

2.1. Synthesis of hydrozincite and the ZnO1-xSx composite

2.1.1. Synthesis of hydrozincite (Hz)
At room temperature, in a glass flask, 0.34 mol of zinc nitrate
(Zn(NO3)2$6H2O, J.T.Baker, 99.6% purity) was dissolved in 600 mL of
deionized water; subsequently, urea (NH2CONH2, Reasol � 99%
purity) was added for the precipitation process by carbonate gen-
eration (molar ratio Zn:urea ¼ 1:3). Then, the transparent homo-
geneous solution was heated up to boiling point (92 ± 2 �C) under
vigorous stirring and refluxed for 36 h. The solution pH generated
during the carbonation of Zn was 7.2. The obtained precipitate was
washed several times with hot water (at 90 �C) and dried at 90 �C
for 48 h. The obtained dried sample was ground and labeled as Hz.

2.1.2. Synthesis of ZnO1-xSx composites
ZnO1-xSx (x ¼ 0.2, 0.5, 0.7, and 1.0) composites were synthesized

through the sulfidation of the dried hydrozincite precursor using
thiourea as sulfur source by the solvothermal method in ethanol
solvent. In a glass flask containing 100 mL of ethanol (Sigma-
Aldrich, HPL grade), 1.0 g of the as-dried hydrozincite precursor was
added; subsequently, the appropriate amount of thiourea
((NH2)2CS, Reasol, 99.0% purity) was added, varying the molar ratio
of S2�:Zn2þ ¼ X:1, where X ¼ 0.2, 0.5, 0.7, and 1.0 mol. The mixture
was sonicated for 3 h, and then, the pH was adjusted to that of an
alkalinemedium (pH¼ 11.5) with some ethylenediamine drops and
taken to a Parr reactor, heating at 140 �C for 10 h [9]. The obtained
composite samples werewashed with ethanol-water, dried at 90 �C
for 24 h and labeled as HZSX, where X represents the S:Zn molar
ratio. Separately, ZnS was synthesized by the same procedure
mentioned above using zinc nitrate and thiourea with a molar ratio
of S2�:Zn2þ ¼ 0.7:1.0 and it was identified as NZS.

2.2. Characterization of materials

The as-synthesized materials were characterized by X-ray
diffraction (XRD) using a Bruker D2 Phaser diffractometer with Cu-
Ka radiation. The XRD patterns were recorded in the 2q scanning
interval ranging from 5 to 80�, using a step of 0.01� and a counting
time of 0.6 s per step. The thermogravimetric analysis (TGA) was
performed using a STA 1000 simultaneous thermal analyzer at a
heating rate of 10 �C/min with air flow of 10 mL/s. The morpho-
logical study of the materials was carried out using a JOEL JSM-
7600F scanning electron microscope with an operating voltage of
20 kV, equipped with energy-dispersive X-ray spectroscopy (Ox-
ford X-Max) for the elemental analysis of the studied samples. N2
adsorption-desorption isotherms were obtained employing a
Quantachrome Autosorb-3B equipment. Before analysis, the sam-
ples were degassed at 130 �C for 24 h. The specific surface area was
calculated from the BET method. The UVevis diffuse reflectance
spectra were obtained from a Cary-100 spectrophotometer equip-
ped with an integrating sphere; barium sulfate was used as a
reference blank. Infrared spectra were obtained using a FTIR
Affinity-1 Shimadzu spectrophotometer equipped with an atten-
uate total reflectance (ATR) accessory, using 800psi of pressure and
analyzed in the interval of 600e4000 cm�1. Photoluminescence
spectra were obtained from a Luminescence Spectrometer (Perkin
Elmer, LS50B) at room temperature and using an excitation wave-
length of 325 nm.

2.3. Photocatalytic evaluation

The photocatalytic evaluation of the materials were carried out
in a home-made-batch-glass reactor with cylindrical shape
(diameter of 5.5 cm and volume of 270 mL) [26]. A quartz tube was
placed inside the reactor with a mercury lamp (Pen-Ray) that emits
light with a wavelength of 254 nm with 2.16 W of power and
2.2 mWcm�2 of intensity. In each reaction, 100 mg of catalyst and
200 mL of a MetOH-water solution (1:1 vol ratio) were used. Before
each reaction, the systemwas purged with N2 for 10 min in order to
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remove O2 from the system. Throughout irradiation, the reaction
systemwas kept under magnetic stirring at room temperature. The
amount of produced H2 was determined by using a previously
plotted calibration curve and it was quantified every hour by
employing a gas chromatograph equipped with a TCD detector,
Shin-carbon column and using N2 as carrier gas.

In addition, the photocatalytic stability test for the best com-
posite was also realized for five reaction cycles. In each reaction
cycle the photocatalyst was recovered and new MetOH-water so-
lution was used, and following the same procedure above
described.

2.4. (Photo) electrochemical characterization

Electrochemical characterization (open circuit potential “OCP”
and electrochemical impedance spectroscopy “EIS”) was performed
in a conventional three-electrode cell. To prepare photocatalyst
films samples, 100 mL of 30 mgmL�1 HZSx suspension in ethanol,
was deposited on a clean ITO coated substrates (Aldrich, Rs¼ 15e25
Ucm�2) of 1.25 � 2.5 cm, which was placed inside a spin coater
under a rotation at 1000 rpm during 30 s. The as-prepared photo-
catalyst films were dried at 80 �C during 2 h to evaporate as much
solvent as possible. Finally, a squared area of 0.5 � 0.5 cm was
delimited to perform the photoelectrochemical measurements in a
0.03 M KClO4 1:1 MetOH-water: electrolyte, using the same appa-
ratus as in previous reports [27].

3. Results and discussion

3.1. X-ray diffraction of hydrozincite and ZnO1-xSx composites

Zinc hydroxide carbonate (Zn5(CO3)2(OH)6) was synthesized by
the precipitation method, where their diffraction peaks (Fig. S1)
correspond to well-crystallized-monoclinic hydrozincite (JCPDS No.
54-0047) as was previously reported [9]. When hydrozincite was
sulfurized using a low amount of thiourea (0.2 mol of S2�) by the
solvothermal treatment, the obtained HZS0.2 sample exhibited
intense diffraction peaks mainly at 2q equal to 31.75, 33.41, and
36.32�, which correspond to the (100), (002) and (101) planes,
respectively, of the cubic-zincite of ZnO (JCPDS No. 36e1452),
however, additional small broadening diffraction planes like (111),
(220) and (311), located at 2q equal to 28.65, 47.91 and 56.35�,
respectively, are also observed (Fig. 1A), corresponding to cubic-
sphalerite of ZnS (JCPDS No. 05e0566). The main diffraction
peaks of hydrozincite precursor are not observed, indicating that it
was almost transformed into ZnO, but partially sulfided to ZnS. As
the S2� amount increases from 0.5 to 1.0 mol, the ZnS diffraction
planes become most intense while the ZnO diffraction peaks are
completely decreased, indicating that the sulfidation of hydrozincite
was complete. The presence of both ZnS and ZnO crystalline
structures indicates the formation of a ZnO1-xSx composite [19,21].
The broadening diffraction peaks of cubic-sphalerite phase, in-
dicates that ZnS is in nanocrystalline regime.

Fig. 1B shows the diffractograms in the region of the most
intense peaks with their corresponding deconvolution for the HZSx
composite. As for the HZS0.7 composite, low intensity peaks can be
observed (blue circles in Fig.1B), which appears to be overlapped by
the broadening peaks of cubic-sphalerite phase. This indicates the
presence of a low ZnO amount in ZnS matrix. The average crystal
size was determined in the direction perpendicular to the plane
(111) of ZnS (sphalerite) and (101) of ZnO (zincite) by Scherrer
equation [28]. Table 1 shows the average crystal size of ZnS and ZnO
in the ZnO1-xSx composites. The crystal size of ZnS in all HZSX
composites is < 4 nm, which is less than the limited XRD detection
[29]. For HZS0.5 and HZS0.2 samples, the crystal size of ZnO is ~12
and ~9 nm, respectively. These results indicate that the hydrozincite
precursor can be sulfided to ZnS (sphalerite), obtaining a crystal
size in the order of a few nanometers, and the proportion ZnO in
the ZnO1-xSx composites strongly depends of the used S2� amount.

With themain to compare the influence of the zinc source in the
formation of ZnO1-xSx composite (0.7 mol of S2�), zinc nitrate
precursor was used. The XRD patterns and their corresponding
deconvolution in the region of the most intense peaks for the NZS
material (Fig. S2), showed that this sample presented diffraction
planes of cubic-sphalerite (JCPDS No. 05e0566) and the hexagonal-
wurtzite phase (JCPDS No. 36e1450), however, despite the used
molar ratio of S2�:Zn2þ ¼ 0.7:1.0, diffraction peaks of the ZnO could
be expected, but they were absent, indicating that ZnO was hardly
formed. This fact was verified in a synthesis process using a zinc
nitrate precursor without adding thiourea by the same procedure
mentioned above, where the ZnO formation was completely
negligible.

From this result, it can be seen that in the ZnS, sulfided from the
hydrozincite precursor sample, sphalerite is the predominant phase
and the heterostructured ZnO1-xSx composites can bemodulated by
varying the thiourea amount. In addition, it was possible to control
the particle size of the ZnS (sphalerite). On the other hand, when
the zinc nitrate precursor is used, the heterostructured ZnO1-xSx
composite is not possible to be obtained.

3.2. Thermogravimetric analysis

The TGA of the hydrozincite precursor (Fig. S3) showed a strong
weight loss (21.1%) in the range of 150e260 �C due to the decom-
position ofHz to ZnO. Above 260 �C it presented a small weight loss
(2.2%) corresponding to the residual elimination. The total weight
loss (23.3%) is close to the theoretically calculated value, as was
previously reported [9].

When hydrozincite is sulfided with different amounts of S2� by
solvothermal treatment, ZnO1-xSx composites are formed. The TGA
of the obtained ZnO1-xSx composites exhibited different thermal
processes (Fig. 2). In the temperature interval ranging from 25 to
260 �C, the composites have mass losses between 3.5 wt%, which
correspond to the desorption of water and solvent. In the interval
ranging from 260 to 505 �C, a gradual mass loss occurred and in the
temperature interval from 505 to 610 �C, the highest mass loss
corresponding to the total phase transition of ZnS to ZnO [30,31]. In
this temperature interval, the ZnS (HZS) material featured a total
weight loss of 13% that was slightly lower than the calculated
theoretical value (16.5 wt%), such behavior also occurred with the
rest of the materials. The explanation of this result is that at tem-
peratures below 505 �C there is a partial oxidation of ZnS to ZnO
[22,32]. This fact was confirmed by the XRD of the HZS material
calcined at 500 �C (Fig. S4), where the well-defined diffraction
planes of ZnO was observed due to the partial oxidation of ZnS. The
order of the mass loss is 2.1, 5.8, 10.9 and 13.1 wt%, which increased
with the percent of oxidation of ZnS to ZnO, respectively. This
arrangement is due to the different S2� contents present in formed
ZnO1-xSx composites.

3.3. Infrared spectroscopy

Fig. S5 shows the infrared spectra of the all materials and they
showed vibrational bands at 3290 and 1639 cm�1, which are
assigned to vibration of OeH groups that may be from small
quantity of H2O adsorbed on the sample [9,22]. The adsorption
bands in 1566 and 1010 cm�1, corresponding to the stretching vi-
brations of eNH2, and C-N bonds, respectively, of the ethylenedi-
amine organic, where it is linked to superficial Zn2þ ions on the ZnS
surface, originated from the M(EN)2þ complex [9,22]. The presence



Fig. 1. A) XRD and B) deconvolution of the most intense peaks of XRD of HZSX materials.

Table 1
Average crystal size (L), specific surface area (SBET) and band gap energy (Eg) of the
synthesized materials.

Material L(111) ZnS (nm) L(101) ZnO (nm) SBET (m2 g�1) Eg (eV)

HZS0.2 4.1 8.9 108 3.2
HZS0.5 <4 12.2 183 3.3
HZS0.7 <4 e 207 3.6
HZS <4 e 160 3.6

Fig. 2. Thermogravimetric analysis of HZSx composite samples.
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of this complex is better observed in the HZS and HZS0.7 compos-
ites. The presence of water and ethylenediamine confirm that they
are adsorbed on the composite surface as impurities, as was sug-
gested by thermogravimetric analysis.

3.4. Scanning electron microscopy and energy dispersive
spectroscopy

The morphological characteristics of the synthesized ZnO1-xSx
composites were observed by SEM, Fig. 3AeC. The sulfidation
percentage of the hydrozincite sample affects themorphology of the
composites. For the HZS0.5 and HZS0.7 samples, the morphology of
the particles is like agglomerates constituted by small particles, but
when hydrozincite is completely sulfided (HZS), flake-shaped par-
ticles are obtained. Fig. 3DeF shows the mapping element
distribution (Zn, S and O) for the selected HZS0.7 composite. It can
be clearly seen that the elements of Zn, S and O are homogeneously
distributed throughout the analyzed sample, indicating that the
heterostructures of the ZnO1-xSx composites are well formed, this
finding corroborate the results obtained by XRD of this sample.

The elemental analysis (EDS) was performed for the synthesized
HZSX composite, which is featured in Table 2. The HZS0.5 andHZS0.7
composites and theHZS sample showed atomic ratios of S:Zn¼ 0.50,
0.75, and 0.94, respectively, which are very close to the theoretically
calculated values. By contrast, for theNZS sample, the atomic ratio of
S:Zn is 0.92, close to that obtained with HZS sample and to that
typically obtained for ZnS (0.99). It is due to that ZnO was hardly
formed, confirming that the NZS sample is composed only of ZnS.
This fact may be due to a shortage of either H2O or O2 in the reaction
system because they are indispensable for the ZnO formation [33].
This event confirms that the S2� ions added to the system fully react
with Zn2þ to form the sphalerite and wurtzite ZnS phases. The
atomic relation of O:Zn for each of the photocatalysts is greater than
the theoretically calculated, this is due to the presence of impurities
such as water adsorbed on the material, as was suggested by ther-
mogravimetric analysis (Fig. 2) and FTIR (Fig. S5). For the NZS ma-
terial, despite that ZnO was not detected by XRD, the atomic ratio of
O:Zn is slightly higher than that ofHZS0.7 sample, whichmay be due
to the water adsorbed on the materials (see Fig. S5).

3.5. Textural properties

Fig. 4 shows the N2 adsorption-desorption isotherms of the
synthesized materials. All the composites showed type IV iso-
therms corresponding to mesoporous materials. The NZS material
and the composites prepared with amounts of S2� � 0.5 mol
showed H4-type hysteresis loops that correspond to slit-shaped
pores with uniform sizes and shapes [34]. The HZS0.2 composite
showed an H3-type hysteresis loop that corresponds to materials
such as plates, but with non-uniform sizes [34]. The shape change
of the hysteresis loop is probably due to a different content of ZnO
in the sulfide composite. The sulfidation of the hydrozincite pre-
cursor induced the formation of mesoporous ZnO1-xSx composite
materials with high specific surface area. Table 1 shows the specific
surface area for each composite material. At low S2� amounts
(0.2 mol), the surface area is 108 m2 g�1, but it is increased up to
207 m2 g�1 when the S2� amount was increased to 0.7 mol. The
high specific surface area of the HZS0.7 composite can be explained
by the fact that it consists of agglomerated mesoporous particles
(Fig. 3B). The order of the specific surface areas of the HZSX



Fig. 3. SEM images of A) HZS0.5, B) HZS0.7, C) HZS and D)eF) Elemental mapping of Zn, S and O for selected HZS0.7 sample.

Table 2
EDX analysis of the synthesized ZnO1-xSx composites.

Material Atomic % S:Zn atomic ratio O:Zn atomic ratio

Zn S O

HZS0.5 41.12 20.50 38.38 0.50 0.93
HZS0.7 42.68 32.00 25.32 0.75 0.59
HZS 39.53 36.99 23.48 0.94 0.56
NZS 38.75 36.13 25.12 0.92 0.65
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composites is HZS0.7 > HZS0.5 > HZS > HZS0.2. The specific surface
area of HZS (160 m2 g�1) is higher than that of NZS material
(103 m2 g�1). Based on these results, it is possible to obtain ZnS and
ZnO1-xSx composites with high specific area by the solvothermal
method from the precursor Hz, as source of Zn. The obtained
Fig. 4. Adsorption-desorption isotherms of N2 of the synthesized materials.
surface areas of the synthesized composites are higher than those
reported for ZnS and ZnO1-xSx (<35 m2 g�1) [20,35]. Fig. S6 shows
the pore distribution of the HZSX composites. The materials
showed pore distribution between 3.4 and 3.8 nm, which according
to the literature corresponds to mesoporous materials [34].

3.6. UVevis diffuse reflectance spectroscopy

Fig. 5A shows the UVevis diffuse reflectance spectra of the sul-
fided composites, where an absorption edge between 350 and
405 nm can be seen [36,37]. When the hydrozincite precursor is
almost completely sulfided, the HZS0.7 and HZS samples showed
similar absorption edges at about 350 nm due to the electronic
transition of the formed ZnS. The wide absorption edge from 350 to
600 nm for the HZS sample is probably due to the surface defects
causedbyethylenediamine linked to the composite surface [9,38]. By
contrast, for the samples partially sulfidedwith lowS2� amounts (0.5
or 0.2 mol), their absorption edges are red-shifted to about 405 nm
due to the electronic transition of the formed ZnO, which is more
evident in the HZS0.2 sample. For the HZS0.7 sample, a very small
absorption edge is observed at 380 nm due to the low ZnO content.
This modification regarding the electronic-optical properties sug-
gests the formation of a heterostructure between ZnO and ZnS.

Table 1 shows the band gap energies (Eg) of the sulfided com-
posite, which were obtained from the (F(R)hv)2 vs hv plot for direct
allowed transitions (Fig. 5B) by intersection of the straight line
formed by the linear part with the abscissa axis [39]. The band gap
energies for the samples with high ZnS contents are close to
3.6 ± 0.1 eV while for the heterostructured HZS0.5 and HZS0.2 ma-
terials, containing ZnO, are close to 3.3 ± 0.1 eV.

3.7. Photocatalytic evaluation

Fig. 6A shows the photocatalytic behavior of the sulfided



Fig. 5. A) UVeVis diffuse reflectance spectra and B) graphic of (F(R) x hv)2 vs hv of the synthesized materials.
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composite in the production of H2. The H2 amount generated by
photolysis was increased as the reaction time progressed, achieving
a production rate of 12.6 mmol/h. When the HZSX composite was
used, the H2 amount was drastically increased as the time pro-
gressed with a production of H2 up to 630 mmol in 5 h of reaction,
suggesting that the HZS0.5 and HZS0.7 materials are very active for
this reaction. The H2 production rate obtained with all the sulfided
composites was standardized (mmol/hg) considering 0.1 g of
powdered photocatalyst (Fig. 6B). For the composite ZnO1-xSx
containing low amount of ZnS, its H2 production rate is very low,
but it is increased until 1134.0 mmol/hg when the composite con-
tains the 70% of ZnS. However, when ZnS is fully formed from
hydrozincite, its photocatalytic activity decreases to 204.6 mmol/hg.
The production of H2 using NZS sample was completely negligible
(not shown), probably due to the possible high recombination
process caused by the presence of two phases (cubic and hexagonal
ZnS), causing a negative effect on their photocatalytic properties
[9].

These results suggest that there are optimum ZnS and ZnO
contents that interact between them to form a heterojunction,
improving the photocatalytic activity, which in our case the molar
ratio S:Zn is 0.7. Under this condition the electrochemical process
induced by the light (water reduction and methanol oxidation) are
expected to occur at the highest rate among the materials here
Fig. 6. A) Photocatalytic evaluation of the synthetized materials in the H2 production from
synthesized (see photoelectrochemical characterization in section
3.9).

Fig. 7 shows the photocatalytic evaluation of theHZS0.7 material
during the five reaction cycles. The photocatalytic activity was
maintained during the all reaction cycles, indicating that the ma-
terial is photochemically stable.

3.8. Photoluminescence (PL)

Fig. 8 shows the photoluminescence spectra of the HZSX mate-
rials. All materials showed emission bands between 360 and
600 nm corresponding to the recombination of the photogenerated
electron-hole pairs [40,41]. When the material is formed of 20% of
ZnS, its intensity of PL is low, but, ZnS contents in the ZnO1-xSx
composite increases, its intensity of PL is also increased, being the
material HZS0.7 that showed the highest intensity of PL followed by
material HZS0.5. This fact indicates the formation of structural de-
fects in the composite materials that could act as electron tramps.

3.9. Electrochemical characterization: OCP and EIS

In order to getmore insights on the impact of varying the amount
of ZnS formed during the solvothermal synthesis of HZSX photo-
catalysts, over the charge-transfer process under illumination; the
MetOH-water solution, and B) hydrogen production rate per gram of photocatalyst.



Fig. 7. Five reaction cycles of the HZS0.7 composite.

Fig. 8. Photoluminescence spectra of HZSX composites.
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photoelectrochemical behavior of photocatalysts supported on ITO
coated substrates were characterized in the same solution
employed for photocatalytic hydrogen generation test (MetOH-
water), but with a supporting electrolyte (0.03 M KClO4). Photo-
electrochemical response of photocatalyst is shown in Fig. 9.
Fig. 9. Photoelectrochemical characterization of synthesized HZSX photocatalysts (indicated
Photovoltage generation (OCP dark e OCP light), and (B) EIS behavior at open circuit poten
Photovoltage (difference in the open circuit potential (OCP) under
illumination and in dark) is a measurement of the difference be-
tween the Fermi level of the electrons in the photocatalyst and the
redox potential of species in the electrolyte [42]. The higher the
photovoltage generated, more negative is the potential in which
electrons are being accumulated under illumination. When photo-
catalysts films were illuminated, a negative photovoltage was
registered, indicating that all films exhibit an n-type behavior,
Fig. 9A. However, the largest photovoltagewasmeasured forHZS0.7,
indicating that the more reductive electrons are being photo-
generated in this photocatalyst. Furthermore, the photovoltage
trend resembles the photocatalytic behavior in Fig. 6, indicating that
at more negative potential of the photogenerated electrons, a larger
propelling energy is available to perform the hydrogen evolution
reaction. The small photovoltagemeasured forHZS0.2 can be related
to the fact that electrons are being accumulated in the ZnO con-
duction band, which is considerably less negative (electrochemical
scale), than conduction band for ZnS [10]. This observation match
wellwith lower photoluminescence observed in Fig. 8, probably due
to the electron quenching provoked by the high ZnO contents.

Electrochemical impedance spectra (EIS) of the films were
measured at open circuit potential in the dark and under illumi-
nation, Fig. 9B. All films exhibited a behavior similar of a dielectric
material when tested in the dark. In this case, no electrochemical
reactions are taking place over the photocatalysts. However,
smaller impedances were registered when films were illuminated,
and an arc was formed indicating that light propitiated the charge
transfer process through the photocatalyst/electrolyte interface.
The lowest impedances were registered for the HZS0.7, showing
that electrochemical reactions (methanol oxidation and water
reduction) are taking place at a higher rate than in the other pho-
tocatalysts. This behavior agrees the higher hydrogen production
rate measured for the semiconductor, and proves that forming a
heterojunction between ZnO and ZnS, with optimal ZnS content of
0.7, is a suitable strategy to improve the photocatalytic performance
of HZS materials obtained from solvothermal synthesis.

3.10. H2 production mechanism in the ZnO1-xSx composite

The obtained results reveal that an adequate amount of ZnO and
ZnS in ZnO1-xSx composite shows a maximum efficiency in the H2
production rate. Fig. 10 shows the schematic representation of the
positions of the valence and conduction bands of ZnO [43] and of
ZnS and ZnO1-xSx composite (in particular the HZS0.5 and HZS0.7
samples). The positions of valence and conduction bands of HZS
in the figure) supported on ITO in a 0.03 M KClO4 1:1 water: methanol electrolyte: (A)
tial, measured in the dark (empty symbols) and under illumination (filled symbols).



Fig. 10. Representation of the positions of conduction and valence band of ZnO, HZS,
HZS0.5 and HZS0.7 (at neutral pH), and process of photocatalytic production of
hydrogen using methanol as sacrificial agent.
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(ZnS), HZS0.7 and HZS0.5 samples were obtained from the value of
the flat band potential and these generated from the Mott-Schottky
curves at neutral pH conditions, study not shown in this work.

When the formed ZnO1-xSx composite is irradiated with UV
light, the electron-hole pairs are photogenerated. During the
lighting process there is an accumulation of electrons and holes in
the conduction and valence band, respectively. These are easily
transferred from the interface of the photocatalyst to themethanol-
water solution to carry out reactions of methanol oxidation and
water reduction [44,45]. Photocatalytic activity is improved when
the material is forming a heterojunction between ZnO and ZnS,
specifically when the molar ratio of S:Zn is 0.7:1, creating structural
defects that act as electron tramps.

4. Conclusions

ZnO1-xSx (x ¼ 0.2, 0.5, 0.7, and 1.0) composites were successfully
obtained from hydrozincite by sulfidation during the solvothermal
method using ethanol as solvent and thiourea as a source of S2�

ions. The ZnO1-xSx heterostructures were composed of cubic-ZnO
and cubic-ZnS with proportions close to the theoretical ones. All
ZnO1-xSx composites are mesoporous materials with high surface
area (108e207 m2 g�1). The HZS0.7 composite was the most active
photocatalyst with a H2 production rate of 1134 mmol/hg and it was
maintained during the five reaction cycles. The highest photo-
catalytic activity was attributed to a higher generation of electron-
hole pairs when the photocalyst is illuminated jointly with a lower
resistance to the transfer of charge from the interface of photo-
catalyst to the methanol-water solution. These facts are caused
from the interaction between ZnS (sphalerite) and ZnO (zincite),
forming a heterojunction.
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