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� ZnS films were synthesized by CBD

for hydrogen generation.

� The ZnS with UV irradiation

treatment had an enhanced H2

generation.

� S/Zn vacancies and sulfate groups

on the ZnS films enhanced the H2

generation.
a r t i c l e i n f o

Article history:

Received 3 October 2019

Received in revised form

13 February 2020

Accepted 25 February 2020

Available online 18 March 2020

Keywords:

Chemical bath deposition

Photocatalysts

H2 production

Water splitting
a b s t r a c t

This work reports the synthesis of transparent ZnS films for the hydrogen production using

a low-cost chemical bath deposition method (CBD). Some ZnS films were subjected to UV

treatment and became darker. According to the X-ray diffraction patterns, both, the

transparent and dark films presented the same crystalline wurtzite phase. However, the

morphological analysis by scanning electron microscopy (SEM) revealed that the dark ZnS

films were formed by smaller ZnS grains (10e46 nm) in comparison with the transparent

films (17e70 nm). The dark coloration of the films was caused by the presence of Zn va-

cancies, S vacancies and sulfate groups as confirmed by the XPS spectra and absorbance

measurements. In fact, the presence of these defects and sulfates enhanced the absor-

bance and photocurrent in the dark ZnS films with respect to the transparent ZnS films.

Consequently, the maximum hydrogen generation rate was 250% higher in the dark ZnS

films (655 mmol∙h�1 g�1) in comparison to the transparent ZnS films (187 mmol∙h�1 g�1). In

presence of a sacrificial agent (Na2SO3), the hydrogen generation rates increased up to
mez-Solis).
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2903.6 and 5202.4 mmol∙h�1 g�1 for the transparent ZnS and dark ZnS films, respectively.

The ZnS films studied here represent advance with respect to the previous powder-type

binary/ternary photocatalyst nanocomposites, since they can be easily removed from

water after the photocatalytic reaction (an advantage over the powders), they do not

contain expensive/rare metals and their synthesis procedure is not as complex as these

reported for binary/ternary nanocomposites.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

There are currently many efforts to find alternatives to pro-

duce clean energy and to substitute the fossil fuels, since they

provoke the greenhouse effect. A promising alternative of

clean energy source that can satisfy the worldwide energy

demand consumption is the hydrogen gas. However, themain

challenges for H2 are production cost, transportation, and

storage [2]. The hydrogen generation by water splitting using

photocatalysts exposed to UV or visible irradiation is consid-

ered a promising process to produce H2 at low cost, but the

photocatalytic hydrogen generation requires an efficient

reactor and a photocatalyst easy to handle for the industrial

generation of H2. The photocatalysts used for hydrogen pro-

duction are generally oxides or sulfides in powder form [3].

Particularly, zinc sulfide (ZnS) has been studied for the pho-

tocatalytic hydrogen generation because it is a n-type semi-

conductor material with wide bandgap (3.7 eV) and strong

absorption in the UV region. Hao et al. demonstrated that

introducing the optimum amount of Zn vacancies in ZnS

powders (with irregularmorphology) can produce amaximum

hydrogen generation rate of 337.71 mmol∙h�1 g�1 under visible

light irradiation [4]. Another way to increase the hydrogen

generation of ZnS (nanoparticles with spherical morphology)

is producing S vacancies in its structure; these defects

extended the absorption of light in the visible range, this in

turn, enhanced the hydrogen production up to

232 mmol∙h�1 g�1 [5]. Moreover, ZnS hollow microspheres

have been reported for hydrogen generation [6]. In this last

case, the high surface area, porosity and single phase of the

ZnS particles allowed a maximum H2 production rate of

1.66 mmol∙h�1 g�1 under UV irradiation [6]. A strategy reported

to increase the hydrogen evolution is decorating the ZnS mi-

croparticles with Au nanoparticles (co-catalyst). This last

material improves the separation of photogenerated charges,

increases the light absorption by plasmonic effects and re-

duces the bandgap of ZnS. All these effects produce a

maximum H2 generation rate of 3306 mmol∙h�1 g�1 under

visible light irradiation [7]. Decorating ZnS microspheres with

ZnO quantum dots (QDs) resulted also effective to produce up

to 367 mmol∙h�1 g�1 under UV light, since ZnO QDs help to the

separation of electron-hole pairs and to the generation of

active catalytic sites [8]. Another strategy published to in-

crease the photocatalytic hydrogen generation is doping ZnS

with various ion metals: For example Kimi et al. [9] doped ZnS

simultaneously con In and Ag elements and obtained a

maximum H2 generation rate of 134.1 mmol∙h�1 g�1 under

visible light irradiation. Also, Lee et al. reported a maximum
hydrogen generation rate of 973.1 mmol∙h�1 g�1 after doping

ZnSmicrospheres with 2mol% of Cu2þ ions [10]. Furthermore,

the literature have reported composites/heterostructures

which involve ZnS as a component for hydrogen generation,

such as: TiO2/ZnS/CdS composite [11], Pt-loaded

ZnSeCuInS2eAgInS2 composite (1133 mmol∙h�1 g�1) [12], Ru-

loaded ZnSeCuInS2eAgInS2composite (7733 mmol∙h�1 g�1)

[12], CuS/ZnS porous nanosheets (4147 mmol∙h�1 g�1) [13], Au

NPs decorated hollow flower-like ZnO@ZnS

(56.98 mmol∙h�1∙g�1) [14], Pt-loaded ZnS/ZnIn2S4 composite

(103 mmol∙h�1 g�1) [15], ZnS/CdS/g-TaON semiconductor het-

erostructure (839.6 mmol∙h�1 g�1) [16], CuS/ZnS nanoflowers

(5152 mmol∙h�1 g�1) [17], Ni-doped ZnS/NiO/Ni foam hetero-

structure (2500 mmol∙h�1 g�1) [18], ZnO/ZnS composite

(3828 mmol∙h�1 g�1) [19], core/shell/shell CdSe/CdS/ZnS QDs

(13,898 mmol∙h�1 g�1) [20], and CdS/ZnS composites

(3828 mmol∙h�1 g�1) [21]. All these composites/hetero-

structures produced high hydrogen generation rates due to

interfacial charge transfer effects, which improved the charge

separation efficiency. For example, the interface CdS/ZnS or

ZnO/ZnS reduces the average free path of charge carriers and

suppresses the recombination of the photogenerated

electron-hole pairs, which in turn, enhances the hydrogen

generation [19,21]. Although these previous ZnS based com-

posites/heterojunctions have higher hydrogen generation

rates than the simple ZnS systems, they present several dis-

advantages such as: 1) these composites were synthesized

using complex procedures, 2) the architecture of the com-

posites is sometimes complex (as in the case of core/shell/

shell CdSe/CdS/ZnS QDs), which difficult their reproducibility

and 3) these composites are composed by expensive/rare

materials such as Pt or Ru. Additionally, these materials are

synthesized in powder form, which complicates their removal

from the photocatalytic reactor after hydrogen generation.

Due to these limitations, low costs methods for synthesis of

ZnS based photocatalyst are suitable, as well as an easy pro-

cedure to remove them from the reactors after hydrogen

generation.

Various techniques such as sputtering, electrochemical

deposition, molecular beam epitaxy and chemical bath

deposition (CBD) have been used to produce ZnS thin films

[22e25]. Among them, CBD is widely used because it can

produce very homogeneous solid films at low cost, low tem-

peratures [26]. Moreover, this technique can be scalable for

mass production [27]. The CBD method employs a controlled

chemical reaction to deposit thin films by precipitation. In a

typical case, the substrates are immersed in an alkaline so-

lution which contains the metal ion, the chalcogenide source,

and a complexing agent [28,29].
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To the best of our knowledge, nobody has reported the

photocatalytic properties of simple ZnS films (UV treated) for

hydrogen generation under solar irradiation. Therefore, we

report in this work a novel strategy to enhance the hydrogen

generation rates of ZnS films by using a UV treatment. The

CBD technique was selected to synthesize the films due to its

simplicity and low cost. Also, the deposition of ZnS films on

glass allowed its easy removal from the water after the pho-

tocatalytic reaction for H2 generation. The strategy proposed

here consisted in irradiating the ZnS films with UV light

(254 nm) for fewminutes, which produced S vacancies and S2�

groups on the ZnS films surface. These groups acted as charge

trapping centers that delay the recombination of the photo-

generated electron-hole pairs. In consequence, the hydrogen

generation (water splitting) was enhanced 250% by using ZnS

films previously subjected to UV treatment.
Experimental

Chemical bath deposition of ZnS thin film and post
irradiation with UV light

The ZnS films were deposited on commercial microscope

glass slides. These substrates were subjected to a surface

treatment with HCl for 10 min, cleaned with ethanol and

deionized water by ultrasonication and dried in ambient

conditions (air) prior to the deposition of the ZnS films. The

chemical bath deposition (CBD) was carried out using the

procedure reported in Refs. [25] and the following aqueous

solutions: 0.2 M zinc acetate (Zn(CH3COO)2), 0.6 M of thiourea

(SC(NH2)2) and a complexing agent 0.2 M of tri-sodium citrate.

In our particular case, the CBD was achieved at 80 �C, which

produced semi-transparent ZnS films. After the deposition of

the ZnS films on glass, they were immersed in distilled water

and irradiated with a UV source (Hg lamp, 254 nm) with an

intensity of 400 W for 10 min. After this treatment, the ZnS

film had a dark-gray coloration. The ZnS thin films with semi-

transparent and dark gray coloration were named ZnS-

transparent and ZnS-dark, respectively.

Structural and morphological characterization

The X-ray diffraction patterns were obtained using a Bruker

D2 equipmentwith Cu ka radiation (l¼ 1.5418�A). The patterns

were recorded at an incidence angle of 2� in the 2q range of

10e70�. Scanning Electron Microscopy images (SEM) of the

ZnS films were obtained by using a JEOL JSM-7800F

microscope.

Optical and XPS characterization

The absorption spectra of the ZnS films were obtained by

using a UV-VIS spectrophotometer Cary 7000 (Agilent) equip-

ped with an integrating sphere. Furthermore, The X-ray

photoelectron spectroscopy (XPS) analysis was carried out

with an equipment from Thermo Scientific Instruments

(Model K-Alpha), which employed a monochromatic Al Ka

radiation (E ¼ 1486.68 eV) and a resolution of 0.1 eV. The
deconvolution of the XPS spectra (peak fitting) was achieved

using SDP v4.1 software.

Electrochemical characterization and thickness
measurements

The photo-electrochemical characterization was carried out

using a Gamry (reference 600) potentiostat/galvanostat. Cur-

rent vs. voltage (IeV), chronoamperometry andMott-Schottky

curves were obtained using this equipment. The measure-

ments were carried out in a quartz cell that contained pure

water (150 mL), which was previously deoxygenated by

bubbling N2 into it for 10min. During themeasurements in the

potentiostat/galvanostat, we employed a three-electrode

configuration: ZnS-transparent and ZnS-dark films were

used as the working electrodes, a platinum (Pt) wire as the

counter electrode, and the Ag/AgCl as the reference electrode.

Finally, the thickness measurements for the ZnS films were

carried out by using an AMBIOS surface profilometer (XP-2

model), 10 different thickness measurements were performed

in different points on the films and averaged.

Generation of hydrogen by photocatalysis

A quartz reactor with total volume of 150 mL (coupled to gas

chromatography equipment) was employed for the water

splitting via photocatalysis. The hydrogen generation was

quantified using the following procedure: First, glass sub-

strates coated with the ZnS-transparent and ZnS-dark films

are put into the quartz reactor that contained 100mL of water.

After this, a 300 W Xe-lamp (solar simulator) was turned on

and the photocatalytic reaction started. The photocatalytic

hydrogen generation rate was monitored by a gas chromato-

graph equipped with aTCD detector (Thermo Scientific 3 GC

Ultra). The hydrogen and oxygen gas generated by the pho-

tocatalytic reaction under visible light were registered each

30 min for 3 h. The hydrogen generation rates presented here

were obtained by averaging the results of 5 samples for the

ZnS-transparent and ZnS-dark films. The approximate weight

of the ZnS films was 10 mg. Additional experiments for pho-

tocatalytic hydrogen generation were also achieved in pres-

ence of a sacrificial agent (sodium sulfite, Na2SO3). For these

experiments, 150 mL of an aqueous solution 0.5 M of Na2SO3

was employed.
Results and discussion

Structural and morphological properties of ZnS films

A representative XRD diffraction pattern of the ZnS films is

presented in Fig. 1a. Both samples ZnS-transparent and ZnS-

dark exhibited the same diffraction peaks, indicating that

the UV treatment did not change the crystalline phase of the

ZnS films. Such XRD pattern presents peaks at 29�, 44� and 63�

which are attributed to the (111), (220) and (311) orientations.

The presence of these peaks also indicates that we have a

sphalerite-type ZnS with wurzite-2H phase, which is in

agreement with JCPDS 80-0007 card. In addition, the average

https://doi.org/10.1016/j.ijhydene.2020.02.180
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Fig. 1 e a) representative XRD pattern of the ZnS films. SEM

images of: b) ZnS-transparent and c) ZnS-dark films.
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crystallite size was calculated by using the well-known

Scherrer’s equation:

D¼ Kl
bcosq

(A)

where D is the size of crystallite, l is the wavelength of Cu Ka

(l ¼ 1.54056 �A), K is correlation factor (0.94), b is Full Width at

Half Maximum (FWHM) and q is Bragg’s diffraction angle. As

result, average crystallite sizes of 21 ± 0.5 nm and 19 ± 0.5 nm

were obtained for the ZnS-transparent and ZnS-dark films,

respectively.

The morphology of ZnS-transparent and ZnS-dark films

was studied by scanning electron microscopy (SEM). Fig. 1b
and c shows the morphology of ZnS-transparent and ZnS-

dark films, respectively. In general, both films are formed by

semi-rounded irregular grains and they are more dispersed in

the ZnS-transparent film while a higher coalescence of grains

is observed in the ZnS-dark film (subjected to UV irradiation).

According to Fig. 1b and c, the sizes of the grains were in the

range of 17e70 nm and 10e46 nm for ZnS-transparent and

ZnS-dark films, respectively. The reduction of size in the ZnS-

dark film probably occurred due to fragmentation/degrada-

tion of the particles during the UV treatment in water. The

average thickness of ZnS-transparent and ZnS-dark films was

55 ± 1 nm and 45 nm ± 1 nm, respectively.

Optical properties of the ZnS films and energy band gap

A comparison of the transmittance spectra for the ZnS-

transparent and ZnS-dark films indicates that the UV treat-

ment decreased the transmittance from 87-94% to 73e76% in

the visible range (400e800 nm), see Fig. 2a, and this was due to

the change of color in the film from semi-transparent to dark.

Inset in Fig. 2a shows a picture of the ZnS-transparent and

ZnS-dark films, respectively. Fig. 2b shows the absorbance

spectra of the ZnS films, the sample without UV treatment

(ZnS-transparent) presented an absorption band centered at

307 nm which is typical of ZnS [30]. In contrast, the ZnS-dark

film subjected to UV treatment not only showed the peak in

the UV region but also an extra band at 390 nm which is

associated to Zn vacancies [4]. Further, the absorption spectra

of the ZnS-dark film shifted toward longer wavelengths with

respect to the ZnS-transparent film (compare red and blue

curves at 307 nm) and presented a higher absorbance in the

VIS-NIR range of 400e900 nm (see red curve in Fig. 2b). Ac-

cording to literature, the improvement of absorbance in that

range was caused by the presence of sulfur vacancies [5],

which were formed after the hydrogenation process of the

ZnS films with the UV treatment at 254 nm. Such a process is

possible because 254 nm is energetic enough to produce

photolysis of the water (breaking the H2O molecule), thus, the

released Hþ could react with the S atoms on the ZnS film to

form a hydrogenated sulfur atom (HS) which is removed as

H2S gas, leaving behind a sulfur (S) vacancy [31]. To compen-

sate the charge imbalance produced by the S vacancies, Zn

vacancies are also produced, therefore, we have the presence

of both types of defects in the ZnS-dark films. In fact, the

presence of S vacancies in the ZnS film was confirmed by its

black coloration [5].

The optical band gap values for the ZnS films were ob-

tained from their absorption spectra using the Tauc equation:

a¼C
�
hv� Eg

�1=2

hv
(B)

where a is the absorption coefficient, C is a constant and Eg is

the band gap energy for a direct transition semiconductor. The

band gap energy value for each sample was determined by

intersecting the linear portion of the absorption edge curve

with the X energy axis [(ahn)2 ¼ 0] in the plot (ahn)2 vs. energy.

The Tauc plots calculated from the absorption spectra of are

presented in the inset of Fig. 2b. The calculated values of Eg
were 3.6 eV and 3.5 eV for the ZnS-transparent and ZnS-dark
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Fig. 2 e a) Transmittance and b) Absorbance spectra of the

ZnS films studied in this work. The insets in Fig. 2a are

pictures of the ZnS-transparent and ZnS-dark films. The

inset in 2b are the Tauc plots for the ZnS films.
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films, respectively. Those band gap values are in accordance

with previous values in the range of 3.4e3.7 eV [32e34].

Finally, a slight reduction in the ZnS film subjected to UV

treatment occurred due to the presence of Zn and S vacancies.

Hydrogen production by the ZnS films

Fig. 3a shows the photocatalytic H2 production of the ZnS

films under solar irradiation. As observed, a maximum

hydrogen generation rate of 655 and 187 mmol∙h�1 g�1 are

produced without sacrificial agent by the ZnS-dark and ZnS-

transparent films, respectively. Thus, the UV treatment

improved the hydrogen production by z 250%. The hydrogen

production reported in this work is higher than these reported

for ZnS powderswith Zn vacancies (337.71 mmol∙h�1 g�1), with

S vacancies (232 mmol∙h�1 g�1), ZnO decorated ZnS micro-

spheres (367 mmol∙h�1 g�1) [4,5,8] or even higher than that

reported in heterojunction systems such as Pt-loaded ZnS/

ZnIn2S4 composite (103 mmol∙h�1 g�1) [15] or ZnO/ZnS
composites (415 mmol∙h�1 g�1) [19]. However, the maximum

rate reached in this work is lower than that reported for Au

decorated ZnS porous microspheres (3306 mmol∙h�1 g�1) [7] or

heterojunction systems such as: Pt-loaded ZnSeCuInS2-
eAgInS2 composite (1133 mmol∙h�1 g�1) [12], CuS/ZnS nano-

flowers (5152 mmol∙h�1 g�1) [17], Ni-doped ZnS/NiO/Ni foam

heterostructure (2500 mmol∙h�1 g�1) [18], CdS/ZnS composites

(3828 mmol∙h�1 g�1) [21], core/shell/shell CdSe/CdS/ZnS QDs

(13,898 mmol∙h�1 g�1) [20], or Cu-doped ZnS microspheres

(973.1 mmol∙h�1 g�1) [10]. Although our system is less efficient

than some composites mentioned above, the main advan-

tages our ZnS films are: i) they can be easily removed from the

water after water splitting and ii) they don’t need in their

chemical composition precious metals to enhance the pho-

tocatalytic hydrogen generation. We should alsomention that

the disadvantages of the previous published composites are: I)

They are powders which are difficult to remove fromwater, II)

they are synthesized using complex procedures, III) they

employed sacrificial agents such as Na2S or Na2SO3 in the

aqueous solutions to reach high rates of hydrogen generation

(as in the case of Cu-doped ZnS) and IV) these previous com-

posites were composed by expensive precious metals such as

Pt or Ru. It is worthy to mention that a previous publication of

CdS/ZnS/Ru films prepared by chemical bath deposition

method reported maximum H2 generation rates of

123 mmol∙m2 g�1 under visible light (400e800 nm) and

135 mmol∙m2 g�1 under the simulated solar light

(250e1500 nm) [35]. To compare our best results with these

reported in Ref. [35], we recalculated the hydrogen generation

rates using the area of our films (2 cm2) and obtained values of

32.75 mmol∙m�2 g�1 and 9.35 mmol∙m�2 g�1 for the Zns-dark

and ZnS-transparent films, respectively. Those last values are

lower than that published in Ref. [10] under simulated solar

light, but we did not employ neither toxic CdS compound nor

the expensive material ruthenium. Also, the authors in

Ref. [35] employed a tenary compound which is complex to

synthesize, in our case; we used only a single ZnS film syn-

thesized by a simple CBD method. Finally, the H2 was pro-

duced from formic acid (a toxic compound for humans) in that

previous work [35], in our case; we used pure water without

sacrificial agents.

In order to compare the effect of the UV radiation treat-

ment, we achieved additional experiments of hydrogen gen-

eration using the ZnS-dark and ZnS-transparent films in

presence of a sacrificial agent (sodium sulfite, Na2SO3), see

Fig. 3b. From this Figure, we calculated the new hydrogen

generation rates and obtained values of 2903.6 and

5202.4 mmol∙h�1 g�1 for the ZnS-transparent and ZnS-dark

films, respectively. The enhancement of hydrogen genera-

tion (with respect to the experiments made without sacrificial

agent) was 15.5 and 7 times for the ZnS-transparent and ZnS-

dark films, respectively. This increase of hydrogen generation

occurred because the Na2SO3 provided extra electrons to the

photocatalytic process, which in turn, accelerated the

hydrogen production reactions, this role of Na2SO3 as electron

donor is well-known in literature [18,20,21]. Furthermore, the

maximum value of 5202.4 mmol∙h�1 g�1 is higher than these

obtained for other composites in presence of sacrificial agent

(Na2S, Na2SO3 or derivatives) such as: Au/ZnS [7], Pt-loaded

ZnSeCuInS2eAgInS2 [12], CuS/ZnS [17], Ni-doped ZnS/NiO/Ni

https://doi.org/10.1016/j.ijhydene.2020.02.180
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Fig. 3 e Hydrogen production curves as a function of time for the ZnS films: a) without sacrificial agent and b) with Na2SO3 as

sacrificial agent; c) shows the reuse cycles for the ZnS-dark film and d) Photocurrent response (ON/OFF cycles) for the ZnS

films under solar irradiation (the conditions for this experiments were: applied voltage ¼ 0.2 V, electrolyte ¼ aqueous

solution 0.5 M of Na2SO4 and pH ¼ 12).

Table 1 e Calculated recombination constants and
Photocurrent values for the ZnS films.

Sample Photocurrent, A Recombination constant, s�1

ZnS-dark �1.1 � 10�6 6.35

ZnS-clear �4.9 � 10�7 7.41

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 5 ( 2 0 2 0 ) 1 2 3 0 8e1 2 3 1 7 12313
foam [18], CdS/ZnS [21], and Cu-doped ZnS [10]. We also car-

ried out reuse experiments without sacrificial agent for the

best sample (ZnS-dark film) to analyze its stability. After the

first cycle of use, we obtained the red curve showed in Fig. 3c

and obtained a hydrogen generation rate of 655 mmol∙h�1 g�1.

After the second cycle of use (black curve in Fig. 3c), the

hydrogen generation rate is reduced from 1963 to

981 mmol∙g�1 (327 mmol∙h�1 g�1), thus, the reduction of

hydrogen generation rate was z50%. If the ZnS-dark film is

used for a third time, the hydrogen generation rate is drasti-

cally reduced to a final value of 95.3 (327 mmol∙h�1 g�1), which

represents a reduction of 85.4 with respect to the initial value

after the cycle 1.

Chronoamperometry measurements were carried out for

both films (60 s for one ON/OFF cycle under solar irradiation)

in order to elucidate why the ZnS film with UV treatment

(ZnS-dark film) had a better performance for hydrogen gen-

eration. Fig. 3d shows that the current density generated by

the ZnS-dark film is approximately two times that for the ZnS-

transparent film, indicating that the ZnS-dark film is able to

generate more photocurrent than the ZnS-transparent film. It

is worthy to mention that both films present a gradual in-

crease of photocurrent during the ON cycle (exponential in-

crease) until a peak of current is reached, see pink circle in

Fig. 3d. This means that the photogenerated electrons are not

immediately released to break the water molecule for

hydrogen production, instead, the charges are accumulated in

the traps/vacancies of ZnS (the presence of this traps were

confirmed by the absorbance spectra in Fig. 2b). Moreover,

recombination constants were determined by linear regres-

sion of the data obtained from the light irradiation cycles in
the test ON/OFF, see Table 1. As observed, the ZnS-dark film

(made with UV treatment) presented the lowest value of

recombination constant and the highest photocurrent values.

The lower value of recombination constant for the dark film,

suggests a higher content of surface traps in that sample in

comparison with the ZnS-transparent film, since the presence

of surface traps promotes the charge separation and avoid a

fast electron-hole recombination. Thus, the UV treatment

helps to modify the surface of ZnS films in such a way that a

delay in the recombination process is favored, this in turn,

benefited the photocatalytic hydrogen generation. Addition-

ally, the IeV curves were obtained for the ZnS-dark and ZnS-

transparent films with and without UV light. These curves

were useful to observe how the illumination of the films by the

solar light generated a photocurrent. Fig. 4a shows the IeV

curves for the ZnS-dark and ZnS-transparent films in

absence of light. Themaximumcurrent (dark current) reached

were 0.17 and 0.22 mA/cm2 (at 1.2 V) for the ZnS-transparent

and ZnS-dark films, respectively. The current (at 1.2 V) was

raised to the values of 2.5 and 20.3 mA/cm2 after exposing the

ZnS-transparent and ZnS-dark films with solar light, respec-

tively, see Fig. 4b. This means a enhancement of 13.7 and 91.2

times for the current in the ZnS-transparent and ZnS-dark
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Fig. 4 e IeV curves for the ZnS films: a) without light

exposure and b) under solar irradiation. The conditions for

this experiments were: electrolyte ¼ aqueous solution

0.5 M of Na2SO4 and pH ¼ 12.

Fig. 5 e Deconvoluted XPS spectrum for the S 2p orbital: a)

ZnS-transparent and b) ZnS-dark films. c) shows the Mott-

Schottky plots for the ZnS-transparent and ZnS-dark films.
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films, respectively. This increment of current demonstrated

that the ZnS-dark films producedmore photocurrent than the

ZnS-transparent films. Hence, the UV treatment resulted

effective to enhance the photocurrent generation in the ZnS

films.

Another reason for the higher hydrogen generation in the

ZnS-dark film was the presence of sulfate ions on its surface.

The presence of these ions was confirmed after a comparison

of the XPS spectra for both films. Fig. 5a shows the XPS spec-

trum for the S 2p orbital corresponding to the ZnS-transparent

film. This spectrum is composed by deconvoluted bands

centered at 161.7, 164.3 and 166.2 eV which are attributed to S

2P3/2 (S2� ligand), to S 2P1/2 (bridging disulfide S2
2� ligand) and

to sulfates, respectively [36e38]. Furthermore, the XPS spec-

trum for the S 2p orbital corresponding to the ZnS-dark film in

Fig. 5b showed deconvoluted bands centered at 160.4, 162.9,

164.7 and 167.3 eV, which are attributed to S2� ligand,

[SeSO3]
2-/sulfur vacancies, S2

2� ligand (S 2P3/2)/SO2
�2, SeO

bond/S2
2� ligand (S 2P1/2) and SO3

2�/SO4
2� sulfates [37,39,40].

Thus, both ZnS films contained sulfates but the presence of

sulfates/S vacancies was higher in the ZnS-dark film, this

increased its photocatalytic hydrogen generation with respect

to the ZnS-transparent film, since the oxidized sulfur species

(sulfates) can act as sacrificing reagents which provide extra

electrons for the water splitting reaction [41].

In order to propose an energy diagram for the hydrogen

generation using the ZnS films, Mott-Schoktty plots were
firstly obtained to determine the position of their conduction

band, see Fig. 5c. Those plots were calculated using the

equation reported in Refs. [42]. According to the equation in

this last reference, by plotting 1/Cp
2 (Cp is the interfacial

capacitance) versus E (applied potential), the flat band po-

tential of a n-type semiconductor can be determined from the

slope in the linear section of the Mott-Schoktty (M � S) plots.

In our case, theM� S plotswere obtained using a 0.5MNa2SO2

aqueous solution at pH 12 in dark conditions with electro-

chemical impedance spectroscopy. These plots are presented

in Fig. 5c and we observe that the linear fit for the points
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Fig. 6 e a) Schematic representation of the surface in the ZnS films for hydrogen generation and b) Energy level diagramwith

the electronic bands for the hydrogen production using ZnS films. Inset in Fig. 6b shows the reaction for the hydrogen

generation using the ZnS films.
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corresponding to both samples is very similar, giving a value

of 0.77 eV. This means that the conduction band is located in

the same position for both films, see Fig. 6a. The position of

the valence band in Fig. 6a was calculated using the equation:

EVB ¼ Eg þ ECB (the value of Eg was 3.6 and 3.5 eV for ZnS-

transparent and ZnS-dark films, as determined by the Tauc

plots in Fig. 2b). Therefore, the positions for the valence bands

were 2.83 and 2.73 eV for the ZnS-transparent and ZnS-dark

films (see Fig. 6a), respectively. Further, the positive slope

observed in the M � S plots also indicates that the ZnS films

have conductivity n-type. Since the conduction band of the

ZnS films is more negative than the hydrogen evolution po-

tential and the valence band more positive than the oxygen

evolution potential, the hydrogen production is favored.

Fig. 6b depicts a simplifiedmodel for the hydrogen production

using the ZnS-dark film. When the visible light interacts with

the ZnS-dark film, electron-hole pairs are photogenerated at

the surface of the ZnS-dark film and the sulfate groups on its

surface are also oxidized, then, the photogenerated electrons

and the extra electrons obtained by oxidation of sulfates are

conducted by the ZnS film to react with H2O molecules, see

equation (1) in Fig. 6b. At the same time, the sulfate groups (for

example SO3
2�) can react with the OH� groups generated from

the reaction (1) and the free holes hþ on the surface of ZnS to

produce SO4
2�þH2O, see equation (2) in Fig. 6b. The generation

of SO3
2� is advantageous because it can react with H2O to

produce SO4
2�þH2 (see equation (3) in 6b) and this cycle can be

repeated for the hydrogen production until all the sulfate

groups (sacrificing agent) are completely degraded.
Conclusions

This work reported a simple method for the synthesis of ZnS

films by CBD. An additional UV treatment produced ZnS films

with higher absorbance in the VIS-NIR region as well as Zn and

S vacancies on their surface. The presence of these defect

benefited the photocatalytic hydrogen generation, since they
acted as trapping centers which delayed the electron-hole

recombination after their photogeneration. Moreover, the UV

treatment favored the formation of sulfate groups on the ZnS

films, which acted as sacrificing reagents that provided extra

electrons to break the water molecules and promoted the

hydrogen production. Thus, this work demonstrated that ZnS

films with the simultaneous presence of surface defects and

sulfates groups have 250% higher hydrogen generation rates in

comparison with the ZnS filmswithout surface defects and less

sulfate groups. Previous groups only reported hydrogen pro-

duction rates of ZnS powders with only Zn vacancies [4] or

solely Zn vacancies [5] but they obtained lower generation rates

than that found in this work (655 mmol∙h�1 g�1). An advantage

of our work over the photocatalytic ZnS powders published in

literature is the fact that the ZnS films are deposited on a solid

substrate such as glass, which can be easily removed from any

reactor after the photocatalytic hydrogen generation.Moreover,

themain advances of our work with respect to previous reports

were: i)We obtained competitive values of hydrogen generation

rates using a simple ZnS film instead of using complex binary/

ternary composite powders as previously published and ii) The

composition of our films did not involve the use of expensive/

rare materials as showed in previous nanocomposite powders.

Hence, the results showed here indicate that the dark ZnS films

are suitable for hydrogen production at low cost.
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