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Abstract
Earth-abundant metal sulfides (for example,  FeS2, CuS, and  NiS2) are promising materials to be used as photocatalysts due 
to their suitable electronic and optical properties. In this work, we present a fast and low-cost hydrothermal method to syn-
thesize these materials. They are integrally characterized and evaluated as photocatalysts for the  H2 evolution reaction and 
the degradation of indigo carmine (IC).  FeS2 exhibits the highest photocatalytic efficiency (32 µmol g−1 h−1 of  H2 evolution 
and 88% of indigo carmine degradation) under visible light, and this activity is attributed to a larger crystallite size, smaller 
particle size, and lower recombination, compared to CuS and  NiS2. Moreover, three different sacrificial reagents are studied 
for the  H2 evolution reaction, including  Na2S/Na2SO3, EDTA, and ethanol.  Na2S/Na2SO3 shows the highest enhancement in 
the activity, increasing the rate of  H2 production more than 15 times. This behavior is related to the lower oxidation potential 
of  Na2S/Na2SO3. Moreover, we evaluate the activity of the materials for the electrochemical hydrogen evolution reaction 
(HER). In summary, this work provides valuable information for effective applications of these earth-abundant metal sulfides 
for energy and environmental photocatalytic processes.

1 Introduction

The development of earth-abundant visible light active 
materials is of prime importance for their technological use 
in energy and environmental processes. The main applica-
tions include photocatalytic hydrogen evolution, carbon 
dioxide reduction and the degradation of organic compounds 
in water [1, 2]. Metal sulfides have attracted considerable 

interest due to their promising properties for electronic and 
optical applications [3].  FeS2, CuS, and  NiS2 are abundant 
and non-toxic materials with small band gaps (1.3–1.8 eV) 
and high absorption coefficients, which make them suitable 
as photoactive semiconductors for harvesting the visible 
light of the solar spectrum [4–6].  FeS2 was employed for 
the photocatalytic degradation of several organic pollutants, 
such as methylene blue, rhodamine B and methyl orange 
[7], rose Bengal [8], reactive black 5 and reactive orange 
4 [9], and phenol [10]. CuS was used for the degradation 
of methylene blue and rhodamine B [11–13], eosin Y and 
congo red [14]; while  NiS2 efficiently removed crystal vio-
let, rhodamine B, methylene blue, eriochrome black T [15], 
erythrosine and phenol red [16].

Indigo carmine is a non-biodegradable dye commonly 
present in waste water derived from textile industries, and 
it is also employed in food coloring processes and as indi-
cator in analytical methods [17, 18]. Due to the toxic and 
carcinogen nature of indigo carmine, the removal of this and 
other related dyes from waste water is a major environmental 
problem [19]. Traditional methods (adsorption, biodegrada-
tion, etc.) are usually ineffective and of high cost [20]. For 
this reason, in this work we propose for the first time the 
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utilization of  FeS2, CuS, and  NiS2 as photocatalysts for the 
degradation of indigo carmine.

Other applications of these metal sulfides include lith-
ium-ion batteries, supercapacitors, dye-sensitized solar 
cells, photodetectors [21–26], and as electrocatalysts for the 
hydrogen evolution reaction (HER) [26–29]. For the pho-
tocatalytic hydrogen generation reaction, these materials 
were used mainly as cocatalysts or coupled to wide band gap 
semiconductors, using triethanolamine and  Na2S–Na2SO3 as 
sacrificial reagents [30, 31]. Other sacrificial reagents that 
have promoted a significant enhancement in the photocata-
lytic activity for hydrogen evolution over oxide semiconduc-
tors are EDTA, alcohols, and  NaIO3–NaI [32]. Due to the 
negative value of their conduction bands, in recent days a 
variety of metal sulfides including  MoS2, CuS, NiS,  NiS2, 
and  FeS2 have been studied for photo and electrocatalytic 
carbon dioxide reduction [33–36].

In this work, we study the photocatalytic properties of 
 FeS2, CuS, and  NiS2 for the hydrogen evolution reaction. 
Metal sulfides can be obtained by several techniques such 
as solvothermal synthesis [37], sonochemistry [38] and 
pyrolysis [39]. However, an adequate optimization of the 
synthesis conditions to control the stoichiometry and crystal-
line structure of the phases is still a challenge and the above 
mentioned methods employ difficult conditions such as high 
temperature, long time of reaction and toxic precursors (for 
example,  H2S) [40], and usually result in low yields; which 
is not appropriate for large scale production [41]. The advan-
tage of the hydrothermal synthesis proposed herein includes 
the obtention at low temperature (150 °C), short time (4 h) 
and with high yield (> 93%) of the pure phases of metal 
sulfides. Additionally, pH control is not needed, and no 
complexing agents are used. Therefore, there are no release 
of undesired products and the method is environmentally 
friendly. These features describe the principles of the green 
chemistry approach [42].

Moreover, a comparative study of the photocatalytic 
activity for hydrogen evolution and indigo carmine dye deg-
radation over the as-prepared metal sulfides is presented. 
The stability and electrical properties of the materials are 
discussed through electrochemical analysis, and three sac-
rificial reagents of different nature (inorganic salt, organic 
acid, and alcohol) are evaluated to enhance the activity of 
the materials for  H2 evolution.

2  Experimental

2.1  Synthesis of metal sulfides by hydrothermal 
method

Stoichiometric amounts of the transition metal salts 
(Fe(NO3)3·9H2O, Cu(NO3)2·3H2O, and Ni(NO3)2·6H2O, 

Sigma Aldrich 99.95%) and sodium thiosulfate 
 (Na2S2O3·5H2O, Sigma Aldrich 99.5%) were dissolved in 
15 mL of deionized water and stirred during 20 min. The 
solutions were mixed and transferred into a 40 mL Teflon 
autoclave reactor and heated at 150 °C for 4 h in a furnace. 
After this time, the reactor was removed from the furnace 
and cooled to ambient temperature. The solution was cen-
trifuged to separate the solid product. Then, the obtained 
powder was washed 5 times with water and dried in air at 
70 °C. This procedure is illustrated in Fig. 1.

2.2  Characterization of samples

The analysis of the crystalline structure of the materials 
was performed by X-ray diffraction (XRD) in a Bruker D8 
Advance diffractometer operating at 40 kV and 40 mA with 
CuKα radiation (λ = 1.5406 Å), in a 2θ range of 10°–70° 
with a scan rate of 0.05°. The Scherrer equation was 
employed to calculate the crystallite size of the samples: 
L = κλ/βcos(θ) [43]. In this equation, L represents the crys-
tallite size, κ the Scherrer constant (0.89), λ the wavelength 
of the X-ray radiation (0.15418 nm for CuKα) and β the full 
width at half maximum of the diffraction peak at 2θ. The 
surface morphology and elemental composition of the metal 
sulfides were studied in a scanning electron microscope 
(SEM-JEOL 6490LV) coupled with an energy dispersive 
X-ray spectroscopy (EDS) analyzer using 20 kV of voltage. 
The average particle size was calculated from SEM images 
using the software ImageJ. Band gaps of the materials were 
estimated by UV–Vis diffuse reflectance spectroscopy, using 
a Cary 5000 UV–Vis NIR spectrophotometer with  BaSO4 
as standard. From the diffuse reflectance data, the Tauc plot 
was obtained, and the band gaps (Eg) were estimated extrap-
olating the absorption onset to the x-axis. The conduction 
and valence band of the metal sulfides were theoretically 
estimated through the equation  EVB = EN − Ee + 0.5 × Eg 
[44], where  EVB is the valence band, EN the electronegativ-
ity of the semiconductor,  Ee the energy of free electrons on 
the hydrogen scale (~ 4.5 eV), and  Eg the band gap.  ECB is 
the potential of the conduction band and can be obtained by 
the relation:  ECB = EVB − Eg [44]. To study the recombination 

Fig. 1  Schematic illustration of the hydrothermal synthesis of  FeS2, 
CuS, and  NiS2 powders
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in the samples, photoluminescence analysis was performed 
in an Agilent Cary Eclipse fluorescence spectrophotometer, 
with a scanning speed of 1000 nm  min−1 and an excitation 
wavelength of 689 nm. The surface area and pore diameter 
of the samples were estimated using a BELSORP mini II 
(BEL Japan), by the Brunauer–Emmet–Teller (BET) and 
Barrett–Joyner–Halenda (BJH) method. Before the analysis, 
the samples were degassed for 3 h at 70 °C.

2.3  Electrochemical characterization

For the electrochemical characterization, working electrodes 
were prepared from the powdered metal sulfides. To form a 
suspension, 5 mg of the metal sulfides and 50 µL of Nafion® 
(5% in a mixture of alcohol and water, Aldrich) were dis-
persed in 30 µL of ethanol and 420 µL of deionized water. 
The suspension was ultrasonicated for 10 min. After that, 
6 µL suspension was deposited on a carbon paper substrate 
(Sigracet®, electric resistivity < 15 mΩ cm2) with an active 
area of 1 × 2 cm2 by the drop-casting method. In this process, 
the suspension was placed on the lower part of the carbon 
paper. Next, the electrodes were dried at 60 °C in an oven for 
30 min. Afterwards, ohmic electric contacts were attached 
with silver paste and copper wire on the undeposited area 
of the substrate; then, the contact was covered with non-
conducting epoxy resin. The electrochemical measurements 
were performed in a three-electrode H-type glass cell with a 
glass frit to separate the working and counter electrode com-
partments. The analysis was run by a potentiostat (Gamry 
Ref600) and the electrodes prepared of metal sulfides on 
carbon paper were used as working electrode while a Pt wire 
and a Ag/AgCl were used as counter and reference electrode, 
respectively.

Cyclic voltammetry and Mott–Schottky measurements 
were performed under dark conditions in a potential range 
of 0.8 to − 0.8  VRHE at a scan rate of 20 mV  s−1 in a 0.5 
 H2SO4 electrolyte (pH 0). The current density was calculated 
considering the area of the electrode: J = current/area of the 
electrode (1.5 cm−2). Electrochemical impedance spectros-
copy analysis was carried out under dark in open circuit 
conditions at a frequency range of 100 kHz–100 MHz and 
an AC perturbation of 10 mV. The potential versus Ag/AgCl, 
EAg/AgCl, was converted to reversible hydrogen electrode 
potent ia l ,  ERHE,  us ing the  Ner nst  equat ion: 
ERHE  =  EAg / Ag C l  +  E0

Ag/AgCl
 +  0 . 0 5 9  ×  p H ,  w h e r e 

E
0
Ag/AgCl

 = 0.1976 V at 25 °C [45, 46].

2.4  Photocatalytic tests

The photocatalytic activity for hydrogen evolution was 
tested in a 250 mL Pyrex reactor, dispersing 0.2 g of the 
sample in 200 mL of water. Nitrogen gas was employed to 

deaerate the media. The reactor was illuminated with simu-
lated solar light (AM 1.5G) with a 450 W Xe-lamp. The 
hydrogen evolution was analyzed online every 30 min for 
3 h in a gas chromatograph (Thermo Scientific) with a TCD 
detector and fused silica capillary column. For the hydrogen 
evolution tests in the presence of sacrificial reagents, solu-
tions of  Na2S/Na2SO3 (0.35/0.25 M), EDTA (10% w/v), and 
ethanol (10% v) were used as reaction media and the rest of 
the experiment proceeded under identical conditions. For 
the preparation of EDTA (10% w/v) and ethanol (10% v/v) 
solutions, 20 g of ethylenediaminetetraacetic acid disodium 
salt (99.0% Sigma Aldrich) and 20 mL of ethanol (analytical 
grade, Sigma Aldrich) were dissolved in 200 mL of distilled 
water. In the case of  Na2S/Na2SO3 (0.35/0.25 M), 16.8 g 
of sodium sulfide hydrate  (Na2S·9H2O 98% Sigma Aldrich) 
and 6.3 g of anhydrous sodium sulfate  (Na2SO3 98% Sigma 
Aldrich) were dissolved in 200 mL of distilled water. The 
concentrations of  Na2S/Na2SO3 (0.35/0.25 M) and ethanol 
(10% v/v) were selected according to the optimal concen-
tration reported in literature of these sacrifice agents [47]. 
Regarding EDTA, a concentration of 10% w/v was used due 
to at higher concentrations the solubility of EDTA is limited.

The photocatalytic activity of the metal sulfides for the 
degradation of indigo carmine dye (indigo-5,5′-disulfonic 
acid disodium salt), was studied under irradiation of the 
same solar simulator used in the hydrogen evolution tests. 
For the experiment, 0.2 g of photocatalyst was dispersed in 
200 mL of a solution 30 ppm of indigo carmine and trans-
ferred into the glass reactor. The solution was kept under 
dark for 1 h to reach the adsorption equilibrium. After that, 
the illumination started, and the kinetic of the reaction was 
studied taking aliquots of the reactor every 30 min. The con-
centration of the colorant was determined using a UV–Vis 
spectrophotometer (Perkin Elmer, Lambda 35), analyzing 
the absorbance at 611 nm. In some of the results below, 
indigo carmine is abbreviated as IC.

3  Results and discussion

3.1  X‑ray diffraction

Figure 2 shows the X-ray powder diffraction patterns of 
the synthesized metal sulfides. The diffraction patterns of 
the samples are indexed to pyrite  FeS2 (JCPDS: 01-079-
0617), covellite CuS (JCPDS: 06-0464), and vaesite  NiS2 
(JCPDS: 01-089-7142). No additional peaks are observed, 
confirming the purity of the phases. Cubic  FeS2 and  NiS2 are 
isostructural phases with similar lattice constants, and their 
XRD patterns are very similar, while CuS crystallized in a 
hexagonal symmetry. Through the Scherrer equation, the 
crystallite size of the materials is estimated, taking the aver-
age of the 5 most intense peaks of each phase.  FeS2 shows 
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a crystallite size of 50 nm, while CuS and  NiS2 show 45 
and 22 nm, respectively. In a semiconductor photocatalyst, a 
higher crystallinity typically allows a better charge transport 
in the structure, reducing the recombination and increasing 
the efficiency of the photocatalytic reaction [48].

3.2  Scanning electron microscopy

Scanning electron microscopy images and EDS analysis 
of the samples are shown in Fig. 3a–f. The morphological 
exploration shows that the as-prepared sulfides are formed of 
agglomerates of particles. For the  FeS2 sample, polyhedral 
particles of ~ 676 ± 44 nm are observed; while in the case 
of CuS and  NiS2, irregular and spherical shaped particles of 
around ~ 783 ± 53 and 933 ± 68 nm are identified. These val-
ues represent an average particle size determined by count-
ing 300 particles using Image J software.

All the samples exhibit uniform morphology and particle 
size distribution, attributed to a controlled growth during the 
hydrothermal synthesis. A small particle size is favorable 
for the photocatalytic process, allowing a short transport 
distance of the photogenerated charges from the bulk to the 
surface, where the redox reactions take place [48]. An EDX 
analysis of the surface of the metal sulfides confirms the 
presence of iron, copper, nickel, sulfur, and carbon, in agree-
ment with the purity of the phases observed by XRD. The 

carbon signal is attributed to carbon tape, used to support 
the powder samples on the stainless steel SEM holder. The 
theoretical and experimental composition of the samples 
in atomic % determined by EDX is presented in Table 1. 
For the quantification, the carbon signal was not taken into 
account. According to these results, the atomic content of 
Fe, Cu, Ni, and S in the samples is in agreement with the 
theoretical atomic % in all the phases.

3.3  UV–Vis diffuse reflectance spectroscopy

The optical band gaps of the metal sulfides prepared by 
hydrothermal method are determined from the absorbance 
spectra (Fig. 4). From these curves, the band gap values were 
estimated. The values obtained for  FeS2, CuS and  NiS2, are 
1.4, 1.8, and 1.3 eV, respectively. These values are in good 
agreement with values reported in previous works [49–51]. 
As can be observed in Fig. 4, all the metal sulfides show 
high absorption in the visible region (400–800 nm). This 
is a desirable property in the photocatalysts since the solar 
spectrum is dominated by visible light (45%) [52]. The rela-
tively small band gaps of  FeS2, CuS, and  NiS2 (1.3–1.8 eV), 
imply that these materials can absorb much of the photons 
in the visible range and produce electron–hole pairs, which 
can participate in different redox reactions.

3.4  Physisorption analysis

Isotherms of  FeS2, CuS, and  NiS2, are presented in Fig. 5a–c. 
The pore size distribution is showed in the inset graph. The 
calculated specific surface areas of  FeS2, CuS, and  NiS2 are 
4, 3, and 14 m2  g−1, respectively, and their pore diameter 
values are 20, 17, and 23 nm. These values are presented in 
Table 2, along with a summary of the structural and opti-
cal properties of the materials. According to IUPAC recom-
mendation, materials having pore diameter in the range of 
2–50 nm are considered mesoporous and loop in adsorption 
desorption depends on types of pore [53, 54]. The loop for 
 FeS2 and  NiS2 is type IV which is characteristic for bottle-
neck pores, while for CuS the loop is type II, corresponding 
to capillary pores [55–58].

3.5  Photoluminescence analysis

Photoluminescence spectroscopy (PL) is a powerful tech-
nique to study the band gap energy, electronic structure, and 
defects in semiconductors [58]. The PL emission is associ-
ated with the recombination of an electron–hole pair, which 
liberates a photon. A higher PL emission intensity implies a 
higher recombination rate and short lifetime of the excitons 
[59]. Figure 6 presents the photoluminescence spectra of 
 FeS2, CuS, and  NiS2, obtained at room temperature. The 
materials present a strong emission centered at ~ 840, 692, 
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crystalline structure of a  FeS2, b CuS and c  NiS2
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and 825 nm for  FeS2, CuS, and  NiS2, respectively, related 
to the band to band transition occurring during the recom-
bination of the electron–hole pairs. According to this graph, 
 FeS2 exhibits the lower PL intensity, corresponding to a low 

Fig. 3  SEM and EDS analysis of a, b  FeS2, c, d CuS and e, f  NiS2

Table 1  Theoretical and experimental composition of the samples 
 FeS2, CuS, and  NiS2 determined by EDX

Material Elemental 
composition

Theoretical 
atomic %

Experimental atomic 
% determined by EDX

FeS2 Fe 33.3 30.8
S 66.7 69.2

CuS Cu 50.0 47.6
S 50.0 52.4

NiS2 Ni 33.3 31.5
S 66.7 68.5

(a) FeS2
(b) CuS
(c) NiS2

1.4 
1.8 
1.3  

Eg (eV)

1.0 1.2 1.4 1.6 1.8 2.0 2.2

).u.a(
ecnabrosb

A

hv (eV)

Fig. 4  Absorbance spectra of the hydrothermal synthesized samples 
(a)  FeS2, (b) CuS, and (c)  NiS2
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recombination rate.  NiS2 exhibits the highest recombination 
rate.  FeS2 is the material with the smallest average particle 
size (676 nm) and the highest crystallite size (50 nm), com-
pared to CuS and  NiS2. A small particle size reduces the 
diffusion path of the charge carriers to the surface, decreas-
ing the probability of recombination; while a high crystallite 
size indicates an appropriate crystal growth and a reduced 
amount of defects in the material, promoting a better charge 
transport and utilization [48]. Therefore, from this analysis, 
it is expected that  FeS2 and  NiS2 show the highest and lowest 
photocatalytic activity, respectively.

3.6  Electrochemical characterization

Electrochemical impedance spectroscopy analysis is per-
formed in this work to study the charge transfer properties 
in the semiconductors. Figure 7 presents the Nyquist plots 
obtained in dark conditions. From this figure, it is observed 
that the  FeS2 sample exhibits a larger radius of the main 
semicircle, followed by CuS, and the smallest semicircle is 
presented by  NiS2. These results suggest that  NiS2 exhibit 
a better electron transfer between electrode/electrolyte, 

compared to the other sulfides, considering that a small 
semicircle radius involves a faster charge transfer [60].

The Mott–Schottky plots (Fig. 8) of the samples show 
a positive slope, confirming the n-type conductivity of the 
metal sulfides. The flat band potential of the semiconduc-
tors,  Vfb, is estimated from the intercept at the x-axis of the 
linear fitting of the plot, and the donor density,  Nd, from the 
slope and the values are summarized in Table 3. From this 
analysis, it is observed that  FeS2 exhibits the more negative 
flat band potential (− 0.35  VRHE), followed by  NiS2 (− 0.32 
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tion of (a)  FeS2, (b) CuS and (c)  NiS2. The pore size distribution is 
included in the inset graph

Table 2  Summary of the structural, optical and textural properties of 
the photocatalysts

Sample Band gap 
(eV)

Average 
particle 
size (nm)

SBET 
 (m2 g−1)

Pore 
diameter 
(nm)

Crystallite 
size (nm) 
D

FeS2 1.4 676 4 20 50
CuS 1.8 783 3 17 45
NiS2 1.3 933 14 23 22
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Fig. 6  Photoluminescence spectra of a  FeS2, b CuS and c  NiS2
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 VRHE) and CuS (− 0.20  VRHE). The flat band potential is 
related to the photocatalytic activity of the material, and a 
more negative value implies a higher capacity of the mate-
rial to perform the separation of the photogenerated charges 
[61].

The donor density in the samples varies from 1.27 × 1017 
and 1.20 × 1017 (for  FeS2 and  NiS2, respectively) to 
5.63 × 1019 (for CuS). A higher donor density involves 

a major concentration of carriers in the sample and an 
enhanced conductivity, which is positive for the effective 
transport and utilization of the charges in the photocatalytic 
processes [62].

According to the values obtained of the charge car-
rier concentration, the expected activity should be: 
CuS > FeS2 > NiS2, but taking in account the estimated flat 
band potential values, the predicted catalytic activity should 
follow the tendency:  FeS2 > NiS2 > CuS.

However, even when CuS exhibit the highest charge car-
rier concentration compared to  FeS2 and  NiS2, as it will be 
shown in the “Photocatalytic activity” section, the more 
negative value of the flat band potential in iron and nickel 
sulfides seems to play a more determinant role in the charge 
separation and transport processes, promoting a higher activ-
ity in  FeS2. In the case of  NiS2, the activity is limited due 
to the low potential value of the valence band, making the 
 NiS2 susceptible to be oxidized by the photogenerated holes, 
which diminishes the overall photocatalytic efficiency.

Cyclic voltammetry studies were performed to evaluate 
the activity for the hydrogen evolution reaction (HER) of 
the samples in dark conditions without sacrificial agents 
(Fig. 9). The curve of the carbon paper used as substrate 
is included for reference. As can be observed in this fig-
ure, the  FeS2 and CuS electrodes show negligible current in 
the cathodic scan until about the onset of the HER reaction 
(− 0.34  VRHE) (see Fig. S1, in Supporting information for 
more details of the calculation of the onset potential). The 
cyclic voltammetry analysis show the suitability of these 
materials to work as electrocatalysts for the (HER), and there 
is no large difference in their activity. The onset potential of 
the metal sulfides developed in this work (− 0.34  VRHE) is 
quite high compared to  MoS2 (− 0.16  VRHE) [63], a material 
with high activity for HER. However, as the  FeS2, CuS, and 
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Table 3  Properties of the semiconductors estimated from Mott–
Schottky analysis

Material Conductivity 
type

Flat band potential 
 Vfb  (VRHE)

Donor 
density  Nd 
 (cm−3)

FeS2 N − 0.35 1.27 × 1017

CuS N − 0.20 5.63 × 1019

NiS2 N − 0.32 1.20 × 1017
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 NiS2 are cheap and abundant materials they might still be 
interesting materials in the search for platinum group metal 
(PGM) free catalysts for HER [64, 65]. Moreover, the activ-
ity of these materials for HER can be further improved by 
e.g. changing the material structure.

For the  NiS2 sample it is clear that a negative current 
(i.e. a reduction reaction) starts already at positive potentials 
(about 0.2  VRHE in the cathodic scan). As this potential is 
more positive than the required for HER (0  VRHE), this cur-
rent must originate from a reduction reaction in the electrode 
material, i.e. the  NiS2. The curves presented in Fig. 9 cor-
respond to the cycle 10 of the cyclic voltammetry measure-
ment of every sample. The rest of the samples are included 
in Supporting Information (Fig. S2). The successive cyclic 
voltammetry scans show the electrochemical stability of the 
samples after several cycles.

3.7  Photocatalytic activity

3.7.1  Hydrogen evolution

Figure 10 presents the potentials of the conduction and 
valence bands of the metal sulfides compared with the poten-
tials of reduction and oxidation of water. As can be observed 
in this figure, all the materials are active under visible light 
and exhibit a conduction band more negative than 0  VRHE. 
Therefore, they are able to perform the reduction of water. 
From this diagram, a more negative potential of the conduc-
tion band promotes a higher rate of the water reduction reac-
tion. The valence bands of  FeS2 and CuS are very near and 
more positive than 1.23  VRHE, respectively. For the oxygen 
evolution reaction (OER) a minimum theoretical potential 
of 1.23  VRHE is required, however, experimentally, an over-
potential is required.

In the case of  NiS2, the valence band is less positive than 
the oxidation potential of water. Due to this, the  NiS2 should 
not be able to perform the oxidation of water.

The photocatalytic hydrogen evolution over the metal 
sulfides under simulated solar irradiation is presented in 
Fig. 11. As can be seen in this figure, the materials show a 
constant hydrogen production. The  H2 evolution rates, cal-
culated from the slope of the plot, are 32, 14, and 8 µmol 
 g−1 h−1 for  FeS2, CuS, and  NiS2, respectively.  FeS2 exhibits 
the largest crystallite size (50 nm), the smaller particle size 
(676 nm), the most negative value of the flat band potential 
(− 0.35  VRHE), and the lowest recombination in the photolu-
minescence analysis. These features should give this mate-
rial an enhanced charge separation and transport, leading 
to a higher photocatalytic efficiency. The lowest activity is 
presented by  NiS2, which could be associated with the oxida-
tion of this semiconductor, as discussed in the electrochemi-
cal section.

Figure 10 also includes the oxidation potentials of three 
different sacrificial reagents: an inorganic salt  (Na2S/
Na2SO3), an organic acid (EDTA), and an alcohol (ethanol), 
which are employed in the tests for the photocatalytic hydro-
gen evolution to evaluate the effect on the catalytic activity. 
The values of the oxidation potential of the sacrificial rea-
gents were taken from the work of Wang et al. [66], where 
cyclic voltammetry studies were performed to estimate these 
values from the oxidation peak. The anodic peak is related to 
the first step in the oxidation of the organic molecule.

The three sacrificial reagents have an oxidation poten-
tial less positive than water, so the photogenerated holes 
participate in the oxidation of these compounds, while the 
electrons are available to perform the reduction of water. In 
this way, the recombination of charges is reduced.

The results of the photocatalytic activity of the metal 
sulfides in the presence of  Na2S/Na2SO3, EDTA, and etha-
nol are shown in Fig. 11. As observed in this figure, when 
using  Na2S/Na2SO3 as sacrificial reagent, the activity for  H2 
evolution increases more than 15 times compared to pure 
water. The use of EDTA increases the activity of the materi-
als more than 6 times, and the lower enhancement effect is 
produced by ethanol, which promotes an increase by only 3 
times. These results suggest that the higher hydrogen evolu-
tion rate promoted by  Na2S/Na2SO3 is associated with the 
lower oxidation potential compared to EDTA and ethanol. 
These results are summarized in Fig. 12 and Table 4.

A mechanism of the photocatalytic reaction in the pres-
ence of the sacrificial reagents is presented in Fig. 13. The 
reactions presented in this figure are based in mechanisms 
reported by several authors [66–68]. According to this, after 
the irradiation of the metal sulfide with simulated solar irra-
diation and the generation of the electron–hole pairs, the 
electrons participate in the reduction of protons to evolve 
hydrogen gas. The holes are used in the oxidation of the 
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sacrificial agents, reducing the recombination of the pho-
togenerated charges and improving the photocatalytic activ-
ity. From this, we suggest the oxidation is the limiting step 

from the reaction. Thus, adding a sacrificial agent that is 
easier to oxidize than water increase the hydrogen evolution 
efficiency.

3.8  Degradation of indigo carmine dye

The metal sulfides are also evaluated in this work for the 
photocatalytic degradation of indigo carmine.

In photocatalytic degradation, commonly the active spe-
cies are electrons, holes, hydroxyl (·OH) and superoxide 
 (O2

·−) radicals. In Fig. 14 we present the CB and VB ener-
gies of the metal sulfides compared to the required potential 
to generate the radicals  O2

·− (− 0.046  VRHE) and ·OH (1.99 
 VRHE) [69]. According to this diagram, the sulfides should 
be capable of producing  O2

·− radicals, and along with the 
photogenerated electron and holes, we suggest they are the 
main species involved in the degradation of indigo carmine 
dye. We also include in this diagram the potentials of oxida-
tion (0.84  VRHE) and reduction (0.25  VRHE) of indigo car-
mine dye at pH 7 [70]. From this Figure, the oxidation and 
reduction of the indigo carmine molecule is factible over the 
studied photocatalysts.

Figure 15a shows the change in the concentration of the 
dye and Fig. 15b shows In(C0/C) as a function of the time 
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Fig. 11  Photocatalytic hydrogen evolution over a  FeS2, b CuS, and c 
 NiS2, under simulated solar irradiation and using different sacrificial 
reagents

Fig. 12  Average hydrogen evolution over the metal sulfides studied in 
this work in pure water and in the presence of three different sacrifi-
cial reagents

Table 4  Summary of the hydrogen evolution rate over the metal 
sulfides  FeS2, CuS, and  NiS2 in the presence of different sacrificial 
agents

Sacrificial agent Hydrogen evolution rate (µmol g−1 h−1)

FeS2 CuS NiS2

Water 32 14 8
EDTA 260 89 55
Ethanol 86 29 26
Na2S/Na2SO3 636 207 149
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of irradiation.  FeS2 exhibits 88% of indigo carmine degra-
dation under visible light, followed by CuS (78%) and  NiS2 
(51%). The catalytic activity for indigo carmine degradation 
shows the same tendency compared to the hydrogen produc-
tion:  FeS2 > CuS > NiS2, also adjudicating the higher activity 
of  FeS2 to its higher crystallinity, lower particle size, and 
lower recombination, promoting an enhanced charge carrier 
dynamics of separation, migration, and utilization, and an 
improved photocatalytic activity. Table 5 summarizes the 
percentages and rate constants of degradation obtained from 
the photocatalytic tests.

A mechanism of the photocatalytic degradation of indigo 
carmine is presented in Fig. 16. In the proposed mechanism, 
the metal sulfides are excited with visible light and pho-
togenerated charges (electron and hole) migrate from the 
bulk to the surface of the photocatalyst. After that, the elec-
trons react with the dissolved oxygen in the solution, leading 
to the formation of superoxide radicals. Superoxide radicals 
attack the organic dye, promoting its oxidation for obtaining 
derived low molecular weight molecules.

According to Fig. 14, in  FeS2 and CuS the photogenerated 
holes lack from the required potential to produce hydroxyl 
radical. Therefore, the holes oxidize water molecules to pro-
duce  O2, which is reduced by electrons to form additional 
superoxide radicals that participate in the oxidation of the 
organic dye. In the case of  NiS2, the electrons in the conduc-
tion band have the potential to produce superoxide radicals 
and promote the degradation of the indigo carmine dye, but 
the holes in the valence band are not able to oxidize water. 
In this case, the holes produced from the photoexcitation 
oxidize  NiS2.

4  Conclusions

In this work, we obtained the pure phases of  FeS2, CuS, 
and  NiS2 at low temperature and short time (150 °C for 4 h) 
through a low-cost and green hydrothermal method, without 
post-annealing or purification steps. We studied integrally 
the correlation among the structural, optical, textural, and 
electrical properties of the metal sulfides and their photo-
catalytic activity for hydrogen evolution and the degradation 
of indigo carmine dye.

FeS2 exhibited the highest activities for hydrogen evo-
lution (32 µmol  g−1 h−1) and indigo carmine degradation 
(88%), followed by CuS and  NiS2. The high activity of  FeS2 

Fig. 13  Process of a photoex-
citation and b mechanism of 
photocatalytic hydrogen evolu-
tion over  FeS2, CuS and  NiS2 
in the presence of sacrificial 
reagents, and under simulated 
solar irradiation
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was attributed to a higher crystallite size, smaller particle 
size and lower recombination, which promoted an enhanced 
charge separation, transport, and utilization. Additionally, 
three different sacrificial reagents  (Na2S/Na2SO3, EDTA, 
and ethanol) were studied for the hydrogen evolution reac-
tion over the metal sulfides.

From the analysis of the energy band diagram we pro-
posed that the lower oxidation potential of  Na2S/Na2SO3 
improved the kinetics and yield of the reaction of hydrogen 
evolution in a higher proportion (15 times) than the other 
sacrificial reagents.
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Table 5  Summary of the photocatalytic activity for indigo carmine 
degradation over the metal sulfides  FeS2, CuS, and  NiS2

Material % Degradation of indigo car-
mine

Rate 
constant
k × 10−3 
 (min−1)

FeS2 88 8
CuS 78 6
NiS2 51 3
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The results presented here demonstrated the effect of 
three different sacrificial agents (an inorganic salt, an organic 
acid, and an alcohol) on the photocatalytic activity of the 
metal sulfides, according to the oxidation potential of the 
compounds. This approach can be applied along with other 
strategies (for example, the modification of the morphol-
ogy, doping, formation of heterostructures, etc.) to further 
improve the efficiency of the hydrogen evolution reaction 
over these materials.

Moreover, the use of the sacrificial agents studied in 
this work can be extended not only to other sulfides and 
chalcogenides, but to semiconductors of different nature, 
including oxides, nitrides, etc. The complete characteriza-
tion performed on the materials highlights their potential 
application not just in photocatalytic processes, but also for 
photovoltaic, electrochemical and optoelectronic devices.

The results obtained in this work indicated that  FeS2, CuS 
and  NiS2 are efficient alternative photocatalysts that can be 
employed in technological systems for hydrogen evolution 
from water splitting and the treatment of effluents containing 
indigo carmine and other similar dyes.
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