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Abstract
Separation of photogenerated electrons from holes is an important factor that increases hydrogen evolution rate in the water 
splitting reaction. This recombination prevention can be achieved by co-catalyst’s deposition onto the semiconductor mate-
rial’s surfaces. In this contribution, synthesis of mesoporous C3N4 of graphite-like structure by a combustion technique 
employing high mesoporous silica as a template has been achieved. Subsequently, NiS nanoparticles were decorated as 
g-C3N4 nanosheets at various NiS contents (5–20%). the photocatalytic efficiency of the prepared NiS/g-C3N4 nanocom-
posites was investigated and compared with those of pure NiS and g-C3N4 for evolution of hydrogen using glycerol as a 
scavenger upon visible light illumination. The findings indicated that the content of deposited NiS nanoparticles onto g-C3N4 
is significant in the enhancement of the photocatalytic response of g-C3N4. 15% NiS/g-C3N4 nanocomposite is the optimized 
photocatalyst and its photocatalytic activity is larger than both NiS and g-C3N4 by about 48 and 114 times, respectively. 15% 
NiS/g-C3N4 nanocomposite has photocatalytic stability up to five times. The enrichment of the photocatalytic efficiency of 
NiS/g-C3N4 photocatalyst could be attributed to the presence of NiS nanoparticles as co-catalyst, which enables efficient 
charge carrier separation of g-C3N4, mesostructure, large surface area and narrow band gap.
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Introduction

The growing energy demand prompted scientists to explore 
venues of producing fuels from chemical transformations 
instead of depending on the limited supplies found in nature. 
A widely explored reaction in this regard is the hydrogen 
production by splitting of water with and without scaven-
gers. The ample presence of water brings an appeal to this 

reaction; however, thermodynamic restrictions motivated 
people to look for ways to overcome those restrictions. A 
widely followed principle to overcome the nonspontaneity 
barrier (237 kJ/mol) is to employ a catalyst capable of har-
vesting the natural energy of the sun. This principle can also 
be exploited in many chemical reactions (Ismail and Bahne-
mann 2014; Ye et al. 2015). Most metal and nonmetal oxides 
require substrates and band gap tuning to achieve activity in 
the visible wavelength regime. Then there are questions of 
stability and environmental suitability (Li et al. 2015; Chen 
et al. 2012). Graphitic carbon nitrides (g-C3N4) are class of 
materials that show promising applications. This is because 
of their covalent bonding structure which brings about sta-
bility and the medium band gap structure that allows appli-
cation in the visible spectrum range. The ability to easily 
dope and incorporate metal oxides and other compounds 
or atoms within the structure of g-C3N4 opens up possibili-
ties of large improvements in the catalytic efficiency of the 
material. Several approaches were explored to synthesize the 
g-C3N4 nanosheets with and without incorporation of other 
materials (Dong et al. 2014; Ganesh Babu et al. 2015; Raza 
et al. 2017; Mozaffari et al. 2017a, b; Prakash et al. 2018; 
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Misra et al. 2015, 2017; Singh et al. 2017, 2016; Tyagi et al. 
2016; Du et al. 2018; Lin et al. 2017; Mai et al. 2017; Jin 
et al. 2014; Bao and; Chen 2017; Liu et al. 2015; Peng et al. 
2014). The use of g-C3N4 in catalytic reactions has been 
widely explored, for example, liberation of 842 µmol/h/g 
H2 from splitting of water was achieved upon illumination 
under visible light using crumpled Cu2O-g-C3N4 nanosheets 
(Anandan et al. 2017). In another example, a significant 
improvement in H2 production was achieved by incorporat-
ing TiO into the C3N4 nanosheets (Hafeez et al. 2018).

Nickel sulfide (NiS) is an interesting material that has 
been used in different potential applications such as catalysis 
and photocatalysis, electrodes and capacitors and solar cells 
(Kristl et al. 2017; Luo et al. 2017, 2018; Yang et al. 2018; 
Liua et al. 2018; Wen et al. 2017). Its favorable properties 
prompted researchers to incorporate its various forms into 
g-C3N4 nanosheets. Wen et al. examined the incorporation 
of g-C3N4, carbon black and NiS in amorphous phase to 
form composite g-C3N4 nanosheet-carbon black-NiS photo-
catalyst. The produced hydrogen production rate was found 
to be 992 µmol/g/h upon illumination under visible light 
in the reaction of water splitting (Wen et al. 2015). The 
approximate hydrogen evolution rate of 16,400 µmol/g/h 
was received using loading percent 0.76 wt% of NiS onto 
g-C3N4 (Zhao et al. 2018). Urea pyrolysis and ion exchange 
procedures were employed to produce an efficient g‑carbon 
nitride/NiS photocatalyst for hydrogen evolution (Chen et al. 
2014). A one-pot preparation of NiS/g-C3N4 heterojunction 
was obtained and evaluated for water splitting and it exhib-
ited 29.68 µmol/g/h of H2 production rate (Hea et al. 2018). 
In this contribution, decoration of mesoporous graphite-like 
C3N4 nanosheets by NiS nanoparticles at varied contents 
(5–20%) have been developed for hydrogen production 
using glycerol as a scavenger upon visible light illumina-
tion. The findings indicated that 15% NiS/g-C3N4 is the opti-
mized photocatalyst and its photocatalytic activity is greater 
than both pure g-C3N4 and NiS by about 114 and 48 times, 
respectively.

Experimental

Synthesis of NiS nanoparticles/mesoporous g‑C3N4

Dicyandiamide and urea were purchased from Sigma-
Aldrich. In an effort to achieve high surface area g-C3N4, 
mesoporous silica (HMS) with large surface area (ca. 
500–1000 m2/g) and the pyrolysis of urea and dicyandiamide 
in air was employed. Detailed procedure of the HMS produc-
tion can be found elsewhere (Mohamed and Aazam 2011). 1 
g of HMS was added in distilled water (50 mL) with 30 min 
sonication. 5 g urea and 3 g of dicyandiamide were gradu-
ally added to the above solution with continuous agitation 

at a temperature of 80 °C until completely dissolved. Excess 
water was removed by drying at 80 °C over night. This was 
followed by 4 h calcination at 550 °C. Finally, the product 
was immersed in 2 M NH4HF2 solution (50 mL) with vig-
orous stirring for 24 h to eliminate the hard HMS template. 
The delivered material was washed and cleaned many times 
using water to get rid of any adsorbed contaminants onto 
the surface of the synthesized g-C3N4 photocatalyst; after-
ward the pure and cleaned g-C3N4 was subjected to drying 
at about 100 °C for 12 h. On the other hand, NiS nanoparti-
cles were fabricated using a hydrothermal process in which 
0.16 g of nickel nitrate hexahydrate and 0.12 g of thiourea 
were added and dissolved in 30 mL distilled water. The mix-
ture was agitated for 0.5 h and the resultant colloidal suspen-
sion was removed and kept in a Teflon-lined autoclave at 
200 °C for 10 h. The produced precipitate was gathered and 
cleaned several times using distilled water and kept over-
night in a drier at 110 °C. The decoration of mesoporous 
g-C3N4 nanosheet by NiS nanoparticles was prepared using 
a hydrothermal method, which involved 30 min sonication 
of synthesized g-C3N4 in 30 mL of distilled water followed 
by addition of 0.16 g of nickel nitrate hexahydrate and 0.12 g 
of thiourea to the aqueous solution slowly with agitation for 
1 h. The mixture then was kept in Teflon-lined autoclave 
at 200 °C for 10 h. The produced precipitate was gathered 
and washed several times using ethanol and distilled water 
and dried under vacuum for 12 h at 80 °C. Many series of 
NiS/g-C3N4 nanocomposites having various NiS wt% were 
prepared and designated the label X wt% NiS/g-C3N4, where 
X is the weight percentage of NiS.

Characterization

Morphology and microstructure were investigated via 
JEOL-JEM-1230 transmission electron microscope (TEM). 
A Chromatech apparatus of Nova 2000 series was utilized 
investigate the texture properties of the prepared specimens 
by applying N2-adsorption measurements. Bruker axis D8 
XRD instrument was used to determine the crystalline 
phase. A Shimadzu RF-5301 fluorescence spectrophotom-
eter was used to record photoluminescence emission spec-
tra (PL). Band gap values were derived from UV–visible 
diffuse reflectance spectra using UV–Vis–NIR spectropho-
tometer (V-570, Jasco, Japan).Transient photocurrent meas-
urements were conducted by deposition of the prepared sam-
ples onto conducting glass Indium–tin–oxide slices (ITO) 
(1.0 × 1.0  cm) that were chemically cleaned in various 
steps. Zahner Zennium’s electrochemical workstation was 
employed to record the photocurrent intensity.
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Photocatalytic tests

In the hydrogen evolution reaction, a known weight of the 
photocatalyst was dispersed into 450 mL 10% vol glycerol 
as a scavenger/H2O. The photoreaction system was sealed 
and the experiments were performed at atmospheric pres-
sure and room temperature. A quartz-jacketed cooler was 
used to prevent the lamp heat from affecting the reaction. 
After 15 min sonicated dispersion, the slurry was N2 aer-
ated for 30 min. The reaction mixture was illuminated by 
visible light-generated 500 W Xenon lamp. The produced 
hydrogen was investigated via gas chromatography system 
(Agilent GC 7890A) using N2 gas as carrier. Illumination 
in the absence of the photocatalyst and a reaction without 
illumination were carried out to ensure that the reaction does 
not go forward without these conditions.

Results and discussion

Material’s investigations

Figure 1 exhibits XRD diffractograms of the synthesized 
NiS/g-C3N4, NiS, g-C3N4 nanocomposites. The diffraction 
peak at 27.4° confirms the existence of g-carbon nitride 
sheets (JCPDS 87-1526), the pattern also reveals that the 
addition of NiS decreases the peak intensity of the g-C3N4 
sheet. Diffraction peaks for NiS (JCPDS 77-1624) appear for 
10, 15, and 20 wt% of the added NiS, but not at 5 wt%. This 
could be referred to the low NiS content and/or the good NiS 
dispersion onto the g-C3N4 surface. No ambiguous peaks in 
the XRD patterns were noticed proving that NiS and g-C3N4 
sheets form a heterojunction nanocomposite.

The FTIR spectra of NiS/g-C3N4 nanocomposites, pure 
NiS and g-C3N4, are depicted in Fig.  2. The peak was 
assigned at 808/cm for NiS/g-C3N4 nanosheets and pure 
g-C3N4 as a result of the feature triazine units stretching 
mode. Also, there were five absorption peaks at 1243, 1322, 
1408, 1581 and 1633/cm. They are referred to the typical 
CN-heterocyclic stretching mode (Kumar et al. 2013; Zhang 
et al. 2012). The spectra also show that the peak intensity of 
pure pg-C3N4 reduces with the boost of NiS content. Pure 
NiS was assigned at absorption peak at about 664/cm and 
it appears that the broad peak of pure NiS declined with 
increasing g-C3N4 contents which exhibited that the NiS/g-
C3N4 nanosheets were formed.

Figure 3 illustrates the XRS spectra for the 15% NiS/g-
C3N4 nanocomposite. The wide XPS survey scan spec-
trum of 15% NiS/g-C3N4 nanocomposite confirms the 
presence of Ni, S, C, and N and in the sample as shown in 
Fig. 3a. The high-resolution spectra for Ni, S, C, and N are 
depicted in Fig. 3b–e. The two main peaks were assigned 
at Ni 2p3/2–853.1 eV and Ni 2p1/2–860.3 (Fig. 3b); this 
could be explained by existing Ni2+ ions in the prepared 
nanocomposites. It is worth mentioning that these are 
smaller than previously mentioned values of 856.2 and 
862.1 eV (Cheng et al. 2017; Chen et al. 2015), which 
confirm the interaction between NiS and g-C3N4. Figure 3c 
exhibited two peaks at S 2p3/2 and S 2p1/2 peaks detected 
at 162.2 and 163.4 eV, respectively, confirming the exist-
ence of sulfur species in the sample (Meng et al. 2013). 
These peaks look broad indicating the correlation between 
NiS and g-C3N4. Figure 3d displayed two main peaks at 
C1S ~ 287.9 and C1S ~ 284.6 eV, revealing the existence of 
sp2 C connected to N in the N-consisting aromatic rings 
and sp2 C–C bonds (Wang et al. 2016; Khan et al. 2018). 
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N1S peaks appear at 398.3 eV as shown in Fig. 3 E, con-
firming sp2-hybridized of the N atom. All these evidences 
confirm the composition of the graphitic carbon nitride 
(Hou et al. 2014).

Figure 4 exhibits TEM images of pure NiS nanoparticles 
and 15% NiS/g-C3N4 nanocomposite. TEM image in Fig. 4a 
reveals NiS nanoparticle structure with particle size in range 
of 25–40 nm. Figure 4b exhibits g-C3N4 sheet structure. Fig-
ure 4c shows the TEM image of 15% NiS/g-C3N4 sample; 
NiS particles are highly dispersed onto g-C3N4 sheet and 
decorated with spherical shape about 10 nm. Figure 5 shows 
HRTEM image for NiS@ pg-C3N4 nanocomposite sample. 
The results reveal that NiS is high dispersed on surface of 
pg-C3N4. The presence of lattice spacing of 0.201 nm and 
0.321 nm for (102) plane and for (002) plane, respectively, 
confirms the presence of NiS and pg-C3N4, respectively. 
Therefore, HRTEM reveals an intimate interface between 
pg-C3N4 and NiS.

Figure 6 illustrates the N2 adsorption–desorption isotherm 
of pure NiS, g-C3N4 and 15% NiS/pg-C3N4. According to 
IUPAC classification these correspond to isotherm types II, 
IV and IV, respectively, which confirms that mesoporous 
characteristics of g-C3N4 remain unchanged even after depo-
sition of NiS on its surface (Fig. 5b, c). The surface areas 
of pure NiS nanoparticles, g-C3N4 and NiS/g-C3N4 nano-
composites are summarized in Table 1. The obtained results 
indicated that the specific area of pure g-C3N4 (120 m2/g) 
prepared by procedures in this paper is significantly higher 
than values reported earlier (Chen et al. 2017). A major rea-
son for the surface area enhancement could be the use of 
HMS as starting material as reported in the “Experimental” 
section.

The UV–Vis spectra of pure NiS, g-C3N4, and NiS/g-
C3N4 nanocomposites at varied NiS contents are depicted 
in Fig. 7. The obtained results reveal that all the prepared 
samples harvest visible light. The values of the band gap 

Fig. 3   XRS spectra for 15 
wt% NiS/pg-C3N4 nanocom-
posite, where a XPS survey 
scan spectrum of 15 wt% NiS/
pg-C3N4 nanocomposite, b 
high-resolution XPS spectra 
of Ni2p, c high-resolution XPS 
spectra of S2p, d high-resolution 
XPS spectra of C1s, and e high-
resolution XPS spectra of N1s
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determined from UV–Vis spectra and the data collected 
are shown in Table 1. The results indicated that NiS weight 
percentage is extremely significant in the obtained band 
gap values of pg-C3N4. In general, higher weight percent of 
incorporated NiS nanoparticle onto pg-C3N4 leads to lower 
value of the band gap of the produced nanocomposites.

Application of the H2 evolution reaction

The prepared nanocomposite’s photocatalysis has been per-
formed and contrasted with pure NiS and g-g-C3N4 for evo-
lution of hydrogen upon illumination applying visible light 
with maintaining the following reaction conditions: 500 W 
Xe lamp as light origin, 1.5 g/L photocatalyst loading, 
450 mL volume of solution containing 10 vol% glycerol and 
9 h illumination time at room temperature. Figure 8 shows 
the influence of NiS weight percent (5–20 wt%) /g-C3N4 

nanosheets on hydrogen evolution quantity compared with 
pure NiS and g-C3N4. These findings reflected that hydrogen 
evolution quantity of pure g-C3N4 nanosheets and NiS nano-
particles is 210 and 500 µmol/g, respectively. The use of 5, 
10, 15, and 20 wt% NiS/g-C3N4 photocatalysts in the photo-
reaction generates H2 evolution of 11,000, 15,000, 24,000 
and 24,500 µmol/g, respectively. This can be directly attrib-
uted to the decrease in the band gap values, large area, highly 
separation of charge carriers and can decrease the crystallite 
size of g-C3N4 nanosheets by addition of NiS nanoparticles. 
Increasing the photocatalyst loading of the 15 wt% NiS/g-
C3N4 positively affects the yield of the reaction up to a cer-
tain loading after which the yield starts to decline with the 
increase of the amount of photocatalyst added to the reac-
tion mixture. Figure 9 displayed that the hydrogen evolu-
tion boosted to 11,000, 15,000 and 24,000 µmol/g with the 
increase the photocatalyst loading 0.5–1.5 g/L, respectively. 

Fig. 4   TEM images for NiS (a), g-C3N4 (b) and 15 wt% NiS/pg-C3N4 nanocomposite (c) samples



1592	 Applied Nanoscience (2018) 8:1587–1596

1 3

These results could be explained by increase in numerous 
active sites on the surface of 15% NiS/g-C3N4 photocatalyst. 
When the photocatalyst loading was boosted above 2.0 g/L, 
the hydrogen evaluation quantity declined to 14,000 µmol/g. 
This might be attributed to a reduction in penetration of light 
owing to high photocatalyst loading particles in suspension 
solution (see Table 2).

Our results were confirmed by conducting PL meas-
urements and transient photocurrent responses. Pl spec-
tra show that g-C3N4 has high-emission Pl intensity and 
the decoration of NiS nanoparticles onto g-C3N4 surface 
reduces the emission PL intensity (Fig. 10). PL emission 
intensities are ordered as follows: g-C3N4 > 5% NiS/g-
C3N4 > 10% NiS/g-C3N4 > 15% NiS/g-C3N4 > 20% NiS/
g-C3N4. Although NiS nanoparticles have low band gap 
value (2.17 eV), they have a high-emission PL intensity. 
Thus, the rate of the recombination of charge carriers in 
the case of NiS is very fast and NiS has low photocata-
lytic activity; however, incorporation renders an efficient 
photocatalyst as it is obvious in the photocatalytic activity Fig. 5   HRTEM image for NiS@ pg-C3N4 nanocomposite sample
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section. Figure 11 shows transient photocurrent responses. 
g-C3N4 has low photocurrent density, but the deposition of 
NiS on its surface increases photocurrent density. Photo-
current density of the composites is arranged: g-C3N4 < 5 
wt% NiS/g-C3N4 < 10 wt% NiS/g-C3N4 < 15 wt% NiS/g-
C3N4 < 20 wt% NiS/g-C3N4. It is observed that the photo-
catalytic performance of the prepared nanocomposites is 
consistent and matched with PL measurements.

Plausible mechanism of NiS/g‑C3N4 nanocomposite

In an effort to explain hole–photoelectron separation 
between NiS nanoparticles and g-C3N4 nanosheets, the band 
energy levels could be calculated as in Table 3 as follows:

 where EVB and ECB are the valence and conduction bands, 
respectively, Eg is the band gap value collected from 
optical measurements, X is the absolute semiconductor 

(1)ECB = X − 0.5 Eg + E0

(2)EVB = Eg + ECB,

Table 1   BET surface area and band gap energy of pg-C3N4 and 
NiS@pg-C3N4 samples

Samples SBET, (m2/g) Band gap (eV)

pg-C3N4 120 ± 2 2.67 ± 0.1
5 wt% NiS@pg-C3N4 110 ± 2 2.61 ± 0.1
10 wt% NiS@pg-C3N4 100 ± 2 2.53 ± 0.1
15 wt% NiS@pg-C3N4 90 ± 2 2.41 ± 0.1
20 wt% NiS@pg-C3N4 80 ± 2 2.21 ± 0.1
Pure NiS 30 ± 2 2.17 ± 0.1
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Fig. 7   UV–Vis spectra of NiS, pg-C3N4, and NiS/pg-C3N4 nanocom-
posites

Table 2   Comparison of photocatalytic activity of the present work on 
NiS@pg-C3N4 photocatalyst and previous published work

NiS wt% content Hydrogen production 
(µmol/g/h)

References

0.76 16,400 Zhao et al. (2018)
1.5 44.77 Chen et al. (2014)
3.0 116. µmol g− 1 h− 1 Chen et al. (2017)
5.0 29.681 Hea et al. (2018)
15 24,0001 This work
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electronegativity and E0 is a measuring the redox level ver-
sus normal hydrogen electrode to the absolute vacuum scale 
(E0 = − 4.5 eV).

As we stated earlier g-C3N4 has a narrow band gap value, 
thus could be easily excited by low energy. Upon illumi-
nation, pure g-C3N4 photogenerated electrons flow from 

valance band to the conduction band. However, in case of 
NiS/g-C3N4 nanocomposite, the conduction band of NiS is 
more positive, hence NiS traps the excited electrons achiev-
ing the much desired charge carrier separation. Moreover, 
introducing NiS nanoparticles onto g-C3N4 nanosheets 
increases the numerous active sites on the surface of NiS/g-
C3N4 photocatalyst and enhances the photocatalytic activ-
ity and accelerates the evolution of H2. A third factor that 
increases the overall efficiency of the reaction is hole scav-
enging action by the presence of glycerol in the reaction 
solution; this process produces a proton that further reduces 
a recombination of charge carriers to generate H2 again.

To explore the stability of the prepared photocatalyst, 
reuse and recycling of 15 wt % NiS/pg-C3N4 photocatalyst 
on hydrogen evaluation quantity was conducted under the 
following conditions: 500 W Xe lamp as light source, 2 g/L 
photocatalyst loading, 450 mL volume of solution contain-
ing 10 vol% glycerol and 7 h illumination time at room tem-
perature. Figure 12 revealed that 15% NiS/pg-C3N4 photo-
catalyst is well stable and highly efficient without loss in the 
hydrogen production even after repeating five times.

Conclusions

g-C3N4 nanosheets were prepared by a facile combustion 
approach in presence of high mesoporous silica as a tem-
plate. Subsequently, decoration of g-C3N4 nanosheet by NiS 
nanoparticles was performed by a hydrothermal process. 
Deposition of NiS on surface of g-C3N4 sheets decreases 
the band gap value of g-C3N4 sheets, hinders electron–hole 

440 460 480 500 520 540 560 580 600

 NiS
 20 wt % NiS/pg-C3N4

 15 wt % NiS/pg-C3N4

 10 wt % NiS/pg-C3N4

 5   wt % NiS/pg-C3N4

 pg-C3N4

In
te

ns
ity

, a
.u

. 

Wavelength,nm
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Table 3   The electronegativity, band gap, conduction band edge and 
valance band edge potential of the catalysts on normal hydrogen elec-
trode

Semiconductor χ, eV Eg, eV ECB, ev EVB, ev

pg-C3N4 4.73 2.67 − 1.105 + 1.565
Pure NiS 5.23 2.17 + 0.296 + 2.466

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

24000

3r
d 

Ev
ol

ve
d 

Hy
dr

og
en

 (µ
m

ol
 g

-1
)

1s
t

2n
d 

4t
h

5t
h 

Number of  runs

Fig. 12   Recycling and reuse of 15 wt% NiS/pg-C3N4 photocatalyst 
on amount of hydrogen evaluation under the following conditions: 
500 W Xe lamp as light source, 2 g/L photocatalyst loading, 450 mL 
volume of solution containing 10 vol% glycerol and 7 h illumination 
time at room temperature
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recombination. Highest amount of hydrogen evolution 
(24,000 µmol/g) was produced using 15 wt % NiS/g-C3N4 
photocatalyst and 2.0 g photocatalyst loading for 7 h irra-
diation time at room temperature. The amount of evolved 
hydrogen using NiS/g-C3N4 is greater than pure NiS nano-
particles and g-C3N4 sheets, due to synergetic effect NiS 
and g-C3N4. NiS/g-C3N4 is well stable and highly efficient 
without loss in the hydrogen production even after repeating 
five times.
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