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Abstract 
Selective growth of cocatalyst on the surface of photocatalyst has been attracted considerable attention due to their efficient 
charges transfer property. In this study, the robust NiS modified graphitic carbon nitride (g-C3N4) hybrids were successfully 
synthesized by a facile surface photochemical deposition process. The structure and composition characterization results 
revealed that the NiS is highly dispersed loading on the surface of g-C3N4 nanosheets, and the NiS/g-C3N4 hybrids possess 
large surface areas and excellent optical properties. Under the visible light illumination, the NiS/g-C3N4 hybrids with 1.0% 
weight content of NiS cocatalyst exhibits the highest hydrogen evolution rate of 1346.1 μmol h−1 g−1 with an apparent quan-
tum efficiency (AQE) of 7.67%. On the basis of photoluminescence (PL) spectra and photoelectrochemical methodology, 
the photocatalytic hydrogen evolution mechanism was proposed. The results demonstrated that the excellent activity arises 
from the strong electronic coupling, highly efficient charges separation and migration. This work demonstrates a facile pho-
tochemical deposition method to consciously construct the robust two-dimensional (2D) hybrids, so as to realize accurate 
deposition of cocatalyst and efficient migration of photo-generated carriers.

Graphic Abstract

Xiao Lin and Shiwen Du contributed equally to this work.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s1056​2-020-03118​-x) contains 
supplementary material, which is available to authorized users.

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s10562-020-03118-x&domain=pdf
https://doi.org/10.1007/s10562-020-03118-x


1899Consciously Constructing the Robust NiS/g-C3N4 Hybrids for Enhanced Photocatalytic…

1 3

Keywords  Photochemical deposition · NiS/g-C3N4 · Hydrogen evolution · Thermal oxidation etching

1  Introduction

Environmental pollution and energy crisis are the two major 
problems for the human to face in the twenty-first century, 
prompting us to look for renewable and environmentally 
friendly fuel resources, such as hydrogen energy [1, 2]. It 
is known that photocatalytic water splitting is one of the 
most promising strategies to obtain hydrogen energy. To 
date, numerous researches are focusing on developing effi-
cient, robust, inexpensive, non-pollution and sustainable 
photocatalytic systems, such as nitrides [3–5], sulfide com-
pounds [6, 7], metal–organic frameworks (MOFs) [8, 9] and 
oxides based photocatalysts [10, 11]. Among these catalysts, 
g-C3N4 is an emerging and promising photocatalyst for water 
splitting due to its unique performance. g-C3N4 is an expect-
able n-type semiconductor with a suitable bandgap (2.7 eV) 
that leads to its light absorption wavelength up to 460 nm, 
the suitable conduction band (CB) and valence band (VB) 
position allows it have enough overpotential to realize pho-
tocatalytic water splitting [12, 13]. Furthermore, g-C3N4 is a 
non-metallic semiconductor with various advantages such as 
affordable, non-toxicity, highly thermal and chemical stabil-
ity. These capabilities made it widely used in many fields, 
especially photocatalytic hydrogen production from water 
splitting [14, 15]. However, the application of bulk g-C3N4 
for photocatalysis is still limited on account of its low sur-
face area, poor utilization of photo-excited charge carriers. 
This phenomenon may be caused by that the bulk material 
is consist of 2D layers, which can be easily agglomerated 
between layers because of the van der Waals force.

Very recently, various measures have been attempted to 
boost the photocatalytic hydrogen evolution activities of 
g-C3N4, including structure regulations [16], heterojunc-
tion creation [17], metal and nonmetal doping [18, 19]. In 
general, compare to its bulk phase, the ultrathin g-C3N4 
nanosheets have received much considerable attention 
on account of its large surface area, exceptional optical 
and electronic properties. So far, various strategies have 
been applied to exfoliate bulk g-C3N4 into ultrathin 2D 
nanosheets, including thermal oxidation [20], ultrasonic 
[21], chemical exfoliation [22] and other methods [23]. 
These numerous works indicated that the ultrathin g-C3N4 
nanosheets could be attained successfully and exhib-
ited an excellent performance. However, the intrinsically 
π-conjugated planes lead to the inefficient and random in-
plane charge migration, which resulting in the photo-excited 
charge carriers hardly migrated to the surface of material for 
photocatalytic hydrogen generation subsequently [24, 25].

Loading with cocatalyst is another useful method to 
promoting the migration and separation efficiency of 

photo-generated carriers, such as Pt, Ag, Au [26–28]. Nev-
ertheless, the rarity and high-cost limited their widespread 
application. Therefore, it is of great meaningful work to 
explore earth-abundant and non-noble metal cocatalysts. 
Recently, transition metal phosphides/sulfides and other 
complexes function as cocatalysts for enhanced pho-
todriven hydrogen production have garnered considerable 
attentions [29, 30]. Among these cocatalysts, nickel sulfide 
(NiS) has received significant attention on account of its 
low cost, excellent electrical property and highly hydrogen 
ion trapping capacity. For example, Li et al. successfully 
synthesized the one-dimensional NiS/CdS nanocomposites 
by using the solvothermal method, the catalyst showed an 
enhanced photocatalytic hydrogen evolution performance 
with a production rate of 1.5 mmol h−1 g−1 under the visible 
light illumination [31]. Xin et al. successfully synthesized 
the ultrathin 2D NiS/TiO2 nanosheets samples via an in-situ 
synthesis approach, of which the corresponding hydrogen 
production rate was 313.6 mmol h−1 g−1 under the UV–Vis 
light irradiation [32]. Furthermore, it was reported that the 
g-C3N4 exhibits enhanced hydrogen evolution ability after 
modified with NiS cocatalyst, which can be prepared by 
different methods, such as hydrothermal [33], ion-exchange 
[34] and calcination method [35]. These meaningful efforts 
are aimed at establishing a good interface contact between 
the two materials. However, in these photocatalytic systems, 
NiS was randomly dispersed on the surface of materials. 
During the photocatalytic hydrogen production process, 
guides the transmission of photo-generated electrons to the 
reaction interface is the main function for cocatalyst, and 
the separation and migration efficiency will be influenced 
obviously by the loading position [36, 37]. Thus, it is of 
great significance to design a precise preparation strategy 
by coupling NiS with photogenic electron outlet on g-C3N4.

Inspired but different from the above work, a green and 
simple template-free photochemical deposition route is used 
to prepare the NiS/g-C3N4 hybrids, anchoring the NiS cocat-
alyst onto the surface of g-C3N4 sheets. The structures, mor-
phologies, chemical compositions, photoelectrical properties 
and photoactivity of the NiS/g-C3N4 hybrids were charac-
terized systematically, the influence of loading amount on 
hydrogen evolution performance was also discussed. Com-
pared to the bare g-C3N4, the NiS/g-C3N4 hybrids showed 
enhanced photocatalytic hydrogen evolution ability. Addi-
tionally, the separation and migration mechanism of photon-
generated carriers, as well as the synergistic interaction of 
NiS and g-C3N4 were systematically discussed.
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2 � Experimental Section

2.1 � Synthesis of g‑C3N4 Nanosheets

According to the thermo gravimetric analysis of bulk g-C3N4 
(Figure S1), g-C3N4 nanosheets were prepared by a modi-
fied thermal oxidation etching method using urea as the 
starting material. Briefly, urea was first filled into a crucible 
with a lid and heated at 550 °C for 3 h with a ramp rate of 
5 °C min−1. The ratio of urea to bulk g-C3N4 is 5.88%. Then 
the obtained yellow bulk sample (bulk g-C3N4) was grind 
to powder and heated at 500 °C in air for another 3 h with 
the same rate.

2.2 � Synthesis of NiS/g‑C3N4 Hybrids

NiS/g-C3N4 hybrids were synthesized by a facile photo-
chemical deposition approach, as shown in Figure S2. 0.2 g 
g-C3N4 nanosheets were dispersed in 150 mL ethanol solu-
tion (50 vol%) and sonicated for 30 min. Then, 220 μL aque-
ous solution of NiCl2 (0.1 mol L−1) and 3.5 mg sublimed 
Sulphur were added, respectively. The suspension was keep-
ing stirring at 70 °C in an water bath for 2 h. After that, 
the above suspension was irradiated by a 300 W Xe lamp 
for 3 h under magnetic stirring with the circulating water 
was 6 °C. The final product was collected by centrifugation 
and washed with deionized water, anhydrous ethanol and 
carbon disulfide for several times. After dried in a vacuum 
oven overnight, the NiS/g-C3N4 hybrids photocatalysts were 
obtained. The NiS/g-C3N4 hybrids with different NiS con-
tents (0.1, 0.5, 1.0, 1.5 and 2.0 wt%) were also prepared by 
changing the amount of NiCl2 and S, which were marked 
as 0.1% NiS/g-C3N4, 0.5% NiS/g-C3N4, 1.0% NiS/g-C3N4, 
1.5% NiS/g-C3N4, 2.0% NiS/g-C3N4, respectively. For com-
parison, the NiS modified bulk g-C3N4 catalyst (1.0 wt%) 
was synthesized via the same method as NiS/g-C3N4 hybrids 
except for replacing bulk g-C3N4 with g-C3N4 sheets, and 
denoted as 1.0% NiS/g-C3N4-bP.

2.3 � Material Characterizations and Photocatalytic 
(Photoelectrochemical) Tests

Full details of the material characterizations, photoelec-
tronchemical tests and photocatalytic hydrogen production 
are described in the Supplementary Material.

3 � Results and Discussion

3.1 � Morphology and Microstructure

For purpose of observe the microstructure and morphol-
ogy of the pure g-C3N4 sheets and NiS/g-C3N4 hybrids, 
TEM has been employed. One can see that the pristine 
g-C3N4 sheets show a wrinkled 2D lamellar structure with 
single or few layers (Fig. 1a, b). This specific structure 
leads to a large surface area which can serve as a support 
to bind other particles. The EDS (inset in Fig. 1a) demon-
strates the only presence of C and N elements, indicating 
they are pure g-C3N4 sheets. The diffraction peaks of Cu 
element are appeared in the EDS patterns, which mainly 
due to the micro grid films are used during the testing 
process. The TEM images for 2% NiS/g-C3N4 hybrids are 
exhibited in Fig. 1c, d. One can see that the NiS cocatalyst 
is highly dispersed on the surface of g-C3N4 sheets with 
the diameters about 10 nm. The NiS nanoparticles have 
unique properties on account of its smaller particle sizes, 
such as surface effect. This particular structure is benefi-
cial to the formation of the junction/interface between NiS 
and g-C3N4, which could accelerate the separation and 
migration rate of photo-generated electrons, thus conse-
quently enhancing the hydrogen evolution performance. 
Compared to the bare g-C3N4 sheets, the peaks of C, N, S 
and Ni elements are observed in the EDS spectrum (inset 
in Fig. 1c). The elements mapping results of the 2.0% 
NiS/g-C3N4 hybrids are exhibited in Fig. 1e–i. It can be 
seen that the C, N, S and Ni elements are co-exist and dis-
tributed homogeneously in the selected area. The results 
above demonstrating that the NiS/g-C3N4 hybrids were 
synthesized successfully.

The surface morphologies of obtained catalysts were 
further observed by SEM, and the results are illustrated in 
Figure S3. As depictured in Figure S3a, the pure g-C3N4 
is cotton-like cluster, which assembled by the irregular 
nanosheets. Figure S3b presents the SEM image of 2.0% 
NiS/g-C3N4 hybrids. It can be seen that there are no obvi-
ous changes in the morphologies of g-C3N4 after modified 
with NiS particles. The EDS analysis and elements map-
ping results of the 2.0% NiS/g-C3N4 hybrids are exhibited 
in Figure S3(c–g). The results are consistent with the TEM 
elemental mapping, further proved the uniform distribu-
tion of NiS particles. Furthermore, the atomic ratio of 
Ni/S is 1: 1.1, approaching the atomic ratio of NiS, while 
the atomic ratio of C/N is slightly greater than the atomic 
ratio of g-C3N4 because of the conductive adhesive is used 
during the testing process. The appeared of Pt signal is 
resulting from the platinum-spraying during the prepara-
tion work for EDS testing. The results discussed above 
suggest that the NiS/g-C3N4 hybrids were synthesized 
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successfully, and the NiS cocatalysts are uniformly depos-
ited on the surface of g-C3N4 sheets.

3.2 � Phase Structure and Surface Chemical State

In order to investigate the changes of phase structure 
between bulk g-C3N4, g-C3N4 sheets and NiS/g-C3N4 
hybrids, the XRD analysis was carry out. According to the 
Fig. 2a, one can see that the g-C3N4 sheets show two uni-
form diffraction peaks with bulk g-C3N4, suggesting that 
the crystal structures have no obvious changes after thermal 
oxidation etching. The (100) diffraction peak at 2θ = 13.1° 
is attributed to the in-plane repeating motifs of the tri-s-
triazine units. It is clearly observed that the peak becomes 
less pronounced, indicating that the planar size is decreased 
during the thermal oxidation etching process. Meanwhile, 
the intensity of (002) diffraction peak is also decreased com-
parison to bulk g-C3N4, suggesting a significant weakening 
of the interlayer stacking. The thinner thickness results in the 
larger specific surface, which can be further proofed by the 
BET tests, meaning there are more active sites for the sheets 
catalysts than bulk g-C3N4. Meanwhile, the peak position 
is shifted from 27.59° to 27.79°, suggesting that the inter-
layer distance is decreased to 0.321 nm. The heating during 

thermal oxidation process should lead to a denser packing 
and thus shorten the gallery distance [20, 38]. So that the 
photo-generated carriers could easier transport between lay-
ers than bulk g-C3N4. However, the intensity of diffraction 
peaks is slightly increased after modified with NiS particles 
(Fig. 2b), mainly due to the stacking of nanosheets in the 
drying process. The diffraction peaks of NiS could not be 
observed in the Fig. 2b, which mainly because of the amor-
phous feature and the low loading amount of NiS cocatalyst 
in NiS/g-C3N4 hybrids.

Figure 3 gives the XPS spectroscopy of the obtained 
catalysts, which is used to gain further analyze the com-
posites and surface chemical status. Figure S4 shows the 
full-spectra survey of pure g-C3N4 sheets and NiS/g-C3N4 
hybrids. Both catalysts show the characteristic peaks of 
the elements C, N and O. It is should be noted that the O 
element is detected mainly due to the adsorbed water mol-
ecules. The high resolution XPS spectra of C 1s for pure 
g-C3N4 sheets and NiS/g-C3N4 hybrids show that there are 
two peaks located at 284.8, 288.18 eV and 284.8, 288.33 eV, 
which can be assigned to the correction element or una-
voidable adventitious carbon (C–C bonds) and sp2 carbon 
in N-containing aromatic nuclei (N–C=N bonds), respec-
tively [39]. Figure 3b shows the typical XPS spectrum for 

Fig. 1   TEM images of pure 
g-C3N4 sheets (a, b), 2.0% 
NiS/g-C3N4 hybrids (c, d) and 
corresponding elemental map-
ping images of the C, N, S and 
Ni elements (e–i)
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Fig. 2   XRD patterns of bulk g-C3N4, g-C3N4 sheets and NiS/g-C3N4 hybrids with different weight ratios

Fig. 3   XPS spectra of a C 1s, b N 1s, c S 2p and d Ni 2p of the pure g-C3N4 sheets and NiS/g-C3N4 hybrids
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N 1s in the g-C3N4 sheets and NiS/g-C3N4 hybrids. The N 
1s peaks can be separated to three peaks centered at 398.23, 
399.03, 400.38 eV and 398.65, 399.43, 400.78 eV, corre-
sponding to C–N=C groups, tertiary nitrogen N–(C)3 groups 
and N–H groups, respectively. Meanwhile, compared to the 
pure g-C3N4 sheets, the binding energy of C 1s and N 1s 
for NiS/g-C3N4 hybrids are both positive shifted slightly, 
evidencing that the electronic density is decreased. This 
may be caused by the electronic interaction between the ele-
ments close-by the interface of NiS/g-C3N4 hybrids [40]. 
Furthermore, the surface-loaded NiS nanoparticles can be 
demonstrated by the S 2p and Ni 2p XPS spectra (Fig. 3c, 
d). The peaks observed at 164.00 and 168.90 eV in the S 
2p XPS spectrum are attributed to S 2p3/2 electrons, which 
can be assigned to the binding energies of S2− ions. The Ni 
2p spectrum in Fig. 3d exhibits two peaks located at 855.85 
and 871.95 eV can be respectively assigned to the Ni 2p3/2 
electrons and Ni 2p1/2 electrons, which are related to the 
characteristic peaks of Ni2+ in NiS cocatalyst. The other 
two peaks located at 863.55 and 878.05 eV are the satel-
lite peaks, consistent with those previous reports [41]. The 
chemical bonds for different catalysts were further analyzed 
by FT-IR spectroscopy (Figure S5). Based on the results 
mentioned above, as well as the XRD and EDS results, one 
can draw a conclusion that the NiS/g-C3N4 hybrids were 
synthesized successfully. Additionally, the NiS nanoparticles 
are combined tightly on the surface of g-C3N4 nanosheets 
and forming the schottky heterojunction, so that it will be 
beneficial for electrons transport during the photocatalytic 
hydrogen production process.

3.3 � Textural and Optical Properties

The Brunauer–Emmett–Teller (BET) method was used to 
investigate the surface areas and porous structure of g-C3N4 
and NiS/g-C3N4 hybrids. As shown in Figure S6a, the cata-
lysts show a typical type IV adsorption–desorption isotherm 
based on the IUPAC classification [42]. Moreover, typical 
H3 hysteresis loops of the obtained catalysts in the high 
pressure range (P/P0 ≈ 1.0) indicate the formation of slit-
shaped macropores and mesopores, mainly originate from 
the aggregating of plate-like g-C3N4 nanosheets. In addition, 
one can see that the bulk g-C3N4 also has the characteristic 
of hysteretic loop of H2 type, showing the blocky shape 
due to the force between layers. The pore size distributions 
of the obtained catalysts were tested by the BJH method, 
and the results show a broadened peak centered at around 
2–100 nm, further confirming the presence of mesopores 
and macropores. The porous structure parameters of bulk 
g-C3N4, g-C3N4 sheets and 1.0% NiS/g-C3N4 hybrids are 
obtained and shown in Table S1. Obviously, the surface area 
of g-C3N4 sheets could achieved to 199.23 m2 g−1, which 
is approximately 3 times higher than that of bulk g-C3N4 

(64.25 m2 g−1), suggesting that the thermal oxidation etch-
ing could markedly reduce the thickness of g-C3N4. Gener-
ally speaking, the reactive contact area and active site are 
significant influenced by the surface area of catalysts, thus 
determining the hydrogen production capacity of photocata-
lyst during the water splitting process. However, the spe-
cific surface areas of 1.0% NiS/g-C3N4 hybrids decrease to 
110.38 m2 g−1 because of the stacking on nanosheets during 
the drying process. Interestingly, the pore size increases as 
the pore diameter decreases after modified with NiS cocata-
lyst, suggesting that NiS nanoparticles may partially filled 
in the pores. In summary, the specific structure and the large 
specific surface area are beneficial to increasing the surface 
active sites, and thus resulting in improving of the hydrogen 
production capacity consequently.

In order to gain the light absorption properties of the 
obtained catalysts, the UV–Vis diffuse reflectance spec-
troscopy was carried out. It can be observed in Fig.  4a 
that the g-C3N4 nanosheets have an absorption edge at 
around 447 nm, implying its limited absorption properties 
under visible light. After modified with NiS nanoparti-
cles, the absorption edges of NiS/g-C3N4 hybrids are shift 
to longer wavelength (red-shift), and the absorbance are 
also enhanced as the amount of NiS increased. Nonethe-
less, it doesn’t means that the more the better, because the 
NiS is a black material and cannot be used for photo-driven 
hydrogen generation directly [31]. The bandgap of obtained 
catalysts are calculated from the Kubelka–Munk equations. 
For example, the 1.0% NiS/g-C3N4 hybrids have an absorp-
tion edge at approximately 464 nm, means a bandgap of 
2.67 eV, which is observably narrower than that of pris-
tine g-C3N4 sheets (2.78 eV). The changes in bandgap can 
be attributed to the tight interfacial junction between NiS 
and g-C3N4 nanosheets. The narrower bandgap means the 
wider responses range of visible light, thus, the improved 
generation efficiency of the photon-generated carriers can 
be obtained. In a word, the slightly bandgap narrowing and 
the improved visible light harvesting ability of NiS/g-C3N4 
hybrids might be beneficial to enhancing its hydrogen pro-
duction activity.

To further investigate the migration and recombination 
behavior of the photo-generated carries during the photo-
catalytic hydrogen evolution process, the steady-state PL 
measurement was employed. Figure 4b presents the PL 
spectra of pristine g-C3N4 sheets and NiS/g-C3N4 hybrids. 
A strong and wide PL excitation peak can be observed at 
approximately 438 nm for bare g-C3N4 catalyst, means that 
a higher recombination rate occurred on photo-generated 
electrons and holes in the g-C3N4 sheets. The PL inten-
sity is clearly decreased after loaded with NiS cocatalyst, 
suggesting a lower recombination rate between the photo-
generated electrons and holes in NiS/g-C3N4 hybrids. This 
phenomenon can be explained by the formation of Schottky 
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heterojunction between NiS and g-C3N4 sheets, thus, the 
rapid separation and migration rate of photo-generated elec-
trons and holes is realized.

3.4 � Photoelectrochemical Test

To further study the separation and transfer behavior 
of photo-generated charge carriers of bare g-C3N4 and 
NiS/g-C3N4 hybrids, the photoelectrochemical analysis 
was employed subsequently. Figure 5a gives the transient 
photocurrent-time (I-t) curves of the bare g-C3N4 sheets 
and NiS/g-C3N4 hybrids. It can be seen that all the sam-
ples show relatively stable periodic switching photocurrent 
response under the visible light irradiation. When the light 
turned on, the photocurrents immediately increase to a sta-
ble level, and rapidly decrease to zero when light turned 
off. The NiS/g-C3N4 hybrids with different loading weight 
all show enhanced photocurrent than pure g-C3N4 sheets, 
and the maximum value of the photocurrent can be reached 
when the loading weight of NiS cocatalyst is set to 1.0 wt%. 
As is well-known, the photocurrent is generated mainly due 
to the separation of photocatalytic e−/h+ pairs at the inter-
face of electrode and electrolyte [17]. Accordingly, these 
results indicate that modifying with NiS nanoparticles could 
enhance the separation efficiency of photo-generated e−/h+ 
pairs, thus improving the hydrogen production ability. Fig-
ure 5b exhibits the LSV polarization curves for bare g-C3N4 
and NiS/g-C3N4 hybrids with a sweep rate of 10 mV/s. The 
NiS/g-C3N4 hybrids show a quite higher electrocatalytic 
activity than pristine g-C3N4 sheets, and the 1.0% NiS/g-
C3N4 hybrids can achieve the optimal value. These results 
indicate that the NiS cocatalyst loading could effectively 
reduce the overpotential and accelerate the electrocatalytic 
hydrogen evolution kinetics of the NiS/g-C3N4 hybrids. 

Moreover, the surface charge transfer resistance of different 
samples was investigated by the electrochemical impedance 
spectroscopy (EIS) analysis. Generally speaking, the transfer 
resistance of electrons is related to the diameter of semicir-
cular portion from the Nyquist diagrams, and the smaller 
radius means the lower resistance, suggesting the higher 
separation and transfer efficiency of photo-generated carri-
ers [43]. According to Fig. 5c, the NiS/g-C3N4 hybrids have 
a faster interfacial electrons transfer than pristine g-C3N4 
sheets, and the 1.0% NiS/g-C3N4 hybrids have the highest 
separation and migration efficiency in photon-generated 
e−/h+ pairs. Figure 5d exhibits the Bode plots of pristine 
g-C3N4 sheets and NiS/g-C3N4 hybrids. All the NiS/g-C3N4 
hybrids show lower |Z| value than pristine g-C3N4 sheets. 
The 1.0% NiS/g-C3N4 hybrids have the minimum value, 
meaning the fastest electron transfer rates among all cata-
lysts can be obtained. These results demonstrate that after 
modified with NiS cocatalyst, the separation efficiency and 
transfer rates of photon-generated carriers are improved 
remarkably, thus enhancing the photocatalytic hydrogen 
evolution performance of the catalyst.

3.5 � Photocatalytic Hydrogen Evolution 
Performance

The photocatalytic hydrogen evolution performance of the 
obtained catalysts was evaluated under the visible light irra-
diation (λ ≥ 400 nm) using TEOA as the sacrificial reagent. 
Figure 6a shows the time dependent amount of hydrogen 
yield over pristine g-C3N4 sheets and NiS/g-C3N4 hybrids. 
One can see that the hydrogen production of pristine g-C3N4 
sheets is almost negligible under the visible light, which 
mainly on account of the fast recombination between 
photo-generated e−/h+ pairs. Miraculously, the hydrogen 

Fig. 4   UV–Vis diffuse reflectance spectra (a), PL spectra (b) of pure g-C3N4 sheets and NiS/g-C3N4 hybrids
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production is evidently enhanced after modified with NiS 
cocatalyst, suggesting the separation and migration efficien-
cies of photo-generated carries are improved significantly. 
The average hydrogen evolution rate on different samples are 
calculated, the results are illustrated in Fig. 6b. It is obvi-
ously that the hydrogen evolution rate of NiS/g-C3N4 hybrids 
increase from 855.3 to 1346.1 μmol h−1 g−1 with the increas-
ing NiS loading weight from 0.5 to 1.0%. However, with 
further increase the loading weight of NiS cocatalyst, the 
photocatalytic hydrogen production of NiS/g-C3N4 hybrids 
is decreased. This decrement probably due to the masking 
effect arising from the excessive NiS covered on the sur-
face of g-C3N4 sheets, which could shield the incident light, 
thus resulting in the lower efficiency of the photocatalytic 
hydrogen production. In a word, compared with the pristine 
g-C3N4 nanosheets, the enhancements of the hydrogen evo-
lution performances for NiS/g-C3N4 hybrids indicate that 
NiS is an efficient cocatalyst which can drastically improve 

the photocatalytic hydrogen evolution performance in the 
practical application.

In order to further evaluate the visible light utilization 
of catalysts, the AQE values of the hydrogen evolution on 
g-C3N4 sheets and NiS/g-C3N4 hybrids were calculated. One 
can see in Fig. 6c that the change trend of the AQE is con-
sistent with the hydrogen evolution rate. The pure g-C3N4 
sheets exhibit a negligible AQE value, further suggesting 
that the pristine g-C3N4 sheets have almost no hydrogen evo-
lution capability under the visible light. The AQE value of 
0.1% NiS/g-C3N4 hybrids is 4.67%, and continually increase 
to 7.67% when the loading weight of NiS cocatalyst up to 
1.0 wt%, which is the highest value over all samples. Apart 
from the hydrogen production ability, the stability is also an 
important factor in the practical application. The reusability 
of the optimized sample (1.0% NiS/g-C3N4) was evaluated 
under the same reaction condition. According to the results 
(Fig. 6d), one can see that the hydrogen evolution of the 
catalyst does not show significant reduction after five cycles, 

Fig. 5   a Transient I–t curves; b LSV polarization; c EIS Nyquist plots and d Bode plots for g-C3N4 sheets and NiS/g-C3N4 hybrids
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suggesting that the robust heterogeneous junction catalysts 
have been established during the preparation process.

In order to investigate key factors playing critical roles 
in catalysts, the quantitative relationships between the 
properties of the catalysts and the hydrogen evolution 
activity has been explored, and the results are shown in 
Figure S7. The results revealed that the key factors play-
ing critical roles in catalysts are the separation and migra-
tion efficiency of the e−/h+ pairs. In addition, a compari-
son of our present results with other similar investigations 
in literatures is provided. The 1.0% NiS/g-C3N4 photo-
catalyst used in this study is compared to some other pho-
tocatalysts as shown in Table S2. Moreover, a comparison 
of the effects of different based-materials (bulk g-C3N4 
vs g-C3N4 sheets) and synthesis method (photodeposition 
vs hydrothermal) on hydrogen evolution properties have 
also been provided, as shown in Figure S8. Overall, the 

photocatalysts in our work show relatively higher hydro-
gen production activity.

3.6 � Proposed Mechanisms for Formation 
and Hydrogen Evolution

According to the literatures [37, 44, 45] and the photochro-
nopotentiometry characterization results (Figure S9), a 
possible formation mechanism of the catalyst during the 
photochemical deposition process was proposed (Scheme 
S1). Scheme S2 shows the standard electrode potential of 
the related substances. The reduction potential of Ni2+ to 
Ni0 is about − 0.26 V, while the CB of g-C3N4 situates at 
− 1.30 eV. As a result, the photo-generated electrons have 
enough overpotential to reduce Ni2+ to Ni0 to yield NiS par-
ticles on the outlet point of g-C3N4 sheets. But compared to 
the reduction potential of H+ to H2, it does not have enough 

Fig. 6   a Time-dependent amount, b hydrogen production rates by 
the as-prepared samples, c calculated hydrogen evolution AQE of the 
catalysts and d cyclic hydrogen evolution curves for 1.0% NiS/g-C3N4 

hybrids under visible light irradiation (λ ≥ 400  nm) in presence of 
15 vol% TEOA solution
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competitiveness, so ethanol is used as a solvent in the prepa-
ration process to reduce the concentration of H+. The eth-
anol also acts as the sacrificial reagent to consuming the 
photo-generated holes during the photodeposition process. 
g-C3N4 has a special 2D structure with few exposed chemi-
cal bonds on the surface, making it difficult to recombine 
with other substances. However, by employing the “in situ” 
photochemical deposition method, the NiS particles could 
be tightly loading on the surface of g-C3N4 sheets. The Ni2+ 
first was reduced to Niad under the light irradiation by photo-
generated electrons; NiS immediately formed at the Niad site 
due to the presence of the dissolved Sulfur. Through this 
way the NiS was selectively deposited at the position where 
the electrons generated, an internal electric field was built 
between the interface of NiS and g-C3N4, thus the robust 
heterojunction was formed.

Based on the above discussions, the separation and migra-
tion mechanism of photo-generated charges over NiS/g-C3N4 
hybrids was proposed, as shown in Fig. 7. As a semiconduc-
tor, the g-C3N4 sheets could be excited by visible light to 
generate the e−/h+ pairs. Theoretically speaking, the pure 
g-C3N4 sheets have sufficient capacity for water splitting 
arise from the suitable edge of CB and VB. However, the 
g-C3N4 sheets almost show the negligible yield of hydrogen 
production in the practical application, which mainly on 
account of the fast recombination of photo-generated carri-
ers inside the catalyst. According to the literatures [46–48], 
there is a preferred charge accumulation in the g-C3N4 cata-
lyst. Therefore, during the photochemical deposition pro-
cess, the NiS nanoparticles are precisely deposited at the 
active sites where the photo-generated electrons ready to 
transfer to the g-C3N4 surface. Thus, by directing the flow 
of electrons, the separation of e−/h+ pairs are realized. The 
specific direction of charges transfer is shown in Figure 
S10. After trapping electrons, NiS forms the intermediate 
HNiS by absorption-reduction of a H+ at first, and then 
electrochemically releases hydrogen with the reduction of 
another H+ [34]. On the other hand, to further prevent the 
recombination of e−/h+ pairs, TEOA are used during the 

hydrogen evolution process, which act as the sacrifice rea-
gent to consume the photo-generated holes. In a word, the 
photocatalytic hydrogen evolution performances of the cata-
lysts depend on the generation and separation efficiency of 
photoelectrons, which ultimately result from the robust and 
precise heterojunction between NiS cocatalyst and g-C3N4 
sheets.

4 � Conclusions

In summary, the g-C3N4 nanosheets were successfully pre-
pared by a thermal oxidation etching approach from bulk 
g-C3N4. Moreover, by using a facile photochemical deposi-
tion method, the Ni2+ is reduced into Ni0 to from NiS and 
selectively deposited at the electron transfer site of g-C3N4 
sheets. The NiS/g-C3N4 hybrids show highly efficient on 
hydrogen evolution in a TEOA aqueous solution under 
the visible light irradiation. The hydrogen production rate 
reached an optimum value when the loading amount of NiS 
is 1.0 wt%, which could achieve to be 1346.1 μmol h−1 g−1 
with an AQE of 7.67%. According to the results of the 
above measurements, the enhanced hydrogen generation of 
the NiS/g-C3N4 hybrids was attributed to the NiS cocata-
lyst tightly loading on the surface of g-C3N4 sheets, which 
act as the electron trapping center and the targeting active 
sites for hydrogen evolution. This report providing a new 
insight realized the precise deposition, anchoring the NiS 
cocatalysts on to the outlet points of photo-generated elec-
trons, thus enhancing the photocatalytic hydrogen evolution 
performance. This attempt could also be applied to loading 
other cocatalysts onto 2D materials.
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Fig. 7   Proposed separation and 
transfer mechanism of photo-
generated charges over NiS/g-
C3N4 hybrids for hydrogen 
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