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Abstract Graphitic carbon nitride with nitrogen vacancies

(NV-g-C3N4) as a photocatalyst has been studied in solar-

driven energy conversion. However, expensive and rare

noble metal co-catalysts such as Pt or Pd are required in the

photocatalytic H2 evolution. Consequently, the exploration

of low-cost and high-performance co-catalysts to replace

expensive and rare noble metals has received more and more

attention. Herein, a novel hierarchical porous NiO anchored

on NV-g-C3N4 is successfully fabricated. The NV-g-C3N4/

NiO photocatalysts exhibited outstanding H2 evolution rate

under visible light irradiation in absence of noble metal co-

catalysts. The optimized NV-g-C3N4/NiO (the mass ratio of

NiO is * 1.7%) achieved a maximum H2 evolution rate of

170.60 lmol�g-1�h-1, exhibiting * 8.3-fold enhancement

as compared to that of NV-g-C3N4. NiO as co-catalyst pro-

vided more active sites for photocatalytic H2 evolution.

Moreover, on the interface of NV-g-C3N4/NiO, an interface

electric field is formed between NiO and host nitrogen-va-

cated g-C3N4, facilitating the transfer of the photogenerated

electrons from NV-g-C3N4 to NiO co-catalyst, resulting in

significantly promoted migration and separation efficiency

of the photogenerated charge carriers.

Keywords Graphitic carbon nitride; Hierarchical porous;

NiO; Photocatalysis; H2 evolution

1 Introduction

With the aggravation of environmental contamination and

the increment of energy consumption, H2 evolution is one

of the promising solutions to alleviate the energy crisis and

gain environmental-friendly resources [1–3]. In recent

years, photocatalysis is considered as a potential way to

reduce water into H2 by using semiconductor photocata-

lysts [4–7]. Graphitic carbon nitride (g-C3N4), as a poly-

metric photocatalyst, firstly reported by Wang et al. has

been proverbially investigated due to its easy availability,

non-toxicity and durable chemical stability [8]. Among the

modification methods of g-C3N4, the introduction of

nitrogen defects into the g-C3N4 framework significantly

enhanced the photocatalytic activity of g-C3N4 under vis-

ible light excitation on account of the narrower band gaps

obtained. Moreover, nitrogen-vacated g-C3N4 (NV-g-

C3N4) was approved to have greater photocatalytic per-

formance because of its attractive electronic structure, and

the preparation method was the same as preceding litera-

tures [9–11].

Even though the introduction of nitrogen defects into the

g-C3N4 framework accelerates the photoinduced carriers’

separation, the high recombination rate of photogenerated

charge carriers and the poor quantum efficiency still need

to be solved in further research. Usually, sacrificial

reagents and co-catalysts are necessary to promote charge

separation during the process of solar-driven water split-

ting. It is generally to load the noble metal co-catalysts,

such as Pt nanoparticles, on photocatalysts surface to effi-

ciently enhance charge transfer and realize photocatalytic

water splitting [12, 13]. However, from the point of eco-

nomic perspective, noble metal co-catalysts are too

expensive and will be greatly limited in practical applica-

tions. Thus, it is of great importance to find an abundant,
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low-cost co-catalyst in the photocatalytic hydrogen evolu-

tion reaction of g-C3N4-based photocatalyst.

The transition metal-based oxides, such as Fe, Co, Ni,

Cu and Zn which are abundant and eco-friendly com-

pounds, have been intensively considered as effective co-

catalysts for above purpose [14–18]. Nickel oxide (NiO), as

a transition metal monoxide, exhibits excellent electro-

chemical capacitance, oxygen sensitivity and thermal sta-

bility in photocatalysis application [19]. Recently, foam-

like NiO with hierarchical macroporous/microspheric

structure has been synthesized and acted as a novel mate-

rial in photoredox catalysis [20]. Generally speaking,

introducing NiO could efficiently separate photoinduced

electrons, further be used as a highly efficient co-catalyst to

promote hydrogen evolution reaction. To the best of our

knowledge, the NV-g-C3N4/NiO composite photocatalysts

have rarely been reported so far.

Herein, we firstly design a hierarchical porous NiO co-

catalyst decorated NV-g-C3N4, which exhibits excellent

hydrogen generation performance under visible light irra-

diation. It is found that * 1.7 wt% NiO modified NV-g-

C3N4 shows the optimal hydrogen evolution activity with

the rate of 170.60 lmol�g-1�h-1 under visible light, which

is * 8.3 times higher than that of NV-g-C3N4.

2 Experimental

2.1 Materials

Dicyandiamide (C2H4N4, Sinopharm Chemical Reagent

Co., Ltd, C 98%), peanut oil (ordinary supermarket),

dimethylglyoxime (C4H8N2O2, Tianjin Kemiou Chemical

Testing Co., Ltd, C 98%), nickel acetate tetrahydrate

(Ni(CH3COO)2�4H2O, Guangdong Guanghua Sci-Tech

Co., Ltd, C 98.5%) and absolute ethanol (CH3CH2OH,

Shanghai Wokai Biotechnology Co., Ltd, C 99.5%) were

used as received.

2.2 Preparation of hierarchical porous NiO

Hierarchical porous NiO was prepared based on the pre-

vious literature [21]. In detail, firstly, 1.25 g Ni(CH3-

COO)2�4H2O was dissolved in 100 ml deionized water and

0.58 g dimethylglyoxime was dissolved in 100 ml absolute

ethanol. Secondly, the above two solutions were mixed and

then stirred for 2 h. Subsequently, the suspension was fil-

trated and washed using deionized water and anhydrous

ethanol several times to collect the red precipitates. Finally,

the red precipitate was dried in vacuum and then calcined

in a muffle furnace at 600 �C for 5 h to obtain the hierar-

chical porous NiO powder.

2.3 Preparation of the NV-g-C3N4 photocatalysts

NV-g-C3N4 was fabricated via a combined hydrothermal-

calcination strategy according to our previous work [22].

2.4 Preparation of NiO decorated NV-g-C3N4

photocatalysts

The synthesis illustration of the NiO decorated NV-g-C3N4

photocatalysts (named as CNNx) is shown in Fig. 1. The

CNNx samples with different NiO contents were prepared

by solvothermal method, where x = 1, 2, 3 and 4 corre-

spond to NiO mass of 0.01, 0.02, 0.03 and 0.04 g,

respectively. In detail, for CNN3 sample, the previous as-

prepared NiO (0.03 g) was dispersed in 2 g precursor of

NV-g-C3N4 (H-g-C3N4) by stirring for 1 h and drying at

60 �C. Then, the powder was calcined in muffle furnace at

550 �C for 6 h to obtain CNN3 sample.

2.5 Sample characterization

X-ray diffractometer (XRD, Bruker AXS, Germany) and

Fourier transform infrared spectra (FTIR, Nicolet iS5) were

applied to detect structure of the as-prepared CNNx sam-

ples. Scanning electron microscopy (SEM, ZEISS G300,

Germany) and transmission electron microscopy (TEM,

Tecnai G20, USA) were used to characterize microstruc-

ture and morphology of the samples. The pore volume and

average pore size were evaluated using a N2 adsorption–

desorption apparatus (ASAP 2020 HD 88, Micromeritics,

USA). Ultraviolet–visible (UV–Vis) spectrophotometer

(UV-2450, Shimadzu, Japan) was used to analyze UV–Vis

diffuse reflectance spectra (DRS) of the samples. X-ray

photoelectron spectroscopy (XPS, K-Alpha, Thermo Sci-

entific) was used to evaluate the bonding status of the as-

prepared samples with an Al-Ka X-ray source. Photolu-

minescence (PL, LS55, Perkinelmer, USA) spectra were

recorded under 370-nm excitation wavelength. Fluores-

cence lifetime spectrophotometer (FLSP920, Edinburgh,

UK) was used to obtain time-resolved transient PL decay

curves.

2.6 Photocatalytic H2 evolution

Photocatalytic hydrogen production test was carried out

with a closed glass system under 420-nm (3 W) LED

light illumination. The produced gases were analyzed by

gas chromatograph (SP-7820, TCD, China). For each

experiment, 20 mg photocatalyst powder was dispersed

in the aqueous solution containing 10 ml sacrificial

reagent triethanolamine and 90 ml H2O in a 100 ml

reactor [23].
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2.7 Photoelectrochemical measurements

Photocurrent and impedance characterizations were per-

formed to investigate the photoelectrochemical properties

of the as-prepared photocatalysts. In detail, 10 mg as-pre-

pared sample was dispersed in 2.5 ml absolute ethanol to

form a homogeneous suspension, and then 0.5 ml suspen-

sion was mixed with 0.5 ml nafion solution. After that, the

mixture was then spin-coated onto the ITO glass and dried

[24]. The photocurrent and impedance measurements were

carried out on an electrochemical workstation using a

three-electrode system. The above coated ITO glass with

as-obtained samples, Pt plate and Ag/AgCl were applied as

working electrode, counter electrode and reference elec-

trode, respectively. Moreover, 0.5 mol�L-1 Na2SO4 and

3 W 420 nm LED lamp were used as electrolyte solution

and light source, respectively [25].

2.8 Density functional theory (DFT)

DFT calculations were conducted by Materials Studio.

The exchange–correlation energy of generalized gradient

approximation (GGA) was adopted in the framework of

Perdew-Burke-Ernzerhof (PBE) parametrization. The

energy cutoff was set as 400 eV. The k-point was chosen

as 3 9 3 9 3 and the vacuum spaces were 2 nm. During

the geometry optimization, the atomic forces were

0.5 eV�nm-1 and ionic convergence criterions were

2 9 10-5 eV. The work function is defined by u =

Evacuum–EFermi, where Evacuum and EFermi are the elec-

trostatic potentials of the vacuum and Fermi level,

respectively [26]. In the geometric structures of NiO

(200) and nitrogen-vacated g-C3N4, the light blue, red,

gray and blue spheres stand for O, Ni, C and N atoms,

respectively.

3 Results and discussion

3.1 Physical–chemical characteristics

The morphologies and microstructures of pure NiO and

CNN3 were characterized by SEM, TEM and high-reso-

lution transmission electron microscopy (HRTEM). SEM

image of the pure NiO in Fig. 2a shows a hierarchical

porous structure. As shown in Fig. 2b, as a reference of

CNN3, it is interesting to note that some nanosheets are

filled into the macropores and covered the walls of NiO

skeleton, and the nanosheets might belong to NV-g-C3N4.

Moreover, TEM and HRTEM were further characterized to

investigate the morphology of CNN3 hybrid (Fig. 2c–e).

TEM image confirms that there is an intimately contact

between NiO and NV-g-C3N4, which improves the transfer

of photogenerated electron. As seen from HRTEM image

(Fig. 2d, e), CNN3 sample exhibits a high crystallinity of

NiO, and the lattice fringes of * 0.21 and * 0.24 nm,

corresponding to the (200) and (111) plane of NiO,

respectively [27]. As can be seen from Fig. 2f, CNN3

exhibits bimodal pore size distribution located at 3–4 and

40–60 nm, respectively. This result indicates that the

modified composite samples exhibit porous structure. In

addition, the pore volume and average pore size of CNN3

are 0.26 cm3�g-1 and 26.1 nm, respectively.

Figure 3a displays XRD patterns of NiO, NV-g-C3N4

and CNNx. For pristine NiO sample, indexed to JCPDS

No. 22-1189, the diffraction peaks at 37.2�, 43.2�, 63.1�,
75.5� and 79.3� match well with (111), (200), (220), (311)

and (222) crystal planes of NiO, respectively [20, 21]. With

further observation from Fig. 3a, the diffraction peak

at * 43� of obtained NiO corresponding to the (200) plane

is observed in CNN4. With the mass of NiO in CNNx in-

creasing, the peak intensities of NiO monotonously

Fig. 1 Synthesis illustration of CNNx photocatalysts
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increase. In contrast, the peak intensities of NV-g-C3N4

gradually decrease.

The functional groups of NiO, NV-g-C3N4 and CNN3

were measured by FTIR (Fig. 3b). For the NV-g-C3N4

sample, there are several major bands presented at

1150–1700 cm-1, attributing to the C-N heterocycles

stretching modes [28]. Meanwhile, the characteristic peak

at 810 cm-1 corresponded to the triazine units, and the

broad peaks at 3100–3400 cm-1 were ascribed to N–H and

O–H stretching vibration modes [29–31]. Interestingly,

FTIR spectrum of CNN3 exhibits the similar peaks with

NV-g-C3N4, revealing that the structure of CNN3 has not

obvious change after loading of NiO.

Figure 3c shows thermo gravimetric (TG) images of

NiO, NV-g-C3N4 and CNN3 under the atmosphere of O2.

For the pure NiO sample, the weight is hardly lost, indi-

cating the stability of NiO. As for NV-g-C3N4, the curve

shows two weight lost at around 25–200 and 400–600 �C,
ascribing to the loss of absorbed water and the combustion

of NV-g-C3N4, respectively. Moreover, the sample of

Fig. 2 SEM images of pure a NiO and b CNN3; c TEM, d-e HRTEM images and f pore size distribution curve of CNN3

Fig. 3 a XRD patterns of pure NiO, NV-g-C3N4 and CNNx; b FTIR spectra and c TG curves of pure NiO, NV-g-C3N4 and CNN3
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CNN3 also has two weight lost at the same regions as NV-

g-C3N4, the remaining part of the curve is attributed to the

stable NiO. Therefore, the mass ratio of NiO for CNN3 is

about 1.7 wt% actually [32].

Meanwhile, the chemical structure and bonding state of

the samples were further investigated by XPS analysis, as

shown in Fig. 4. In detail, Fig. 4 displays the high-resolu-

tion spectra of C 1s, N 1s, O 1s and Ni 2p of CNN3, in

good accordance with the composition of CNN3 [33].

Figure 4a gives the high-resolution C 1s XPS results of the

CNN3. For CNN3 sample, the curve of C 1s can be

deconvoluted into three peaks located at 284.6, 286.2 and

288.1 eV, which are assigned to the C–C bond, C=N bond

and N–C=N bond, respectively [34, 35]. The high-resolu-

tion XPS spectrum of N 1s is also examined and the results

are shown in Fig. 4b. The observed peaks at 398.4, 399.2

and 400.9 eV can be assigned to the C–N=C, N–C3 and C–

N–H, respectively [36]. Moreover, the high-resolution XPS

result of O 1s is detected and plotted in Fig. 4c. For CNN3

sample, the O 1s peak exhibits binding energies of 527.3

and 531.9 eV, which are assigned to Ni–O and O–H bonds,

respectively [37, 38]. Figure 4d presents the Ni 2p high-

resolution spectra of the CNN3 sample, and the two peaks

shown at 871.9 and 854.5 eV match with the Ni 2p3/2 and

Ni 2p1/2 resulted from NiO moiety, respectively, which

indicates a ? 2 valence oxidation state of Ni in NiO [39].

3.2 Photoelectrochemical properties

Figure 5a shows UV–Vis DRS of NV-g-C3N4, NiO and

CNN3. As can be seen, for the pure NiO sample, effective

absorption occurs only in UV region with k\ 380 nm,

while the effective absorption of NV-g-C3N4 sample is

observed in the visible light [40]. Interestingly, after cou-

pling with NiO, the CNN3 sample also exhibits a similar

photo-absorption property with NV-g-C3N4. That may be

ascribed to the smaller content of NiO (ca. 1.7%) in the

CNN3 sample. By plotting the (Ahm)2 versus hm, the Eg of

Fig. 4 a C 1s, b N 1s, c O 1s and d Ni 2p high-resolution XPS results of CNN3 sample
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the NiO, NV-g-C3N4 and CNN3 samples can be estimated

from the intercept by linearly fitting the curve, and the

results are revealed in Fig. 5b, where h, m and Eg represent

the Planck constant, light frequency and band gap energy,

respectively [41]. As shown, the fitted Eg values of NV-g-

C3N4, NiO and CNN3 are 2.58, 3.24 and 2.72 eV,

respectively, which match well with their corresponding

photo-absorption characteristics [22].

To further explore the separation rate of the photogen-

erated electrons and holes, the results of photolumines-

cence analysis are shown in Fig. 6a. In the spectrum of

NV-g-C3N4, an intensive emission peak at * 450 nm is

observed, implying the faster recombination of the pho-

toexcited e-–h? pairs for NV-g-C3N4 [42]. After intro-

ducing NiO, the CNNx composites exhibit the obviously

weaker emission peaks at * 450 nm, suggesting the effi-

cient separation of photoinduced e-–h? pairs. Noticeably,

the CNN3 composite possesses the lowest PL intensity

among all the composites, indicating the fastest separation

rate of photo-induced carriers in CNN3 [43]. The time-

resolved PL measurements were used to further investigate

the lifetime of charge carriers for NV-g-C3N4 and CNN3

samples, and the curves are shown in Fig. 6b. Obviously,

the average fluorescence lifetime of CNN3 (4.640 ns) is

longer than that of NV-g-C3N4 (4.126 ns), further con-

firming that CNN3 sample has more efficient carrier sep-

aration rate than NV-g-C3N4.

Figure 7a shows photocurrent density curves of NV-g-

C3N4, NiO and CNN3 for photoanode chopping in

0.5 mol�L-1 Na2SO4 electrolyte under 3 W 420-nm LED

light irradiation. Notably, the photocurrent density of NiO

is hardly observed because of the relatively large band gap

of * 3.24 eV (Fig. 5b) [44]. Interestingly, as can be seen

in Fig. 7a, CNN3 sample exhibits higher photocurrent

density in on and off transitions than pure NiO and NV-g-

C3N4 samples, meaning that there is a large quantity of

photogenerated e-–h? pairs in the system, which is critical

for photocatalytic reaction [45]. Furthermore, Fig. 7b

Fig. 5 a UV–Vis spectra and b plots of (Ahv)2 versus photon energy of pure NiO, NV-g-C3N4 and CNN3

Fig. 6 a PL spectra of NV-g-C3N4 and CNNx; b transient fluorescence spectra of NV-g-C3N4 and CNN3
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presents electrochemical impedance spectroscopy (EIS)

results of the as-prepared samples, where Z0 and - Z00 are
the real part and the imaginary part of the impedance,

respectively. Obviously, CNN3 sample presents smaller

Nyquist arc radius than the singular NiO and NV-g-C3N4

samples. It is well known that smaller Nyquist arc radius

corresponds to lower charge transfer resistance [46]. The

corresponding Nyquist analog equivalent circuit is also

given in the inset in Fig. 7b, where R1, R2 and C1 represent

the charge-transfer resistance of the electrolyte solution

(0.5 mol�L-1 Na2SO4), working electrode and the constant

phase element, respectively [22].

3.3 Photocatalytic hydrogen evolution

To investigate the photocatalytic performance of H2 pro-

duction, the as-prepared samples were exposed to visible-

light (LED, 420 nm) irradiation. As shown in Fig. 8, the

NV-g-C3N4 sample has the lowest H2 production rate of

20.65 lmol�g-1�h-1. That is attributed to the fast

recombination of the photoinduced carriers. Surprisingly,

after introducing a lower NiO content, the photocatalytic

activity of the CNN1 sample (44.15 lmol�g-1�h-1) is

obviously enhanced. Further observation indicates that the

photocatalytic activity of the NV-g-C3N4/NiO composites

highly depend on the amount of incorporated NiO. The

photocatalytic activity of the CNNx samples gradually

increases with the increase of the NiO loading amount from

0.01 to 0.03 g. The highest photocatalytic H2 evolution rate

of 170.60 lmol�g-1�h-1 is reached in CNN3 sample, which

is 8.3 times more than that of NV-g-C3N4. These results

clearly demonstrate that more NiO loading amounts pro-

vide more active sites, and decrease the recombination of

photoinduced e-–h? in the photocatalytic H2 production

process. It is very similar to the reported phenomena in

Refs. [25, 44, 47–49]. However, when the NiO loading

amount further increases to 0.04 g, the photocatalytic

activity of the CNN4 has a slight decrease. This can be

ascribed to two facts: (i) when the content of NiO exceeds a

certain value (0.03 g), there may be a light absorbing

Fig. 7 a Transient photocurrent responses and b EIS of NiO, NV-g-C3N4 and CNN3

Fig. 8 a Rate constant (k) for photocatalytic H2 evolution of all samples; b circulating runs of CNN3 under visible light irradiation and
c FTIR patterns of CNN3 sample before and after 4-times circulating runs
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competition between NV-g-C3N4 and NiO, which shields

some visible light from arriving the surface of NV-g-C3N4,

leading to a certain deactivation of photocatalytic H2

evolution rate; (ii) the excessive NiO may perform as a

kind of recombination center instead of providing an

electron pathway [50].

Moreover, the stability of photocatalyst is another vital

character to determine its sustainability [51, 52]. Here, as

can be clearly seen from Fig. 8b, after four successive

cycles, the H2 evolution rate of CNN3 sample has no

obvious decrease, implying high photo-stability of CNN3

sample [53]. Besides, FTIR spectra of CNN3 sample are

almost the same before and after 4 cyclic tests, further

verifying the sustainability of CNN3 [50, 54].

To understand the photocatalytic mechanism, the work

function of NiO and NV-g-C3N4 simulated by DFT cal-

culation is shown in Fig. 9. As shown, the NV-g-C3N4 has

a smaller work function (3.754 eV) than NiO (3.954 eV).

In general, the material work function is negatively related

to its Fermi level. Accordingly, the NV-g-C3N4 possesses a

higher Fermi level than NiO and thus the photogenerated

electron in the NV-g-C3N4 CB will easily transfer to NiO

under visible light irradiation [55].

Therefore, based on the above characterization and

photocatalytic performance results, possible reaction

mechanism for the CNNx samples through the addition of

NiO as co-catalyst is proposed and shown in Fig. 10 [56].

The whole process is as follows: under visible light irra-

diation, NV-g-C3N4 is excited to provide the photo-gen-

erated electrons and holes, the electrons in the NV-g-C3N4

conduction band easily transfer to the NiO conduction

band, and then reduce diffused water molecule to produce

H2 in the photocatalytic reaction. The residual holes in the

NV-g-C3N4 valence band are consumed by the sacrificial

agent triethanolamine in the system [57]. In this way, the

photogenerated electron–hole pairs in the photocatalytic

reaction are more easily separated, thus improving the

activity of photocatalyst.

Fig. 9 EF of a NiO (200) and b NV-g-C3N4, where insets show structural model of material for DFT calculation, and red and blue
dashed lines denote vacuum level and Fermi level, respectively

Fig. 10 Schematic diagram of photocatalytic mechanism for hybrid photocatalysts
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4 Conclusion

In summary, a non-noble metal hierarchical porous NiO

modified NV-g-C3N4 photocatalyst is prepared. As

expected, the CNN3 sample with an optimal mass ratio of

NiO (* 1.7%) has the highest H2 evolution rate of

170.60 lmol�g-1�h-1, exhibiting * 8.3-fold enhancement

compared to that of NV-g-C3N4. Further research reveals

that the hierarchical porous NiO as co-catalysts could

provide more active sites for H2 production. Moreover, the

CNNx hybirds formed at interface between NiO and host

nitrogen-vacated g-C3N4 create an interface electric field,

which is in favor of the photogenerated electrons migration

and separation from NV-g-C3N4 to NiO. Therefore, NiO

modified NV-g-C3N4 photocatalysts show significantly

enhanced visible light photocatalytic hydrogen production

activity as compared to the singular NV-g-C3N4 and NiO

sample. This work demonstrates that the hierarchical por-

ous NiO can be applied as a cheap and efficient co-catalyst

to replace expensive and rare noble metals in photocat-

alytic reactions, which might be extended to other func-

tional materials.
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