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ABSTRACT 20 

Herein, g-C3N4 and NiMoO4, which are moderate energy band gap semiconductors, have been 21 

effectively hybridized to create Z scheme heterojunction for successful visible-light 22 

photocatalytic converting CO2 into valuable products including CH4, CO, O2 and HCOOH. 23 

Ni(NO3)2·6H2O and (NH4)6Mo7O24·4H2O were used as precursors to synthesize 24 

NiMoO4 photocatalyst, which was continuously mixed with melamine before calcinating at 520 25 

oC for 6 h to get NiMoO4/g-C3N4 Z scheme heterojunction. We explored that NiMoO4 intimately 26 

contacted with g-C3N4. These band positions of the NiMoO4 were also perfectly matched with 27 

those of the g-C3N4. Therefore, these photo-induced e- on conduction band of the NiMoO4 could 28 

easily travel to h+ on valence band of the g-C3N4 (recombination); thereby, minimize h+ and e- 29 
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recombination in each material. Therefore, the NiMoO4/g-C3N4 direct Z-scheme heterojunctions 30 

could produce significant available h+ on the valence band of the NiMoO4 and e- on the 31 

conduction band of the g-C3N4. These e-/h+ have suitable redox potential to effectively convert 32 

CO2. Finally, the optimized g-C3N4 mole ratio for maximum enhancing photocatalytic efficiency 33 

of the NiMoO4/g-C3N4 heterojunction was 60 %. When the g-C3N4 content increased to 70 %, 34 

the excess g-C3N4 amount would entirely cover NiMoO4 surface leaded to form dense and closed 35 

shell. The formed closed shell decreased contact between NiMoO4 and CO2 as well as the 36 

interface charge transfer, which reduced the e- and h+ separation and transfer leading to decrease 37 

in photocatalytic conversion efficiency. 38 

 39 

Keywords: Z scheme heterojunction; NiMoO4; g-C3N4; Photocatalytic CO2 conversion; 40 

Valuable products 41 

 42 

1. Introduction 43 

Currently, CO2 has been considered as one of the main pollutants contributing to the climate 44 

change and greenhouse effects, which responds for various global problems [1]. Development of 45 

suitable method utilizing CO2 as an efficient source to form valuable products, including formic 46 

acid (HCOOH), methanol (CH3OH) and methane (CH4), etc., has recently received extensive 47 

attention in scientists. The utilization not only aims to reduce atmospheric CO2 levels but also 48 

extend available carbon resources for chemical industry production chain [2, 3]. Various 49 

techniques, such as chemical reduction (involving photo- and electro- reduction), thermocatalytic 50 

hydrogenation and biological conversion, have been conducted for the purpose [4]. Among them, 51 

photocatalysis for CO2 conversion has received great consideration because of its environmental 52 

friendliness and its potential in utilizing solar energy [5-9]. In the photocatalytic CO2 conversion, 53 
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the used photocatalyst could utilize solar or artificial light as sources of photon energy to 54 

accelerate photo-reactions to convert CO2 into carbohydrates. Various photocatalysts, such as 55 

metal oxides (ZnO, TiO2, WO3), metal phosphides, nitrides or sulfides (Ta3N5, CdS, ZnS, GaP) 56 

and binary-metal oxides (Bi2WO6, ZnGa2O4, Cu2V2O7, NiWO4, Zn2SnO4 and Zn2GeO4), have 57 

been successfully applied for photocatalytic CO2 conversion [10-13]. Nevertheless, most of them 58 

could be used only under ultraviolet irradiation and suffered from high photogenerated charge 59 

recombination, low conversion efficiency and photocorrosion during photocatalytic reactions, 60 

which are huge challenges hindering commercial applications in this field [14].  61 

Recently, several transition metal molybdates including NiMoO4, FeMoO4, Bi2MoO6, 62 

CoMoO4 and CuMoO4 have significantly attracted scientists’ attention to apply them in many 63 

fields including photocatalysis, dehydrogenation, and energy storage/conversion [15, 16]. 64 

Among them, NiMoO4 has been used as catalyst for oxidative dehydrogenation 65 

of propane and n-butane [17]. More recently, NiMoO4 has been considered as an emerging 66 

visible light photocatalyst because of its moderate energy band gap (~2.4 eV) and good electrical 67 

conductivity [18]. The synthesized NiMoO4 materials have been successfully used for 68 

photocatalytic organic pollutant removal as well as bacterial inactivation [19, 20]. However, the 69 

application of NiMoO4 photocatalyst for CO2 conversion is limited because its conduction band 70 

potential is quite low and rapid recombination of their photo-excited e- and h+. Another emerging 71 

photocatalyst, which has recently gained significant attention of global scientists, is g-C3N4 [21-72 

23]. The photocatalyst also has moderate band gap energy and high stability. The conduction 73 

band potential of the g-C3N4 is around -1.20 V. Therefore, the generated e- existing on the 74 

conduction band of the g-C3N4 would have high potential to reduce CO2 into many valuable 75 

hydrocarbon products [24-26]. Nevertheless, the g-C3N4 photocatalytic efficiency is still away 76 

from satisfactory due to the high recombination rate of photo-excited charges and low surface 77 
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area, which are usually considered as major barriers of the single component semiconductor 78 

photocatalyst [27]. Recently, Z-scheme heterojunctions, which have been formed from 79 

combination of g-C3N4 with another narrow band gap photocatalyst has been widely studied [28-80 

31]. In the formed Z scheme heterojunction, the g-C3N4 and the combined photocatalyst could be 81 

simultaneously excited by suitable incident light. Then, the photo-excited e- of the combined 82 

component could transfer to the g-C3N4 to combine with h+ on its valence band (recombination). 83 

Therefore, residual photo-excited e- of the g-C3N4 would exhibit strong reduction capacity while 84 

the h+ in coupled photocatalyst present strong oxidation capacity. Consequently, the formed Z-85 

scheme heterojunction could show great photocatalytic performance [32, 33]. To effectively 86 

form a Z-scheme heterojunction, the conduction band potential of the combined photocatalyst 87 

should be more positive than the conduction band potential of the g-C3N4 while the valence band 88 

potential of the g-C3N4 should be more negative than that of the coupled photocatalyst. Thus, the 89 

NiMoO4 is considered as perfectly suitable photocatalyst for combination with g-C3N4 to create 90 

Z-scheme heterojunction. However, until now, there was no reported study combining g-C3N4 91 

and NiMoO4 to form Z-scheme heterojunction (NiMoO4/g-C3N4). Thus, the study aims to 92 

combine NiMoO4 and g-C3N4 to create NiMoO4/g-C3N4 Z-scheme heterojunction. The formed 93 

heterojunction is expected to greatly prevent disadvantages of each single component to exhibit 94 

novel photocatalytic performance for efficiency CO2 conversion to valuable products. 95 

 96 

2. Experiments 97 

2.1. Material preparation 98 

Ni(NO3)2·6H2O and (NH4)6Mo7O24·4H2O were precursors for synthesis of 99 

NiMoO4 photocatalyst. In a typical experiment, these precursors were dissolved in deionized 100 

water to obtain 1 M solutions. Then, these obtained solutions were mixed by drop wise under 101 
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magnetic stirring condition. Citric acid (0.1 M) with double molar weight of Ni2+ used as 102 

chelating agent. Then, the suspension was neutralized by ammonium hydroxide (0.1 M). The 103 

obtained greenish yellow precipitate was centrifuged to collect and washed adequately with 104 

water/ethanol. Then, the washed precipitate was dried at 80 °C for a half day. The obtained dried 105 

greenish yellow powder was mixed with melamine. The obtained mixture was robustly mixed in 106 

order to achieve a homogeneous mixture, which was continuously transported to a crucible. The 107 

crucible was continuously calcinated at 520 °C for 6 h with 5 °C min−1 heating rate to achieve 108 

NiMoO4/g-C3N4 Z-scheme heterojunction. The melamine amounts were calculated to synthesize 109 

series of heterojunction photocatalysts, which were labeled as NiMoO4/g-C3N4-X (X represented 110 

the mole ratios of g-C3N4 in the heterojunction photocatalysts, X = 50, 60, and 70 %). A parallel 111 

experiment without adding melamine was also carried out to synthesize NiMoO4. Melamine was 112 

also calcinated at 520 oC for 6 h to obtain g-C3N4. 113 

 114 

2.2. Conversion experiments 115 

These photocatalytic CO2 conversion tests have been carried out in a continuous model 116 

containing a reactor with volume of 40 mL (Fig. S1 in the supplementary material). Quartz was 117 

used to make bottom and top of the reactor placing in the center of a 24 L cask. The cask has 118 

dark cover to use as a reaction chamber. A 30 W Duhalled (SBNL-830) bulb was hanged from 119 

the ceiling and another was put on the bottom of the reaction chamber were used as light sources 120 

generating visible light in range from 400 to 700 nm. The calculated power density of the 121 

provided visible light was approximately 0.15 W/cm2. 0.1 g synthesized materials was uniformly 122 

spread onto floor of the reactor to photocatalyze for CO2 conversion. For photocatalytic CO2 123 

conversion, high purity CO2 gas (99.9 %) was constantly supplied with flow rate of 30 mL/min. 124 

Before reaching to the reactor, the CO2 flow was oriented passing water (25 oC) to produce a 125 
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mixture of CO2 and H2O. By this condition, relative humidity of inlet gas reaching to 126 

photocatalyst was around 60 %. Finally, the products of conversion processes were determined 127 

by a gas chromatography (GC) system (Agilent 7890 B), which equipped with both a flame 128 

ionization detector (FID) and a thermal conductivity detector (TCD). 100 μL gaseous products 129 

was automatically injected into the GC system at intervals of 20 min. Ar gas was used as a 130 

carrier gas. Standard curves of CO, CH4 HCOOH and O2 have been built to calculate the 131 

concentration of produced gases.  132 

 133 

3. Results and discussion 134 

3.1. Material characteristics 135 

3.1.1. Morphology, microstructure and surface areas 136 

A Tecnai G2 F30 transmission electron microscopy (TEM) has been used to determine 137 

microstructures and morphologies of these synthesized NiMoO4, g-C3N4 and NiMoO4/g-C3N4 138 

materials. As presented in the Fig. 1A, the synthesized g-C3N4 existed as lamella. The 139 

synthesized NiMoO4 were nano-particles, which average size was approximately 170 nm (Fig. 140 

1B). In case of the synthesized NiMoO4/g-C3N4 material, the g-C3N4 lamellar entirely twined 141 

these NiMoO4 particles (the dark part). More TEM images of the NiMoO4/g-C3N4 materials have 142 

been additional provided in the supplementary material to clearly show the distribution of the 143 

NiMoO4 on the g-C3N4 lamella (Fig. S2 in the supplementary material). The obtained high 144 

resolution TEM image presented a lattice fringe of 0.397 nm, which corresponded to the (220) 145 

plane of the NiMoO4, while another lattice plane space of 0.32 nm was compatible with (002) 146 

planes of the g-C3N4 [34-36]. The obtained high resolution TEM image proved strong 147 

hybridizing between g-C3N4 and NiMoO4. Nitrogen adsorption desorption isotherms combining 148 

with BET equations were used to determine surface areas of the synthesized NiMoO4, g-C3N4 149 
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and NiMoO4/g-C3N4 heterojunctions. These obtained results shown in the Table 1 indicated that 150 

the surface areas of these NiMoO4/g-C3N4 heterojunctions were greater than those of NiMoO4 151 

and g-C3N4 single components. The distribution of NiMoO4 on the g-C3N4 diversified pore size 152 

and increased pore number leading to increase in the surface area of the NiMoO4/g-C3N4 as 153 

compared to those of both NiMoO4 and g-C3N4 (Fig. S3 in the supplementary material). The 154 

increase in surface areas of the NiMoO4/g-C3N4 heterojunction would effectively enhance their 155 

CO2 absorption leading to increase in conversion efficiency (if any). 156 

 157 

Fig. 1. TEM images of the g-C3N4 (A), NiMoO4 (B), NiMoO4/g-C3N4 heterojunctions (C) and 158 

HRTEM of the selected area in the TEM image of the NiMoO4/g-C3N4 (C1). 159 
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3.1.2. Phase structure 160 

A Bruker AXS D8 Advance diffractometer was used to obtain X-ray diffraction (XRD) 161 

patterns of these synthesized materials. These XRD patterns of these NiMoO4/g-162 

C3N4 heterojunctions with different g-C3N4 contents have been shown in Fig. 2 together with 163 

these patterns of the pristine NiMoO4 and g-C3N4. The major diffraction peaks observed from the 164 

NiMoO4 XRD pattern were well indexed to monoclinic structure of α-NiMoO4 (JCPDS Card No. 165 

86-0361) [37, 38]. The g-C3N4 XRD pattern presented two typical peaks appearing at 13.2° and 166 

27.4°, which corresponded to (100) and (002) lattice planes of the g-C3N4, respectively [39]. 167 

These diffraction peaks related to the g-C3N4 as well as the monoclinic structure NiMoO4 could 168 

be seen from XRD patterns of these synthesized NiMoO4/g-C3N4 heterojunction. No impurity 169 

diffraction peaks and noticeable peak shift were detected in the XRD patterns of these 170 

synthesized NiMoO4/g-C3N4 heterojunction indicating that the distribution of NiMoO4 on the g-171 

C3N4 has not affected crystallinity of both NiMoO4 and g-C3N4. 172 

 173 

Fig. 2. The XRD patterns of NiMoO4, g-C3N4 and NiMoO4/g-C3N4 heterojunctions. 174 
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3.1.3. Elemental states 175 

 The elemental status of nickel and nitrogen in these g-C3N4, NiMoO4 and NiMoO4/g-C3N4 176 

were determined using an X-ray photoelectron spectrometer (XPS). First, the Gaussian fitted 177 

XPS spectrum of N of g-C3N4 presented three peaks at 398.4, 399.8 and 401.1 eV (Fig. 3). The 178 

fitted peak at 398.4 eV can be attributed to nitrogen in C–N = C while the obtained peak at 179 

399.8 eV corresponded to N in N-(C)3 (bridging N atoms) building the fundamental g-180 

C3N4 structure [40, 41]. The peak at 401.1 eV could be corresponded  to N positive charge of 181 

heptazine rings resulted from incomplete thermal polycondensation process [42]. In contrast, N 182 

peaks of the NiMoO4/g-C3N4 heterojunctions shifted to 398.6, 400.1 and 401.6 eV. The 401.6 183 

peak intensity of the NiMoO4/g-C3N4 heterojunction also significantly decreased as compared to 184 

the peak of the g-C3N4. The results indicated that chemical bonds occurred between the 185 

NiMoO4 and g-C3N4 [43-47]. 186 

The XPS spectrum of Ni of the NiMoO4 presented four peaks, which included two major 187 

peaks accompanying with their satellite peaks (Fig. 3). The major peak (at 854.7 eV) and its 188 

shakeup type peak (at 862.1 eV) corresponded to Ni 2p3/2 orbital while the major peak (at 189 

872.5 eV) and its shakeup type peak (at 880.3 eV) corresponded to Ni 2p1/2 orbital [48-51]. The 190 

Ni 2p3/2 and Ni 2p1/2 peaks were separated by 17.8 eV showing the nickel state in the NiMoO4 191 

was Ni2+. However, these Ni 2p1/2 and Ni 2p3/2 peaks of the NiMoO4/g-C3N4 heterojunction 192 

shifted a little. The Gaussian fitting analysis deconvoluted the 2p spectrum into peaks indicating 193 

the co-existence of both Ni2+ and Ni3+ in the synthesized NiMoO4/g-C3N4 heterojunction [51-53]. 194 

In detail, these peaks at 856.3 and 874.4 eV could be appointed to Ni3+ 2p3/2 and Ni3+ 2p1/2 status, 195 

respectively; while these peaks at 854.7 and 872.5 eV still corresponded to Ni2+ 2p3/2 and 196 

Ni2+ 2p1/2 status, respectively. The new occurrence of Ni3+ state in the NiMoO4/g-C3N4 197 

heterojunction confirmed the existence of chemical bonding (Ni and N) between NiMoO4 and g-198 
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C3N4. The XPS analysis of C also confirmed that NiMoO4 and g-C3N4 were not just connected 199 

physically, but forming a tight interface via chemical bonding (C-O) between C of the g-C3N4 200 

and O of the NiMoO4 (Fig. S4 in the supplementary material). 201 

 202 

Fig. 3. XPS spectra of N 1s in g-C3N4 and NiMoO4/g-C3N4 (A) and XPS spectra of Ni 2p of 203 

NiMoO4 and NiMoO4/g-C3N4 (B). 204 

3.1.4. Optical properties 205 

The UV–Vis absorbance of these synthesized g-C3N4, NiMoO4 and NiMoO4/g-C3N4 206 

heterojunctions were presented in Fig. 4. In pristine NiMoO4, the coordination environments of 207 

Ni2+ and Mo6+ responded for its optical absorption [54]. First, the absorption in region of 205 to 208 

400 nm was due to the electron transfers from nonbonding ligand orbitals to antibonding metal  209 
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orbitals (from O2− 2p to Mo6+ 5d) [55]. Secondly, the d-d transitions 3A2g(F) → 3T1g(P) of the 210 

nickel in octahedral symmetry and charge transfers from these occupied Ni 3d orbitals to these 211 

unoccupied anti-bonding Mo 5d orbitals responded for absorption in region of 400 to 550 nm 212 

[56]. Finally, the optical absorption in region of 600–800 nm centered at 700 nm was attributed 213 

to Ni2+ (Oh) species [57].  214 

 215 

Fig. 4. UV–Vis absorption of these synthesized g-C3N4, NiMoO4 and NiMoO4/g-C3N4 216 

heterojunctions. 217 

The UV–Vis absorption of the g-C3N4 presented an absorption edge at 460 nm. As compared 218 

to these NiMoO4 and g-C3N4 samples, these synthesized NiMoO4/g-C3N4 heterojunctions 219 

presented great increase in visible-light absorbance. The energy band gap (Ebg) of g-C3N4 and 220 

NiMoO4, which were estimated via Kubelka-Munk functions, were 2.68 and 2.45 eV, 221 

respectively (Fig. S6 in the supplementary material). The estimated Ebg of these synthesized 222 

NiMoO4/g-C3N4 heterojunctions were great lower than those of single components (Table 1). 223 
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Table 1. Surface areas, Ebg, production rates and efficient used charges (e- or h+) of the NiMoO4, 224 

g-C3N4 and NiMoO4/g-C3N4 heterojunction. 225 

  
Surface areas 

(m2/g) 
Ebg 
(eV) 

Production rates  
(µmol. g-1cat. h-1) 

Efficient used 
charges (e- or h+) 

(µmol. g-1cat. h-1) CH4 CO O2 HCOOH 

g-C3N4 68.5 2.68 0 0 0 0 0 

NiMoO4 10.4 2.45 0 0 0 0 0 

NiMoO4/g-C3N4 - 50 97.5 2.37 512 349 1449 578 5950 

NiMoO4/g-C3N4 - 60 98.7 2.31 635 432 1853 647 7238 

NiMoO4/g-C3N4 - 70 96.2 2.34 567 414 1637 625 6614 

 226 

The visible-light absorption increase and the Ebg decrease of these synthesized NiMoO4/g-227 

C3N4 heterojunctions as compared to single components were attributed to direct Z scheme 228 

effects. The Mott-Schottky plots were applied to determine these maximum valence bands 229 

(MVB) and minimum conduction bands (MCB) of these g-C3N4 and NiMoO4 in order to clearly 230 

explain the direct Z-scheme mechanism of these NiMoO4/g-C3N4 heterojunctions (Fig. S7 in the 231 

supplementary material). These determined MVB and MCB of the g-C3N4 were 1.64 and 232 

−1.04 V, respectively; while these determined MVB and MCB of the NiMoO4 were 2.57 and 233 

0.12 V, respectively. In addition, g-C3N4 and NiMoO4 was intimately contacted (see the obtained 234 

HRTEM results). Therefore, g-C3N4 and NiMoO4 have been suitable hybridized to form a novel 235 

Z direct scheme (Fig. 5). Electrochemical impedance spectra (EIS) were also carried out to 236 

confirm electron transfer between NiMoO4 and g-C3N4. The obtained EIS Nyquist plots, which 237 

was provided in the supplementary data (Fig. S8), showed that the charge transfer resistance of 238 

the NiMoO4/g-C3N4 was much lower than those of single NiMoO4 and NiMoO4/g-C3N4. This 239 
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verified these findings indicating that the Z scheme has been successfully established to enhance 240 

electron transfer between NiMoO4 and g-C3N4. 241 

 242 

Fig. 5. Mechanism for Z direct scheme heterojunction. 243 

In the formed direct Z-scheme, narrow Ebg g-C3N4 and NiMoO4 photocatalysts could absorb 244 

visible light to excite e- from valence band to conduction band leaving h+ on the valence band. 245 

Then, these excited e- on the conduction band of the NiMoO4 could easily transfer (migrate) to 246 

the valence band of the g-C3N4 to fill these h+ there. This effectively minimized recombination of 247 

photo-excited charges in each material. Thus, the incident visible light was efficiently used for 248 

separation of e- and h+ or visible-light absorption of these synthesized NiMoO4/g-C3N4 was 249 

greater than those of single components. The photoluminescence (PL) characterization was also 250 

used to determine recombination status of photo-excited charges in the synthesized samples (Fig. 251 

6). It is known that the higher the PL peak intensity indicates faster recombination. Fig. 6 252 

presented that these PL peaks of these synthesized NiMoO4/g-C3N4 heterojunction were 253 

obviously lower than those of the g-C3N4 and NiMoO4 meaning that the direct Z-scheme 254 

heterojunction remarkably restrained e- and h+ recombination.  255 
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 256 

Fig. 6. Photoluminescence spectra of these synthesized g-C3N4, NiMoO4 and NiMoO4/g-C3N4 257 

heterojunctions. 258 

3.2. CO2 conversion 259 

No carbon-containing products was detected in blank experiments, which used a mixture of 260 

N2 and H2O vapor as inlet gas to feed into the irradiated reactor involving synthesized g-C3N4, 261 

NiMoO4 and NiMoO4/g-C3N4 heterojunctions. This observation verified that carbon products (if 262 

any) could be generated from CO2 precursor rather than from carbon components (residues) of 263 

these synthesized photocatalysts. After blank experiments, CO2 and H2O vapor mixtures were 264 

fed to the reactor, which contained these synthesized g-C3N4, NiMoO4 and NiMoO4/g-C3N4, 265 

under both visible light and dark conditions. There was no converted product was noticed when 266 

tests were conducted under darkness. This indicated the necessary of incident visible light as 267 
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excitation source for photocatalytic performance. The single component photocatalysts (NiMoO4 268 

or g-C3N4) could not also exhibit any activity for conversion of CO2 when they were excited by 269 

visible light. This result was due to rapid recombination of photo-excited h+ and e-, which was 270 

one of major disadvantages of single component photocatalyst. Interestingly, these NiMoO4/g-271 

C3N4 heterojunctions effectively converted CO2 into various carbon-containing products 272 

including CO, CH4 and HCOOH. Huge O2 gas have been also found as by-product from 273 

photocatalytic CO2 conversion. The production rates of CO, CH4, HCOOH and O2 were shown 274 

in Table 1. The CO2 conversion efficiency of the NiMoO4/g-C3N4 photocatalyst was much 275 

higher than those of recent reported materials (Table S1 in the supplementary material). When 276 

NiMoO4 was coupled with g-C3N4 to create NiMoO4/g-C3N4 heterojunctions, both NiMoO4 and 277 

g-C3N4 could absorb large amount of incident visible light (because of their narrow Ebg) to excite 278 

of e- from the valence band to the conduction band of each material leaving h+ at the valence 279 

band. Because of suitable potential energy level and intimate contact between NiMoO4 and g-280 

C3N4, the photo-excited e- on the conduction band of the NiMoO4 can travel to h+ on the valence 281 

band of the g-C3N4 (to recombine); thereby, effectively minimize charge recombination in each 282 

material. Therefore, the NiMoO4/g-C3N4 direct Z scheme heterojunctions could produce 283 

significant available e- at the conduction band of the g-C3N4 and h+ at the valence band of the 284 

NiMoO4. These produced charges presented suitable redox potential to convert CO2 describing 285 

by following equations [32, 58, 59]. 286 

NiMoO4/g-C3N4  → lightVisible
e- + h+ (1) 

2H2O + 4h+  4H+ + O2 (2) 

CO2 + 8H+ + 8e- CH4 + 2H2O  (E0
redox = - 0.24 V) (3) 

CO2 + 2H+ + 2e- CO + H2O    (E0
redox = - 0.48 V)   (4) 
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CO2 + 2H+ + 2e-  HCOOH    (E0redox = - 0.61 V)   (5) 

Based on the equations 2, 3, 4 and 5, it can be seen that the [produced O2] = 2 × [produced 287 

CH4] +1/2 × [produced HCOOH] + 1/2 × [produced CO] = 1,809 (µmol. g-1cat. h-1). The 288 

calculated O2 products mostly matched with the detected produced O2 (Table 1). Therefore, the 289 

proposed mechanism for photocatalytic CO2 conversion following equations (1 to 5) was 290 

scientifically correct. In addition, equations 2, 3, 4 and 5 also indicated that these efficient used 291 

charges (e- or h+) = 4 × [produced O2] = 8 × [produced CH4] + 2 × [produced CO] + 2 × 292 

[produced HCOOH]. These efficient used charges (e- or h+) of these NiMoO4/g-C3N4 293 

heterojunctions were also shown in Table 1. The efficient used charges of the NiMoO4/g-C3N4-294 

60 was approximately 7,238 (µmol. g-1cat. h-1), which was the highest among those of these 295 

synthesized NiMoO4/g-C3N4 heterojunctions (5,950 (µmol. g-1cat. h-1) for NiMoO4/g-C3N4-50 296 

and 6.614 (µmol. g-1cat. h-1) for NiMoO4/g-C3N4-70). The observation greatly matched with 297 

these characterized results. Thus, the g-C3N4 contents significantly affected photocatalytic 298 

efficiency and the optimal g-C3N4 molar ratio was 60 %. When g-C3N4 content was increased to 299 

70 %, the excess g-C3N4 amount would entirely cover NiMoO4 surface leaded to form dense and 300 

closed shell [41, 42]. The formed closed shell decreased contact between NiMoO4 and CO2 as 301 

well as the heterojunction interface effects, which reduced e- and h+ separation and transfer 302 

efficiency leading to decrease in photocatalytic conversion efficiency. 303 

Recycling experiments were conducted to determine the stability of the synthesized 304 

NiMoO4/g-C3N4 during the CO2 conversion processes. The NiMoO4/g-C3N4, which was used for 305 

CO2 conversion for 4 h, was collected and vacuum dried for 24 h under dark condition and then 306 

continuously applied for next cycle. The CO2 conversion efficiency of the NiMoO4/g-C3N4 was 307 

constantly over five cycles (Table 2). The results indicated the high stability of the NiMoO4/g-308 

C3N4 material in the CO2 conversion process.  309 
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Table 2. Production rates and efficient used charges from CO2 conversion of the recycled 310 

NiMoO4/g-C3N4. 311 

 Production rates  
(µmol. g-1cat. h-1) 

Efficient used charges 
(µmol. g-1cat. h-1) 

CH4 CO O2 HCOOH 

Cycle #1 635 432 1853 647 7238 

Cycle #2 617 430 1802 680 7156 

Cycle #3 625 414 1705 630 7088 

Cycle #4 608 407 1754 618 6914 

Cycle #5 612 397 1673 595 6880 

 312 

4. Conclusions 313 

We successfully combined g-C3N4 and NiMoO4, which are moderate Ebg materials, to create Z 314 

scheme heterojunction to effectively use for visible-light photocatalytic CO2 conversion to 315 

valuable products involving CH4, HCOOH, CO and O2. The intimate contact between NiMoO4 316 

with g-C3N4 in NiMoO4/g-C3N4 direct Z scheme heterojunctions have been well proved. The 317 

material characterization also indicated that these band position of NiMoO4 was also perfectly 318 

matched with those of g-C3N4. Thus, these photo-excited e- at the conduction band of the 319 

NiMoO4 could easily recombine with h+ at the valence band of the g-C3N4 to preserve significant 320 

available amounts of e- at the conduction band of the g-C3N4 and h+ at the valence band of the 321 

NiMoO4. These preserved h+ and e- presented suitable redox potential to effectively convert CO2 322 

to produce CH4, HCOOH, CO and O2. Finally, we determined that the optimized g-C3N4 molar 323 

ratio in the NiMoO4/g-C3N4 heterojunction for the highest CO2 conversion efficiency was 60 %. 324 

This was because the excess g-C3N4 amount (when the g-C3N4 content increased to 70 %) would 325 

entirely cover NiMoO4 surface leaded to form dense and closed shell decreasing contact between 326 
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NiMoO4 and CO2 as well as the heterojunction interface effects, which reduced e- and h+ 327 

separation and transfer efficiency resulted in decrease in photocatalytic conversion efficiency. 328 
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Highlights 

 

− Successfully created NiMoO4/g-C3N4 Z scheme heterojunction for CO2 conversion 

− Hybridization of NiMoO4 and g-C3N4 prevented recombination of e-/h+ in each material 

− The created NiMoO4/g-C3N4 converted CO2 into HCOOH, CH4 and CO even under visible 

light 

− The optimal molar ratio of g-C3N4/NiMoO4 for the best photocatalytic conversion was 60% 
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