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Abstract. 19 

The ZnO/mpg-C3N4 composite photocatalyst with high visible light activity was 20 

successfully synthesized by a facile solvothermal method and characterized by 21 

thermogravimetric analysis (TGA), X-ray diffraction (XRD), transmission electron 22 

microscopy (TEM), high-resolution transmission electron microscopy (HRTEM) and 23 

UV-vis diffuse reflectance spectra (DRS). The results indicated that ZnO particles 24 

dispersed uniformly on the mpg-C3N4 sheet. The photocatalytic activity of 25 

ZnO/mpg-C3N4 for photodegradation of MB was much higher than that of pure 26 

mpg-C3N4 both under the visible light and simulated solar irradiation. The optimal 27 

ZnO content for the photocatalytic activity of the ZnO/mpg-C3N4 composites is 28 

24.9%, which is almost 2.3 times as high as that of pure mpg-C3N4 under the visible 29 

light, and 1.9 times under the simulated solar irradiation. The enhancement in 30 

photocatalytic activity should be assigned to the effective separation and transfer of 31 

photogenerated charges coming from the well-matched overlapping band-structure 32 

between mpg-C3N4 and ZnO. Radical trap experiments show that both ZnO/mpg-C3N4 33 

composites and mpg-C3N4 have the same photodegradation mechanism, and the holes 34 

are their main oxidative species for MB degradation. 35 

Keyword: photocatalysis, mpg-C3N4, ZnO, solvothermal method36 

Page 2 of 38Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 

1. Introduction 37 

Recently, removal of environmental pollutants through photocatalytic reaction has 38 

drawn increasing attention
1
 because solar energy is an inexhaustible, low-cost, 39 

environmentally friendly energy resource. Photocatalysis is a catalytic process 40 

occurring on the surface of semiconductor materials under the irradiation of 41 

photons
2-6

. In the past decades, various semiconductor materials such as metal oxides
7
, 42 

sulfides
8
, nitrides

9
, and their mixed solid solutions

10
 have been exploited as 43 

photocatalysts for photocatalytic degradation of organic pollutants. Among them, ZnO 44 

shows high efficiency for photodegradation of some dyes in polluted water
11,12

. 45 

Unfortunately, very poor response to visible light and its high recombination rate of 46 

photogenerated charges limit its practical applications on a large scale. Accordingly, 47 

some effort has been devoted to reducing the recombination of photogenerated 48 

electron–hole pairs and improving the utilization of solar light of ZnO. 49 

Since Wang et al. first reported that a polymeric semiconductor, graphite-like 50 

carbon nitride (g-C3N4), which was introduced as a metal-free photocatalyst for 51 

solar-driven applications
13

. This organic semiconductor offers new opportunities for 52 

photocatalysis due to its cheap availability, high stability, and especially its intrinsic 53 

visible light response
14,15

. However, the high recombination rate of photogenerated 54 

electron-hole pairs and low quantum efficiency limited the photocatalytic efficiency 55 

of pure g-C3N4. To enhance its photocatalytic capability, a number of methods have 56 

been exploited, including porous structures
16,27

, doping with metal or nonmetal 57 

elements
18,19

, coupling with grapheme
20,21

, organic dyes
22

 and other 58 
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semiconductors
23,24

, texture engineering and molecular design
25,26

, fabrication of 59 

CN/CNS heterojuncitons
27

, modification of co-catalysts
25

.  60 

Coupling ZnO with g-C3N4 is may be an ideal system to improve the separation 61 

efficiency of photogenerated electron-hole pairs due to their well-matched 62 

overlapping band-structure. Qiu et al synthesized the g-C3N4–ZnO composite 63 

photocatalyst by a simple calcination process and its application for the 64 

photodegradation of Methyl Orange and p-nitrophenol experiments
28

. Wang et al 65 

synthesized the g-C3N4–ZnO composites with different weight percents of ZnO by a 66 

facile ball milling method or a heat treatment of the precursor.
29,30

 The g-C3N4-ZnO 67 

composite exhibited the much higher photocatalytic activity than the single-phase 68 

g-C3N4, clearly demonstrating a synergistic effect between ZnO and g-C3N4. Our 69 

group has developed a ZnO photocatalyst hybridized with g-C3N4 and found that the 70 

introduction of g-C3N4 to ZnO not only can enhance the photocatalytic activity, but 71 

also successfully suppress the photocorrosion of ZnO
31,32

.  72 

Therefore, in this work, a facile solvothermal method was reported to synthesis a 73 

serial of ZnO/mpg-C3N4 composite photocatalysts. Mesoporous g-C3N4 (mpg-C3N4) 74 

with an open crystalline pore wall and a large surface area was used as a supporter to 75 

immobilize ZnO nanoparticles. The structure can in principle enhance the light 76 

harvesting ability and the reactant adsorption capability of the material due to its large 77 

surface and multiple scattering effects. These photocatalysts are characterized for the 78 

structure, morphology and optical properties by thermogravimetric analysis (TGA), 79 

X-ray diffraction (XRD), transmission electron microscopy (TEM), high-resolution 80 

Page 4 of 38Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 

transmission electron microscopy (HRTEM) and UV-vis diffuse reflectance spectra 81 

(DRS). Methylene blue (MB) was used as the model substance to evaluate the 82 

photocatalytic activity of the photocatalysts. The results indicated that ZnO 83 

nanoparticles dispersed uniformly on the mpg-C3N4 sheet. The ZnO/mpg-C3N4 84 

composite photocatalyst exhibited much higher photocatalytic activity than either 85 

pure mpg-C3N4 or ZnO, which is due to improvement of separation efficiency of 86 

photogenerated electron-hole pairs in ZnO/mpg-C3N4 composites. 87 

2. Experimental  88 

2.1 Material  89 

Cyanamide (CN-NH2) was purchased from Rugao City Zhongru Chemical Co., Ltd, 90 

P. R. China. 40% dispersion of SiO2 particleswas supplied by Beijing BOYU GOKE 91 

New Material Technology Co., Ltd, P. R. China. The particle diameter of SiO2 92 

particles is about 12 nm, and the TEM of SiO2 particles is shown in Figure S1.All 93 

other reagents used in this research were analytically pure and used without further 94 

purification. 95 

2.2 Sample preparation 96 

2.2.1 Synthesis of mpg-C3N4  97 

The mpg-C3N4 was synthesized with the hard template method as previously 98 

reported
33

. 9.0 g of molten cyanamide was added dropwise in 22.5 g of a 40 % 99 

dispersion of 12-nm SiO2 particles, which were used as a hard template. The mixture 100 

was heated at 90 °C with stirring to evaporate water. The resultant white powder was 101 

then heated at a rate of 2.3 °C min
-1

 over 4 h to reach a temperature of 550 °C, and 102 
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then tempered at this temperature for an additional 4 h. The brown-yellow product 103 

was treated with ammonium bifluoride (NH4HF2, 4 M) for 48 h to remove the silica 104 

template. The powders were then centrifuged and washed with distilled water for four 105 

times and with ethanol twice. Finally the mpg-C3N4 was dried at 70 °C under vacuum 106 

for overnight.  107 

2.2.2 Synthesis of ZnO/mpg-C3N4 composite photocatalyst  108 

ZnO/mpg-C3N4 photocatalysts were obtained via solvothermal method. The 109 

preparation processes are showed in Figure 1. Briefly, an appropriate amount of 110 

mpg-C3N4 was added into 50 mL of ethylene glycol (EG) by ultrasonic treatment for 111 

30 min to completely disperse the mpg-C3N4. This was followed by addition of 0.6 g 112 

of zinc acetate dissolved in 60 mL of EG and stirring to the obtained a homogeneous 113 

dispersion. Subsequently, 219 mg of NaOH which has been dissolved in 50 mL of EG 114 

was added to the mixture followed by stirring for 1 h to obtain a homogeneous 115 

suspension. The suspension was transferred to a 200 mL Teflon-lined stainless steel 116 

autoclave, and maintained at 160 °C for 24 h to achieve the deposition of ZnO on 117 

mpg-C3N4. Finally, the resultant composite was recovered by centrifugation and 118 

washed with absolute ethanol and deionized water five times and dried in an oven at 119 

70 °C for 24 h. A series of ZnO/mpg-C3N4 photocatalysts with the different mass 120 

ratios of ZnO were prepared by this method, which were denoted as 121 

ZnO/mpg-C3N4-X, X represented weight percentage of ZnO in ZnO/mpg-C3N4 122 

photocatalyst which is determined according to thermogravimetric analysis (TGA) 123 
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results. For comparison, ZnO without mpg-C3N4 was also obtained by using the same 124 

method under the same conditions. 125 

2.3 Characterization 126 

Thermogravimetric analysis was performed in air at a heating rate of 10 °C min
-1

 127 

on a DSC-60 thermal analyzer. The crystallinity of the as-prepared sample was 128 

characterized by X-ray diffraction (XRD) on Bruker D8 Advance X-ray 129 

diffractometer at room temperature. Morphologies and structures of the prepared 130 

samples were further examined with a HITACHI HT770 transmission electron 131 

microscopy (TEM) operated at an accelerating voltage of 100 kV and LEO-1530 field 132 

emission scanning electron microscope (SEM). High-resolution transmission electron 133 

microscopy (HRTEM) images were obtained by a JEOL JEM-2011F field emission 134 

transmission electron microscope with an accelerating voltage of 200 kV. The 135 

composition of the as-prepared sample was determined by energy-dispersive X-ray 136 

(EDX) spectroscopy attached on the same microscope. The UV-vis diffuse reflectance 137 

spectras (DRS) of the samples were carried out on a Hitachi U-3010 UV-vis 138 

spectrophotometer using BaSO4 as the reference. Fourier transform infrared (FTIR) 139 

spectra were carried on a Bruker spectrometer in the frequency range of 2000-600 140 

cm
−1

 with a resolution of 1 cm
-1

. Raman spectra were recorded on a Horiba HR 800 141 

spectrometer in the range of 400-2000 cm
-1

. The excitation light was 785 nm. 142 

Electrochemical and photoelectrochemical measurements were performed in 143 

three-electrode quartz cells with a 0.1 M Na2SO4 electrolyte solution. Platinum wire 144 

was used as the counter electrode, and saturated calomel electrodes (SCE) were used 145 
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as the reference electrodes, respectively. The as-prepared photocatalyst film electrodes 146 

on ITO served as the working electrode. The photocurrents were measured on an 147 

electrochemical system (CHI-660B, China). Electrochemical impedance spectra (EIS) 148 

were measured at 0.0 V. A sinusoidal ac perturbation of 5 mV was applied to the 149 

electrode over the frequency range of 0.05-105 Hz. Photoluminescence spectra (PL) 150 

of the samples were obtained at room temperature excited by incident light of 375 nm 151 

using a fluorescence spectrometer (JASCO FP-6500). Moreover, the concentration of 152 

dye and their by-products were determined by HPLC (high performance liquid 153 

chromatography) using a Venusil XBP-C18 (3.9 × 200, Agela Technologies Inc.) 154 

column, Auto-sampler: 20 vials capacity with 6 line degasser channel, K-2501 155 

ultraviolet absorbance detector. Two different kinds of solvents were prepared in this 156 

study. Solvent A was acetonitrile while solvent B was made from 0.1 M ammonium 157 

acetate and acetic acid (pH 5.3). The flow rate of the mobile phase was set at 0.8 158 

ml/min. Before the analysis, the samples were filtered through Millipore discs of 0.45 159 

µm to protect the chromatographic column.  160 

2.4 Photodegradation experiment 161 

The photocatalytic activities were evaluated by the decomposition of methylene 162 

blue (MB) under visible light irradiation (λ > 420 nm) and simulated solar irradiation. 163 

The radial flux was measured by a power meter from the Institute of Electric Light 164 

Sources, Beijing. Visible irradiation was obtained from a 500 W xenon lamp (Xujiang 165 

Electromechanical Plant, Nanjing, China) with a 420 nm cutoff filter. Simulated solar 166 

irradiation was provided by a 500 W xenon lamp without the cutoff filter. In each run, 167 
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25 mg photocatalyst was totally dispersed in an aqueous solution of MB (50 ml, 0.04 168 

mM). Before irradiation, the suspensions were magnetically stirred in the dark for 120 169 

min to get absorption-desorption equilibrium between the photocatalyst and MB. At 170 

certain time intervals, 3 mL aliquots were sampled and centrifuged to remove the 171 

particles. The concentration of the MB was analyzed by a Hitachi U-3010 UV-vis 172 

spectrophotometer at 663 nm. 173 

3. Results and discussion 174 

3.1 Heterojunction Structure of ZnO/mpg-C3N4 photocatalysts 175 

To understand the thermostability of the composites, as well as the ZnO contents in 176 

the final products, thermogravimetric analysis was first performed from room 177 

temperature to 900 °C at a heating rate of 10 °C min
-1

. As can be seen in Figure 1, For 178 

pure ZnO, a weight loss occurring from 200 °C to 400 °C could be attributed to the 179 

desorption of surface bound water. For pure mpg-C3N4, two weight loss regions could 180 

be seen in the TG curve. The first weight loss from 200 °C to 400 °C could also be 181 

attributed to the desorption of surface bound water. The second weight loss occurring 182 

from 500 °C to 720 °C could be assigned to the burning of mpg-C3N4. For all 183 

ZnO/mpg-C3N4 samples, these two weight loss regions could also be observed in their 184 

TG curves. The amount of ZnO in ZnO/mpg-C3N4 composite could be calculated 185 

from the second weight loss and is shown in Figure 2. So the really ZnO contents in 186 

ZnO/mpg-C3N4 composites were determined to be 93.2, 80.3, 65.1, 38.4, 24.9 and 187 

13.8%, respectively. 188 
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Figure 3 shows the XRD patterns of the as-prepared ZnO/mpg-C3N4 composites, as 189 

well as pure mpg-C3N4 and ZnO. The mpg-C3N4 sample has a characteristic peak at 190 

27.4°, which can be indexed as the (002) diffraction plane. The XRD pattern of pure 191 

ZnO has nine discernible diffraction peaks, which confirms the face-centered cubic 192 

structure of ZnO according to JCPDS 65-3411. The ZnO/mpg-C3N4 composite 193 

samples exhibit diffraction peaks corresponding to both mpg-C3N4 and ZnO, 194 

reflecting the presence of two phases, and no other impurity peaks were observed. 195 

Figure 4 gives the FTIR spectroscopy of ZnO/mpg-C3N4 composites. In the FT-IR 196 

spectrum of C3N4, the peak at 1637 cm
-1

 is attributable to the C=N stretching 197 

vibration modes, while the peaks at 1243 cm
-1

, 1320 cm
-1

 and 1403 cm
−1

 are due to 198 

the aromatic C-N stretching
34-36

. The peak at 808 cm
-1

 is related to the s-triazine ring 199 

modes
36

. These peaks are all present in the ZnO/mpg-C3N4 composites, suggesting 200 

that no structural change of g-C3N4 occurs during the solvothermal process. 201 

Furthermore, with the increase of the mass ratio of the mpg-C3N4 to ZnO, the 202 

intensities of these characteristic peaks of g-C3N4 in the ZnO/mpg-C3N4 samples 203 

increase. 204 

Raman spectroscopy was carried out to study the structure changes between the 205 

pure mpg-C3N4 and ZnO/mpg-C3N4 composites. Raman spectra of the mpg-C3N4 and 206 

ZnO/mpg-C3N4 samples with the different mass ratio (Figure S2, Supporting 207 

Information) all show typical Raman peaks of mpg-C3N4, indicating mpg-C3N4 in 208 

ZnO/mpg-C3N4 composites during the solvothermal process retain the same crystal 209 

structure of C3N4. Furthermore, as increasing the mass ratio of the mpg-C3N4 to ZnO, 210 
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the intensity of the characteristic peak of C3N4 in the ZnO/mpg-C3N4 samples 211 

increases. 212 

The morphology and microstructure of the representative samples were examined 213 

by using SEM, TEM and HTEM. Figure S3 (Supporting Information) gives the SEM 214 

micrographs of ZnO, mpg-C3N4, and ZnO/mpg-C3N4-24.9. The ZnO prepared by the 215 

solvothermal method is mainly approximately spherical particles (Figure S3a). The 216 

possible reason for the formation of spherical ZnO nanocrystals is that the addition of 217 

OH
-
 caused fast reaction rate, which might cause more nuclei to form in a short time

37
. 218 

Figure S3b shows that the image of the mpg-C3N4 is composed of a large number of 219 

irregular particles. The surface of the mpg-C3N4 is fluffy and coarse. Compared with 220 

the pure mpg-C3N4 phase, the mpg-C3N4 in the ZnO/mpg-C3N4-24.9 becomes smooth 221 

(Figure S3c), suggesting that the fragments of mpg-C3N4 can grow into a large sheet 222 

structure by the solvothermal treatment. It can also be observed that there are many 223 

ZnO particle agglomerations on the surface of mpg-C3N4 plates.   224 

Figure 5 shows TEM images of ZnO, mpg-C3N4 and ZnO/mpg-C3N4-24.9. The 225 

pure ZnO are approximately spherical particles with diameters at range of 10~30 nm 226 

(Figure 5a). In the image of mpg-C3N4 (Figure 5b), many spherical pores with a mean 227 

diameter of about 12 nm are observed on the surface of the mpg-C3N4. These pores 228 

exactly reflect the geometric properties of the original template of SiO2 particles, 229 

which have particle size of 12 nm. Compared with the pure mpg-C3N4, the sheet 230 

layers of g-C3N4 in ZnO/mpg-C3N4 composite become bigger and more integral 231 

(Figure 5c), which is consistent with the result of SEM. This fact shows that the 232 
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fragments of mpg-C3N4 can reorganized and grow under the solvothermal condition. 233 

Meanwhile, many ZnO nanoparticles are dispersed uniformly on the mpg-C3N4 sheet. 234 

Figure 5d shows the HRTEM image of ZnO/mpg-C3N4-24.9, which gives the direct 235 

evidence of the formation of ZnO nanoparticles on the planes and edges of mpg-C3N4 236 

sheets. The lattice spacing of planes is 0.281 nm corresponding to the (100) crystal 237 

plane of wurtzite ZnO, which is consistent with the spacing values reported in the 238 

JCPDS (No. 65-3411). In addition, the corresponding SAED pattern, as shown in the 239 

inset of Figure 5d, confirms that the ZnO nanoparticles have the wurtzite structure and 240 

also indicates the successful deposition of ZnO nanoparticles on the surface of 241 

mpg-C3N4.To further confirm the successful preparation of ZnO/mpg-C3N4 composite, 242 

the composition of this photocatalysis was detected using EDX showed in Figure S4. 243 

It can be seen that C, N, Zn and O all exist in this composite. The Cu element comes 244 

from the Cu metal supporter.  245 

UV-vis diffuse reflection was carried out to investigate the optical properties of 246 

pure mpg-C3N4, pure ZnO and ZnO/mpg-C3N4 composite samples. As shown in 247 

Figure 6, the pure mpg-C3N4 exhibits a fundamental absorption edge at 570 nm, 248 

corresponding to the band gap of 2.7 eV. The pure ZnO sample has an absorption 249 

edge at 400 nm, which can be attributed to the ZnO band gap of 3.18 eV. Meanwhile, 250 

at the high ZnO loading amount (93.2 wt.% and 80.3 wt.%), the composite samples 251 

show the same absorbance edge with ZnO, and extend the absorbance to the visible 252 

region due to the presence of mpg-C3N4. When the loading amount of ZnO further 253 

decreasing, the absorbance edge shows a gradual red shift, the ZnO/mpg-C3N4 254 
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composite samples show hybrid absorption features of mpg-C3N4 and ZnO, which 255 

allows for more efficient utilization of the solar spectrum to create photogenerated 256 

electrons and holes. 257 

3.2 Photocatalytic activity and photocurrent of ZnO/mpg-C3N4 composite 258 

photocatalysts 259 

The photocatalytic performance was mainly evaluated by degradation of methylene 260 

blue (MB), a hazardous dye as well as a common model to test the photodegradation 261 

activity. As shown in Figure 7, significant differences in the catalytic behaviors were 262 

observed, and the photodegradation process was fit to pseudo-first-order kinetics in 263 

which the value of rate constant k is equal to the corresponding slope of the fitting 264 

line. Figure S5 (supporting information) gives the photodegradation of MB in 265 

presence of composite catalyst with different percentage of ZnO under visible light 266 

irradiation. The blank test confirms that MB is only slightly degraded in the absence 267 

of catalysis, indicating that the photolysis effects can be ignored. It can be seen that 268 

the photocatalytic activity is enhanced gradually with the loading amount of ZnO 269 

decreasing under visible light irradiation, and it reaches the maximum when the 270 

loading amount up to 24.9 wt.%, further decreasing the loading amount of ZnO, the 271 

photocatalytic activity decreases. The k values of ZnO/mpg-C3N4 composites with the 272 

different ZnO content are showed in Figure 7a. The ZnO/mpg-C3N4 sample with 24.9 273 

wt.% ZnO had the highest apparent k of 0.182 h
-1

, which was about 2.3 times as that 274 

of pure mpg-C3N4 sample (0.080 h
-1

). Figure 7 b shows the photocatalytic activity of 275 

ZnO/mpg-C3N4 composites with the different ZnO content under simulated solar 276 
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irradiation. The ZnO/mpg-C3N4 samples also exhibits gradual enhanced 277 

photodegradation activity with the loading amount of ZnO decreasing (Figure 7b). 278 

The apparent k of ZnO/mpg-C3N4-24.9 (0.303 h
-1

) is the highest, which is almost 1.9 279 

times better than that of the pure mpg-C3N4 (0.161 h
-1

).  280 

Photocurrent measurements of the pure mpg-C3N4 and optimal 281 

ZnO/mpg-C3N4-24.9 electrodes were also investigated, which are showed in Figure 8. 282 

The transient photocurrent responses of a photocatalyst may directly correlate with 283 

the recombination efficiency of the photogenerated carriers.
38-40

 A generation of 284 

photocurrent with good reproducibility for the samples is observed via four on-off 285 

cycles. This indicates that the electrode is stable and the photocurrent is quite 286 

reversible. ZnO/mpg-C3N4-24.9 electrode is about 2.5 times as high as that of the pure 287 

mpg-C3N4 electrode, which indicates that the separation efficiency of photogenerated 288 

electrons and holes is significantly improved in ZnO/mpg-C3N4 sample.  289 

Besides activity, the stability of a photocatalyst is important for its application. In 290 

order to determine the stability of our composite photocatalysts, 24h persistent MB 291 

photodegradation of ZnO/mpg-C3N4-24.9 composite was performed, which are 292 

showed in Figure 9. The result showed that no obvious loss of photocatalytic activity 293 

was observed after irradiation for 24h. Consequently, the ZnO/mpg-C3N4 294 

photocatalysts showed good stability during the photocatalytic reaction.  295 

3.3 Mechanism of degradation and photocatalytic activity enhancement 296 

To reveal the photocatalytic process, the HPLC chromatograms of the initially MB 297 

solution and after different irradiation times of photocatalytic degradation over 298 
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optimal ZnO/mpg-C3N4-24.9 and pure mpg-C3N4 were recorded and shown in Figure 299 

10. It can be seen that two peaks at 4.6 and 4.2 min are detected from the 300 

chromatogram spectra of the original reaction solution. The peak at 4.6 min is 301 

attributed to the initial MB. Another peak at 4.2 min is attributed to the azure B due to 302 

the self-degradation of MB. Under visible light irradiation, two new peaks located at 303 

3.8 and 3.4 min appear, indicating the formation of the intermediate products during 304 

the MB photodegradation process. Consequently, photodegradation of the MB 305 

solutions not only caused its decoloration but also fractionally destroyed the structure 306 

of the MB molecules. According to the literature, the intermediates at 3.8 and 3.4 min 307 

are attributed to azure A and azure C, which could be formed through demethylation 308 

cleavage of one or two methyl group substituents on the amine groups during 309 

photodegradation
41

. The intensity of new peaks increased to the maximum value and 310 

then decreased along with the irradiation time, testifying the degradation ability of 311 

samples for all the intermediates. The same retention times for the degradation 312 

intermediates by pure mpg-C3N4 and ZnO/mpg-C3N4-24.9 indicated the identical 313 

degraded products, so that both them have the same oxidation mechanism for MB 314 

degradation under visible light. Furthermore, it can be seen that the MB can be almost 315 

completely degraded by ZnO/mpg-C3N4-24.9 within 5h under visible light irradiation, 316 

showing that ZnO/mpg-C3N4-24.9 has a higher visible light photocatalytic activity 317 

than pure mpg-C3N4. 318 

It is important to detect main oxidative species in the photocatalytic process for 319 

elucidating the photocatalytic mechanism. The main oxidative species in 320 
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photocatalytic process are detected through the trapping experiments of radicals using 321 

t-BuOH as hydroxyl radical scavenger
42

 and CH2O2 as holes radical scavenger
43

, and 322 

purging N2 as ·O
2-

 scavenger
44

, respectively. As shown in Figure 11a and b, under 323 

visible light, the photocatalytic activity of pure mpg-C3N4 and ZnO/mpg-C3N4 324 

samples decreases slightly by the addition of t-BuOH and purging N2 gas, while 325 

reduced largely with the addition of CH2O2, indicating that holes are the main 326 

oxidative species for both of pure mpg-C3N4 and ZnO/mpg-C3N4 samples. In addition, 327 

compared with pure mpg-C3N4, the straight slope of ZnO/mpg-C3N4 samples with 328 

same addition of CH2O2 declines more obviously, indicating that there may exist 329 

more holes in ZnO/mpg-C3N4 system. The ESR technique is also used to detect 330 

radicals in reaction systems. ESR results are shown in Figure S6. It can be seen there 331 

is no ESR signal in the dark, and also under visible light irradiation. This means that 332 

there is hardly any hydroxyl radical or ·O
2-

 radical for pure mpg-C3N4 and 333 

ZnO/mpg-C3N4-24.9 samples during the photoreaction process. ESR detection further 334 

confirmed that holes play the important role on the degradation of MB, and neither 335 

hydroxyl radical nor ·O
2-

 radical is the main oxidative species for pure mpg-C3N4 and 336 

ZnO/mpg-C3N4 samples, which is consistent with the former trapping experiments. It 337 

should be noted that this result is conflict with the some literature where the oxygen 338 

super anion and hydroxyl radicals are the main oxidative species of g-C3N4, also 339 

confirming with the ESR results. However, based our trapping experiments of radicals 340 

and ESR results, we confirmed that holes play an important role in our MB 341 

degradation. At the same time, some literature also obtained the same result with 342 
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ours
45-47

. Therefore, the reason for the different oxidative species of g-C3N4 might be 343 

that the different morphologies of g-C3N4, such as, mesoporous g-C3N4 or Nanoplates 344 

and Nanorods of g-C3N4, and different target substrate in the reaction system.  345 

To reveal the photocatalytic mechanism further, the interface charge separation 346 

efficiency is investigated by the typical electrochemical impedance spectra (presented 347 

as Nyquist plots). Figure 12 shows electrochemical impedance spectra (EIS) Nyquist 348 

plots of pure mpg-C3N4 and ZnO/mpg-C3N4-24.9 electrodes before and after visible 349 

light irradiation (λ > 420 nm). The arc radius on the EIS Nyquist plot can reflect the 350 

reaction rate on the surface of the electrode. This smaller arc radius implies a more 351 

effective separation of photogenerated electron-hole pairs and a higher efficiency of 352 

charge immigration across the electrode/electrolyte interface.
48

 The arc radii of 353 

ZnO/mpg-C3N4-24.9 electrode are smaller than that of pure mpg-C3N4 electrode, 354 

suggesting that ZnO/mpg-C3N4 composite structure can make the separation and 355 

immigration of photogenerated electron-hole pairs more efficient, which is in good 356 

accordance with the result of the photocurrent measurement. 357 

Photoluminescence (PL) technique can be also employed to investigate the 358 

migration, transfer and recombination processes of photogenerated electron-hole pairs 359 

in semiconductors.
49

 As shown in Figure 13, pure mpg-C3N4 has a strong, wide peak 360 

in the PL spectrum, while the PL peak of the ZnO/mpg-C3N4-24.9 composite 361 

decreases remarkably, indicating the recombination of electrons and holes is hindered 362 

greatly. Thus, the faster separation of photogenerated charges contributes to the 363 

enhanced photocatalytic activities of ZnO/mpg-C3N4 composites. 364 
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On the base of the above information, a synergistic mechanism between ZnO and 365 

mpg-C3N4 for photocatalysis of MB was proposed as illustrated in Figure 14. Under 366 

visible light irradiation (λ > 420 nm), as shown in Figure 12a, ZnO itself can not be 367 

excited, the photodegradation of MB can mainly be attributed to the photogenerated 368 

hole oxidation and photoreduction process. Compared with the pure mpg-C3N4, the 369 

ZnO/mpg-C3N4 composite can exhibit remarkable enhancement for degrading MB 370 

under visible light. Since CB edge potential of mpg-C3N4 (-1.12 eV)
50

 is more 371 

negative than that of ZnO (-0.5 eV)
51

, the photoinduced electrons on mpg-C3N4 372 

particle surfaces transfer easily to ZnO via the well developed interface. So the 373 

excited electron on mpg-C3N4 could directly inject into the CB of ZnO, the 374 

electron-hole separations are also driven by the internal reassembly rebuilt electric 375 

fields in the two semiconductors. This decreases the strength of electron-hole 376 

recombination and leads to large numbers of holes on the mpg-C3N4 surface, thus 377 

promoting the photocatalytic reactions to degradation MB. Figure 12b gives a 378 

possible schematic mechanism of the simulated solar activity. ZnO and mpg-C3N4 can 379 

be all excited, so the photogenerated holes on ZnO could easily transfer to mpg-C3N4, 380 

since the valence band (VB) position of ZnO is lower than that of C3N4, and the 381 

excited electron on mpg-C3N4 also could directly inject into the CB of ZnO, making 382 

charge separation more efficient and reducing the probability of recombination, 383 

leading to an enhanced photocatalytic activity of ZnO/mpg-C3N4 under the simulated 384 

solar irradiation. 385 

4. Conclusion  386 
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In summary, the ZnO/mpg-C3N4 composite photocatalyst has been successfully 387 

synthesized via a facile solvothermal method. The results show the ZnO nanoparticles 388 

with the diameters at range of 10~30 nm are dispersed uniformly on the porous 389 

mpg-C3N4 sheet. This composites photocatalysts showed obviously superior 390 

photocatalytic activity and good stability for the photodegradation of MB under the 391 

visible light and simulated solar irradiation. The optimal ZnO content with the highest 392 

photocatalytic activity is determined to be 24.9 %, which is almost 2.3 times higher 393 

than that of individual mpg-C3N4 under the visible light, and 1.9 times under the 394 

simulated solar irradiation. This enhancement has been demonstrated to be due to the 395 

high separation and easy transfer of photogenerated electron-hole pairs at the 396 

heterojunction interfaces derived from the match energy level between the ZnO and 397 

mpg-C3N4. Radical trap experiments holes are the main oxidative species for both of 398 

pure mpg-C3N4 and ZnO/mpg-C3N4 samples. 399 
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Figure 

 

Figure 1. Preparation of ZnO doped mpg-C3N4 photocatalyst via a solvothermal process 

 

Figure 2. TG thermograms for heating the ZnO, mpg-C3N4 and ZnO/mpg-C3N4 photocatalysts to 

900 °C at a heating rate of 10 °C/min 

 

Figure 3. XRD patterns of ZnO, mpg-C3N4 and ZnO/mpg-C3N4 photocatalysts. 

 

Figure 4. FT-IR spectra of ZnO, mpg-C3N4 and ZnO/mpg-C3N4 photocatalysts 

 

Figure 5. TEM images of (a) ZnO, (b) mpg-C3N4, (c) ZnO/mpg-C3N4-24.9, and HTEM image of 

(d) ZnO/mpg-C3N4-24.9, the inset is SAED pattern. 

 

Figure 6. UV-vis diffuse reflection spectra of ZnO, mpg-C3N4 and ZnO/mpg-C3N4 photocatalysts 

 

Figure 7. Apparent rate constants for the photocatalytic degradation of MB over ZnO, mpg-C3N4 

and ZnO/mpg-C3N4 photocatalysts (a) under visible light irradiation ( λ > 420 nm) and (b) under 

simulated solar irradiation 

 

Figure 8. The transient photocurrent density responses of pure mpg-C3N4 and optimal 

ZnO/mpg-C3N4-24.9 samples electrodes with light on/off cycles under visible light irradiation 

( λ > 420 nm) [Na2SO4] = 0.1 M 

 

Figure 9. Photostability experiments in the presence of ZnO/mpg-C3N4-24.9 composite under 

visible light irradiation ( λ > 420 nm) 

 

Figure 10. HPLC Chromatogram of MB photodegradation by pure mpg-C3N4 and optimal 

ZnO/mpg-C3N4-24.9 under visible light irradiation (λ > 420 nm)  

 

Figure 11. The plots of photogenerated carriers trapping in the system of photodegradation of MB  

by (a) pure mpg-C3N4 and (b) ZnO/mpg-C3N4-24.9, under visible light irradiation (λ > 420 nm), 

respectively 

 

Figure 12. Nyquist plots for pure mpg-C3N4 and ZnO/mpg-C3N4-24.9 in aqueous solution in the 

dark and under visible light illumination (λ > 420 nm) [Na2SO4 = 0.1 M] 

 

Figure 13. Photoluminescence spectra of mpg-C3N4 and ZnO/mpg-C3N4 photocatalysts 

 

Figure 14. Schematic drawing illustrating the mechanism of charge separation and photocatalytic 

activity of the ZnO/mpg-C3N4 photocatalyst (a) under visible light irradiation (λ > 420 nm) and (b) 

under simulated solar irradiation 
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Figure 6  
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Figure 10   
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Figure 12 
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Figure 13
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Figure 14 
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Graphical abstract 

 

 

 

The photocatalytic activity enhancement of the ZnO/mpg-C3N4 is due to the high 

separation and easy transfer of photogenerated electron-hole pairs. 
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