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Abstract: 23 

A novel ternary composite of graphitic carbon nitride (g-C3N4) / graphene oxide (GO) 24 

sheets / BiFeO3 (CNGB) with highly enhanced visible-light photocatalytic activity toward 25 

Cr(VI) photoreduction is prepared and characterized. The characterization and photocatalysis 26 

experiments corroborate its reasonable band gap, efficient charge separation and transfer, 27 

widened visible-light adsorption, easy solid-liquid separation, good stability and superior 28 

catalytic activity of CNGB. Three CNGB samples with different ratios of g-C3N4 and BiFeO3 29 

(CNGB-1, -2, -3 with 2:4, 3:3, and 4:2, respectively), though possessing different adsorption 30 

ability, eventually remove all Cr(VI) ions via photocatalysis within 90 min. The catalytic 31 

efficiency of the composite is the highest at pH 2; increases in pH decrease the catalytic 32 

ability. The inorganic anions such as SO4
-, Cl-, and NO3

- only slightly affects the 33 

photocatalytic process. The matching of the band structure between BiFeO3 and g-C3N4 34 

generates efficient photogenerated electron migration from the conduction band of g-C3N4 to 35 

that of BiFeO3, which is also facilitated by the electron bridging and collecting effects of GO, 36 

and holes transfer from the valence band of BiFeO3 to that of g-C3N4, yielding the efficient 37 

separation of photogenerated electron-hole pairs and the subsequent enhancement of 38 

photocatalytic activity. The research provides a theoretical basis and technical support for the 39 

development of photocatalytic technologies for effective application in wastewater treatment 40 

and Cr-contaminated water restoration. 41 

 42 

Keywords: g-C3N4 nanosheets; BiFeO3; Cr(VI) photoreduction; Heterojunction; Electrolyte 43 

ion 44 
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1 Introduction 46 

Cr is a common pollutant in industrial wastewaters produced by tanning, printing and 47 

dyeing, and the fabrication of medicine and preservatives (Mondal et al., 2014; Huang et al., 48 

2015; Liu et al., 2015b). As Cr-polluted wastewater is highly toxic and complex in chemical 49 

composition, its pollution control has become an important part of water treatment research. 50 

In water, Cr exists in the two main states of trivalent Cr(III) and hexavalent Cr(VI) (Kim and 51 

Choi, 2011). Their morphological distributions not only determine their behavioral 52 

characteristics and toxicities in different media, but also affects their treatment methods (Li et 53 

al., 2015). Cr(VI) is both mobile and highly toxic (Wang et al., 2014), while Cr(III) is a 54 

necessary trace element of the human body 100 times less toxic than Cr(VI); it can be 55 

removed from water by the simple methods of precipitation and adsorption [7, 8]. Therefore, 56 

the typical process for treating Cr(VI) is reducing Cr(VI) to low-toxicity Cr(III) and then 57 

removing Cr(III) by precipitation (Kim and Choi, 2011; Liu et al., 2014a; Huang et al., 2015). 58 

Photocatalysis is an environmentally friendly technology that effectively reduces Cr(VI) to 59 

Cr(III) (Abdullah and Kuo, 2015). In this process, the photocatalyst determines the catalytic 60 

efficiency, so it is important to find efficient photocatalysts for removing Cr(VI) from 61 

wastewater. 62 

In recent years, g-C3N4, a metal-free polymeric photocatalyst with a visible-light-region 63 

bandgap and proper band edges, has been introduced in the field of photocatalytic treatment 64 

and has attracted widespread attention (Fresno et al., 2014; Zhao et al., 2015). The C and N 65 

atoms in the g-C3N4 structure are sp2-hybridized, forming a highly delimited π-conjugated 66 

system (Shen et al., 2015). The N pz and C pz orbits form the highest occupied molecular 67 

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), with the band 68 

positions of +1.4 eV and -1.3 eV relative to a normal hydrogen electrode (NHE), respectively 69 
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(Liu et al., 2015a). The standard reduction potential of Cr(VI)/Cr(III) is +1.38 eV, below the 70 

g-C3N4 conduction band (CB). Therefore, from a thermodynamic perspective, the use of 71 

g-C3N4 for reducing Cr(VI) to Cr (III) is feasible (Zhang et al., 2015).  72 

However, the application of g-C3N4 in the field of photocatalytic treatment retains the 73 

following two problems: First, the quantum efficiency is low because of the high 74 

recombination rate of photogenerated electron-hole pairs. To improve the photocatalytic 75 

activity of g-C3N4, many new materials have been prepared, such as 76 

Ag-Sr0.25H1.5Ta2O6·H2O/g-C3N4 (Xin et al., 2016), g-C3N4-TiO2 (Sridharan et al., 2013; 77 

Thankam Thomas and Sandhyarani, 2015), g-C3N4/ZnO (Liu et al., 2012), F-g-C3N4 (Dong 78 

and Zhang, 2013) and F—doping ultrathin g-C3N4 (Li et al., 2018b). Second, g-C3N4 is 79 

difficult to separate and recycle from solutions. Usually, the specific surface area is inversely 80 

proportional to the particle size. Thus, the particle size of g-C3N4 is minimized to increase its 81 

specific surface area and thus improve its catalytic efficiency. The separation of catalysts and 82 

the purification processes for catalytic systems are complex and costly. For this reason, some 83 

magnetic materials, such as Fe3O4 (Zhou et al., 2013) and α-Fe2O3 (Xiao et al., 2015), have 84 

been composited with g-C3N4 to improve the solid-liquid separation ability of the 85 

photocatalyst. 86 

BiFeO3, with a relatively narrow band gap (~2.2 eV), has both ferroelectric and 87 

antiferromagnetic properties, as well as photocatalytic abilities under visible-light irradiation 88 

(Wang et al., 2015; Sharma et al., 2016). Coupling BiFeO3 with g-C3N4 can form a new 89 

composite. The magnetic material provides an effective solution of the problem of 90 

photocatalyst recovery. In addition, the matching band potentials between BiFeO3 and g-C3N4 91 

permit easy migration of the photoinduced electrons in g-C3N4 to BiFeO3. The new routes for 92 

photogenerated electron-hole pairs can suppress electron-hole recombination in the hybrid 93 

composite photocatalyst, ensuring higher efficiency of the electron-hole pairs (Wang et al., 94 
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2015). However, the direct coupling of g-C3N4 with BiFeO3 may limit electron transfer.  95 

Graphene oxide, with its 2D ultra-thin carbon nanostructure and large specific surface 96 

area, is an ideal nanomaterial as a scaffold carrying nanomaterials on its nanosheets (Min and 97 

Lu, 2011). Moreover, its excellent electrical conductivity can facilitate electrons storage and 98 

charge transport in the photocatalysis system(Jiang et al., 2011; Zhao et al., 2013; Hu et al., 99 

2016). Utilized as a scaffold carrying g-C3N4 and BiFeO3, the GO can provide a path or a sink 100 

for charge migration and collection, enhancing electron transfer and utilization efficiency and 101 

electron-hole recombination. Meanwhile, GO can provide many active sorption sites owing to 102 

a large amount of oxygen-containing functional groups in its structure, namely hydroxyl, 103 

carboxyl, and epoxy groups (Chen et al., 2015). Therefore, the coupling of g-C3N4, BiFeO3 104 

and GO to form a ternary heterogeneous material may simultaneously solve the above two 105 

problems, thus promoting the application of g-C3N4-based materials in the field of 106 

photocatalysis. 107 

There are different views on the reduction mechanism of Cr(VI) by g-C3N4-based 108 

materials. Most studies suggest that Cr(VI) is converted directly into Cr (III) by 109 

photogenerated electrons (Sridharan et al., 2013; Xin et al., 2016). Hu et al. (2014b) attributed 110 

the reduction of Cr(VI) to the direct transfer of photogenerated electrons and the indirect 111 

transfer of electrons by •O2
−. In addition, the study by Dong and Zhang (2013) showed that 112 

F-g-C3N4 formed by fixing the formate anion on the surface of g-C3N4 could change the 113 

surface potential and increase the adsorption of Cr(VI) ions. The F-g-C3N4 could also change 114 

•O2
−-mediated indirect reduction to direct photogenerated electron reduction, thereby 115 

improving the Cr(VI) photoreduction. Likewise, Wei et al. (2016) also reported that 116 

hydrothermally treated g-C3N4 in HNO3 aqueous solution could induce one-step Cr(VI) 117 

reduction directly by electrons owing to the change of its surface chemistry. 118 
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In summary, although many studies on the photocatalytic treatment of Cr(VI) have been 119 

conducted, the photocatalytic mechanism of Cr(VI) on the surface of g-C3N4-based materials 120 

requires further study. In this study, magnetically responsive BiFeO3 was coupled with 121 

monolayer GO and g-C3N4 to form a g-C3N4/GO/BiFeO3 ternary coupling material (CNGB), 122 

which has the characteristics of good stability, a reasonable band gap, high catalytic activity, 123 

easy solid-liquid separation, and good visible-light response. The effects of environmental 124 

conditions on the photoreduction of Cr(VI) by the CNGB were studied, and the microscopic 125 

mechanism of Cr(VI) photoreduction was deeply investigated. This study has important 126 

practical significance for improving the efficiency of Cr-contaminated wastewater treatment.  127 

2 Materials and methods 128 

2.1 Synthesis of CNGB 129 

All chemicals used in this study were analytical-grade reagents. The g-C3N4 powders 130 

were prepared through the calcination of melamine, in which 30 g of melamine was added to 131 

a crucible and washed by ultrapure water and ethanol. Next, the crucible was placed in a 132 

muffle furnace and heated at 70 � for 40 min, then heated at 600 � for 3 h. The obtained 133 

light-yellow materials were ground to obtain g-C3N4 powders. 134 

GO was prepared using the modified Hummers method (Yang et al., 2010; Hu et al., 135 

2014a; Hu et al., 2016). Briefly, graphite powders were firstly pre-oxidized by K2S2O8, P2O5, 136 

and concentrated sulfuric acid to obtain pre-oxidized graphite. Then, the pre-oxidized graphite 137 

was deeply oxidized by concentrated sulfuric acid, NaNO3, and KMnO4 at different 138 

temperatures. Next, the graphite oxide layers were separated from each other by 139 

ultrasonication to obtain the GO suspension. 140 

The BiFeO3 was prepared by the sol-gel process (Luo et al., 2010), in which 0.08 mol 141 
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ferric nitrate and 0.08 mol bismuth nitrate were dissolved in 200 mL of 2-methoxyethanol, 142 

and then 0.2 mL of 0.1 mol/L nitric acid was added. In 100 mL of ethylene glycol, 0.08 mol 143 

citric acid was dissolved, and this solution was added to the above mixture. The solution was 144 

heated and stirred at 60 °C for 1 h, and then heated at 100 °C for 10 h to obtain a light-yellow 145 

gel. The resulting gel was poured into a crucible and heated at 200 °C for 30 min, then 146 

calcined at 500 °C for 2 h. The product was cooled and ground to obtain the BiFeO3. 147 

The typical preparation of CNGB photocatalysts was as follows (Wang et al., 2015): 148 

appropriate amounts of these synthesized g-C3N4 (3 g), GO (0.5 g), and BiFeO3 (3 g) powders 149 

were firstly dispersed in 100 mL methanol assisted by ultrasonication for 3 h at 50 �. After 150 

volatilization of the methanol in a fume hood and drying at 80 � for 6 h, the CNGB powder 151 

(CNGB-2) was obtained. Another two CNGB composite samples with different mass ratios of 152 

g-C3N4, GO, and BiFeO3 (CNGB-1, 2:0.5:4; CNGB-3, 4:0.5:2) were prepared according to 153 

the methods described above. 154 

2.2 Characterization 155 

The phase compositions of the materials were analyzed by X-ray diffraction (XRD) 156 

using a D/max-2500 (Rigaku, Japan) diffractometer with Cu Kα radiation. The 157 

microstructural morphologies of the materials were characterized by a QUANTA250 158 

field-emission scanning electron microscope (FE-SEM; FEI, USA). The surface elements 159 

were analyzed using ESCALAB 250Xi X-ray photoelectron spectroscopy (XPS; Thermo 160 

Fisher Scientific, USA). The magnetic properties of the sample were measured by a 161 

MPMS-XL-7 vibrating-sample magnetometer (VSM; Quantum Design Instruments, USA). 162 

The samples were analyzed by a NICOLET 5700 Fourier-transform infrared spectroscope 163 
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(FTIR; Thermo Nicolet Corporation, USA). Photoluminescence (PL) spectra were recorded 164 

on a FLS 980 fluorescence spectrophotometer (Edinburgh Instruments, UK). 165 

Thermogravimetric (TG) curves were obtained using a SDT Q600 thermal analyzer (TA, USA) 166 

in atmospheric conditions from room temperature to 1000 °C (flux rate 100 mL/min, heating 167 

rate 10 °C/min). Ultraviolet-visible (UV-vis) diffuse reflectance spectra (DRS) of the samples 168 

were recorded on a U-4100 UV-vis diffuse reflection spectrophotometer (Hitachi, Japan) 169 

using BaSO4 as the reference. The electron spin resonance (ESR) signals of the spin-trapped 170 

radicals were examined on a JES FA200 spectrometer (JEOL, Japan) using the spin-trapping 171 

reagent 5,5-dimethyl-1-pyrroline N-oxide (DMPO) under visible light irradiation. 172 

2.3 Photoelectrochemical measurements 173 

The experiments were performed on a CHI 660D workstation with a three-electrode 174 

model, namely the counter, reference and working electrode (Deng et al., 2017). An Ag/AgCl 175 

electrode soaked in KCl solutions and a Pt electrode were used as the reference and counter 176 

electrode, respectively. The working electrodes were fabricated as below. 0.02 g of prepared 177 

sample was dispersed in 2 mL 0.25% Nafion solution through ultrasonic dispersion for at least 178 

30 min. Then, 0.1 mL of aforementioned solution was dropped onto a 1 cm × 2 cm FTO 179 

substrate. Next, the extra part was scratched using a blade to ensure the available surface area 180 

of 1.0 cm2 on the FTO substrate. Three electrodes were placed in a 0.5 M sodium sulfate 181 

electrolyte solution with a 300 W Xe lamp equipped with a UV cutoff filter illuminating the 182 

coated samples to form a photoelectrochemical test system. Electrochemical impedance 183 

spectroscopy (EIS) was similarly performed on an Autolab workstation (AUT85812) using 184 

abovementioned three-electrode model. 185 
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2.4 Photocatalytic activity test 186 

The photocatalytic performances of the samples toward the photoreduction of Cr(VI) 187 

were tested under visible light irradiation. A 300 W Xe lamp (CEL-HXF300, Beijing China 188 

Education Au-light Co. Ltd) equipped with a UV cutoff filter (λ > 400 nm) was chosen as a 189 

visible light source. Briefly, 200 mL of a 5 mg/L Cr(VI) solution was added to a beaker, and 190 

the solution pH was adjusted to the desired value by adding 0.01 or 0.1 M NaOH and HCl 191 

solution. Then, 0.5 g samples of the as-prepared catalysts were added into the Cr(VI) 192 

solutions. The resulting suspensions were magnetically stirred for 1 h in darkness to establish 193 

the equilibrium of Cr(VI) adsorption-desorption on the photocatalyst surfaces before 194 

irradiation. At given time intervals, 5 mL samples of the suspensions were taken from the 195 

beakers and filtered through 0.45-µm membrane filters for analysis. The concentration of 196 

Cr(VI) ions in the samples was determined by a UV spectrophotometer at 540 nm. 197 

3 Results and discussion 198 

3.1 Characterizations 199 

3.1.1 SEM  200 

The morphologies of the as-prepared g-C3N4, BiFeO3, and CNGB-2 were investigated by 201 

SEM, and the results are shown in Fig. 1. As can be seen from Fig. 1a, the g-C3N4 appears to 202 

form aggregated particles containing many irregular smaller crystals (Liu et al., 2012). From 203 

Fig. 1b, the BiFeO3 are composed of fine particles with grain sizes of approximately 100 nm. 204 

For the CNGB-2 heterojunctions (Fig. 1c and d), the introduction of g-C3N4 and GO causes 205 

interesting changes in the morphology of BiFeO3. The GO sheets have typical fabric-like 206 

shapes and crumpled nanostructures, while the g-C3N4 has a layered structure with a few 207 
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stacking layers (Wang et al., 2015). The BiFeO3 nanoparticles are randomly distributed on the 208 

surfaces of the GO and g-C3N4 sheets. 209 

(a) (b)

(d)(c)

GO

g-C3N4
BiFeO3

210 

 211 

Fig. 1. SEM images of (a) g-C3N4, (b) BiFeO3, (c) and (d) CNGB-2 heterojunctions. 212 

3.1.2 XPS 213 

To study the binding states and the elemental compositions of the as-prepared g-C3N4, 214 

BiFeO3, and CNGB heterojunctions, XPS analysis has been conducted (Fig. 2). As shown in 215 

Fig. 2a, the survey XPS spectrum of CNGB shows that the main elements of the prepared 216 

samples are Bi, O, Fe, C, and N. As reported in our previous study (Hu et al., 2016), the main 217 
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elements of GO are C and O. Therefore, C in the heterojunctions mainly originates from 218 

g-C3N4 and GO, while O mainly originates from BiFeO3 and GO. The C 1s XPS spectrum of 219 

the CNGB-2 obtained at high resolution is demonstrated in Fig. 2b. This spectrum can be 220 

curve-fitted into five different peaks at 284.42, 284.61, 285.30, 286.90, 288.01, and 289.0 eV, 221 

corresponding to C–C (in GO), C–N (in g-C3N4), C–O (in GO), C–O–C (in GO), N–C=N (in 222 

g-C3N4) or C=O (in GO), and O–C=O (in GO) groups, respectively (Ma et al., 2012; Shen et 223 

al., 2015; Hu et al., 2016; Wang et al., 2016). From Fig. 2c, the O 1s characteristic peaks at 224 

529.81, 530.50, 532.45, and 533.28 eV are attributable to the Bi–O (in BiFeO3), C=O (in GO), 225 

C–O (in GO), and O–C=O (in GO) groups, respectively (Deng et al., 2017; Wang et al., 2017). 226 

From Fig. 2d, the binding energies of N 1s at 398.49 and 400.24 eV can be assigned to N 227 

atoms sp2-bonded to two carbon atoms (C–N=C) and bridging nitrogen atoms N-(C)3, 228 

respectively (Xiao et al., 2015; Wang et al., 2016). From Fig. 2e, the Bi 4f spectrum is 229 

deconvoluted into two peaks at approximately 159.23 and 164.54 eV, corresponding to the 230 

binding energies of Bi 4f7/2 and Bi 4f5/2, respectively (Wang et al., 2017). 231 
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Fig. 2 (a) XPS survey spectra of g-C3N4, BiFeO3, and CNGB heterojunctions; High-resolution 233 

spectra of (b) C 1s, (c) O 1s, (d) N 1s, (e) Bi 4f of CNGB-2 heterojunction. 234 

3.1.3 XRD 235 

Fig. S1 shows the XRD patterns of the g-C3N4, BiFeO3, and CNGB heterojunctions. 236 

From g-C3N4, two diffraction peaks are located at 13.0° and 27.4°, which can be ascribed to 237 

the (100) and (102) diffraction planes of g-C3N4 (JCPDS 87-1526) (Xiao et al., 2015). For the 238 

BiFeO3, many major peaks are observed and can be assigned to diffractions from the (012), 239 

(104), (110), (006), (202), (024), (116), (122), (018), (202), (214), (300), (208), and (220) 240 

planes of the single-phase perovskite structure of BiFeO3 (JCPDS Card No. 20-169) (Luo et 241 

al., 2010). In the XRD patterns of CNGB-1, CNGB-2, and CNGB-3, the major peaks of both 242 

g-C3N4 (JCPDS 87-1526) and BiFeO3 (JCPDS Card No. 20-169) are seen, confirming that the 243 

synthesized CNGB heterojunctions contain different amounts of g-C3N4 and the BiFeO3.  244 

3.1.4 FTIR 245 

Fig. S2 shows the FTIR spectra of the g-C3N4, BiFeO3, GO, and CNGB heterojunctions. 246 

For g-C3N4, the absorption peak at around 808 cm−1 is attributed to the out-of-plane bending 247 

modes of C-N heterocycles (Kang et al., 2012). The peaks observed in the range of 1200-1600 248 

cm-1 correspond to typical aromatic C-N stretching vibrations (Zhang et al., 2015). The peak 249 

at 1639 cm-1 is ascribed to C=N stretching vibration (Su et al., 2015). As for BiFeO3, two 250 

strong peaks are observed at 438 and 552 cm-1, corresponding to the O-Fe-O bending 251 

vibrations and the Fe-O stretching of FeO6 groups in BiFeO3, respectively (Luo et al., 2010). 252 

The characteristic peaks of GO appear at 1103 cm-1 (C–O), 1396 cm-1 (C–OH), 1628 cm-1 253 

(C=C in the aromatic ring), and 1718 cm-1 (C=O groups) (Zhao et al., 2011; Ma et al., 2012). 254 
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All peaks of g-C3N4, BiFeO3, and GO are also present in the FTIR spectra of the CNGB 255 

heterojunctions, which further indicates that the g-C3N4 and GO are successfully combined 256 

with BiFeO3 (An et al., 2016). 257 

3.1.5 VSM 258 

To study the magnetic properties of CNGB-2, the magnetization hysteresis curves of 259 

BiFeO3 and CNGB-2 were measured using VSM (Fig. S3). The magnetic hysteresis loops are 260 

S-like curves. The saturation magnetization (Ms), coercivity (Hc) and retentivity (Mr) are 2.95 261 

emu/g, 75.22 Oe, and 0.28 emu/g for BiFeO3, and 1.45 emu/g, 47.53 Oe, and 0.10 emu/g for 262 

CNGB-2, respectively. Both samples have near-zero retentivities, indicating that the 263 

magnetization almost disappears when the external magnetic field is removed. The BiFeO3 264 

and CNGB-2 exhibit superparamagnetic behaviors at room temperature (Hu et al., 2014a), 265 

which is important for the convenient recycling of these heterojunctions. After the 266 

photocatalytic process is completed, the CNGB-2 can be collected from the aqueous solution 267 

by a magnet and the clear solution can be decanted off (Hu et al., 2014a). 268 

3.2 Investigation on charge separation and optical properties. 269 

Serving as a charge bridge, GO can promote electron transfer from CBs of g-C3N4 to 270 

BiFeO3 and holes in turn from VBs of BiFeO3 to g-C3N4 in the process of visible-light 271 

photocatalysis, thereby inhibiting the recombination of the photogenerated carriers (An et al., 272 

2016). It is confirmed through the comparison of charge separation properties among g-C3N4, 273 

g-C3N4-BiFeO3, and CNGB-2. PL spectroscopy is widely used to investigate the separation 274 

efficiency of the photogenerated carriers in photocatalysis. Higher PL signals indicate lower 275 

separation efficiencies for the photogenerated electrons and holes (Deng et al., 2017). Fig. 3a 276 
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shows the PL spectra of g-C3N4 and CNGB-2 heterojunctions at the excitation wavelength of 277 

400 nm. The g-C3N4 and g-C3N4-BiFeO3 show comparatively strong PL intensity, while the 278 

CNGB-2 heterojunction has a much lower PL signal. The results confirm lower 279 

recombination probability of free charges in the CNGB-2 than other prepared samples by 280 

employing GO nanosheet as a charge bridge between g-C3N4 and BiFeO3. The 281 

charge-transfer-bridge effect of GO can be further corroborated by the photocurrent-time (I-t) 282 

curves in Fig. 3b which demonstrates better photocurrent response of CNGB-2 than 283 

g-C3N4-BiFeO3 and g-C3N4. EIS measurement shows the photogenerated charge transfer at 284 

solid/bulk interfaces and smaller arc radius can represent lower charge transfer resistance (Li 285 

et al., 2018a) . Obviously, as shown in Fig 3c, the diameter of arc radius lies in the order 286 

CNGB-2> g-C3N4-BiFeO3> g-C3N4, confirming that CNGB-2 heterojunction exhibits greater 287 

charge separation and interfacial charge transfer than other pure or binary composite 288 

materials. 289 

The optical properties determine the ability of a photocatalytic material to absorb light. 290 

Therefore, the optical properties of the g-C3N4, BiFeO3, and CNGB heterojunctions were 291 

investigated and the results are shown in Fig. 3d. From Fig. 3d, the g-C3N4 sample has a sharp 292 

absorption edge at ~460 nm, attributed to the intrinsic band gap of g-C3N4(Wen et al., 2016). 293 

BiFeO3 shows an absorption edge at 642 nm. Compared to the g-C3N4 sample, the adsorption 294 

band edge of the CNGB heterojunctions is slightly red-shifted under visible light, indicating 295 

that the absorption of CNGB heterojunctions shifts to a lower-energy region. By coupling 296 

BiFeO3 with g-C3N4, the photocatalyst can absorb more visible light to generate electron-hole 297 

pairs, thereby improving the photocatalytic efficiency (Wang et al., 2015). The band gaps of 298 
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g-C3N4 and BiFeO3 are estimated as 2.70 eV and 1.93 eV, respectively. The energy levels of 299 

g-C3N4 and BiFeO3 were calculated using the Mulliken electronegativity theory (Fan et al., 300 

2015; Liu et al., 2017). The CBs of g-C3N4 and BiFeO3 are located at −1.13 eV and +0.58 eV, 301 

respectively. The valence bands (VBs) of g-C3N4 and BiFeO3 are at +1.57 eV and +2.51 eV, 302 

respectively. The band gap of pure g-C3N4 and BiFeO3 are narrowed by coupling them on GO 303 

to form CNGB, among which CNGB-2, with the ratio of g-C3N4 and BiFeO3 at 1:1, possesses 304 

the lowest band gap energy.  305 

 306 
Fig.3 (a) Photoluminescence spectra, (b) Photocurrent response density, (c) EIS Nyquist plots 307 

of g-C3N4, g-C3N4-BiFeO3 and CNGB-2 , (d) UV-vis spectra g-C3N4, BiFeO3, and CNGB-1, 308 

2, 3. 309 

3.3 Photoreduction of Cr(VI) 310 

In order to evaluate the photocatalytic capability of the prepared CNGB heterojunctions, 311 
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Cr(VI) was selected as the target contaminant. Considering the characteristics of wastewater, 312 

the material preparation process was firstly optimized, and the influences of pH and 313 

competing ions on the photocatalytic process were studied. Furthermore, the recycling 314 

performance of the CNGB heterojunctions was also investigated. 315 

3.3.1 Optimization of CNGB heterojunctions 316 

Fig. 4a illustrates the photocatalytic activities of g-C3N4, BiFeO3, and CNGB 317 

heterojunctions with different mass ratios for Cr(VI) in aqueous solution under visible light 318 

irradiation. We can see that the g-C3N4 only remove 14% of Cr(VI) by adsorption after 60 min. 319 

After irradiation with visible light, the Cr(VI) is gradually reduced; the removal efficiency 320 

reaches 95% after 240 min. In the adsorption period, BiFeO3 has a larger adsorption capacity 321 

for Cr(VI) ions than g-C3N4, with approximately 36% Cr(VI) removal after 1 h. When the 322 

system is irradiated with visible light, the photocatalytic reduction rate of Cr(VI) is low and 323 

the removal rate of Cr(VI) reaches only 54% after 240 min. However, the photocatalytic 324 

properties of CNGB are much better than those of pure g-C3N4 and BiFeO3. From Fig. 4a, the 325 

CNGB-1 has the largest adsorption capacity for Cr(VI), while Cr(VI) can be completely 326 

reduced by all three kinds of CNGB heterojunctions within 90 min. This means that the 327 

different ratios of g-C3N4 and BiFeO3 only affect the interaction of the photocatalyst with the 328 

Cr(VI) ions, without significantly affecting the removal process of Cr(VI). The CNGB-2 was 329 

used as the photocatalyst in the following experiments. 330 

3.3.2 Effect of pH 331 

The solution pH is important in the photocatalytic process because it affects the aqueous 332 

chemistry and the surface potential of the photocatalyst. In general, the pH range of 333 
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wastewater is relatively wide (Hu et al., 2014a). Therefore, the influence of the pH on the 334 

photocatalytic process requires study. Fig. 4b shows the effect of the initial solution pH on 335 

Cr(VI) ion removal by the CNGB-2 heterojunction. We can see that the pH value has a great 336 

influence on the removal process. When the pH value is 2, 100% of Cr(VI) ions are removed 337 

within 120 min, and the removal rates are decreased continuously with increasing pH value. 338 

When the pH value is 8, only 35% of Cr(VI) ions is reduced. The Cr(VI) speciation (5 mg/L) 339 

as a function of pH value, as calculated by the visual MINTEQ program, is illustrated in Fig. 340 

4c. Under different pH conditions, Cr(VI) ions exist in different forms such as CrO4
2−, 341 

H2CrO4(aq), Cr2O7
−, and HCrO4

− (Hu et al., 2018). When 2.0 < pH < 6.0, HCrO4
− is the 342 

dominant form of Cr(VI). When pH > 6, the main form of Cr(VI) ions is CrO4
2−. Compared 343 

with neutral and alkaline solutions, HCrO4
− is more easily captured by the CNGB-2 344 

heterojunction and abundant H+ promote its reduction by the photogenerated electrons. The 345 

photocatalytic reduction of Cr(VI) occurs as follows (Liu et al., 2014a): 346 

                O4HCr3e7HHCrO 2
3

cb4 +→++ +−+−
                     (1) 347 

We can see that the acidic medium is beneficial for Cr(VI) reduction because of the existence 348 

of abundant H+(Fida et al., 2015) (Liu et al., 2014a). Under high-pH conditions, the capture of 349 

CrO4
2− is difficult because of the electrostatic repulsion between the CNGB-2 heterojunction 350 

and Cr(VI), and Cr(VI) does not react easily with the photogenerated electrons, thereby 351 

decreasing the Cr(VI) removal rate (Hu et al., 2018). 352 

3.3.3 Effect of competing ions 353 

Cr-containing industrial wastewaters often contain many electrolyte ions (Liu et al., 354 

2015b), which can affect the species of Cr ions and the chemical characteristics of the water 355 
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environment [40] and further influence the migration, transformation, and regression of Cr 356 

ions. The electrolyte ions in the solution also affect the photocatalysis of Cr(VI) ions. 357 

Therefore, the effects of Na2SO4, NaNO3, and CaCl2 on the photoreduction of Cr(VI) by the 358 

CNGB-2 heterojunction were investigated in this study, and the results are shown in Fig. 4d. 359 

No significant effects of NaNO3 and CaCl2 are observed. In the adsorption stage, the Cr(VI) 360 

adsorption is significantly inhibited by adding Na2SO4, mainly because of the competition of 361 

SO4
2− with the Cr(VI) ions for adsorption on the binding sites on the surfaces of the CNGB-2 362 

heterojunction (Hu et al., 2018). In the photocatalytic process, Cr(VI) is still completely 363 

reduced within 100 min in the presence of Na2SO4, indicating that Na2SO4 has less effect on 364 

the photocatalytic process. This may be because the SO4
2− in the solution can react with some 365 

of photogenerated electrons to generate SO4
−•, and then the electrons can be transferred 366 

indirectly to Cr(VI). 367 
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 368 

Fig. 4 (a) Photoreduction of Cr(VI) by g-C3N4, BiFeO3, and CNGB heterojunctions under 369 

visible light irradiation: C0Cr(�)= 5 mg/L, m/V = 2.5 g/L, pH = 2.0, (b) Effect of pH values on 370 

the photoreduction of Cr(VI) with CNGB-2 heterojunction: C0Cr(�)= 5 mg/L, m/V = 2.5 g/L, 371 

(c) Distribution of Cr(VI) species computed by visual MINTEQ at different pH values, (d) 372 

Effect of 25 mM competing ions on the photoreduction of Cr(VI) by CNGB-2 heterojunction 373 

under visible light irradiation: C0Cr(�) = 5 mg/L, m/V = 2.5 g/L, pH = 2.0. 374 

3.3.4 Reuse of CNGB-2 375 

In order to determine the practicability and recyclability of the CNGB-2 heterojunction, 376 

recycling experiments were performed and the results are demonstrated in Fig. S4. After the 377 

first cycle, the CNGB-2 heterojunctions were recovered, washed, and dried, and then used in 378 

a second cycle. The recycling experiments were performed three times. As can be seen from 379 

Fig. S4, the adsorption capacity is reduced slightly, possibly because the oxygen-containing 380 
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groups on the surface of GO reacts with free radicals, thereby decreasing the binding sites 381 

available for Cr(VI) ions in the next cycle (Wang et al., 2013). We also find that the 382 

photocatalytic performance of the CNGB-2 heterojunctions shows no significant decrease 383 

after three cycles.  384 

3.4 Possible photocatalytic reaction mechanism 385 

3.4.1 Roles of reactive species 386 

In order to study the main active species in solution for Cr(VI) reduction during the 387 

photocatalytic reaction and to understand the reaction mechanism in depth, three typical 388 

scavengers of tert-butyl alcohol (TBA, 10 mM), K2S2O8 (10 mM), and 389 

ethylenediaminetetraacetic acid disodium (EDTA-2Na, 10 mM) were added to the 390 

photocatalytic systems as quenchers of radicals (•OH), electrons (e−), and holes (h+), 391 

respectively. As shown in Fig. 5, the addition of 10 mM TBA causes almost no change in the 392 

photoreduction of Cr(VI), indicating that the highly oxidizing •OH is not the main reactive 393 

species inhibiting the photoreduction of Cr(VI). When K2S2O8 is added into the photocatalytic 394 

system, the photoreduction of Cr(VI) over the CNGB-2 heterojunction is significantly 395 

decreased, implying that the photogenerated electrons are a dominant reaction species in 396 

Cr(VI) reduction. The photocatalytic reduction of Cr(VI) is dramatically improved by adding 397 

EDTA-2Na, which may be because the reaction of EDTA-2Na with photogenerated holes 398 

hinders the recombination of photogenerated electrons and holes (Xiao et al., 2015). 399 
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 400 

Fig. 5 Trapping experiments for the photoreduction of Cr(VI) over CNGB-2 heterojunction 401 

under visible light irradiation: C0Cr(�) = 5 mg/L, m/V = 2.5 g/L, pH = 2.0. 402 

The roles of the active species in the photoreduction of Cr(VI) are further confirmed by 403 

the ESR technique in Fig. S5. No obvious signals of DMPO-•O2
− and DMPO-•OH are 404 

observed under dark conditions for the CNGB-2 heterojunction. However, notable signals of 405 

DMPO-•O2
− and DMPO-•OH are observed after the systems are irradiated under visible light 406 

for 5 and 10 min, indicating that •O2
− and •OH are produced during the photocatalytic 407 

reaction (Wan et al., 2017). Because the redox potential value of OH-/•OH (+2.40 eV) is 408 

slightly lower than VBs of BiFeO3 (+2.51 eV), H2O or OH- can serve as hole scavengers and 409 

react with holes on VB of BiFeO3 to produce •OH (Liu et al., 2014b) (Deng et al., 2017). 410 

Likewise, the producing of •O2
− is ascribed to the reaction between dissolved O2 and 411 

photoinduced electrons on CB of g-C3N4 because the redox potential value of O2/•O2
− at -0.33 412 
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eV is lower than CB of g-C3N4 at -1.33 eV (Deng et al., 2017). This process not only 413 

consumes photoexcited holes through the reaction of holes with H2O to produce •OH but also 414 

induces a •O2
−-mediated Cr(VI) photoreduction, thereby increasing the separation efficiency 415 

of the photogenerated charge carriers and accelerating the photoreduction of Cr(VI) (Dong 416 

and Zhang, 2013).  417 

One thing worth mentioning is that the introduction of GO instead decreases the 418 

generating amount of •OH, as is illustrated in Fig. S6. The possible explanation is that the 419 

existence of GO that is rich in various oxygen-containing functional groups enhances the 420 

adsorption of Cr(VI) on the surface or interface of CNGB-2 so that there are less chance for 421 

H2O or OH- to be captured by holes on its surface, compared with the photocatalysis system 422 

with g-C3N4-BiFeO3. As a result, although CNGB-2 produces less radicals but more Cr(VI) 423 

ions tend to be captured onto the active sites of CNGB-2 and reduced directly by its electrons 424 

whether collected on GO nanosheets or accumulated on the conduction band of BiFeO3.   425 

3.4.2 Mechanisms of enhanced photocatalytic performance 426 

Fig. 6 shows the possible mechanism of generation, transfer, and reaction of the 427 

photoelectron-hole pairs. In the photocatalytic reaction system, both g-C3N4 and BiFeO3 can 428 

be excited by visible light to generate photoelectrons and holes. The photogenerated electrons 429 

can transfer from the CB of g-C3N4 to that of BiFeO3, because of the difference between the 430 

CB edge potentials of g-C3N4 and BiFeO3 at -1.33 and +0.58 eV, respectively (Fan et al., 431 

2015). GO can act as an electron sink in collecting and delivering electrons, thereby 432 

facilitating the charge transfer and separation from holes. Hence, the Cr(VI) ions adsorbed on 433 

CNGB-2 are reduced to Cr(III) by the electrons dispersed on the surfaces of GO nanosheets. 434 
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Meanwhile, the photoinduced holes can be migrated from VB of BiFeO3 to that of g-C3N4 as 435 

a result of the matching of VBs edge potentials of g-C3N4 and BiFeO3 at 1.57 and 2.51 eV, 436 

respectively (Fan et al., 2015). As photogenerated holes are retained on the VB of g-C3N4 and 437 

photoinduced electrons accumulate on the CB of BiFeO3, the recombination of 438 

photoelectron-hole pairs is largely inhibited. Photogenerated electrons on CBs of g-C3N4 439 

partly react with O2 to form •O2
− which is believed to be a mediator to reduce Cr(VI) (Dong 440 

and Zhang, 2013). And the photoexcited holes are consumed by H2O or OH- to produce •OH 441 

which is proved to play a minor role in oxidizing Cr(III) back into Cr(VI), further 442 

strengthening the electron-hole separation and improving Cr(VI) decontamination efficiency. 443 

The combined effects of effective visible-light utilization, high separation rate of 444 

photoelectron-hole pairs and accelerated charge transfer contribute to high-efficiency 445 

photocatalytic reduction capacity (Deng et al., 2017).  446 
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  447 

Fig. 6 Illustration of possible mechanism for Cr(VI) photoreduction over CNGB-2 448 

heterojunction under visible light irradiation. 449 

XPS analysis was performed on the CNGB-2 heterojunction after the photocatalytic 450 

reaction, and the results are shown in Fig. S7. As is seen from Fig. S7a, the XPS survey 451 

spectrum of CNGB-2 after irradiation shows a small Cr peak around 580 eV. From Fig. S7b, 452 

after Cr(VI) adsorption, both Cr(III) and Cr(VI) exist on the surface of the heterojunction. The 453 

O 1s XPS spectrum demonstrated in Fig. S7c can be deconvoluted into four different peaks at 454 

529.97, 531.32, 532.06, and 532.99 eV, respectively, which are different from those observed 455 

before the photocatalytic reaction. This may be because some oxygen-containing groups on 456 

the surface of GO reacts with the free radical and some react with the Cr(III) and Cr(VI) ions. 457 

Based on these results, a degradation mechanism for Cr(VI) can be proposed. Firstly, the 458 
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negatively charged Cr(VI) is adsorbed by the CNGB-2, and then the adsorbed Cr(VI) ions are 459 

reduced to Cr(III) ions by electrons photogenerated by the CNGB-2 (Fida et al., 2015). Finally, 460 

the Cr(III) ions are captured by the heterojunction. 461 

4 Conclusions 462 

A g-C3N4/GO/BiFeO3 ternary coupling material (CNGB) was prepared using a simple 463 

method. The optical and photoelectrochemical measurement collaborated greatest visible light 464 

adsorption and charge transfer on the interface and surface of CNGB-2. The CNGB also 465 

achieved high catalytic efficiency, a reasonable band gap, good visible-light response, easy 466 

separation from treated water, recyclability and stability. From batch experiments, three 467 

CNGB heterojunctions with different ratios of g-C3N4 and BiFeO3 (CNGB-1, -2, and -3 with 468 

2:4, 3:3, and 4:2, respectively) all exhibited complete removal of Cr(VI) ions. The catalytic 469 

efficiency of the composite was maximized at pH 2. The inorganic anions such as NO3
-, Cl-, 470 

and SO4
2-, though affecting a bit the adsorption capacity, were found to exert neglectable 471 

influences on final removal of Cr(VI) through photocatalysis. The recycling experiments 472 

demonstrated that CNGB maintains great catalytic performance after three cycles. The lower 473 

chance of electron-hole pairs recombination and improved photocatalytic efficiency were 474 

ascribed to an effective electron transfer path provided by CNGB-2 and broadened 475 

visible-light adsorption. In the photocatalysis system, the production of •OH were found to 476 

scarcely suppress the photoreduction of Cr(VI) but the generated ∙O2
- can donate electrons to 477 

Cr(VI) so as to mediate the photoreduction process. It is believed that CNGB is an effective 478 

candidate for the remediation of Cr-contaminated wastewater. 479 
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HHHHighlightsighlightsighlightsighlights    

    

1. g-C3N4/graphene oxide/BiFeO3(CNGB) ternary assembly is easily prepared. 

2. CNGB shows excellent photocatalysis of Cr(�) reduction and easy removal from 

water. 

3. CNGB shows maximized efficiency at low pH. 

4. CNGB have little chance of electron-hole recombination. 

5. CNGB shows great visible-light response. 

 


