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Photocatalytic semiconductors have attracted considerable attention due to applications in the degradation of 

organic polluants. However, the low solar-light harvesting and high electron-hole recombination rate limits 

the efficiency of photocatalysts. The newly developed localized surface plasmon resonance (LSPR) can offer a 

new opportunity to overcome the limited efficiency to some extent. In this study, the heterojunctions (Cu2-

xSe/g-C3N4) incorporating plasmonic semiconductor Cu2-xSe with graphitic carbon nitride (g-C3N4) are proposed 

as visible light photocatalysts. Their photocatalytic performance is tested and proven via the degradation of 

methyl blue (MB) in aqueous solution. When the mass percentage composition of Cu2-xSe reached 60%, the as-

prepared composite exhibited the highest photocatalytic activity, which was almost 6.1 and 2.8 times as high 

as that of individual Cu2-xSe and g-C3N4, respectively. The remarkable photocatalytic efficiency of such Cu2-

xSe/g-C3N4 heterojunction under visible light illumination due to both plasmonic enhancement of the catalyst 

and synergetic effect of the co-catalyst is shown. This work can provide a new methodology to develop stable 

and high efficient heterojunctions photocatalysts. 

 

 Introduction 

Photocatalysis has proved to be a green and potential 

technology to solve environmental issues such as air and water 

pollution.
1
 Much efforts have been made to focus on 

semiconductor-based photo-catalysts and photocatalytic processes 

using titanium dioxide (TiO2) since the pioneering work of Honda in 

1972,
2
 wherein TiO2 can only absorbs ultraviolet (UV) light gap 

because of its large band. In nature, visible-light energy (about 48% 

of the solar spectrum) within solar spectra is far more abundant 

than UV energy (about 4% of the solar spectrum). Therefore, it has 

stimulated researchers to develop novel materials to enhance the 

response to the more abundant visible light to NIR photons.  

It has reported that the localized surface plasmon resonance 

(LSPR) in the semiconductor can enhance the absorption of solar 

light throughout the visible to near-infrared light range by 

concentrating the incident photon energy in plasmon oscillations, 

and it can usually amplify the electromagnetic field of the surface 

inducing carrier separation in the semiconductor.
3
 The cation-

deficient copper chalcogenides nanocrystals, with the high density 

of holes in the valence band often, show exciting plasmonic photo-

properties over UV to NIR region.
4
 Cu2-xSe nanocrystals, as a p-type 

semiconductor with electron–hole pair which can be excited on 

absorption of a photon with energy as low as 1.0-2.2 eV, can absorb 

the long wavelengths of solar light for the upward energy transition, 

and thus have promising potential for photocatalytic activity. Even 

though, the photocatalytic performance of Cu2-xSe nanocrystals is 

limited by the high recombination rate of the photogenerated free 

carriers. The pollution degradation by the copper chalcogenides 

nanostructures must be in the presence of H2O2, which can cause 

the second pollution and the cost push.
5
 To minimize electron−hole 

recombination, Lee et al designed photocatalysts with 

heterojunctions because the band level differences and inner 

electrostatic field in the heterojunction could provide the driving 

force for the separation of photogenerated electrons and holes.
6  

Graphitic carbon nitride (g-C3N4), as a n-type semiconductor, is 

one of promising candidate photocatalysts due to its electron-rich 

properties, suitable bandgap and high chemical stability.
7
 However, 

the photocatalytic performance of g-C3N4 is far from satisfactory 

due to the large optical band gap (2.7 eV, corresponds to a 

utilization of solar energy at λ < 460 nm). Design of heterojunctions 

with other semicoductors can supply an opportunity to yield an 

elevated visible light response.
8 

This methodology could 

significantly expand light response range to visible light region and 

could effectively promote photogenerated charge separation and 

transfer. However, the design strategy is limited to band matching 

of the semiconductors, most of which are not easily synthesized 

under mild conditions.  

Herein, we developed a simple solvent-thermal route to 

synthesize plasmonic Cu2-xSe/g-C3N4 heterojunctions 

composites with enhanced absorption throughout the visible 

to near-infrared light range. The promising photocatalytic 

activity was screened via the photocatalytic degradation of an 
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organic dye (MB) in an aqueous solution under visible light 

illumination. This strategy might provide a new methodology 

to develop stable and high efficient photocatalysts. 

Experimental 

Preparation of g-C3N4 

The g-C3N4 was synthesized by directly heating melamine 

according to a reported procedure.
9 

In detail, melamine was heated 

at 600 
o
C for 2 h under air condition with a ramp rate of about 3 

o
C 

min
-1

 for both of the heating and cooling processes. The obtained 

yellow product was the g-C3N4 powder. 

Preparation of Cu2-xSe/g-C3N4 

A certain amount of the as-prepared g-C3N4 was dispersed in 8 

mL of deionized water and sonicated for 30 min. Then 0.2 mL 0.05 

M SeO2 and 0.4 mL 15 μg/mL Vc was added, successively. After 10 

min, a mixed solution of 0.4 mL 0.1M CuSO4·5H2O and 0.8 mL 

15μg/mL Vc were added under vigorous stirring at 30 
o
C for 0.5 h, 

then heated up to 45 
o
C. The resulting mixture was allowed to 

proceed under vigorous stirring at room temperature in 10 h until a 

green solution was obtained. The solution was centrifuged at 10000 

rpm for 10 min and purified through a 10 kDa dialysis membrane 

for 24 hours with distilled water. 

A series of Cu2-xSe/g-C3N4 composites with different mass 

amounts of Cu2-xSe were prepared marked as 20 wt%, 40 wt%, and 

60 wt%. As a reference, the pure Cu2-xSe was prepared without 

adding g-C3N4 under the same conditions. Moreover, a mechanically 

mixed sample (the mass ratio of g-C3N4 and Cu2-xSe was 2:3) was 

obtained by grinding 4.8 mg of g-C3N4 with 7.2 mg of Cu2-xSe. 

Photocatalytic test 

As a common organic pollutant, MB was employed to evaluate 

the photocatalytic activities of the as-prepared photocatalysts 

under visible-light (λ > 420 nm) degradation illuminated by a 500W 

xenon lamp. 12 mg of the powder photocatalysts were dropped 

into quartz tubes which were containing 50 mL MB solution (2×10
-5

 

mol L
-1

), respectively. Then, the above solution was ultrasonic 

dispersion for 10 min and stirred for 30 min in dark to achieve an 

adsorption-desorption equilibrium between the photocatalyst 

powder and MB. Turn on the light and the photocatalytic reaction 

systems were exposed to visible light irradiation. At the same 

intervals, 0.5 mL of the mixture were taken out to centrifuge tubes, 

and the catalysts were removed out of the suspensions (10000 

r/min, 5 min). The centrifuged solution was analysed by recording 

the maximum absorption band (664 nm) and UV-vis spectra were 

recorded by Hitachi U-3600. 

 
Scheme 1. Schematic illustration of the formation process of Cu2-

xSe/g-C3N4 heterojunctions. 

 

Fig. 1 Structure characterization of the photocatalysts. TEM images 

of g-C3N4 (A), Cu2-xSe (B), 60 wt% Cu2-xSe/g-C3N4 (C) and the HRTEM 

image of the Cu2-xSe nanoparticle of the Cu2-xSe/g-C3N 

heterojunctions (D). 

  

Results and discussion 

Structure and property analysis 

The Cu2-xSe/g-C3N4 heterojunction materials were fabricated 

by a simple solvent-thermal route as shown in Scheme 1. 
CuSO4·5H2O, SeO2 and VC solutions were mixed with dispersed g-

C3N4. With water-thermal reaction, small distributed uniform 

spherical Cu2-xSe nanoparticles were successfully deposited on the 

surface of g-C3N4. Typical morphologies of the as-prepared 

heterojuncSons (SEM, Fig.S1; TEM images, Fig. 1 and Fig. S2, ESI†) 

showed that the bulk g-C3N4 was quite rough, ranging from 

hundreds of nanometers to several micrometers (Fig. 1A). Small 

spherical Cu2-xSe nanoparticles with 50 nm in diameter (Fig. 1B) 

were successfully deposited on the surface of g-C3N4 as nanoislands 

(Fig. 1C). Fringes with an inter-planar spacing of 0.21 nm were 

identified (Fig. 1D), which were attributed to the (220) diffraction 

plane of Cu2-xSe nanoparticles.
10 Elemental analysis was determined 

by SEM-EDS (Fig. S3, ESI†) showed an average Cu/Se atomic ratio of 

1.69/1 with averaging among several particles. The Cu2-xSe 
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nanoparticles were distributed separately on g-C3N4 as nanoislands, 

which could not only improve the dispersion property of layered 

materials but also offer more photocatalytic reaction sites, and the 

heterojunction structure was formed.  

The XRD patterns of the Cu2-xSe/g-C3N4 photocatalysts were 

measured (shown in Fig. 2). For g-C3N4, the strong peak located at 

27.42° was ascribing to the (002) plane of the stacking of the 

conjugated aromatic system. The other peak at 12.74°as the (100) 

plane corresponded to the in-plane structural packing motif of 

tristriazine units.
11

 New peaks at 44.85° and 53.41° were observed 

for Cu2-xSe/g-C3N4 which matched well with the (220) and (311) 

crystal planes of the standard XRD data for the cubic berzelianite 

phase of Cu2-xSe (PDF card 06-0680),
12

 and the intensity of peak at 

53.41° increased as the increasing content of the Cu2-xSe. 

The FT-IR spectra of Cu2-xSe/g-C3N4 heterojunctions were 

shown in Fig. 3. In the FT-IR spectrum of g-C3N4, the bands at 1648, 

1562, 

 

Fig. 2 XRD patterns of g-C3N4, Cu2-xSe and Cu2-xSe/g-C3N4 samples. 

 

1456, and 1402 cm
-1

 should be assigned to typical stretching 

vibration modes of the heptazine-derived repeating units, while the 

intense band at 804 cm
-1

 represented the out-of-plane bending 

vibration characteristic of heptazine rings,
13

 and the bands at 1237 

cm
-1 corresponded to stretching vibration of connected units of 

C−N(−C)−C or C−NH−C.
14

 For Cu2-xSe/g-C3N4, the broad band at 

3000−3700 cm belonged to the N−H vibraSon due to parSal 

condensation of the capping agent and the adsorbed water 

molecules,
8d

 and the band (652 cm
-1

) corresponded to the vibration 

of −Se for Cu2-xSe.
 15 

All the characteristic peaks of g-C3N4 and Cu2-

xSe 

 
 

Fig.3 FT-IR spectra of g-C3N4, Cu2-xSe and Cu2-xSe/g-C3N4 samples. 

 

were observed in the Cu2-xSe/g-C3N4 heterojunctions composition 

The chemical compositions of the as-prepared heterojunctions 

were further characterized by XPS spectra (Fig. 4). As for Cu2-xSe/g-

C3N4, new Cu and Se peaks were observed, confirming the 

decoration of Cu2-xSe nanoparticles on the g-C3N4 surface (Fig. 4A, 

B). The evolution of the Cu 2p XPS spectra contained in Fig. 4C 

showed a clear indication of monovalent copper. The peaks of 

932.4 and 952.8 eV were ascribed to Cu 2p 3/2 and Cu 2p 1/2 which 

was mainly in the form of Cu (I). In addition, the Cu2p peak had a 

satellite line at 940–945 eV, which resulted from a little Cu (II) (Fig. 

4C).
10, 16

 Since XPS is
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Fig. 4 (A) XPS spectra of the Cu2-xSe (B) XPS spectra of the Cu2-xSe/g-C3N4 heterojunctions. (C) XPS spectra of Cu 2p1/2and Cu 2p3/2. (D) XPS 

spectra of Se 3d. (E) XPS spectra of C 1s, and (E) XPS spectra of N 1s. 
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Fig.5 Photocatalytic activity of catalysts estimated by the degradation of MB under visible light irradiation (A) UV–vis-NIR spectra of the 

photocatalysts. (B) Photocatalytic degradation of MB in aqueous solution under different conditions. (C) In (c0/c) versus irradiation time for 

degradation of MB under different conditions. (D) Recyclability of the Cu2-xSe/g-C3N4 heterojunctions in three successive experiments for 

the degradation of MB under visible-light irradiation. 

 

primarily
 

a surface characterization technique, the non-

stoichiometric Cu2-xSe in the 60 wt % Cu2-xSe/g-C3N4 heterojunctions 

had the atom percentage of surface Cu(I) and Cu(II) as 4.86:1.
17

 The 

asymmetric peak at 54.2 eV contains Se3d 5/2 and Se3d 3/2 peaks 

was representative of the Se3d binding energy for lattice Se
2-

 (Fig. 

4D).
17

   

    The C 1s spectra can be deconvoluted (in Fig. 4E). The major C 

peak at 288.20 eV was identified as sp
2
-bonded carbon (N–C=N), 

and the weaker one at 284.69 eV corresponded to graphitic carbon 

which was usually observed on the XPS characterization for carbon 

nitrides.
18

 The N 1s spectrum (Fig. 4F) could be fitted into three 

binding energies. Signals at 398.7 eV showed occurrence of C−N=C 

groups and 399.85 eV was related to either N−(C)3 groups or amino 

groups ((C)2−N−H). The 401.2 eV peak was weak and corresponded 

to N of N−(C)3 in the aromatic cycles  and 404.20 eV peak was 

attributed to the π –excitations.
8c, 19

 

The as-prepared Cu2-xSe/g-C3N4 heterojunctions have 

enhanced absorption throughout the visible to NIR light range 

(Fig. 5A). Cu2-xSe had the LSPR property at the NIR range, while the 

g-C3N4 shows the optical absorption threshold at ca. 460 nm. It was 

the LSPR property 
10

 and the optical absorption threshold 
4 

that 

made the Cu2-xSe/g-C3N4 composites showed a broad and strong 

absorption in the visible light region and even extended to near-

infrared region. This result indicated that Cu2-xSe/g-C3N4 could 

absorb photons with different energies owing to the interaction 

between Cu2-xSe and g-C3N4, which were beneficial to the sunlight 

photocatalytic process. 

In order to estimate the photocatalytic effect of the as-prepared 
Cu2-xSe/g-C3N4 heterojunctions, methylene blue (MB), a common 

organic pollutant, was selected under visible-light irradiation (λ > 

420 nm) (Fig. S5-S12, ESI†). As shown in Fig. 5B, there was almost 

no decreasing concentration of MB during the adsorption-

desorption process due to the low surface area of the 

photocatalysts (Table S1) and the surface areas do not play a 

significant role in enhancing the photocatalytic activity of the Cu2-

xSe/g-C3N4. Fig. 5C revealed that the relationship between In (C0/C) 

and irradiation time was linear, indicating that the photocatalytic 

degradation of MB followed the pseudo-first-order kinetics.  

In (C0/C) = kt                                                     (1) 

Where C0 and C were the equilibrium concentration of 

adsorption and the concentration of MB at the exposure time, t, 

respectively, and k was the apparent rate constant. The Cu2-xSe/g-

C3N4 heterojunctions composite with 60% mass ratios of Cu2-xSe (60 

wt % Cu2-xSe/g-C3N4) exhibited the highest photocatalytic rate  
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Fig.6 Investigation of the photocatalytic mechanism. (A) The fluorescence spectra of the g-C3N4, Cu2-xSe, Cu2-xSe/g-C3N4 samples (with the 

mass of g-C3N4 as 12 mg in 50 mL 2 mM NaOH solution) and mechanical mixtures of 18 mg Cu2-xSe and 12 mg g-C3N4 in 50 mL 2 mM NaOH 

solution (equal to the 60 wt% Cu2-xSe ). (B) Photocatalytic degradation of MB over Cu2-xSe/g-C3N4 heterojunctions alone and with the 

addition of IPA, EDTA, and BQ. (C) The energy band structure diagram of Cu2-xSe and g-C3N4 before heterojunction. D) The energy band 

structure diagram of Cu2-xSe/g-C3N4 heterojunctions 

 

constant (k), which was almost 6.1 and 2.8 times as high as that of 

individual Cu2-xSe and g-C3N4, respectively (Table S1). The Cu2-xSe/g-

C3N4 photocatalyst can be recycled several times (Fig. 5D) and was 

also very stable (Fig. S13, 14). 

Fluorescence measurements, which were usually employed to 

investigate the migration, transfer and recombination processes of 

photogenerated electron–hole pairs in semiconductors.
20

 A lower 

PL intensity is a general indication of a lower recombination of 

electron−hole pairs, resulSng in higher photocatalytic activity.
21

 the 

bare g-C3N4 had a strong emission peak at 440 nm (Fig. 6A), which 

decreased remarkably in Cu2-xSe/g-C3N4 composites with the 

increase mass ratio of Cu2-xSe. Meanwhile, the FL of the mechanical 

mixtures of the same mass content of g-C3N4 with 60 wt% Cu2-xSe 

were measured. It showed relatively weaker emission peak than g-

C3N4 but stronger emission peak than all the Cu2-xSe/g-C3N4 

heterojunctions measured. While, the characteristic emission peak 

of Cu2-xSe/g-C3N4 (60 wt%) was the most weak, indicating that the 

recombination of electron–hole pairs in Cu2-xSe/g-C3N4 was 

hindered most greatly. 

The photocatalytic activity of the photocatalyst always 

contributed to the active species such as photogenrated holes, •OH 

radicals, and •O2
−
 in the photocatalytic process.

8
 Therefore, in order 

to examine the role of these reactive species, a series of radicals 

trapping experiments using isopropyl alcohol (IPA, 2 mM),
22 

ethylenediaminetetraacetate (EDTA, 2 mM),
23

 and p-benzoquinone 

(BQ, 0.5 mM),
24

 which are known as effective •OH, holes, and •O2
−
 

scavengers for photocatalytic reaction, respectively, were applied 

to investigate the species involved in the process of photocatalytic 

degradation. Fig. 6B showed that holes, •OH radicals and •O2
−
 

indeed functioned during the catalytic process. In such case, a 

reasonable photocatalytic mechanism could be proposed.  

Based on the results above, a possible photocatalytic 

mechanism of Cu2-xSe/g-C3N4 heterojunctions under visible light 

irradiation was proposed and illustrated in Fig. C, D. The potentials 

of VB and CB of a semiconductor material can be estimated 

according to the following empirical equations,
25 

e

VB g
+0.5E E Eχ= −                         (2)
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CB VB gE E E= −                               (3) 

Wherein EVB is the valence band edge potential, χ is the 

electronegativity of the semiconductor, which is the geometric 

mean of the constituent atoms, E
e
 is the energy of free electrons on 

the hydrogen scale (about 4.5 eV vs NHE). The χ values for Cu2-xSe 

and g-C3N4 were 4.96 and 4.64 eV, respectively. The band gap 

energy of Cu2-xSe and g-C3N4 in our experiment was 1.35 eV and 

2.64 eV (Fig. S4, inset and see details in ESI†) of The EVB of Cu2-xSe 

and g-C3N4 were calculated to be 1.14 and 1.46 eV, respectively. 

The ECB of of Cu2-xSe and g-C3N4 were estimated to be −0.21 and 

−1.18 eV, respecSvely. It is well known that the photocatalytic 

activities of photocatalysts, to a great extent, depend on the 

separation and transport of photogenerated charge carriers. When 

the p-Cu2-xSe and n-C3N4 were combined to form the p–n 

heterojunction, an interfacial electric field could be built in the 

interface between p-Cu2-xSe and n-C3N4.
26

That fact caused an 

efficient separation of photogenerated electrons and holes to 

enhance the photocatalytic activity. Furthermore, because of the 

more positive potential of Cu
2+

/Cu
1+

 (0.153 V), the photogenerated 

electrons on the CB of Cu2-xSe may in situ reduce Cu
2+

 to metallic 

Cu
1+

, which also migrated the electron to inhibit the recombination 

of the photoexcited pairs. In such case, the photogenerated 

electrons on the CB of the g-C3N4 and Cu2-xSe can reduce the oxygen 

to generate active species •O2
− 

(O
2
/•O2

−
, − 0.046 V vs SHE) due to 

their more negative potential, which can further oxidize MB. 
Subsequently, it would combine with H

+
 to produce H2O2, finally 

decomposing into hydroxyl radicals •OH radicals.
27 These •OH 

radicals also played an additional role for the MB degradation. The 

holes in the VB of g-C3N4 diffused to the surface of catalyst particles 

and transferred to VB of Cu2-xSe to accomplish the separation of 

electron−hole pairs, which would be readily scavenged by H2O or 

OH¯, leading to •OH radicals, and accelerated the MB degradation. 

These results matched well with the trapping experiments showing 

that the all the holes, •OH radicals and •O2
−
 were involved in the 

process of the photocatalytic reaction. 

Conclusions 

In summary, efficient Cu2-xSe/g-C3N4 plasmonic photocatalysts 

were successfully synthesized by a simple solvent-thermal method. 

The Cu2-xSe nanoparticles were dispersedly decorated on the 

surface of bulk g-C3N4. This novel heterojunctions were 

demonstrated to promote transfer and separation of 

photogenerated charge carriers driven by the band offsets, 

resulting in a significant enhancement in the photocatalytic activity 

for MB degradation under visible light irradiation. Furthermore, all 

the holes, •OH radicals and •O2
−
 were the active species in the 

degradation process. This study might provide a new perspective 

for the design of high-performance photocatalysis by plasmonic 

semiconductor heterojuncted with g-C3N4. And the nanostructure 

Cu2-xSe/g-C3N4 heterojunctions can also be envisaged for further 

sustainable energy applications. 
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