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Novel Cu;P/g-CsN, p-n heterojunction photocatalysts
for solar hydrogen generation

Zhixiao Qin, Menglong Wang, Rui Li and Yubin Chen

ABSTRACT Developing efficient heterostructured photo-
catalysts to accelerate charge separation and transfer is crucial
to improving photocatalytic hydrogen generation using solar
energy. Herein, we report for the first time that p-type copper
phosphide (Cu;P) coupled with n-type graphitic carbon ni-
tride (g-C;N,) forms a p-n junction to accelerate charge se-
paration and transfer for enhanced photocatalytic activity.
The optimized Cu,;P/g-C;N, p-n heterojunction photocatalyst
exhibits 95 times higher activity than bare g-C,N,, with an
apparent quantum efficiency of 2.6% at 420 nm. A detail
analysis of the reaction mechanism by photoluminescence,
surface photovoltaics and electrochemical measurements re-
vealed that the improved photocatalytic activity can be as-
cribed to efficient separation of photo-induced charge
carriers. This work demonstrates that p-n junction structure is
a useful strategy for developing efficient heterostructured
photocatalysts.

Keywords: photocatalysis, copper phosphide, p-n junction, het-
erostructure, hydrogen production

INTRODUCTION

Hydrogen is considered to be an ideal energy source to
substitute fossil fuel due to its high energy capacity and
environmental friendliness [1]. Since the discovery of the
Honda-Fujishima effect in 1972 [2], photocatalytic hy-
drogen production from water has attracted much at-
tention as an ideal solution to global energy and
environmental issues [3-6]. Developing highly active,
long-term stable and low-cost photocatalysts is still a key
to their commercial application. Recently, graphitic car-
bon nitride (g-C;N,) has emerged as an attractive metal-
free polymeric semiconductor for photocatalytic hydro-
gen generation due to its specific laminar structure, high

stability and capability of visible-light harvest [7-11].
However, the severe photo-induced charge recombina-
tion and surface reaction still restrict the photocatalytic
performance. Loading suitable cocatalysts seems to be a
useful approach to boost photocatalytic hydrogen gen-
eration [12-14]. To date, Pt has been widely utilized as an
efficient cocatalyst with g-C;N,, leading to significantly
improved performances [15]. However, the high cost and
low reserve of Pt limit the large-scale application and
hence the development of non-precious photocatalytic
system is quite appealing.

Recently, it has been demonstrated that a series of
transition-metal phosphides could promote the photo-
catalytic hydrogen generation superior to g-C;N, as co-
catalysts [16-19]. For instance, our previous work
demonstrated that Ni,P cocatalyst could significantly in-
crease photocatalytic performance for hydrogen genera-
tion over g-C;N, [16]. Jiang et al. [17] reported that CoP
was also an efficient cocatalyst to enhance the photo-
catalytic activity of g-C;N,. Besides g-C;N,, the photo-
catalytic properties of various semiconductor photo-
catalysts such as CdS [20-22], TiO, [16,23], and Cd,Zn,_,S
[24] could also be increased by coupling with transition-
metal phosphides. However, the reported reaction me-
chanisms of these transition-metal phosphides are quite
different. It is necessary to investigate more general
coupling principle between photocatalysts and transition-
metal phosphides as a guidance to develop efficient no-
ble-metal-free hybrid photocatalysts.

Coupling semiconductors with different band struc-
tures to form heterojunction structure has been proved to
be an effective way to promote the charge separation and
photocatalytic performance [24-26]. When p-type semi-
conductor is combined with n-type semiconductor, a
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built-in electric field is achieved across the p-n junction
region, which can efficiently promote the separation of
photo-induced charges [27]. Copper phosphide (Cu;P) is
a p-type semiconductor with a band gap of 1.5eV [23].
Due to its low cost and earth-abundant elements, Cu;P
was previously reported for application in lithium ion
batteries [28-30]. However, the utilization of Cu;P in
photocatalytic hydrogen generation is still limited.
Herein, we report a novel and low-cost Cu;P/g-C;N, p-n
heterojunction photocatalyst for highly efficient hydrogen
generation. Nanoscale p-n junctions developed in the
hybrid photocatalysts could efficiently improve the pho-
to-induced charge separation, leading to the significantly
enhanced photocatalytic performance.

EXPERIMENTAL SECTION

Synthesis procedure

All chemicals in the present study are of analytical grade
and used as received without further purification. g-C;N,
was synthesized by heating 10 g of urea at 550°C for 2 h
in the air to obtain yellow powder. In a typical synthesis,
Cu(OH),/g-C;N, was prepared by a simple precipitation
method. 0.4 g of g-C;N, was dispersed in 100 mL of 0.25
mol L' NaOH aqueous solution, and then Cu(NO;),
3H,0 was added under stirring. The mixed solution was
stirred for 6 h at room temperature. The products were
collected and washed three times with deionized water
and ethanol. Then the precipitates were dried in a va-
cuum oven at 80°C for 5 h. Finally, Cu,P/g-C;N, photo-
catalyst was synthesized through a solid-state reaction.
Typically, 0.2 g of the prepared Cu(OH),/g-C;N, and
0.1 g of NaH,PO, were blended mechanically and ground
into fine power. Then, the fine power was annealed at
300°C for 2 h in a quartz tube with a heating rate of 5 °C
min ' under Ar flow. The obtained products were washed
with deionized water to remove residual salts, and dried
under vacuum at 50°C. The Cu,;P was also prepared using
a similar procedure. The loading weight of Cu,P in Cu,P/
g-C;N, was measured by X-ray photoelectron spectro-
scopy (XPS) analysis and the results were shown in Table
S1. The practical loading concentrations of Cu,P were
close to the theoretical values.

Characterization

X-ray powder diffraction (XRD) patterns were obtained
from a PANalytical X’pert MPD Pro X-ray dif-
fractometer. Transmission electron microscopy (TEM)
images were obtained using a FEI Tecnai G2 F30 S-Twin
microscope attached with an OXFORD MAX-80 energy
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dispersive X-ray (EDX) system. UV-visible (UV-vis) ab-
sorption spectra were measured on a HITACHI U4100
spectrophotometer. XPS measurements were conducted
on a Kratos Axis-Ultra multifunctional X-ray spectro-
meter. All binding energies were referenced to the C 1s
peak at 284.8 eV. Photoluminescence (PL) spectra were
examined using a PTI QM-4 fluorescence spectro-
photometer with an excitation wavelength of 320 nm. The
lock-in-based surface photovoltage (SPV) spectra were
obtained using a surface photovoltage spectroscope. The
measurement system consists of a source of monochro-
matic light (Omni-1300), a lock-in amplifier (SR830) with
a light chopper (SR540), and a sample chamber.

Visible-light-driven photocatalytic measurement
Photocatalytic hydrogen generation was performed in a
side irradiation Pyrex cell with a magnetic stirring. Ty-
pically, 20 mg of the as-prepared photocatalyst was added
into 80 mL of aqueous solution containing 10 vol% trie-
thanolamine (TEOA) as the electron donors. Before ir-
radiation, nitrogen was purged into the reaction cell for
30 min to remove air in the dark. The reaction tem-
perature was kept at 35°C. A 300 W Xe-lamp equipped
with a 420 nm cutoff filter was employed to provide the
visible-light irradiation. The amount of generated hy-
drogen was measured by gas chromatography using a
thermal conductivity detector (TCD). The apparent
quantum efficiency (AQE) could be calculated as AQE(%)
=(the number of evolved hydrogen moleculesx2/the
number of incident photons)x100%.

RESULTS AND DISCUSSION

Physicochemical properties of Cu;P/g-C;N, heterostructure
The crystal structures of the as-prepared samples were
investigated by XRD. As shown in Fig. 1, two distinct
diffraction peaks of bare g-C;N, could be attributed to the
graphitic phase with tri-s-triazine units. The Cu;P sample
shows diffraction peaks located at 36.0°, 39.0°, 41.5°,
45.1°, and 46.2°, corresponding to the (112), (202), (211),
(300), and (213) planes of hexagonal Cu,P (PDF#71-
2261) [22]. It has been reported that trace amount of Cu
was involved in the Cu;P sample, which was prepared via
a phosphatization method [23]. The main diffraction
peaks of Cu;P/g-C;N, could be attributed to the graphitic
phase g-C;N,. There were not apparent peaks corre-
sponding to Cu,P, possibly due to the low amount and
high dispersity.

We further investigated the morphology of g-C;N,
photocatalysts after loading Cu,P. As displayed in Fig. 2a,
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Figure 1 XRD patterns of Cu;P, g-C;N,, and Cu;P/g-C;N,.

Figure 2 (a) TEM and (b) HRTEM images of Cu,P/g-C;N,. (c) Ele-
mental mapping of C, N, Cu, and P species in Cu;P/g-C;N, (excess C
and Cu signals came from the carbon film on the copper grid).

the hybrid samples had uniformly dispersed Cu,P nano-
particles anchored on the surface of g-C;N, nanosheets
(Fig. 2b). The lattice distance of 0.25 nm corresponded to
the (112) plane of hexagonal Cu,P. To determine the
composition and element distribution of Cu,;P/g-C;N,,
the elemental mapping of C, N, Cu, and P species was
carried out (Fig. 2c). It was proved that Cu,P nano-
particles were successfully distributed on the surface of g-
C;N,. The specific surface area of Cu,P/g-C;N, was 70.2
m® g ', which was close to that of single g-C;N, (73.1
m’ g ). This result indicated that the fabrication of hy-
brid samples did not lead to agglomeration of g-C;N,.
XPS measurements were performed to investigate the
surface chemical states of Cu;P/g-C;N,. As shown in Fig.
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Figure 3 XPS spectra of Cu;P/g-C;N,. (a) C 1s, (b) N 1s, (c) Cu 2p, and
(d) P 2p.

3a, the typical values for C-C, C-NH,, and N-C=N in g-
C;N, were respectively presented at binding energies of
284.8, 286.1, and 288.1 eV [31]. Meanwhile, the peaks at
398.4, 399.6, 401.1, and 404.2 eV of N 1s spectrum (Fig.
3b) could be assigned to the binding energies of C-N=C,
N-(C),;, C-N-H, and m excitations of g-C;N,, respectively
[24]. Fig. 3¢ shows the Cu 2p profile with a peak located
at 932.3 eV, and the P 2p region has a single peak at 133.6
eV (Fig. 3d). The peak at 932.3 eV could be ascribed to
Cu-P in Cu,P, and the peak at 133.6 eV arose from
oxidized P species probably due to the air exposure [23].
The XPS results further demonstrated the successful
synthesis of Cu;P and g-C;N, in the heterostructure.

The optical properties of the as-prepared samples were
measured by UV-vis spectrophotometer. As shown in Fig.
4a, the spectrum of bare g-C;N, displayed a sharp edge at
around 450 nm. After the coupling of Cu;P onto the g-
C;N, surface, an increased absorption in visible range of
400-800 nm was observed. Meanwhile, the UV-vis ab-
sorption spectrum of pure Cu,P (Fig. 4b) showed an
apparent absorption from 300 to 800 nm. The absorption
peak around 550 nm could be attributed to the plasmon
peak of Cu nanoparticles in as-prepared CusP sample
[32]. The optical band gaps (E,) of g-C;N, and Cu;P were
estimated from Tauc plots of (ahv)" vs. photon energy
(hv) [33]. The insets show that the band gaps of g-C;N,
and Cu;P were respectively determined to be 2.72 and
1.50 eV, which were consistent with the previous studies
[23,34].
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Figure 4 UV-vis absorption spectra of (a) g-C;N,, Cu;P/g-C;N, and (b)
Cu;P. The insets show the plots of (a/v)" vs. photon energy (hv) for g-
C,N, and (ahv)® vs. hv for Cu,P.

Photocatalytic hydrogen production

The photocatalytic hydrogen generation was subsequently
investigated in triethanolamine (TEOA) aqueous solution
under visible-light irradiation. As shown in Fig. 5a, the
hydrogen production rate of bare g-C;N, was rather low,
and Cu;P could significantly boost the photocatalytic
hydrogen generation of g-C;N,. The rate of hydrogen
generation initially increased and then decreased with
increasing amount of Cu,P. With the optimal loading
amount of Cu,P, Cu;P/g-C;N, showed the highest hy-
drogen production rate of 284 umol h™' g, which was
about 95 times higher than that of bare g-C;N,. The ap-
parent quantum efficiency (AQE) for hydrogen genera-
tion was calculated to be 2.6% at 420 nm. However, no
appreciable hydrogen generation could be detected in
bare Cu,P, indicating that Cu,P was not an active pho-
tocatalyst [22]. By comparison, the activity of physically
mixed Cu,P@g-C,N, was measured under the same
condition. The hydrogen production rate of Cu;P@g-
C;N, was much lower than that of Cu;P/g-C;N,, revealing
that the intimate contact between Cu,P and g-C;N, takes
effect on the performance [24]. Long-term photocatalytic
test of Cu;P/g-C;N, for hydrogen generation was carried
out to evaluate the stability of Cu;P/g-C;N, hybrid pho-
tocatalysts. As displayed in Fig. 5b, there was no apparent
decrease in the photocatalytic activity over the 20 h re-
action, indicating its good stability.

Mechanism study

PL spectra of the as-prepared samples were measured to
explore the charge separation and migration behaviors in
the photocatalyst. As shown in Fig. 6a, both g-C;N, and
Cu;P/g-C;N, exhibited broad emission peaks centered
around 450 nm, corresponding to the band gap of g-C;N,.
Compared to pure g-C,N,, Cu,;P/g-C;N, showed appar-
ently decreased PL intensity, which indicated that loading
Cu;P could facilitate the charge transfer so as to inhibit
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Figure 5 (a) Photocatalytic hydrogen evolution rates of g-C;N,, Cu;P/g-
C;N, (the loading amount of Cu,P was respectively 0.5, 1, 3, and 5 wt%),
Cu,P, and physically mixed Cu,P@g-C;N, (the loading amount of Cu,P
was 1 wt%). (b) Long-time photocatalytic test of 1 wt% Cu,P/g-C,N,
sample for hydrogen evolution. (Reaction condition: 20 mg of photo-
catalysts, 80 mL of aqueous solution containing 10 vol% TEOA, 300 W
Xe lamp equipped with a cutoff filter (A > 420 nm).

the charge recombination in g-C,N, [35], which was
beneficial to photocatalytic performance.

The lock-in-based SPV spectra were also carried out to
reveal the transfer properties of the photo-induced charge
carriers. The signal of SPV can be attributed to the var-
iation of surface potential barriers during the light irra-
diation, which can identify the light-responsive
wavelength range and the separation efficiency of the
electron-hole pairs in the photocatalysts [36]. As shown
in Fig. 6b, positive photovoltaic responses ranging from
300 to 400 nm were observed for g-C;N,, indicating that
g-C;N, is a typical n-type semiconductor [37]. After
loading Cu,P on the surface of g-C;N,, the response signal
of Cu,P/g-C;N, was obviously enhanced. The enhanced
SPV signal intensity indicated that the introduction of
Cu;P was beneficial to the photo-induced charge se-
paration in Cu,P/g-C;N, heterostructures [38].

In addition to the charge-transfer behavior in the
photocatalyst, the charge-transfer at the photocatalyst/
solution interface is also crucial to the photocatalytic
performance. Therefore, g-C;N, and Cu;P/g-C;N, elec-
trodes were fabricated (see Supplementary information)
and the electrochemical impedance spectroscopy (EIS)
was performed to elucidate the charge-transfer re-
sistances. As shown in Fig. 7a, the Nyquist impedance
plots for the electrodes could be fitted to an equivalent
circuit (the inset) consisting of the series resistance (R,),
charge transfer resistance from the electrode to the elec-
trolyte (R.), recombination resistance at the electrode
interface (R,.), and constant phase elements (CPE1 and
CPE2). As summarized in Table S2, the values of R, and
R... for Cu,P/g-C;N, were lower than those of g-C;N,,
indicating that the Cu,;P/g-C;N, had efficient charge-
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Figure 6 (a) PL spectra of g-C;N, and Cu;P/g-C;N,. (b) SPV spectra of
g-C;N, and Cu,P/g-C;N,. The inset shows the schematic setup for the
SPV measurement.
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Figure 7 (a) Nyquist impedance plots of g-C;N, and Cu;P/g-C;N,
measured at —1.0 V vs. RHE in N,-saturated 0.5 mol L' Na,SO, aqueous
solution. The inset shows the equivalent circuit. (b) Transient photo-
current responses of g-C;N, and Cu,;P/g-C;N, measured at 0.2V vs. RHE
in N,-saturated 0.5 mol L' Na,SO, aqueous solution. A 500 W Xe lamp
coupled with an AM 1.5 filter was used as the light source for the
photocurrent measurement.

transfer behavior at the photocatalyst/solution interface
[16,39]. The transient photocurrent responses of g-C;N,
and Cu,P/g-C;N, were also investigated to examine their
photoelectrochemical properties. As shown in Fig. 7b,
Cu;P/g-C;N, exhibited a much higher photocurrent
density than that of pure g-C;N,, suggesting a noticeable
improvement in the suppression of charge recombination
[40], which was consistent with PL and SPV results.
The spectroscopic and electrochemical analyses re-
vealed that Cu,;P/g-C;N, owns efficient charge separation,
which is essential to achieve high photocatalytic activity.
To better understand the photo-induced charge carrier
dynamics involved in the Cu,;P/g-C;N, heterojunction,
the band alignment of Cu,P and g-C;N, were in-
vestigated. The valence band positions (Eyg) of Cu,P and
g-C;N, were firstly measured by XPS valence band
spectra. As displayed in Fig. 8a, b, the Ey; of Cu,P and g-
C;N, were determined to be 0.71 and 1.74 eV, respec-
tively. Since the band gaps (E,) of Cu;P and g-C;N, were
1.50 and 2.72 eV, respectively, the conduction band po-
sitions (Ecg) of CusP and g-C;N, were calculated to be
—0.79 and —0.98 eV, according to the equation: Eyg = Ec;
+ E, [41]. Mott-Schottky plot of g-C;N, showed (Fig. 8c) a
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Na,SO, aqueous solution.
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Figure 9 (a) Energy band structures of Cu;,P and g-C;N, before for-
mation of the heterojunction. (b) The band structure for Cu;P/g-C,N,
heterojunction and charge separation process under illumination.

positive slope, indicating that it is an n-type semi-
conductor, while a negative slope of Cu,P (Fig. 8d) cor-
responds to a p-type semiconductor [42]. The flat-band
potentials of Cu;P and g-C;N, were estimated to be 0.56
and —0.88 V vs. RHE, which were close to the determined
Eyp of Cu;P and E; of g-C;N,. As shown in Fig. S1, Cu;P/
g-C;N, exhibited the similar feature as pristine g-C;N,
owing to the low amount of Cu;P. A positive slope was
observed for Cu;P/g-C;N,, and the flat band potential was
determined to be —0.75 V vs. RHE, which was close to
that of g-C;N,.

Therefore, the energy band structures of Cu,P and g-
C;N, before forming the heterojunction are shown in Fig.
9a. The Fermi level (E;) of g-C;N, is higher than that of
Cu;P. When p-type Cu,P is coupled with n-type g-C;N,,
electrons will transfer from g-C;N, to Cu;P until the
Fermi levels to be equal for both phases [43]. As shown in
Fig. 9b, a built-in electric field is formed across the p-n
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junction, where the p-type Cu,P region is negatively
charged, and the n-type g-C;N, region is positively
charged. When Cu,P/g-C;N, photocatalysts are irradiated
with visible light, the photo-induced electrons and holes
will be obtained in Cu;P and g-C;N,. As a result of the
built-in electric field, the photo-induced electrons in the
CB of Cu,P will diffuse into the CB of g-C;N, through the
p-n junction, giving rise to the accumulation of photo-
induced electrons in g-C,N,. Meanwhile, the photo-in-
duced holes in the VB of g-C;N, will diffuse into the VB
of Cu,P, leading to the accumulation of photo-induced
holes in Cu,P. Subsequently, the accumulated photo-in-
duced electrons can transfer to the surface of g-C;N, to
reduce H' for hydrogen production, and the accumulated
photo-induced holes can migrate to the surface of Cu,P to
oxidize TEOA. As a consequence, the efficient charge
separation is successfully achieved by the p-n junctions in
hybrid Cu;P/g-C;N,. During the photocatalytic reaction,
Cu;P captured the photo-induced holes in g-C;N, and
functioned as the active sites for the surface oxidation
reaction.

CONCLUSIONS

In summary, Cu,P/g-C;N, heterostructures were suc-
cessfully constructed to achieve the efficient separation of
photo-induced charges. Cu;P nanoparticles were tightly
attached to the surface of g-C;N,, leading to the forma-
tion of p-n junctions between p-type Cu,P and n-type g-
C;N,. The p-n junctions could promote charge transfer
and reduce charge recombination, leading to an enhanced
photocatalytic activity. The optimized Cu,P/g-C;N, p-n
heterojunction photocatalyst exhibits 95 times higher
activity than bare g-C,N,, with an apparent quantum ef-
ficiency of 2.6% at 420 nm. This work proposes an ef-
fective guidance to develop efficient noble-metal-free
hybrid photocatalysts by p-n junction structure.
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