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a b s t r a c t

In this work, carbon coated-CuO-Cu2O composite on copper foam (C-CuO-Cu2O/CF) is synthesized by can-
dle flame treatment and is evaluated as a photocathode of photoelectrochemical water splitting (PEC).
The photocurrent density of C-CuO-Cu2O/CF electrode can reach �1.2 mA cm�2 (at 0 V vs. RHE), which
is about 12 times higher than that of Cu2O/CF. The high PEC performance is due to the carbon modifica-
tion and the unique composition which increase the carrier concentration and reduce the carrier recom-
bination rate and promote charge transfer at electrode-electrolyte interface. Our results proves that
candle flame annealing is a promising way for the rational design of carbon modified photoelectrodes.

� 2021 Published by Elsevier B.V.
1. Introduction

Hydrogen fuel occupies an important position in renewable and
sustainable development due to its high calorific value and zero
pollution. Photoelectrochemical (PEC) water splitting is an effec-
tive way for hydrogen generation and its efficiency is greatly
dependent on the photoelectrodes. As for photocathode, cuprous
oxide (Cu2O) has attracted great attention due to its small band
gap, high earth abundance, and strong light absorption ability
[1–3]. However, the problems such as insufficient light absorption,
fast recombination of photo-generated charges significantly
restrict the performance of Cu2O photocathode [4,5]. In order to
solve these problems, a rational design of CuO/Cu2O composite
can effectively enhance carriers separation rate [5,6]. Moreover,
Yu et al. designed a carbon layer coated Cu2O photoelectrode via
the glucose carbonization and the good conductivity of carbon
layer played an effective role to improve Cu2O activity [7]. Liu
et al. found that the light absorption of CaFe2O4 electrode can be
enlarged into the visible light region, and the transfer of photocar-
riers was enhanced after the surface coating of carbon [8].
Although the role of carbon protection and the CuO/Cu2O compos-
ite structure have been discussed for the enhancing the photoelec-
trochemical efficiency, only few studies have been reported on the
construction of carbon decorated CuO/Cu2O electrodes [9].
In this work, carbon coated CuO-Cu2O composite on CF (C-CuO-
Cu2O/CF) was fabricated by a fast and easy candle combustion
method. As-obtained hybrid electrode exhibited greatly enhanced
conductivity and photoelectrochemical activity, making it a very
promising photocathode for PEC application.

2. Experimental

2.1. Preparation of C-Cu2O/CF and C-CuO-Cu2O/CF

Cu2O/CF was firstly fabricated via the hydrothermal method
and detailed information was shown in Supplementary data. A
candle bought from IKEA was used to synthesize C-Cu2O/CF and
C-CuO-Cu2O/CF electrodes using Cu2O/CF as precursor. Before
treatment, a candle was firstly lighted and burned for 1 min. Then,
the precursors were positioned ~1 cm and 4 cm away from the can-
dle flame for 5 s to fabrication C-CuO-Cu2O/CF and C-Cu2O/CF,
respectively.

2.2. Characterization

X-ray diffraction (XRD) measurement was operated on a Rigaku
RU-D/max 2500 X ray diffractometer with Cu Ka radiation (40 kV,
30 mA). Raman spectra were collected by a Horiba HR-800 confocal
Raman spectrometer with an Ar+ laser (514.5 nm). A scanning elec-
tron microscope (SEM, Hitachi SU-70, 15 kV) and a transmission
electron microscope (TEM, FEI-Tecnai F20) were performed to
characterize the sample morphology and microstructure.
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2.3. Photoelectrochemical measurements

All photoelectrochemical tests were performed by an electro-
chemical workstation (CHI 760E) in 0.5 M Na2SO4 electrolyte.
The photoelectrochemical (PEC) properties were measured under
a 300 W Xe lamp in a three-electrode configuration. A saturated
calome electrode (SCE), a Pt foil and copper foam samples were
employed as reference, counter and working electrodes, respec-
tively. For chopped linear sweep voltammograms (LSV) measure-
ment, the voltage was scanned from 0 to 0.5 VRHE at a speed of
10 mV/s. Electrochemical impedance spectra (EIS) were measured
at 0.4 VRHE under illumination within the frequency range of
10 kHz–0.1 kHz. The Mott-Schottky (M-S) curves were collected
in dark at 1000 Hz. The incident photon to current conversion effi-
ciency (IPCE) was recorded at 0 VRHE using a Xe lamp with a
monochromator at each single wavelength.

3. Results and discussion

The crystal phases of as-prepared samples were determined by
using XRD and the patterns are provided in Fig. 1a. For hydrother-
mal growth precursor, in addition to strong diffraction peaks of Cu
substrate (JCPDS No.85-1326), the diffraction peaks at 2h of 29.6,
36.5, 42.3, 61.4 and 73.5o can be respectively assigned to (110),
(111), (200), (220) and (311) planes of Cu2O (JCPDS No. 78-
2076). Similar profile is obtained for C-Cu2O/CF with no additional
peaks presented. While for C-CuO-Cu2O/CF, two extra weak peaks
are detected, which can be attributed to (�111), (111) planes of
CuO (JCPDS No. 80-1916). Raman measurement was carried out
to further confirm phases and the presence of carbon. As shown
in Fig. 1b, peaks at 215, 289, 415 and 640 cm�1 can be ascribed
to Cu2O in Cu2O/CF. After the candle annealing, two prominent
peaks at 1368 cm�1 and 1592 cm�1 can be found in C-Cu2O/CF
and C-CuO-Cu2O/CF, which are typical D band and G band of car-
bon, respectively [6,8]. This observation clearly confirms the suc-
Fig. 1. (a) XRD patterns of Cu2O/CF, C-Cu2O/CF and C-CuO-Cu2O/CF, (b) Raman spectra o
CF, (e) overview and (f) enlarged view of C-CuO-Cu2O/CF.
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cessful deposition of carbon after the candle annealing.
Compared with C-Cu2O/CF, the intensities of D and G bands are
much stronger in C-CuO-Cu2O/CF, suggesting higher amount of
carbon is deposited on the CuO-Cu2O surface. Moreover, the
Raman peaks of Cu2O in C-CuO-Cu2O/CF turns to be weak, while
a new small peak at 286 cm�1 can be detected, suggesting the for-
mation of CuO [10,11].

Fig. 1c shows a SEM image of Cu2O/CF precursor, where the
staggered large blocks are uniformly covered on copper substrate
with regular edges and smooth surface. Furnace heated CuO-
Cu2O/CF shows similar morphology (Fig. S1). After carbon deposi-
tion (Fig. 1d), the morphology of C-Cu2O/CF remains almost the
same as that of Cu2O/CF, except for many flocculent soots on the
surface. Fig. 1e and f present the morphology of C-CuO-Cu2O/CF,
where lots of cube blocks are formed with small holes decorated
on the surface. Moreover, flocculent matter can also be observed
on the surface, which are considered as the carbon deposition as
evidenced by Raman spectra in Fig. 1b. Furthermore, small holes
formed during annealing can provide abundant reaction sites on
the electrode, which would be beneficial to the performance
improvement.

A low resolution TEM image of C-CuO-Cu2O/CF in Fig. 2a reveals
that the electrode surface is uniform covered by a layer of fluffy
matter, which is confirmed as carbon from the high resolution
TEM image in Fig. 2b. The lattice fringe of carbon ordered in
short-range is similar with the reported results obtained via candle
combustion [12]. The Invert Fast Fourier Transformation (IFFT)
images in Fig. 2c reveal two plane spacings of 0.15 and 0.21 nm
that can be well assigned to (�113) plane of CuO and (200) plane
of Cu2O, respectively. These are also supported by the diffraction
rings in Fig. 2d. Thus, based on XRD, Raman, SEM and TEM results,
the successful construction of C-CuO-Cu2O/CF electrode on con-
ductive CF support is confirmed.

The chopped LSV curves are shown in Fig. 3a, the photocur-
rent density of Cu2O/CF is about �0.04 mA cm�2 @0 V VRHE.
f C-Cu2O/CF and C-CuO-Cu2O/CF electrodes. SEM images of (c) Cu2O/CF, (d) C-Cu2O/



Fig. 2. (a) TEM image, (b) HRTEM image, (c) SAED pattern and (d) Diffraction rings of C-CuO-Cu2O/CF electrode.
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After the carbon deposition, the photocurrent density of C-Cu2O/
CF is slightly improved to �0.1 mA cm�2 @0 VRHE. It is because
the carbon will accelerate the transfer rate of carriers at the
interface [13]. As for the C-CuO-Cu2O/CF electrode, the maxi-
mum photocurrent density can reach �1.2 mA cm�2 @0 V VRHE,
nearly twelve times larger than that of C-Cu2O/CF. Mott-Schottky
measurement was performed to determine the carriers concen-
tration (ND). As shown in Fig. 3b, the ND values derived from
the curves for Cu2O/CF, C-Cu2O/CF, CuO-Cu2O/CF and C-CuO-
Cu2O/CF are 1.83 � 1020, 1.90 � 1020, 2.01 � 1020 and
2.28 � 1020 cm�3, respectively. Clearly, the C-CuO-Cu2O/CF elec-
trode exhibits the highest carrier concentration, indicating CuO
and carbon phases can improve the carrier transfer. The charge
transfer performance is further studied by electrochemical impe-
dance spectra. As-collected Nyquist plots and an equivalent cir-
cuit are shown in Fig. 3c. The diameter of semicircle for C-
CuO-Cu2O/CF is smaller than the other three electrodes. The
charge transfer resistance (Rct) values are determined as 612,
1627, 799 and 1544 X for C-CuO-Cu2O/CF, CuO-Cu2O/CF, C-
Cu2O/CF and Cu2O/CF electrodes, respectively. The lowest Rct

value of C-CuO-Cu2O/CF proves the deposited carbon promotes
electrons transportation from CuO-Cu2O to the electrolyte. The
accelerated charge transfer speed will then enhance the PEC per-
formance of hybrid photocathode.

The incident photon-to-current conversion efficiency (IPCE)
was measured under the incident light (Fig. 3d). The highest IPCE
value of C-CuO-Cu2O/CF probably can be attributed to the forma-
tion of CuO that greatly inhibits photocarriers recombination and
accelerates the electron and hole transport to electrolyte. More-
over, the photoconversion efficiency improvement is consistent
with the increased concentration of carriers as confirmed by M-S
measurement.
3

4. Conclusion

Carbon coated-CuO-Cu2O hybrid photocathode on conductive
CF was successfully synthesized by a facile candle flame treatment.
This electrode exhibited greatly enhanced photoelectrochemical
activity with a photocurrent density of �1.2 mA cm�2 at 0 VRHE.
Its high performance is attributed to the unique surface carbon
coating and CuO-Cu2O interface, which can increase the carrier
concentration and reduce the carrier recombination rate and
enhance charge transfer at the interface of photocathode/elec-
trolyte, as proved by M-S, IPCE and EIS results. The significantly
enhanced activity enables C-CuO-Cu2O/CF as an attractive photo-
cathode for PEC application. Our work opens up new opportunities
for composite electrode fabrication by exploiting facile candle
flame annealing.
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Fig. 3. (a) LSV, (b) M-S plots, (c) EIS and (d) IPCE curves of Cu2O/CF, C-Cu2O/CF, CuO-Cu2O/CF and C-CuO-Cu2O/CF electrodes.
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