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Si nanowires (SiNWs) and graphite-like carbon nitride (g-C3N4) are highly promising materials for solar water
splitting. In this work, n-type SiNWs (n-SiNWs) are obtained via metal-catalyzed electroless etching. To improve
the photoelectrochemical performance of the n-SiNWs, g-C3N4 is deposited on their surface as a coating layer (nSiNW/g-C3N4). Furthermore, to increase the density of active sites in g-C3N4, barbituric acid (BA) is introduced
into precursors before the layer deposition. The n-SiNW/g-C3N4 photoanode shows a negative shift of the onset
potential as compared to the bare n-SiNWs. Moreover, a 50% enhancement in the photocurrent density at 1.6 V
vs. RHE is achieved on the BA-modiﬁed n-SiNW/g-C3N4 as compared to the pristine n-SiNW/g-C3N4.

1. Introduction
Solar water splitting is a promising method for solar energy utilization because it allows for the direct conversion of solar energy into
chemical energy that is stored within oxygen and hydrogen [1–6]. Silicon is a small-band gap semiconductor that is capable of absorbing
most of the sunlight in the visible range, but it generates insuﬃcient
photovoltage for water splitting [7–13]. Because of its unique properties, graphite-like carbon nitride (g-C3N4) was considered an ideal
candidate for solar-driven water splitting [14–16]. However, due to its
relatively large band gap (2.7 eV), g-C3N4 does not absorb most of the
visible light, which includes a large portion of the solar energy [17,18].
A possible solution to address the aforementioned shortcomings of
these two materials is to combine them and design a rational solar
water splitting device based on the synergistic eﬀect between Si and gC3N4. Speciﬁcally, Si nanowires (SiNWs) has a high speciﬁc surface area
and strong light trapping ability [19–23]. In recent years, numerous
reports on the use of SiNWs in solar water splitting have been published. Cai et al. fabricated FexNi1-xO/Bi2MoO6/SiNWs via a facile and
novel process, and these NWs exhibited an STH up to 0.27% [24].
Moreover, the metal-free SiNW photoelectrodes reported by Halima
et al. achieved a photovoltage of 250 mV under illumination [11]. In
this work, g-C3N4 was deposited on the top of n-SiNWs form a core-shell
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heterojunction. This core-shell heterostructure enabled the photoelectrochemical (PEC) photoanode to absorb most of the sunlight, so that
H2O could be decomposed at a low bias.
The PEC performance of pristine g-C3N4 is strongly limited by the
sluggish carrier kinetics resulting from the insuﬃcient surface active
sites [18,25]. Hence, we applied barbituric acid (BA) to modify the
properties of g-C3N4 through copolymerization [26]. The g-C3N4 modiﬁed by BA is denoted as CNBx, and the modiﬁed electrode is denoted nSiNW/CNBx.
2. Experimental
2.1. Fabrication of n-SiNW/g-C3N4 core-shell structure
The n-SiNW arrays were synthesized via MCEE, which was developed by Peng et al. [27]. Si pieces (2 × 2 cm2) were ultrasonically
cleaned with acetone and ethanol, boiled in H2SO4:H2O2 (3:1) solution
for 30 min, and then rinsed with DI water several times to remove the
residues. To obtain SiNW arrays, the cleaned wafers were sealed in an
autoclave that contained 5 M HF and 0.02 M AgNO3 solution. The SiNW
arrays were immersed in nitric acid for 30 min to remove Ag. After
removal of the oxide layers with 4% HF and subsequent drying in air,
diﬀerent amounts of the precursor (50, 90, 180 and 300 μL

Corresponding authors at: National Center for International Research on Green Optoelectronics, Shenyang Institute of Automation, Guangzhou.
E-mail addresses: chenzhihong1227@sina.com (Z. Chen), wangxin@scnu.edu.cn (X. Wang).

https://doi.org/10.1016/j.elecom.2017.12.010
Received 24 November 2017; Accepted 9 December 2017
Available online 11 December 2017
1388-2481/ © 2017 Published by Elsevier B.V.

Electrochemistry Communications 87 (2018) 13–17

M. Ning et al.

C3N4 and n-SiNW/CNB1. The peak at 287.5 eV of n-SiNW/g-C3N4 can
be associated with the CeN bond [28]. The corresponding peak of nSiNW/CNB1 shifted to 287.0 eV, indicating the chemical change of
CNB1. Three distinct peaks can be observed from Fig. 3c; the peaks
located at 397.9 eV, 398.7 eV, and 400.1 eV correspond to the CeN]C,
Ne(C)3, and CeNeH bond, respectively [29,30]. The slightly peak
shifts of N 1 s compared to other reported literatures can be ascribed to
the ultra-thin shell structure and the interaction with SiNW. With the
introduction of BA, CNB1 exhibits higher peak intensity at 397.9 eV and
398.7 eV, indicating the C/N ratio of n-SiNW/CNB1 is larger than the nSiNW/g-C3N4. These results strongly conﬁrm that certain N atoms in gC3N4 are replaced by the C atoms in CNB1, i.e. N-defects [29–31].

dicyandiamide) were dipped on the surface of the SiNW arrays, which
were left to dry at room temperature under dark and ventilated conditions. Then, the arrays were placed in a vacuum tube furnace, and the
temperature was increased from 20 °C to 550 °C at the rate of 3 °C/min.
The temperature was maintained at 550 °C for 4 h for the fabrication of
the n-SiNW/g-C3N4 core-shell structure. The n-SiNW array with 90 μL
of the precursor exhibited the most promising PEC performance.
2.2. Fabrication of n-SiNW/CNBx core-shell structure
n-SiNW/CNBx photoanodes were fabricated using the same method
as that for the n-SiNW/g-C3N4 photoanodes, but the precursors were
changed to BA and dicyandiamide solutions. Diﬀerent amounts of BA
and 2 g of dicyandiamide were simultaneously added to 30 mL of
deionized water to obtain the new precursors. The concentrations of BA
were set as 1.3, 2.6, 5.2, 10.4, 26.0, 52.0 and 520 mM, corresponding to
CNB0.0025, CNB0.005, CNB0.01, CNB0.02, CNB0.05 and CNB1 respectively.

3.2. Analysis of photoelectrochemical performance
As shown by the LSV measurements in Fig. 3a, the photoanode
fabricated with 90 μL of the precursor delivered the most promising
PEC performance. It could be attributed to CNBx with N-defects which
exhibited enhanced charge collection and electron-hole separation
abilities compared with g-C3N4 [26,30]. Therefore, the N-defects could
act as active OER sites in CNBx. However, it is also reported excessive
BA doping would hinder photocatalytic performance of CNBx [26,30];
hence, the amount of BA was studied in this work. From Fig. 3b, the
optimal amount of BA corresponds to CNB0.02. The photovoltages of the
bare n-SiNWs, n-SiNW/g-C3N4 and n-SiNW/CNB0.02 were 200 mV,
270 mV, and 310 mV respectively. Fig. 3c illustrates the LSV results for
the bare n-SiNWs, n-SiNW/g-C3N4, and n-SiNW/CNB0.02 photoanodes.
The addition of g-C3N4 induced a negative shift of the onset potential of
the n-SiNW/g-C3N4 photoanode as compared to that for the bare nSiNWs, because of the promoted photovoltage. The n-SiNW/CNB0.02
photoanode showed 50% enhancement in the photocurrent density at
1.61 V vs. RHE, over that of the n-SiNW/g-C3N4 photoanode. The high
photocurrent could be ascribed to the N-defects that further promoted
charge separation and increased the active OER sites on the surface of
CNB0.02. To reveal the contribution of photocurrent from diﬀerent
materials, an additional 420 nm cutoﬀ ﬁlter was used to remove any
light below 420 nm; the LSV data of the samples are showed in Fig. 3c.
With the 420 nm cutoﬀ ﬁlter introduced, the n-SiNW/g-C3N4 shows a
similar photocurrent with n-SiNW, suggesting that the photocurrents of
n-SiNW of n-SiNW/g-C3N4 mainly originated from SiNW when the

3. Results and discussion
3.1. Structural characterization and composition analysis
The photoanodes prepared by loading 90 μL of the precursor were
considered, unless speciﬁed otherwise. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images of the nSiNW/CNB0.02 photoanode are shown in Fig. 1. From Fig. 1a, b, and d,
the length and diameter of the nanowires in n-SiNW/CNB0.02 are found
to be approximately 4 μm and 120 nm. The TEM images in Fig. 1c and d
indicate that the thickness of the CNB0.02 is about 20 nm. X-ray photoelectron spectroscopy (XPS) measurements are shown in Fig. 2 to illustrate the chemical composition and chemical states of the samples.
Fig. 2a shows the survey XPS spectra of n-SiNW/CNB0.02. The relatively
low peak intensities of C 1 s and N 1 s can be ascribed to the low loading
amount and the well-dispersed CNB0.02. Fig. 2a suggests the coexistence
of n-SiNW and CNB0.02 in n-SiNW/CNB0.02. Fig. 2b displays high-resolution Si 2p spectrum of n-SiNW/CNB0.02, revealing the presence of
two peaks at 98.9 and 103.0 eV, which is attributable to Si and its oxide
species. N-SiNW/CNB1 was fabricated to more distinctly analyze the
diﬀerence between n-SiNW/g-C3N4 and n-SiNW/CNBx. In Fig. 2c, the
peak located at 284.9 eV corresponds to the CeC bond for n-SiNW/g-

Fig. 1. Structural characterization of n-SiNW/
CNB0.02 photoanode. (a)(b) SEM cross-sectional
image of n-SiNW/CNB0.02 photoanode under
diﬀerent resolutions. (c)(d) TEM image of nSiNW/CNB0.02 nanowire under diﬀerent resolutions.

14

Electrochemistry Communications 87 (2018) 13–17

M. Ning et al.

Fig. 2. (a) XPS survey spectrum of n-SiNW/
CNB0.02, (b) Si 2p XPS spectra of n-SiNW/
CNB0.02, (c) C 1s XPS spectra of n-SiNW/g-C3N4
and n-SiNW/CNB1, (d) N 1s XPS spectra of nSiNW/g-C3N4 and n-SiNW/CNB1.

oﬀers similar results as those observed in the photoelectrochemical
water splitting using the C3N4-based core/shell structure reported by Li
et al. In that study, TiO2 and WO3 were applied as the core materials,
which led to remarkable performance [33,34]. Because of the unique
advantages of SiNWs, such as better charge transfer ability on account
of the direct inheriting from the bulk substrate and the strong light
trapping ability due to its rough surface, solar-driven water splitting can
be achieved under lower bias voltage which could be consider as a great
advance for this structure.

irradiated light wavelength is larger than 420 nm. Under AM 1.5 light
irradiation, the n-SiNW/g-C3N4 and n-SiNW/CNB0.02 showed much
higher enhancement photocurrents than that of n-SiNW, which indicate
that the photocurrents of n-SiNW/g-C3N4 were mainly originated from
Si/g-C3N4 and Si/CNB0.02. Interestingly, with or without 420 nm cutoﬀ
ﬁlter introduction, n-SiNW/CNB0.02 exhibited enhanced photocurrent
with compare of n-SiNW/g-C3N4, which might be contributed by the
enhanced light absorbance and promoted charge separation caused by
the introduction of N-defects. To further prove the function of N-defects, we also tested the minor carrier life time of n-SiNW/CNB0.02 and
n-SiNW/g-C3N4. The n-SiNW/CNB0.02 (24.54 μs) shows a slightly
longer minor carrier life time than and n-SiNW/g-C3N4 (24.13 μs),
implying that the introduction of N-defects could indeed improve
charge separation eﬃciency and thus enhance the carrier life time of nSiNW/CNB0.02. G-C3N4 and CNB0.02 were deposited on FTO, and LSV
data were obtained under chopped light to clarify the relationship between the N-defects and active OER sites. The data are shown in Fig. 3d.
CNB0.02/FTO exhibited better PEC performance than g-C3N4/FTO,
which strongly indicated that the introduced N-defects could act as
active OER sites.
The applied bias photon-to-current eﬃciency of n-SiNW/CNB0.02
was measured and reached the highest value of 0.278% with bias of
0.52 V. Compared with other excellent Si-based photoelectrodes such as
a-Si:H/a-Si:H/mc-Si:H, whose eﬃciency is close to 10% [32], the nSiNW/CNB0.02 shows a lower eﬃciency. Nonetheless, the synthesis of
n-SiNW/CNB0.02 is more facile and cost-eﬀective. Besides, the PEC
performance of n-SiNW/CNB0.02 can be further improved, which will be
analyzed in a future study.
Fig. 3d shows the LSV curves under illumination with chopped light,
where quick photocurrent response is observed. Fig. 3e shows the J-t
curves (300 s, under a bias of 1.11 V vs. RHE) obtained under chopped
light. The photostability of the as-prepared photoanodes was studied in
Fig. 3e. The photoanodes showed about 80% decayed photocurrents as
compared with pristine photocurrents (Fig. 3e). The slight decay in the
photocurrent of the J-t curves was mainly due to the mild photocorrosion during illumination. Our n-SiNW/g-C3N4 core/shell structure

3.3. Electrochemical analyses
Electrochemical analyses were conducted by EIS measurements to
investigate the electrical properties and charge transfer process of the
photoanodes. As seen in Fig. 3f, the EIS Nyquist curve of the bare nSiNWs shows a larger arc with respect to n-SiNW/g-C3N4, indicating
enhanced charge transfer ability in the latter because of the strong
charge separation at the g-C3N4/Si interface. Meanwhile, the Nyquist
curve of n-SiNW/CNB0.02 also exhibits a smaller arc than that for nSiNW/g-C3N4, suggesting that the resistance of the former is reduced
after modiﬁcation with BA, probably because of the introduction of Ndefects. The electrochemical data well agree with the PEC performance,
further conﬁrming our previous conclusions.
4. Conclusion
We successfully coated the surface of n-SiNWs with g-C3N4 by LALD.
N-SiNW/g-C3N4 exhibited a cathodic shift of the onset potential and
larger photocurrent as compared to the bare n-SiNWs. Subsequently, BA
was applied to modify the g-C3N4 properties through copolymerization;
therefore, the PEC performance was further enhanced for the n-SiNW/
CNB0.02 photoanode. Further research was carried out to evaluate the
electrical properties and charge transfer ability of the photoanodes, and
the results were consistent with those of the PEC results. This work
conﬁrms the highly promising potential of the core/shell nanoheterostructure for enhancing the photovoltage and modifying surface states
15
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Fig. 3. (a) LSV curves of n-SiNW/g-C3N4 with
diﬀerent precursors, (b) LSV curves of n-SiNW/
CNBx, (c) LSV curves of diﬀerent photoanodes,
(d) LSV curves of transient response, (e) J-t
curves of transient response, (f) EIS Nyquist plots.

through the incorporation of active sites, so that superior eﬃciency
could be achieved in PEC water-splitting applications.
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