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Although Si is a successful photovoltaic material, its application in the photoelectrochemical (PEC) field is
limited because an insulated SiO, layer always extends quickly from surface to depth once bare Si
contacts with an aqueous solution. To inhibit this oxidation passivation, Si nanowires (SiNWs) were
coated with graphitic-CsN4 quantum dots (g-C3N4 QDs) to form SiNWs@g-CzN4 QDs, in which g-CzNy4
QDs acted as a protection layer to isolate Si from water and to improve the photogenerated charge
transfer. Observed by SEM and TEM, it was confirmed that dispersive g-CsN4 QDs anchored on the
surface of SINWs. PEC performance indicated that the photocurrent of bare SINWs declined obviously
while the photocurrent of SINWs@g-CsN4 QDs was stable. The photocurrent of SINWs@g-CsN4 QDs
reached 6.7 mA cm™2 at —1.5 V (vs. SCE) which was 1.6 times higher than that of pristine SINWs (4.2 mA
cm™2). Taking 4-chlorophenol as a target pollutant to investigate the photoelectrocatalytic capability of
the SiINWs@g-C3N4 QDs, more than 85% of 4-chlorophenol was successfully removed in 120 min, while
the value for SiNWs was only 52.0%. The pseudo-first-order kinetic constant of 4-chlorophenol
degradation on SiNWs@g-CsN4, QDs was 2.3 times as great as that on pristine SINWs. The improved
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1. Introduction

Due to its non-toxicity, low cost, wide absorption spectra and
good electric conductivity, silicon is considered to be an ideal
semiconductor material to convert solar energy into chemical
energy."> However, once Si is exposed to moist air or in aqueous
conditions,® an oxide layer will form to obstruct the charge
transfer from Si to aqueous solution. As a result, its ability for
photoenergy conversion is turned off.* Hence, research has
been carried out to inhibit surface passivation of Si via appro-
priate surface modification. At present, various protective layer
materials have been investigated intensively, including two-
dimensional (2D) layered materials, such as graphene;>” One-
dimensional (1D) nanowire materials, such as carbon nano-
tubes,*® ZnO nanowires.’” Compared to 2D and 1D materials,
the 0D quantum dots (QDs) have small sizes, which can coat Si
materials closely and protect Si from oxidation with a thinner
cladding layer. Benefitting from these merits, QDs have been
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further highlighted and shown attractive potential for protec-
tive materials. Many QDs materials have been reported as
protective layers for Si-based materials, such as CdTe quantum
dots™ and noble-metal nanoparticles (such as Au,'>** Ag,**
Pt'®). Nevertheless, the chalcogen group compounds are toxic
and unstable; the noble metal has poor optical transparency
and expensive price. Compared to the QDs mentioned above,
the metal free graphite carbon nitride (g-C3N,) QDs is a more
promising candidate. g-C3N, is earth abundant and has excel-
lent response to visible light."” Benefited from the strong cova-
lent bond between carbon and nitride atoms,'® g-C;N, exhibits
a superior photocorrosion resistance. In our previous work," 2D
g-C3N, nanosheets have been testified to be a proper protection
material for Si. Compared with 2D g-C;N,, the strong quantum
confinement of g-C;N, QDs may arouse more effective optical
absorption, and its small size will bring more active site expose
effects.” Besides, QDs can achieve a coating for arbitrary shape
of nanomaterials. Obviously, protecting SiNWs with g-C;N, QDs
is a better choice than the reported protection materials.

In this paper, we firstly deposited g-C;N, QDs on the surface
of SINWs to fabricate SINWs@g-C3;N, QDs using a facile dipping
method. Then we investigated the photoresponse ability and
photoelectrochemical stability of SiNWs@g-C3N, QDs in
aqueous solution. At last, the photoelectrocatalytic capability of
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SiNWs@g-C3N, QDs was evaluated via the degradation of
4-chlorophenol. The aim of work is to explore the function of
g-C;N, QDs for inhibiting the oxidation passivation and
enhancing charge separation of Si materials.

2. Experimental
2.1 Preparation method

SiNWs were prepared by Ag-assisted electroless chemical
etching method.>* Clean Si wafer (B-doping p type, (100)
orientation, 1-10 Q cm resistivity, 500 um thickness with single-
side polished) was etched in aqueous solution including
0.005 M AgNO; and 4.2 M HF. The etching duration was
changed to control the length of nanowires. After etching,
samples were immersed into the mixture of HNO; and H,O
(1 : 1 involume) and 5% HF solution to remove Ag particles and
oxide layer, respectively, and then samples were dried in N, flow
immediately.

The g-C3N, QDs were fabricated by a chemical stripping
method reported by Zhang et al.>* Briefly, bulk g-C;N, was treated
in the acid mixture of H,SO, and HNO; for about 2 h at room
temperature to change into porous g-C;N,. Then, the as-prepared
porous g-C;N, was exfoliated into ultrathin nanosheet with
NH;-H,O0 by hydrothermal treatment. At last, the g-C;N, QDs
were fabricated via the ultrasonication of porous g-C;N, nano-
sheet in ethanol. The as-prepared g-C;N, QDs were deposited
onto SiNWs via a dipping process followed by an annealing step
under 300 °C for 30 min in a N, flow. The schematic diagram of
the preparation process was shown as Fig. 1.

2.2 Characterization and measurement

The morphologies of samples were observed by scanning elec-
tron microscopy (SEM, Hitachi S-4800) and transmission elec-
tron microscope (TEM, Tecnai F30). X-ray photoelectron
spectroscopy (XPS, ESCALAB 250, Thermo VG) was performed to
analyse oxidation states and surface chemical composition of
samples. The C 1s signal was set to 284.8 eV for calibration. The
PEC performance was tested in a three-electrode cell connecting
with a CHI 660 electrochemical station (CH Instruments,
Shanghai Chenhua, China). The SiNWs@g-C3;N, QDs, a Pt plate
and a saturated calomel electrode (SCE) acted as working elec-
trode (effective area 1.0 cm?), counter electrode and reference
electrode, respectively. A high-pressure xenon arc lamp (CHF-
XM-500W, Beijing Changtuo, China) was used as light source.
All the tests were performed in 0.5 M H,SO, aqueous solution

under ambient conditions.
Deposmng
g-C3N4QDs
SiNWs@g-C;N, QDs

SiNWs

Chemlcal

etching

Si wafer
Fig. 1 The schematic diagram of the preparation process of

SiNWs@g-CsN4 QDs. SINW was represented by blue column, and the
g-C3sN4 QDs were represented by yellow balls.
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2.3 Photoelectrocatalytic degradation of 4-chlorophenol

The photoelectrocatalytic activity of the SiNWs@g-C3N, QDs
was evaluated by the degradation of 4-chlorophenol in aqueous
solution under xenon lamp irradiation. The light intensity was
100 mW cm 2. During the photoelectrocatalytic reaction,
samples were collected at intervals of 10 min for analysis. The
concentration of 4-chlorophenol was examined by High
Performance Liquid Chromatography (HPLC, Waters 2695,
Photodiode Array Detector 2996).

3. Results and discussion
3.1 Sample characterization

The morphology and structure are the foundational informa-
tion for estimating the physicochemical property of materials.
The prepared samples were observed with SEM and the results
were displayed in Fig. 2. As anticipation, the length of SiNWs
prolonged with the increase of the etching duration. The SINWs
length with etching times of 3 min, 5 min, 10 min and 20 min
were 500 nm, 2 um, 4 pm and 7 um, respectively. The samples
were accordingly named by the length of nanowires as SiNWs-
0.5, SINWs-2, SiNWs-4 and SiNWs-7.

Fig. 3a was high-resolution TEM image of g-C;N, QDs. The
picture showed that the average size of quantum dots was
~5 nm. The clear lattice fringes with d = 0.336 nm was found
from inset of Fig. 3a, which was consistent with crystalline
structures (002) of the reported g-C3N, QDs materials (JCPDS 87-
1526). High-resolution TEM image of SiNWs (Fig. 3b) revealed
that some nanopores appeared in pristine wires and the
diameters were found about 10 nm from inset of Fig. 3b. The
morphologies of SINWs@g-C;N, QDs are shown in Fig. 3c. It
displayed that g-C3;N, QDs were deposited on the surface of
SiNWs structure, indicating that SINWs@g-C;N, QDs composite
was successfully constructed. Besides, as reported in our
previous work,** some nanopores also appeared on the surface
of SINWs@g-C;N, QDs.

-
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Fig. 2 SEM images of profiles of (a) SiNWs-0.5 (inset: scale bar 500
nm), (b) SINWs-2, (c) SINWs-4 and (d) SINWs-7.
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10 nm

Fig. 3 TEM images of (a) g-C3sN4 QDs (inset: HRTEM image, scale bar:
5 nm), (b) pristine SINWs (inset: HRTEM image, scale bar: 10 nm), (c)
SiNWs@g-CsN,4 QDs (inset: HRTEM image, scale bar: 10 nm).

The surface chemical composition and oxidation state of
SINWs@g-C3N, QDs composites were characterized using X-ray
photoelectron spectroscopy (XPS). Fig. 4a showed the survey
XPS spectra of SINWs@g-C3;N, QDs. The existence of Si 2p, O 1s, C

b Si2p
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Fig. 4 XPS analysis of SINWs@g-CsN, QDs composites: (a) survey
spectra, (b—d) high resolution Si 2p, C 1s and N 1s spectra.
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1s and N 1s indicated that the sample was composed of Si, O, C
and N elements. The high-resolution Si 2p spectrum of
SiNWs@g-C;N, QDs was displayed in Fig. 4b. Two deconvolution
peaks at binding energies of 99.0 eV and 103.1 eV corresponded
to Si atoms from Si and SiO,, respectively. The presence of SiO,
indicated that g-C3N, QDs layer on SINW was not continuous and
part surface of SINW was uncovered by g-C;N, QDs. This result
was accordant to the TEM observation (Fig. 3c). The C 1s spec-
trum of SINWs@g-C;N, QDs (Fig. 4c) showed three peaks. The
major peak at 284.9 eV was assigned to C atoms in C-C bond or
adventitious carbon in the turbostratic CN structure. The second
peak at 286.5 eV was attributed to the C-N-C or formation of C-
OH functional groups.* The peak at 288.0 eV corresponded to the
sp> C atoms bonded to N(N-C=N) in aromatic rings.> Fig. 4d
depicted the spectrum of N 1s for SINWs@g-C;N, QDs. The N 1s
spectrum displayed two main peaks at 400 eV and 401.5 eV,
originating from tertiary N in N-(C); groups and N atoms in -NH,
or =NH terminal amino groups,® respectively. In addition, the
presence of the N-(C); group confirmed the polymerization of
melamine. Comprehensive analysis of XPS results proved that
the sample was composed of g-C3N, and Si.

3.2 Photoelectrochemical performance

The PEC performances of SiNWs and SiNWs@g-C;N, QDs as
photocathodes were estimated in 0.5 M H,SO, solution under
Xe lamp irradiation. Fig. 5a displayed the linear sweep vol-
tammetry curves of SINWs with different lengths. Obviously, the
photocurrent densities of SiNWs increased from 2.6 mA cm ™ to
4.2 mA cm™” as the length increased from 0.5 pm to 2 pm
(Fig. 5a). When continuing to prolong the length to 7 um, the
photocurrent began to decline. The reduction of the photocur-
rent with the prolonged length of the pristine Si nanowires may
be aroused from multiple reasons. First, the photon penetration
depth for Si materials was constant. Once the length of SINW
exceeded the value, there were no more photogenerated charges
appeared. Meanwhile, some nanowire might break away from Si
wafer with the further increase of the SINW length, resulting in
the reduced density of nanowire distribution and subsequently
the impaired optical absorption.”” What's more, for longer
SiNW, the photogenerated charges coming from the top of
nanowire had to travel longer distance to reach Si substrate,
leading to the more chance for recombination. The result
indicated that SINWs-2 showed favorable chemical stability and
the most excellent PEC performance. Therefore, the sample of
SiNWs-2 was chosen for the following experiment. Fig. 5b
showed that the photocurrent of SINWs@g-C3;N, QDs was up to
6.7 mA cm ™ at —1.5 V (vs. SCE), which was 1.6-fold than that of
SiNW-2. The superior behavior may be attributed to the
improved charge separation ability resulting from the build-in
electric field in the interface between SiNW and g-C;N, QDs.
Furthermore, the photostability of SINWs@g-C;N,; QDs was
evaluated by cyclic voltammetry measurements. As shown in
Fig. 5c, during 10 circles of cyclic voltammetry measurements,
the photocurrent of SiNWs electrode attenuated gradually,
which was ascribed to inhibition of the charge transfer resulting
from an insulated SiO, layer grown on the surface of SINWs.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Photoelectrochemical properties: (a) /-V curves of SiINWs
photocathodes with various etching times; (b) /-V curves of SiINWs and
SiNWs@g-CsN4 QDs photocathodes and (c) 10 cycles of cyclic vol-
tammetry curves of SINWs and SiNWs@g-CsN4 QDs photocathodes in
0.5 M H,SO, solution under xenon lamp illumination (100 mW cm™2).

While for SINWs@g-C;N, QDs, the photocurrent remained
stable after 10 cycles (Fig. 5¢), indicating that the layer of g-C3N,
QDs could protect Si electrode from photocorrosion in aqueous
solutions. The above results suggested that g-C;N, QDs coated
on the surface of SiNWs could improve the stability of SINWs
photocathode, which brought out improved PEC ability.

3.3 Photoelectrocatalytic activity

The degradation of 4-chlorophenol experiments were carried
out to further investigate the photoelectrocatalytic activity of
SiNWs@g-C3N, QDs. Fig. 6a displayed the photoelectrocatalytic
degradation of 4-chlorophenol over SiNWs under various bias.
It was found that the degradation efficiency increased with the

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Photoelectrocatalytic degradation of 4-chlorophenol (Co =
10 mg L™Y) (a) with different bias (—1.4 V, —=1.2V, —1.0 V, —0.8 V vs. SCE)
using SINWSs; (b) with different process using SINWs@g-CszN4 QDs
photocathode (—1.2 V vs. SCE); (c) using SiNWs and SiNWs@g-C3zNg4
QDs photocathodes (—1.2 V vs. SCE) under visible light irradiation (A >
400 nm, | = 100 mW cm™2); (d) kinetic constants of (c).

bias increased from —0.8 Vto —1.2 V, and then decreased as the
bias further increased to —1.4 V, possibly due to the water
splitting into hydrogen process under higher potential rather
than degradation of 4-chlorophenol. Accordingly, SiNWs
showed the highest degradation efficiency with —1.2 V bias vs.
SCE. Thus the bias of —1.2 V vs. SCE was chosen for the
following experiments.

As control, the degradations of 4-chlorophenol on SINWs@g-
C;3N, QDs in the various processes were also studied including
the dark control, the direct photolytic, electrochemical and
photocatalytic process as shown in Fig. 6b. The degradation
efficiency in dark and photolytic process were insignificant,
also it reached only 24.0% and 43.0% in electrochemical
process and photocatalytic process after 120 min, respectively.
Significantly, 85.1% of degradation efficiency was achieved in
photoelectrocatalytic process, which indicated clearly that
photoelectrocatalytic process was the most efficient approach
to degrade 4-chlorophenol.

Fig. 6¢c was photoelectrocatalytic degradation comparisons
using pristine SiINWs and SiNWs@g-C;N, QDs as photocath-
odes, respectively. It was obvious that only 52.0% of 4-chlor-
ophenol was degraded using SiNWs, while 85.1% of 4-
chlorophenol was degraded using SiNWs@g-C;N, QDs after
120 min. The degradation rates of 4-chlorophenol on SiNWs
and SiNWs@g-C;N, QDs photocathodes were found to follow
pseudo-first-order kinetics, and their kinetics constants were
presented in Fig. 6d. It was found that the kinetics constant of
SiNWs@g-C;N, QDs (0.870 h™") was calculated to be 2.3-fold
than that of pristine SiNWs (0.372 h™"). The 4-chlorophenol
degradation results proved the fact that decoration of SINWs by
g-C3N, QDs could successfully reduce the photocorrosion and
improve photoelectrocatalytic activity of SINWs efficiently.
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Fig. 7 Consecutive runs in the photoelectrocatalytic degradation of
4-chlorophenol (Co = 10 mg L) for (a) SINWs photocathode and (b)
SiNWs@g-C3N4 QDs photocathode (—1.2 V vs. SCE) under visible light
irradiation (1 > 400 nm, / = 100 mW cm?).

Furthermore, we investigated the photoelectrocatalytic
stability of SINWs and SiNWs@g-C3N,; QDs. Repeated photo-
electrocatalytic degradation experiments were carried out to
degrade 4-chlorophenol under the same condition and cycled
for five times. As shown in Fig. 7a, over five consecutive cycles,
~4% decrease of degradation efficiency was obtained using
SiNWs photocathode. Surprisingly, there was almost no signif-
icant deactivation observed using SiNWs@g-C;N, QDs photo-
cathode (Fig. 7b), indicating the high stability of the SINWs@g-
C;N, QDs in the photoelectrocatalytic process for 4-chlor-
ophenol degradation. The vigorous stability mainly benefited
from the role of g-C3N, QDs protective layer on the surface of
SiNWs. In addition, nanopores (shown in Fig. 3c) built on the
surface of SINWs@g-C;N, QDs could also play a minor role to
inhibit the oxidation passivation.*

4. Conclusions

In summary, we have successfully fabricated SINWs@g-C3;N,
QDs composite. The prepared composite was proved to have an
enhanced photostability and PEC performance due to the
excellent protective performance of g-C;N, QDs deposited. The
experimental results suggested that the photocurrent of optimal
SiNWs@g-C;N, QDs was 1.6 times as much as that of bare
SiNWs, which was attributed to the improved photogenerated
charge separation. The photoelectrocatalytic activity for degra-
dation of 4-chlorophenol also showed a remarkable enhance-
ment under visible irradiation than that of SiNWs. The
fabricated SINWs@g-C;N, QDs with improved optical stability
and efficient charge separation are promising to be a candidate
for solar energy conversion.
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