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/Abstract: Cubic silicon carbide (3C-SiC) material feature a
suitable bandgap and high resistance to photocorrosion.
Thus, it has been emerged as a promising semiconductor for
hydrogen evolution. Here, the relationship between the pho-
toelectrochemical properties and the microstructures of dif-
ferent SiC materials is demonstrated. For visible-light-derived
water splitting to hydrogen production, nanocrystalline, mi-
crocrystalline and epitaxial (001) 3C-SiC films are applied as

\

the photocathodes. The epitaxial 3C-SiC film presents the
highest photoelectrochemical activity for hydrogen evolu-
tion, because of its perfect (001) orientation, high phase
purity, low resistance, and negative conduction band energy
level. This finding offers a strategy to design SiC-based pho-
tocathodes with superior photoelectrochemical performan-
ces.

/

Introduction

As a green renewable source, hydrogen is compelling for the
advances in lifestyle of modern society, due to its high energy
density and environmental benignity. A promising pathway for
hydrogen production is the photoelectrochemical (PEC) water
splitting driven by solar energy,"’ which represents an ideal
and sustainable strategy to the clean and efficient energy chal-
lenge. To achieve the practical applications of PEC for water
splitting, efficient and stable catalysts are vital to promote the
sluggish kinetics of water decomposition. In particular, PEC cat-
alysts must own both photocatalytic and electrocatalytic activi-
ty and durability.? A number of semiconductors, such as
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TiO,® Cu,0, and CdS,”" have been employed as potential
photocathodes, inspired by their high photoresponse and ad-
missible conductivity.® Unfortunately, their shortcomings (e.g.,
too broad bandgaps,” easily causticity,® poor stability,” or the
low catalytic efficiencies”") limit their performances and large-
scale applications. Therefore, the design and construction of
high-performance visible-light-driven PEC catalysts are highly
desired.

To boost PEC water splitting for hydrogen generation, the
bottom of the conduction band of a semiconductor catalyst
has to be more negative than the reduction potential of H*
/H,. A higher conduction band position presents greater reduc-
tion ability. Among various semiconductors, a 3C-SiC film ex-
hibits the highest conduction band position with a bandgap of
2.4 eV, indicating the superior photoreduction ability under
visible-light irradiation."” Moreover, it possesses fast charge-
transfer rates, excellent corrosion resistance, and high electro-
catalytic activity for H, production.”®'? Therefore, a photoca-
thode of a 3C-SiC film is expected to present outstanding PEC
water splitting performance under the visible-light irradiation.
Furthermore, the direct employment of a 3C-SiC film avoids
the usage of organic binders in the case of SiC nanoparticles.
The reports on PEC water splitting using 3C-SiC films are ac-
tually seldom, mainly due to the complex processes during the
synthesis of 3C-SiC films."™

In this work, an epitaxial 3C-SiC film with perfect (001) orien-
tation and high phase purity was prepared and further applied
as the photocathode for PEC water splitting in acidic electro-
lyte. In this case, the surface of an epitaxial 3C-SiC film owns
numerous catalytic activity sites (i.e., terminal Si sites) that are
available for hydrogen evolution reaction (HER). In addition,
low photoinduced charge recombination can take place, due
to a short transfer distance and scarce defects. To verify the ad-
vances of an epitaxial 3C-SiC film for PEC water splitting, syn-
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thesized microcrystalline and nanocrystalline 3C-SiC films (see
the Supporting Information for details) were also applied for
PEC water splitting.

Results and Discussion

Figure 1 shows the scanning electron microscopy (SEM)
images of nanocrystalline (Figure T1a), microcrystalline (Fig-
ure 1b), and epitaxial (Figure 1¢) 3C-SiC films. The average
crystal size of a nanocrystalline 3C-SiC film is smaller than
50 nm, and its surface is relatively smooth (Figure 1a). In con-
trast, the average crystal size of a microcrystalline 3C-SiC film is
larger than 200 nm (Figure 1b), and its surface is higher rough-
ness in comparison to that of a nanocrystalline 3C-SiC. For an
epitaxial 3C-SiC film, densely packed 3C-SiC crystals grow
along the (110) directions, which is attributed to the heteroe-
pitaxial growth of 3C-SiC crystals on a (001) Si substrate.'>'*
The XRD patterns of a 3C-SiC film with 26 position of 35.6,
41.4, 62.0, and 90.0° are indexed to the (111), (200), (220), and
(400) of 3C-SiC, respectively (JCPDS No. 29-1129, Figure S1a,
Supporting Information). In case of an epitaxial 3C-SiC film, the
diffraction of (200) and (400) are stronger, an indication of its
perfect (001) orientation. Briefly, an epitaxial 3C-SiC film con-
sists of single 3C-SiC crystals which feature no amorphous
phases. Differently, (111) plane is also observed in a nanocrys-
talline 3C-SiC film and a microcrystalline 3C-SiC film, indicating
their polycrystalline nature. In addition, Raman analysis was
also carried out to examine the phase purity of these films
(Figure S1b, Supporting Information). There are two significant
differences among nanocrystalline, microcrystalline and epitax-
ial 3C-SiC films. Firstly, for nanocrystalline and microcrystalline
3C-SiC films, the peaks at approximately 1320 (D band) and
1600 cm™' (G band) indicate the presence of amorphous
carbon phase in both films. Secondly, the weak and broad
peak at about 900 cm™' is ascribed to the Si—C rocking in Si-
CH;, implying the existence of the amorphous SiC phase in
both films. However, these three peaks are not observable in
the case of an epitaxial 3C-SiC film. This contrast suggests no
amorphous phase, but the only existence of 3C-SiC crystals in
an epitaxial 3C-SiC film, indicating clearly its high phase purity.
Such a result is in good accordance with our previous trans-
mission electron microscopy (TEM) observation.? Moreover, a
slight downshift is seen in the position of a SiC TO peak for a
microcrystalline SiC film when compared with that for a nano-
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crystalline SiC film, confirming its better crystallinity. The crys-
tallinity increases in the order of nanocrystalline < microcrystal-
line < epitaxial. These structural characterization results confirm
the perfect (001) orientation and high phase purity of an epi-
taxial 3C-SiC film.

According to the report by Demichelis et al., the amorphous
phases restrain the electron transfer between the SiC crys-
tals."" Therefore, the electrical conductivity of an epitaxial 3C-
SiC film derived from high purity is expected to be higher than
that of a nanocrystalline 3C-SiC film or a microcrystalline one.
To confirm this statement, the sheet resistance was calculated
through a four-point-probe technique. The obtained sheet re-
sistance of an epitaxial 3C-SiC film is as low as about
86 Qsq . In contrast, the nanocrystalline and microcrystalline
3C-SiC films show the sheet resistances of about 678 and
578 Qsq ', respectively. Consequently, an epitaxial 3C-SiC film
is expected to feature outstanding performance of PEC water
splitting.

Prior to employing these 3C-SiC films for PEC water splitting,
the optical behavior of an epitaxial 3C-SiC film was investigat-
ed by means of UV/Vis diffuse-reflectance spectroscopy. The
epitaxial 3C-SiC film exhibits a broad and strong adsorption
peak in UV- and visible-light regions. An absorption edge ap-
pears at approximately 520 nm (Figure 2a). From the redrawn
Tauc plot (Figure 2b), its bandgap was estimated by extrapo-
lating the slope and the E; value. The estimated value is ap-
proximately 2.5 eV. This corresponds to the broad absorption
region between 330 and 520 nm. The different bandgaps be-
tween an epitaxial 3C-SiC film and 3C bulk SiC (e.g., 2.4 eV) is
probably due to the highly pure nature of an epitaxial 3C-SiC
film."™ The flat-band potential was then determined by impe-
dance measurements. As seen from the Mott-Schottky plot (1/
C* vs. V) for an epitaxial 3C-SiC film at a frequency of 1 kHz
(Figure 1¢), the slope of the linear range is negative, indicating
a p-type conductive behavior."

The flat-band potential, determined by extrapolating the
Mott-Schottky plot to 1/C*=0, is 1.1V (vs. Ag/AgCl), namely
1.3V (vs. SHE). Provided that the valence band is 0.1V more
positive than the flat band potential,"” the valence band (VB)
of an epitaxial 3C-SiC film is 1.4 V (vs. SHE). The estimated con-
duction band (CB) is then —1.1V (vs. SHE), according to E,=
|Ece—Eyg|- Such an energy level diagram of an epitaxial 3C-SiC
film is schematically shown in Figure 2d, in which it is further
compared with the redox potentials of water splitting reac-

Figure 1. SEM images of (a) nanocrystalline, (b) microcrystalline, and (c) epitaxial 3C-SiC films.
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Figure 2. Optical properties of an epitaxial 3C-SiC film: (a) UV/Vis diffuse-re-
flectance spectrum, (b) the redrawn Tauc plot from (a), (c) Mott-Schottky
plot collected at a frequency of 1.0 kHz in 0.5m H,SO, in the dark, and

(d) energy diagram compared with redox potentials for water splitting. In
(d), electrochemical energy scale (left) is relative to the standard hydrogen
electrode (SHE). Black dotted lines represent the water-splitting energies for
hydrogen evolution [E(H/H,0)] and oxygen evolution [E(O,/H,0)] in pH 0
solutions.

tions. Clearly, the CB edge is situated above the reduction
energy level of water splitting, £(H*/H,0). Taking the facts of
its relatively high conductivity and broad UV/Vis absorption
into account, an epitaxial 3C-SiC film is ideal for PEC water
splitting or hydrogen production.

The PL spectra were then recorded to explore the photo-
generated charge recombination on three SiC films (Figure S2,
Supporting Information). The PL emission signal of an epitaxial
3C-SiC film is significantly weaker than that of nanocrystalline
and microcrystalline 3C-SiC films. This is due to the notable de-
pression of recombination of the photogenerated charge carri-
ers on an epitaxial 3C-SiC film, which actually benefits to the
separation of electrons and holes."® This is highly desirable to
improve photocatalytic activity of 3C-SiC films.

The catalytic ability and photo-response of an epitaxial 3C-
SiC film (labeled as epi) were then examined by means of tran-
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sient photocurrent measurements. These tests were carried
out by means of linear sweep voltammetry (LSV) under chop-
ped light illumination. An epitaxial 3C-SiC film presents a
higher current density than other 3C-SiC films for hydrogen
evolution from water splitting under simulative sun light irradi-
ation (Figure 3a). The current density is as high as 20 mAcm ™2
at a potential of —1.0 V (vs. Ag/AgCl) under the similar condi-
tions.' Moreover, this epitaxial 3C-SiC photocathode displays
prompt and reproducible photocurrent response with respect
to the ON-OFF cycles of the irradiation signal, indicating obvi-
ously enhanced photocatalytic activity. To explore the effect of
scan rate on PEC performance of an epitaxial 3C-SiC film, J-V
curves were recorded under chopped light illumination at the
scan rates of 5, 10, 15, 20 and 25 mVs~' (Figure S3, Supporting
Information). An increase of scan rate results in enhanced cur-
rent density and photocurrent response. To evaluate PEC sta-
bility of this epitaxial 3C-SiC film photocathode, its ampero-
metric response (/-t curve) was recorded (Figure 3 b), depicting
the fast response toward irradiation stimulation. The square
profile and steady photocurrent density of transient photocur-
rent response (more than 25 cycles) further indicate a fast sur-
face reduction kinetics, suppressed charge carrier recombina-
tion, and remarkable PEC stability.”” EIS measurements were
thus conducted to investigate the charge transport behavior
of an epitaxial 3C-SiC photocathode. From the recorded Ny-
quist plots (Figure 3¢) and the electric circle (inset in Fig-
ure 3¢), its calculated charge transfer resistance (R,) under
light illumination is 17 Q, smaller than that without illumina-
tion. This suggests again that photoinduced electrons are en-
gaged in the electron transfer across the photoelectrode/solu-
tion interface.

For comparison, the HER performances of nanocrystalline (la-
beled as nano) and microcrystalline (labeled as micro) 3C-SiC
photocathodes were also examined under identical conditions.
As expected, nanocrystalline and microcrystalline photocatho-
des exhibit higher current densities under illumination than in
the dark (Figure 4a). However, both current densities
[6.2 mAcm 2 for nano and 8.1 mAcm 2 for micro at —1.0 V (vs.
Ag/AgCl)] are lower than that of an epitaxial 3C-SiC photoca-
thode under illumination [20 mAcm™2 at —1.0 V (vs. Ag/AgCl)].
It has been stated that the microstructures of catalysts affect
their catalytic reactivity.”" The variation of these current densi-
ties toward HER on three photocathodes thus results from dif-
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Figure 3. PEC performance of an epitaxial 3C-SiC photocathode toward HER: (a) the J-V curve under chopped light illumination, (b) /-t curve at —0.7 V (vs.

Ag/AgCl) under chopped-light illumination, and (c) Nyquist plots recorded at —

(pink line with dots).
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0.7 V (vs. Ag/AgCl) under light illumination (red line with dots) and in the dark
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Figure 4. PEC performances of the nanocrystalline and microcrystalline 3C-SiC photocathodes toward HER: (a) J-V curves under chopped light illumination,
(b) I-t curves at —0.7 V (vs. Ag/AgCl) under chopped light illumination, and (c) Nyquist plots recorded at —0.7 V (vs. Ag/AgCl) under light illumination for a mi-
crocrystalline film (the blue line with triangles) and for a nanocrystalline film (the black line with stars) as well as in the dark for a microcrystalline film (the
green line with triangles) and for a nanocrystalline film (the purple line with stars).

ferent microstructures of three SiC films.'? In addition, J-V
curves under chopped light illumination at different scan rates
for microcrystalline (Figure S4, Supporting Information) and
nanocrystalline (Figure S5, Supporting Information) 3C-SiC films
also indicate current densities (namely better PEC response).
Therefore, the perfect (001) orientation and the high phase
purity of an epitaxial SiC film lead to the high catalytic activity
toward HER and eventually the highest current density.

The recorded /-t plots at —0.7 V (vs. Ag/AgCl) under chop-
ped light illumination (Figure 4b) confirm again higher PEC
performance of an epitaxial 3C-SiC film toward PEC hydrogen
production than that of microcrystalline and nanocrystalline
SiC films. It has to be pointed out that a nanocrystalline SiC
film shows the best stability toward HER, and the current den-
sity remains unchanged in the measured time range. This is
probably because more amorphous phases significantly facili-
tate the release of H, bubbles from the electrode surface. How-
ever, for the microcrystalline and epitaxial SiC films, the current
densities decrease clearly at the first few circles of /-t curves.
This is related with the fact that the reduction of the specific
surface areas of these SiC films originated from the aggrega-
tion of bubbles leads to their decreased catalytic activity. More-
over, both films have smaller R, values under illumination than
those in the dark (Figure 4c). The R values of three SiC photo-
cathodes under light illumination follow an ascending order:
epitaxial (17 Q) <microcrystalline (30 ) < nanocrystalline
(41 Q). In other words, an epitaxial 3C-SiC photocathode fea-
tures higher PEC activity toward HER.

Conclusion

In summary, an epitaxial 3C-SiC film presents superior PEC ac-
tivity for hydrogen evolution, including a higher current densi-
ty, and faster charge transport kinetics than those of microcrys-
talline and nanocrystalline 3C-SiC films. Its excellent PEC prop-
erties originate mainly from its low electrical resistance and
broad UV/Vis absorption. Together with its ideal energy level,
photogenerated carrier recombination is hindered and the
charge transport kinetics for photoelectrochemical water split-
ting is accelerated. The perfect (001) orientation and the
higher phase purity of an epitaxial 3C-SiC film further improve
PEC activity. Future work can be conducted to clarify deeply
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photoelectrochemical reaction mechanisms on SiC photocath-
odes and to further improve PEC performance of an epitaxial
3C-SiC film through selected surface functionalization. An epi-
taxial 3C-SiC film is thus a promising photocatalyst to be em-
ployed in photoelectron devices and for efficient water-split-
ting applications.

Experimental Section

Chemicals and reagents: H,0, (35%) and HF (>48%) were pur-
chased from Sigma-Aldrich Chemical Reagent Co., Ltd. (Beijing,
China). H,SO, and ethanol were bought from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Insulation glue was obtained
from Johnson Matthey Chemicals Co., Ltd. (Shanghai, China). All
chemicals were used as received without further purification.
Water (> 18 MQ) was provided by a Millipore system.

Material synthesis and characterization: Three kinds of 3C-SiC
films (namely epitaxial, microcrystalline and nanocrystalline 3C-SiC
films) were synthesized in a microwave plasma chemical vapor
deposition (MWCVD) reactor in a mixture of H, and tetramethylsi-
lane (TMS). By varying the deposition parameters, such as micro-
wave power, gas pressure, substrate temperature (monitored by an
optical pyrometer) and gas phase composition, 3C-SiC films with
different structures were synthesized."? A JSM-7001F field emission
scanning electron microscope (FESEM) was applied to analyze the
structures and morphologies of three SiC films. The phase compo-
sitions and orientations of these SiC samples were acquired using
a Bruker D8 advance A25X-ray diffraction (XRD) system. The phase
purity of the films was determined by their Raman spectra collect-
ed on a HORIBA Jobin Yvon LabRAM HR800 spectrometer. And a
514.5 nm Ar laser was used as the excitation source. These SiC
films were cleaned in piranha solution (H,S0O,:H,0,=3/1) and then
in 5% HF solution to remove the surface contaminations and SiO,
surface layer prior to use.

Optical measurements: Diffusive reflectance UV/Vis absorption
spectra were recorded on a UV-3600 spectrophotometer (Shimad-
zu, Japan). AL,O, acted as the reference. The Tauc plot ((ahv)"" vs.
hv) was converted according to the Tauc equation [Eq. 1]:

ahv = A(hv — E,)" (1)
in which a is the absorption coefficient, h is the Planck’s constant,
v is the frequency of incident light. Given that the transition be-
longs to indirect transition for an epitaxial 3C-SiC film, n is equal to

2. E,, the bandgap of an epitaxial 3C-SiC film was then extracted
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from the intercept of the Tauc plot. Photoluminescence spectra
were measured by using an F-7000 (Hitachi, Japan) spectropho-
tometer with a Xe lamp as the excitation light source at room tem-
perature.

PEC water-splitting measurements: All PEC tests were performed
on a CHI 760 electrochemical workstation (CH Instruments, Inc.,
Shanghai, China) with a three-electrode configuration. A 3C-SiC
film, a graphite rod electrode, and a Ag/AgCl electrode were
served as the photocathode, counter electrode, and reference elec-
trode, respectively. The area of the working electrode is 0.5 cm?
Prior to electrochemical measurements, the electrolyte solution
(0.5m H,SO,) was purged with high-purified argon for 30 min. The
illumination source was a 150 W Xe lamp (PLS-SXE300C/CUV, Bei-
jing Perfect Light Scientific and Technical Co. Ltd) with a power
density of 100 mWcm ™. Current-voltage (J-V) curves were mea-
sured by means of linear sweep voltammetry (LSV) at a scan rate
of 5mVs™" under chopped light illumination. Moreover, the am-
perometric /-t curves were recorded at a potential of —0.7 V (vs.
Ag/AgCl) and with the test duration of 500 s.

Electrochemical impedance spectroscopy (EIS) was carried out on
a Zahner electrochemical workstation (Germany) in a frequency
range from 100 kHz to 0.01 Hz at —0.7V (vs. Ag/AgCl). Mott-
Schottky plot was measured in a potential range from 0.2 to 1.5V
(vs. Ag/AgCl) at a frequency of 1 kHz without illumination. The flat-
band potential was obtained according to [Eq. 2]:

1 2

kT
F:m{f‘ffb‘?} @)

in which C is the capacitance of a space charge layer, e is the elec-
tric charge, Ny is the donor density, ¢ is the dielectric constant of
the semiconductor, ¢, is the permittivity of vacuum, E is the ap-
plied potential, £, is the flat-band potential, and kT/e is the tem-
perature-dependent term.
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