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cement in photocatalytic activity
of high quality SiC/graphene core–shell
heterojunction with optimal structural parameters†

Wei Lu, Liwei Guo,* Yuping Jia, Yu Guo, Zhilin Li, Jingjing Lin, Jiao Huang
and Wenjun Wang

Structure and photocatalytic activity of high quality graphene covered SiC powder (GCSP) composites as

metal-free photocatalysts with different sizes and graphene layer numbers are investigated. The results

indicate that the GCSP covered with 4–9 layers of graphene reveal outstanding photocatalytic activity

enhancement among the other graphene layer numbers. Moreover, it is found that smaller particles have

higher activity than the larger ones and more than 730% improvement is achieved by the GCSP derived

from 0.5 mm SiC powder relative to the pristine SiC powder, which is more than 6 times of that of

photoreduced graphene oxide/SiC composite. Our results demonstrate that it is the high quality

graphene and the perfect heterojunction interface between the graphene and SiC particles render the

SiC/graphene core–shell heterojunction an outstanding photocatalytic activity, as well as potential for a

low cost and metal-free photocatalyst.
1. Introduction

Photocatalysis is a promising way for clean energy and pollution
treatment with low cost. In the recent decades, studies on
hydrogen production, carbon-dioxide xation, organics degra-
dation and other applications have been vigorously carried
out.1–4 However, low quantum efficiency due to the strong
recombination between the photogenerated electrons and holes
is a severe challenge in practical application of the current
photocatalytic materials. To suppress the recombination, noble
metals like platinum, silver, ruthenium are commonly used as
cocatalysts to enhance the separation of photoinduced
carriers,5–7 because the work function of the metals is usually
higher than photocatalysts (semiconductors); moreover, the
excited electrons will transfer from the photocatalysts to metals
when the metals are loaded on catalyst particles. However, the
high cost and toxicity of the noble metals are not suitable for a
trend of developing metal-free catalysts. It is vital to nd inex-
pensive, earth-abundant materials to replace noble metal cata-
lysts for sustainable development.

Graphene, a full-carbon material, is a potential candidate
than the noble metals because of its superior conductivity
over the common metals,8 large specic surface area (SSA,
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�2630 m2 g�1),9 and small light absorption (�2.3%).10 To date,
there are tremendous researches and reports on exploring novel
graphene/semiconductor composites for photocatalytic appli-
cations, because it has been proved that graphene can obviously
enhance the activity of photocatalysts.11,12 However, the gra-
phene used in those researches was nearly without exception
prepared using chemical reduction methods where the most
important advantage of graphene with high room temperature
mobility �250 000 cm2 V�1 s�1 (ref. 8) has been signicantly
reduced below 100 cm2 V�1 s�1,13 due to high defect density and
considerable function groups. Moreover, the combination of
catalyst particles and graphene is realized through physical or
chemical mixture with poor and unstable contact interfaces.
The limitations in reported graphene-based composites
strongly affect the separation of photoinduced carriers. There-
fore, exploring high quality graphene combined photocatalyst
with ideal graphene–semiconductor heterojunction contact is a
promising way to improve photocatalytic performance of gra-
phene–semiconductor composites.

It is known that by thermal decomposition of SiC, graphene
can be grown epitaxially on its surface to form a stable hetero-
junction; moreover, graphene exhibits high carrier mobility
(103–104 cm2 V�1 s�1) due to its high quality.14–17 On the other
side, SiC possesses a band gap 2.4 to 3.3 eV depending on its
polytype crystalline type, excellent thermal and chemical
stabilities,18 and its compositions are potential photocatalyst
materials.19–23 Therefore, SiC particle combined with epitaxial
graphene covered on its surface as an ideal core–shell hetero-
junction structure that could dramatically enhance the
RSC Adv., 2014, 4, 46771–46779 | 46771
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photocatalytic activity of SiC, and this composite has great
potential to be an active, metal-free and low-cost photocatalyst.

In our previous work, we rst reported the fabrication of the
graphene covered SiC powder (GCSP) and applied the material
for the photodegradation of the dye Rhodamine B (RhB).24

However, the optimal thickness of the graphene covered on the
surface of SiC particle for an outstanding photocatalytic activity
has remained a challenge that needs to be solved. The sizes of
used SiC particles in that work24 undoubtedly were too large
(�100 mm) to exhibit attractive photocatalytic performance.
Therefore, systematic studies on photocatalytic activities of the
GCSPs with different sizes of SiC powder and different graphene
layer numbers covered on SiC powder are necessary and urgent
to explore highly efficient, low cost and metal-free photo-
catalyst. In addition, a comparative study of the activity of GCSP
with that of the reduced graphene oxide (RGO)/SiC composites
was also performed to assess the advantage of the GCSP over the
RGO/SiC. It was found that a near 730% photoactivity
enhancement was achieved to degrade RhB by using the GCSP
with optimal structural parameters relative to that of the pris-
tine SiC powder, and there was enhancement more than six
times compared with that of the optimal RGO/SiC composite.
The experimental results and mechanisms behind were studied
and discussed in detail, especially the differences between the
GSCP and the RGO/SiC composite. Our results given here
conrm that epitaxial high quality graphene is a much better
cocatalyst than that of the graphene prepared using the chem-
ical method, and the GCSP composites are promising and have
a good potential in photocatalytic applications ascribed to its
outstanding photocatalytic activity along with its low cost and
environmentally friendly nature.

2. Experimental
2.1. Catalysts synthesis

The SiC particles used in this study were 6H–SiC (band gap�3.0
eV) powder in four different particle sizes, they are estimated
about �50 mm, �20 mm, �5 mm and �0.5 mm respectively,
prepared by mechanical milling and sieving methods. For
preparing GCSP, the SiC powder was placed into a graphite
crucible with a height less than 1 millimetre to ensure homo-
geneous GCSP and the crucible was loaded into a home-made
high temperature furnace for the fabrication of GCSP mate-
rial. The synthesis conditions were set at pressure about 10�3–

10�4 Pa under Ar gas ambient and temperature about �1400,
1500 and 1600 �C, respectively, for the 0.5, 5 and over 20 mm SiC
powder for different time to control graphene thickness. A
series of GCSPs, with four sizes covered with different graphene
thickness ranging from less than three layers to over 10 layers,
were prepared using the abovementioned methods by control-
ling growth time in about �5 min, �10 min and �15 min. The
GCSPs with most graphene thickness less than 3 layers, around
4–9 layers, and over 10 layers were correspondingly represented
by GCSP-L, GCSP-M and GCSP-T, respectively.

Comparative photocatalytic experiments using RGO/SiC
composite and pure graphene prepared by thorough thermal
decomposition of SiC powder were performed. The dry
46772 | RSC Adv., 2014, 4, 46771–46779
graphene oxide (GO) sheets, which were prepared via amodied
Hummers method,22 were dissolved in deionized water by
sonicating for 10 hours to prepare 1 mg mL�1 GO dispersion.
Aer that, a corresponding amount of 0.5 mm SiC powder was
added to the prepared GO dispersion to obtain 0.5, 0.75, 1.0,
1.25, and 1.5 wt% GO/SiC composites with different weight
ratios of GO. Moreover, Na2SO3 was added to the mixing solu-
tion as a hole sacricial agent in 0.1 mol L�1, and then the
solution was aged and stirred vigorous in dark for 6 hours to
prepare homogeneous suspension. Then, the suspension was
irradiated under 500W high pressure mercury lamp for 6 hours.
By this photocatalytic reducing treatment, the GO was reduced
to graphene and SiC particles were deposited onto the RGO
sheets. Finally, the RGO/SiC composite was recovered by ltra-
tion, rinsed by deionized water and ethanol several times, and
dried at 60 �C for 12 hours. The pure graphene in several
milligrams was fabricated by high temperature complete
thermal decomposition of SiC powder.25

2.2. Catalysts characterization

Size and morphology of the GCSP samples were characterized by
using eld emission scanning electron microscopy (SEM). The
characteristics of the graphene formed on the surface of SiC
particles were analysed by a high-resolution Raman scattering
spectrometer, model HR800 with a 532 nm laser focused to a
spot of about 1 mm in diameter. A statistical distribution of
graphene layer numbers on each kind of GCSP was analysed
based on intensity ratios of G peak of graphene to the attenua-
tion intensity of SiC in their Raman spectrum, which was
randomly collected in each set of GCSP to a total of 20 spectra.
The graphene grown on the surface of SiC particles were also
conrmed by high-resolution transmission electron microscopy
(HRTEM) in Tecnai F20 operating at an acceleration voltage of
200 kV. The HRTEM specimen was prepared by grinding the
GCSP derived from the 0.5 mm SiC powder into pieces and
dispersed with ethanol, then dropped the dispersion on a copper
grid aer a light baking. The surface compositions of the
samples were analysed by using X-ray photoelectron spectros-
copy (XPS) in a Quantera SXM Scanning X-rayMicroprobe, which
consists of a monochromatic Al Ka excitation. The UV-visible
diffuse reectance measurement was performed by using a TU-
1901 UV-visible spectrometer. The enhanced photo-induced
carrier transfer in the GCSP was tested by electrochemical
impedance spectra (EIS) performed in an electrochemical
system (CHI-660B, China) by using a three-electrode cell with 0.1
M Na2SO4 as electrolyte solution, where ITO electrodes coating
the SiC powder in size of 0.5 mm or the GCSP-M derived from 0.5
mm SiC powder on its surface serve as the working electrode, a
platinum wire as the counter electrode and a saturated calomel
electrode as the reference electrode. Photocurrents from the
photocatalysts under a UV lamp on and off were recorded to
evaluate the carrier generation and transfer in the photocatalyst.

2.3. Evaluation of photocatalytic activity

The photocatalytic experiments were carried out in an XPA-VII
Photochemical Reactor equipped with a 500 W high pressure
This journal is © The Royal Society of Chemistry 2014



Fig. 1 SEM images of the pristine SiC powder in sizes of 50, 20, 5 and
0.5 mm (a1–d1), respectively, and the corresponding as grown GCSP-
Ms with 4–9 layers graphene (a2–d2) and their magnified images (a3–
d3), respectively. The arrows in the magnified images mark the peeled
graphene or the graphene wrinkle.
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mercury lamp and at most 12 quartz tubes around it. To acquire
monocolor UV light, 6 lters with center wavelength at 365 nm
were applied between the lamp and the tubes in axis-
symmetrical sites, which provides a light power density of
about 1 mW cm�2. RhB was adopted as the photocatalysis probe
due to its high stability under radiation of UV light and sensi-
tivity to visible light absorption due to its intrinsic absorption
band at about 553 nm. In each photocatalytic experiment, 50
mL RhB aqueous solution with concentration of 2 � 10�5 mol
liter�1 (0.02 mM) was lled into each quartz tube together with
50 mg SiC, GCSP, RGO/SiC powder or 3 mg thermal decompo-
sition pure graphene. Before irradiation, the mixture was
magnetically stirred in dark for 3.5 hours to approach adsorp-
tion–desorption equilibrium. The mixtures were then irradiated
by 365 nm UV light at room temperature and ambient pressure,
while stirring to keep catalyst particles homogenously dispersed
in the solution. Moreover, a blank comparative experiment was
also conducted where no catalyst was in the solution. The blank
experiments at the same conditions showed no degradation in
the absence of catalyst or light irradiation as can be seen in
Fig. S1 in the ESI.†

During UV light irradiation, about 5 mL of the suspension
was taken out from the tube at a given time intervals of about
30 min in sequence for subsequent analysis of target dye
concentration aer centrifuging. Absorption spectra of the
suspensions were collected by a TU-1901 UV-visible spectrom-
eter. The photocatalytic activity of the GCSP was evaluated from
the intrinsic absorption band (at 553 nm) intensity ratio of the
remnant RhB aer UV light illumination to that of the RhB in
parent solution.

3. Results and discussion
3.1. Characterization of catalysts

Fig. 1 shows the SEM images of the as grown GCSP-Ms in sizes
of 50, 20, 5 and 0.5 mm as typical examples of GCSP together
with their pristine SiC powder. The morphology of the
comparative RGO/SiC composite is shown in the Fig. S2 in ESI.†
Fig. 1(a1)–(d1), (a2)–(d2) and (a3)–(d3) are to the pristine SiC
powder, the GCSP-Ms and their magnied images, respectively.
Observing Fig. 1(a1)–(d1), it can be seen that pristine SiC
particles show sharp edges. However, the morphologies of the
GCSP-Ms shown in Fig. 1(a2)–(d2) exhibit a trend of its edges
rounded with the size decreasing. In the case of the smallest
size of 0.5 mm, particles nearly became balls with size about 1
mm through merging of the small particles to decrease the
surface energy. Some small particles accumulated into even
large cluster as shown in Fig. 1(d2) and (d3). The obvious
merging phenomena of the SiC particles aer high temperature
treatment happened only in the powder with particle size less
than about 1 mm, but not in others with larger sizes. The
phenomena can be well explained from the point of view of
thermodynamics.26,27 The small particles will coalesce into large
ones to decrease surface energy at high temperature accompa-
nied by a process of grain size distribution becoming more
uniform. The smaller the particle size, the faster the process.
However, the coalescence of the small particles reduced not
This journal is © The Royal Society of Chemistry 2014
only the surface energy but also the SSA as well as surface
dangling bonds, which is adverse to photocatalytic activity.
Thus, avoiding coalescence of the small particles is our task in
the next study. Although the morphology images shown here
are about GCSP-M, similar phenomena, including the rounding
of the particle edges and coalescing of the small particles, were
also observed in the other prepared GCSPs. Fig. 1(a3)–(d3)
shows the magnied images of SiC particles aer graphene
formed on the particle surface. Steps and terraces can be seen
clearly on the surfaces of the GCSPs in a size more than 5 mm,
but not in the smaller ones. The covered graphene layer was
smooth and wraps SiC particle tightly with perfect contact
interfaces, which were clearly observed in all GCSPs with some
graphene peeled off from the SiC surface or wrinkles appeared
on the surface as seen in the area marked with the arrows in
Fig. 1(a3)–(d3).

The graphene covered on the surface of SiC particles was
conrmed by Raman scattering measurement. Fig. 2(a) shows
the Raman scattering spectra of the pristine SiC powder and the
GCSP-i (i ¼ L, M and T, respectively). Raman ngerprint peaks
of graphene called as G and 2D peaks were well identied and
located at 1582 � 3 and 2701 � 6 cm�1 depending on layer
numbers of graphene, strain and doping in graphene induced
by SiC,28,29 which strongly indicates the graphene were coupling
with SiC. In addition to the strong G and 2D peaks from gra-
phene, a weak D peak also appeared. The inset in Fig. 2(a) is the
Raman signal of graphene on GCSP-M aer subtracting SiC
signal. The intensity ratio of ID/IG was about 0.13, smaller than
that of the graphene prepared by chemical method whose ratio
is about 1 or even much higher,22,30 such as that in GO and RGO
(Fig. S3 in ESI†). This indicates that the quality of graphene on
RSC Adv., 2014, 4, 46771–46779 | 46773



Fig. 2 (a) Typical Raman spectra of GCSP-i (i ¼ L, M and T) together
with that of the pristine SiC powder. The inset is the Raman spectrum
of GCSP-M after subtracting SiC signal. (b) A roughly statistical distri-
bution of graphene layer numbers in each of GCSP-i derived from 0.5
mm SiC powder and the GCSP-M derived from 5 mm SiC powder,
respectively.

Fig. 3 (a) HRTEM image of a GCSP-M derived from 0.5 mm SiC
particles. (b) A magnified image of the selected square in (a).
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GCSP is much higher compared with the graphene prepared by
chemical method.

In addition, graphene layer numbers on the GCSP was also
analysed based on Raman scattering data, which proved to be
an reliable method to determine the layer numbers of epitaxial
graphene on SiC.29,31–33 Fig. 2(b) gives the statistic distributions
of the graphene layer numbers from random collected 20
Raman spectrum data from each of GCSP-i (i ¼ L, M and T,
respectively) derived from 0.5 mm SiC powder or from the GCSP-
M derived from 5 mm SiC powder, where the graphene layer
numbers were estimated according to the intensity ratio of the
IG to ISiC located at about 1515 cm�1. The intensity of Raman
peaks has been widely used to roughly estimate layer numbers
of graphene on SiC intuitively.29,31 Our estimation on graphene
thickness was in good agreement with other reports.32,33

According to the statistic results shown in Fig. 2(b), it can be
46774 | RSC Adv., 2014, 4, 46771–46779
seen that the major graphene layer numbers were around 3
layers in GCSP-L, 5 layers in the GCSP-M, and over 10 layers in
the GCSP-T. It was also seen from Fig. 2(b) that for the GCSP-M
in different SiC particle sizes of about 0.5 and 5 mm, the
distributions of graphene thickness were similar, which is
ascribed to the similar growth dynamics for graphene.

The graphene grown on the surface of SiC particle was
conrmed by HRTEM analysis on GCSP with few layer graphene
as shown in Fig. 3, where three graphene monolayers are clearly
seen. It should be noted the graphene layers were attached on
the SiC surface tightly without interruption in the visible region,
indicating a continuous high quality graphene. The interlayer
space of the graphene layers was about 0.35 nm as scaled in
Fig. 3(b), well matching with other reports for the graphene with
weak interaction.16,17,34–36 In addition, it should be stressed that
the fabrication procedure used here for the GCSP can ensure
each particle in the GCSP with similar physical features as if the
loaded quantity of SiC powder in a crucible was less than 1 mm
in height. The similar properties in each set of particles were
supported by the Raman scattering results shown in Fig. 2.

3.2. Photocatalytic performance on degradation of RhB

The photocatalytic activities of SiC and GCSPs were tested by
photodegradation of RhB, where the characteristic absorption
band of RhB at 553 nmwas chosen as themonitoring parameter
to evaluate the remnant concentration of RhB. The detailed
absorption spectra are shown in Fig. S4 (ESI†). Here, the
evolution of the relative remnant concentration of the RhB
aqueous solution under the 365 nmUV irradiation in the case of
containing the GCSPs or the pristine SiC powders in four sizes
are shown in Fig. 4. It can be seen that the degradation rates of
GCSPs to RhB were very fast compared with the pristine SiC
powder, and even close or catch up to other nano-catalysts
including TiO2.37–41 Theoretically, the GCSPs have great poten-
tial to surpass the current high efficiency photocatalysts if their
SSA are further enlarged with reducing particle sizes and
optimal graphene layer numbers. Fig. 4(a)–(d) show that the
GCSP-M possess the most outstanding degradation activities no
matter the sizes of the GCSPs. The results, indicates that gra-
phene layer number is a dominant factor in determining the
photocatalytic performance of the composites. In GCSP-L, there
were some regions on surface of SiC particle, which are not
This journal is © The Royal Society of Chemistry 2014



Fig. 4 Time profiles of RhB photodegradation with the GCSPs covered with different graphene thicknesses together with pristine SiC powder, in
sizes of (a) 50 mm, (b) 20 mm, (c) 5 mm and (d) 0.5 mm, respectively; (e) and (f) are that of the GCSPs with the optimal graphene thickness and the
pristine SiC powders in the four sizes, respectively, C0 is defined as the concentration of parent solution. The insets are the natural logarithm
curves corresponding to the concentration ratio, where the unit of abscissa is hour.
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covered graphene due to the disparity of graphene growth rates
on different SiC crystal planes,17 making the effective area
covered with graphene reduced and rendering a poor carrier
separation. This leads to a relative low reactive activity
compared with the GCSP-M. While in the case of excessively
thick graphene as the GCSP-T, the SiC particles were completely
covered with the thick graphene and the effective UV light
absorption by SiC particles was cut down. As is well known, the
absorbance of graphene monolayer is about 2.3%.10 The thicker
graphene on the surface of SiC absorbs more light, which leads
to a decrease in the incident light that penetrates into the SiC
particles. To support the analysis, absorbance spectra were
collected on the GCSP samples together with the pristine and
annealed SiC powder, as shown in the Fig. S5 (ESI†). It was
observed that the thicker the graphene covered on the SiC, the
stronger the absorbance of the sample in the whole wavelength
range. In addition, the conductivity of carriers was relatively
poor between graphene interlayers. Hence, the thicker the gra-
phene, the less the photogenerated carriers in the SiC transfer
to the out graphene layer, that directly determines the number
of carriers to take part in redox reaction. Therefore, an optimal
graphene thickness is needed to explore in detail. At present,
the GCSP-M with about 4–9 layers graphene reveals an
outstanding photocatalytic activity. This catalyst also exhibits
relatively good stability to maintain its photoactivity aer ve
complete cycles, as shown in Fig. S6 (ESI†).

In Fig. 4(e) and (f), a phenomenon is found that the degra-
dation efficiency of the catalyst enhances with decreasing
particle size no matter the catalytic particles are the GCSP or the
pristine SiC powder, except the case of 0.5 mm pristine SiC
This journal is © The Royal Society of Chemistry 2014
powder. The dominant mechanism behind the phenomenon
was the increased SSA, which was equivalent to the increase of
photocatalytic reaction active sites and effective light absorp-
tion area. Since the SSA is inversely proportional to its size, the
smaller the particle size, the larger the SSA, and the more
reactive sites and effective absorption area. On the other hand,
the abnormal photocatalytic activity deterioration in 0.5 mm
pristine SiC powder may be ascribed to the surface defects or
adsorbed impurities on its surface. In as-purchased commercial
product of pristine SiC powder, there are more or less surface
defects and surface contaminations, which was supported by
the XPS spectrum shown in Fig. S7 (ESI†). The defects will trap
the photogenerated carriers, resulting in a decrease of free
carriers and a deterioration of photocatalytic activity. Compar-
atively, the photocatalytic activities of GCSPs derived from 0.5
mm were comparable with or even higher than those of 5 mm
GCSPs, because the surface defects on 0.5 mm particles have
been reduced during high temperature growth of graphene and
SSA was higher in the GCSP derived from the 0.5 mm SiC powder
than that from the 5 mmSiC powder, even though the 0.5 mmSiC
particles merge into large ones with size of 1–3 mm. Therefore,
the GCSPs derived from 0.5 mm SiC powder display a little better
photocatalytic activity over that of 5 mm particles.

In addition, a comparative study was performed on photo-
catalytic activity between the annealed SiC powder without
graphene formed on its surface and the pristine SiC powder in
sizes of 5 mm and 0.5 mm, respectively. The morphologies of the
annealed SiC powder are similar to the same sized GCSP as
shown in Fig. 1(c2) and (d2). However, the photodegradation
rate shown in Fig. S8 (ESI†) suggests that the annealed SiC
RSC Adv., 2014, 4, 46771–46779 | 46775



Fig. 6 (a) Time profiles of RhB photodegradation with the RGO/SiC
composites in RGOweight ratio from 0% to 1.5% together with 3.0 mg
pure thermal decomposition graphene sheets. (b) The degradation
rate constants for 0.5 mm pristine SiC, corresponding RGO/SiC
composites and GCSP-i (i ¼ L, M and T), respectively.
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powder exhibited an even bad photocatalytic activity compared
with the pristine ones no matter their sizes. It was considered
that there were more active sites and the impurities like free C
and Fe atoms (Fig. S7 in ESI†) acting as cocatalyst that existed
on the surface of the pristine SiC powder, both of which
contribute photocatalytic activity compared with that of the
annealed SiC powder. Moreover, high temperature annealing
made the SSA of SiC particles reduced, also resulting in lower
reaction rate. This indirectly supports the fact that it was the
graphene covered on the surface of SiC particles that provides
the GCSP a tremendous enhancement in photocatalytic activity.

The insets in Fig. 4 are the time proles of ln(C/C0), the
slopes indicate the rates of rst-order reactive kinetic, which
intuitively quanties the photocatalytic activity of catalyst. The
rate constants of the GCSP-i (i ¼ L, M and T, respectively), the
annealed and the pristine SiC powder for degradation of RhB
are shown in Fig. 5. It is noted the GCSP-M exhibits an
outstanding photocatalytic activity enhancement compared
with others, although all other GCSPs also exhibited enhanced
photocatalytic activity more or less. GCSP-M derived from the
0.5 mm SiC powder achieved near 730% improvement in effi-
ciency compared with the pristine SiC powder (even �1540%
compared with the annealed SiC powder, which was the real
matrix of the GCSP), and the enhancement of photoactivity for
the other GCSP-Ms were also over 380% compared with the
pristine SiC powder. The difference of activity enhancements in
similar graphene thickness but different sized GCSP-M was
probably due to the difference in SSA and in uniformity of
graphene thickness as seen in Fig. 2(b). Our results indicate that
the 4–9 layers graphene exhibits outstanding photoactivity by
combining the advantages of graphene and SiC particles.

To understand the advantages of the GCSP as advanced
photocatalytic material, contrast tests on the photocatalytic
activities of the pure graphene prepared by thermal decompo-
sition of SiC and the RGO/SiC compositions in different weight
ratios of graphene to the SiC powder are performed under the
same conditions as for the GCSP. The photocatalytic rate is
shown in Fig. S9 (ESI†) and the remnant concentration proles
are shown in Fig. 6. In Fig. 6(a), the 3 mg pure graphene catalyst
shows no discernible photocatalytic activity, in addition to a
Fig. 5 The rate constants of the first-order reaction kinetics in
degradation of RhB by SiC powders and GCSPs.

46776 | RSC Adv., 2014, 4, 46771–46779
near 10% adsorption to RhB molecular. This strongly indicates
the enhancement of photocatalytic activity in our GCSP relies
on the graphene–SiC heterojunction but not on graphene itself.
In addition, it was seen that the adsorption of RGO/SiC
composite to RhB molecular was increasing considerably from
20% to near 50% with increase in RGO weight ratio from 0.5%
to 1.5% as conrmed by an obvious variation of dye concen-
tration before irradiation. However, the degradation rates of the
composites were similar with a maximum in graphene weight
ratio 1.0% as evidenced by Fig. S9 (ESI†), which was only about
120% larger compared with that of the pristine SiC powder as
deduced from the data in Fig. 6(b). The results are in good
agreement with other reports.22

Compared with the RGO/SiC composites, the GCSPs derived
from 0.5 mm SiC powder have signicant enhancement in
activities, especially for the GCSP-M, as shown in Fig. 6(b). The
degradation rate of the GCSP-M was over 6 times as that of
optimal RGO/SiC in 1.0 wt% RGO. The experimental results
sufficiently proved that high quality heterojunction material of
semiconductor–graphene core–shell structure is far superior to
conventional graphene-based composite photocatalyst.
3.3. Mechanism of photoactivity enhancement of the GCSP

The higher photoactivity of GCSP over RGO/SiC can be under-
stood from the three fundamental aspects in inuencing
This journal is © The Royal Society of Chemistry 2014



Fig. 7 (a) Nyquist plots of EIS and (b) photocurrents for the pristine SiC
powder in size 0.5 mm (black curve) and it derived GCSP-M (red curve)
electrodes under UV illumination, respectively.

Scheme 1 Suggested mechanism for the photocatalytic degradation
of RhB by GCSP under UV irradiation. The photoinduced electrons in
SiC particle are transferred to the graphene shell rapidly, then captured
by oxygen in solution to produce active oxygen species. The RhB can
be decomposed either by the free holes in the SiC through the defect
sites of graphene or by the active oxygen species.

Paper RSC Advances
photocatalytic activity: extending the light absorption range,
enhancing adsorptivity, and efficient charge separation and
transfer.42,43 Some researchers reported that graphene extends
the absorption range of semiconductor due to surface
hybrid.42,43 Because the irradiation used in this experiment was
monochromatic 365 nm; therefore, extending absorption was
not considered as a factor in our experiment.

High adsorptivity of catalyst can facilitate the direct redox
reactions of organics. However, as seen in Fig. 4 and 6(a), the
adsorption of the high active GCSP to RhB was far lower than
that of RGO/SiC, which should result from the difference in
graphene qualities. The RGO contains high density of defects
and functional groups,12,13 which provide extra combining sites
for the extrinsic molecules besides p–p conjugation between
aromatic structures of molecule and graphene, and which at the
same time deteriorate carrier conductivity considerably. The
signicant deterioration of carrier conductance counteracted
the benet of enhanced adsorptivity.

Except the former two cases, the efficient charge separation
and transfer are the major contributions in our experiments. As
seen in HRTEM image of Fig. 3, graphene is epitaxially grown on
surface of SiC particle, in other words, each catalyst particle in
GCSP is composed of SiC core and graphene shell, like a ball-
shaped heterojunction. In the heterojunction interface, the
conduction band of SiC was about 1.5 eV higher than the Fermi
level of graphene,12,19,20,23 which acts as a large internal electrical
eld to drive the photogenerated carriers in the SiC particles
migrating to graphene rapidly to attend redox action. Moreover,
the migration of carrier in graphene is fast because of the
excellent transport properties of graphene grown on SiC,16

which promote carriers nding active sites to react with organic
molecules. It is the natural combination of the advanced gra-
phene, the perfect heterojunction interface and the building of
strong internal electrical eld in heterojunction interface that
makes each particle a highly efficient photocatalyst as well as
provides the GCSP with an outstanding photocatalytic activity.

The enhanced carrier transfer in the GCSP was proved
through the study of EIS and photocurrent intensity spectros-
copy of the GCSP-M derived from the 0.5 mm SiC powder and the
pristine SiC powder. Fig. 7(a) shows the EIS Nyquist plot, the
impedance arc radius of the GCSP-M was much smaller than
that of pristine SiC powder, which indicates the surface and
interface resistances of the GCSP-M were reduced obviously
compared with those of the pristine SiC powder. The reduced
resistance in the GCSP was ascribed to the high conductivity of
the covered graphene and the tight coupling between graphene
shell and SiC core. In addition, photocurrents were measured
for the GCSP-M and SiC powder electrodes to investigate the
carrier transfer as shown in Fig. 7(b). A rapid and strong
photocurrent response was clearly observed in the GCSP-M
electrode, which was about three times as high as that of the
pristine SiC powder electrode. The photocurrent enhancement
in the GCSP-M photocatalyst indicates an enhanced separation
between the photogenerated electrons and holes, which could
be attributed to the large internal electrical eld building at the
interface of the SiC and graphene as discussed in our earlier
work24 and the high mobility of carrier in the graphene.16
This journal is © The Royal Society of Chemistry 2014
Based on the analysis above, the photocatalytic process of
GCSP degradation RhB can be further explained as follows. The
core–shell heterojunction and high quality graphene rapidly
separate and transport excited electrons in SiC to the outside.
Then, in the redox reaction processes, due to the relatively
negative conduction band potential of 6H–SiC to other semi-
conductors,12,19,20,23 the hole induced reactions were weaker here.
Therefore, electron induced reactions were the major process in
our photocatalytic experiment. In the process, the dissolved
oxygen in the solution as electron acceptor was vital for organic
photodegradation. The oxygen captures the photoinduced elec-
tron to form the active oxygen species (e.g. superoxide anion
radical or singlet oxygen), which are vigorous oxidizing reagents
to organics.42,44–46 If without oxygen, then the accumulated space
charge layer in graphene–SiC heterojunction will inhibit the
carrier transfer further, leading to signicant lowering of redox
reaction rate. Therefore, the separated electrons were continually
captured by dissolved oxygen in RhB solution to form active
oxygen species to decompose RhB, and the residual holes directly
oxidize the dye molecules through the defect sites of graphene.
The schematic of the process is illustrated in Scheme 1.
RSC Adv., 2014, 4, 46771–46779 | 46777
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4. Conclusions

The GCSPs with different graphene thicknesses and SiC particle
sizes were prepared in situ by annealing 6H–SiC powder at high
temperature under high vacuum environment. High quality
graphene were tightly attached on the surface of each SiC
particle to form a core–shell heterojunction smart structure.
The photocatalytic activity measurements on the GCSPs in
degradation of RhB by UV irradiation as well as EIS and
photocurrent analysis indicate that the high quality SiC/
graphene core–shell heterojunction signicantly promotes the
separation of photoinduced electrons and holes, and results in
more carriers participating in redox reactions. It was found that
the optimal graphene thickness was about 4–9 layers for high
photocatalytic performance in the present experiment. More-
over, the smaller the size of the GCSP, the better the perfor-
mance of the GCSP is in photocatalysis. A�730% enhancement
in photocatalytic activity was achieved, which was about 6 times
better than that of the RGO/SiC composites. In our experiments,
the minimum size of the GCSP was about 1–3 mm, derived from
SiC powder in average size about 0.5 mm. The coalescence and
cluster of small sized SiC particles at high temperature pre-
vented us from obtaining GCSPs with even smaller size at
present. With further optimization procedure for GCSP, such as
suppressing the coalescence of the small sized particles and
control uniformity in graphene layer number, the photo-
catalytic activity of the GCSPs will be even improved to meet the
requirement for metal-free, high efficiency catalyst.
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W. Strupiński, J. M. Baranowski and R. Stępniewski, Phys.
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