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ABSTRACT: For achieving unified functionalities of rare-earth
free materials, the development of innovative zinc oxide and β-
silicon carbide (ZnO@β-SiC) composites by a solid-state reaction
method is presented. The evolution of zinc silicate (Zn2SiO4) is
evidenced by X-ray diffraction when annealed in air beyond 700
°C. Detailed X-ray photoelectron spectroscopy and Fourier
transform infrared spectroscopy analyses reveal the involvement
of silicon dioxide in forming Zn2SiO4. Transmission electron
microscopy and the associated energy-dispersive X-ray spectrosco-
py elucidate the evolution of the zinc silicate phase at the ZnO/β-
SiC interface, though it can be averted by vacuum annealing. These
results manifest the importance of air in oxidizing SiC before a
chemical reaction with ZnO from 700 °C. Finally, ZnO@β-SiC
composites are found to be promising for methylene blue dye degradation under ultraviolet radiation, but the annealing above 700
°C is detrimental due to the evolution of a potential barrier in the presence of Zn2SiO4 at the ZnO/β-SiC interface.

■ INTRODUCTION
Composite materials have made a paradigm change in
materials science and engineering due to the possibility of
unifying the independent properties of the technologically
important constituent materials.1,2 Although the composite
materials are primarily developed from mechanical perspec-
tives,3,4 they have now attracted considerable interest in
bringing a revolution in device applications by controlling the
relevant properties like optical,5,6 magnetic,7,8 electrical,9,10 etc.
This requires a judicial choice of appropriate materials for
specific applications and also the processing conditions for
overcoming individual limitations. The composites of optically
active and electronically superior radiation hard materials
would be very promising in this respect for a wide range of
optoelectronic applications. For instance, zinc oxide (ZnO)
with a direct band gap (Eg ∼ 3.37 eV) and large exciton
binding energy (∼60 meV) is very attractive for having high
electron mobility (∼210 cm2 V−1 s−1) and excellent chemical
and thermal stabilities.11,12 On the contrary, high thermal
conductivity (∼4.9 W cm−1 K−1), high electrical breakdown
field, and chemical stability make silicon carbide (SiC) a
potential candidate for high-temperature, high-frequency, and
high-power device applications.13−16 The composites of these
two materials would therefore be promising for large-scale
optical and electrical applications17−19 including photocatalytic
activity.

Considering photocatalysis, ZnO has emerged as an efficient
and promising semiconductor for its outstanding performance
compared to other complementary materials like TiO2, WO3,
SnO2, CeO2, etc.23 The photocatalytic efficiency of ZnO is,
however, greatly reduced by its high recombination rate of
photogenerated electrons and holes and also the serious
photocorrosion effect in the aqueous medium.24 Hence, several
modifications have been considered for increasing the
efficiency of ZnO, such as doping with metals,25−27 non-
metals,28,29 or rare-earth elements30 or by making composite
materials. In particular, composites of ZnO with materials,
such as Al2O3, SiO2, glass, graphene, reduced graphene oxide,
carbon nanotubes, etc., have recently attracted significant
attention for improving the photocatalytic activity by over-
coming individual limitations.31−35

On the other hand, as an environment-friendly narrow-band-
gap (2.3−3.3 eV for different polytypes) semiconductor with
high mechanical strength, pore volume, and surface area, SiC is
found to be suitable for achieving high catalytic efficiency in a
wide (UV to visible) spectral range by making composites with
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ZnO, TiO2, BiVO4, WO3, SnO2, etc.
20 The main advantage of

SiC here is the capability to inject photogenerated electrons
from its conduction band (CB) to the CB of adjacent metal
oxide via the charge transfer mechanism. This process thereby
suppresses the charge recombination rate and helps in
degrading the organic contaminants efficiently in an aqueous
medium.20 Extensive investigation of the photocatalytic activity
of ZnO@SiC composites is however limited in the literature,
where the samples were mainly prepared by a chemical
route.20−22 In fact, the influence of annealing temperature on
these composites and their impact on photocatalytic activities
have not yet been explored to the best of our knowledge. This
knowledge gap suggests that further studies are needed to
understand the impact of annealing temperature on the
photocatalytic properties of ZnO@SiC composites. The
solid-state synthesis of composite materials in this respect is
considered to be far superior to that of the chemical route in
controlling the relative fraction of constituent materials in
making composites. It is therefore important to not only
examine the influence of the solid-state reaction in forming
ZnO@SiC composites with and without annealing in air and
vacuum but also explore the corresponding structure and
chemical properties in controlling the photocatalytic perform-
ance in a systematic way.

In this article, we therefore focus on the development of
ZnO@β-SiC composites by the solid-state reaction method
and the corresponding change in structural and chemical
properties with increasing annealing temperature up to 1200
°C in air. X-ray diffraction (XRD) analysis suggests the
formation of the Zn2SiO4 phase above 700 °C, where the X-ray
photoelectron spectroscopy (XPS) and Fourier transform
infrared spectroscopy (FTIR) show the appearance of SiO2
till 1200 °C. The evolution of zinc silicate at the ZnO/β-SiC
interface has further been demonstrated by transmission
electron microscopy (TEM), though this can be averted by
vacuum annealing. Finally, the ZnO@β-SiC composite is
shown to be beneficial for photocatalytic degradation of the
methylene blue (MB) aqueous solution under exposure to
ultraviolet (UV) radiation, whereas this ability gradually
degrades with increasing annealing temperature and is justified
in the light of the development of a potential barrier due to the
formation of zinc silicate at the ZnO/β-SiC interface.

■ EXPERIMENTAL DETAILS
Commercially available ZnO (purity 99.99%, Sigma-Aldrich)
and β-SiC (purity 99.99%, Alfa-Aeser) powders were mixed in
equal weight percentages. After grinding this mixture with an
automated mortar and pestle (Altis Instruments) for 2 h at 45
rpm, it was pelletized by applying 5 ton pressure using a
hydraulic press for 10 min. A set of pellets was annealed at 700,
900, 1100, and 1200 °C for 90 min in a muffle furnace (MF-
1400P, Metrex Instruments). Here, the unannealed ZnO@β-
SiC composite is called ZS-0A, whereas the annealed ones at
700, 900, 1100, and 1200 °C in air are named ZS-7A, ZS-9A,
ZS-11A, and ZS-12A, respectively, in the following.

The structural behavior of the ZnO@β-SiC composites as
well as pure ZnO and β-SiC was examined by XRD (Bruker,
D8-Discover) in the coupled θ−2θ mode over a 2θ range of
20−80° with Cu-Kα radiation (λ = 0.154 nm). The
microstructural study was conducted by TEM using a probe-
corrected Jeol (JEM ARM 200F) system operated with an
accelerating voltage of 200 kV, where the elemental analysis
was carried out by attached energy-dispersive X-ray spectros-

copy (EDX). The XPS measurements were also performed
with Al Kα radiation (1486.6 eV) from a monochromatic
source, where the photoelectrons were analyzed by a
hemispherical electron analyzer fitted with a 128-channel
detector in a Thermo Scientific K-Alpha+ XPS spectrometer.
The sample surfaces were sputter-cleaned in situ by 1 keV Ar+
ions before data acquisition. All of the spectra were collected in
normal emission geometry, where the binding energy (B.E.)
scale of the measured kinetic energy was calibrated from the
Fermi edge (EF) of a gold foil, while a charge neutralizer gun
was employed during data acquisition. The functional groups
were further monitored by FTIR in diamond attenuated−total
reflection mode in a Thermo Fisher Scientific Nicolet iS5
FTIR spectrometer. The photocatalytic activities were finally
examined by following the degradation of the mixture of a 4
ppm MB aqueous solution with ∼0.18 g of the ZnO@β-SiC
composite under UV exposure. Before the photocatalytic
decomposition experiment, the suspension of MB and the
photocatalyst was magnetically stirred in the dark for 30 min to
achieve adsorption/desorption equilibrium. A 125 W medium-
pressure mercury lamp (spectral range of 250−400 nm) was
used as a UV source, where the mixed solution was irradiated
at regular intervals. After that, a 4 mL solution was collected
from this mixture and centrifuged at a speed of 3000 rpm for
10 min each. The supernatant was then collected by a
micropipette and analyzed by UV−visible (UV−vis) spectros-
copy (Shimadzu SolidSpec-3700) to monitor the changes in
the absorbance of the obtained MB solution.

■ RESULTS AND DISCUSSION
Figure 1 displays the XRD patterns of the ZnO@β-SiC
composites before and after annealing in air up to 1200 °C.

The formation of the polycrystalline Zn2SiO4 phase is clearly
visible here beside the characteristic peaks of ZnO and β-SiC
(marked by “*” and “o”). In fact, the reflections at 2θ = 31.79°,
34.45°, 36.28°, 47.57°, 56.65°, 62.92°, 66.44°, 68.02°, and
69.16° and 35.63°, 41.42°, 60.03°, 71.84°, and 75.56° are from
the (100), (002), (101), (102), (110), (103), (200), (112),
and (201) and (111), (200), (220), (311), and (222) planes of

Figure 1. Typical XRD patterns of the ZnO@β-SiC composites
before annealing (ZS-0A) and after annealing in air at 700 °C (ZS-
7A), 900 °C (ZS-9A), 1100 °C (ZS-11A), and 1200 °C (ZS-12A).
The diffraction peaks of ZnO and β-SiC are marked by “*” and “o”,
respectively, whereas the additional reflections from the Zn2SiO4
phase are marked by the “#” symbol.
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ZnO and β-SiC in ZS-0A and ZS-7A, respectively, while the
additional peaks at 2θ = 22.12°, 25.59°, 38.90°, and 49.02° are
found to be originated from the (300), (220), (104), and
(333̅) planes of Zn2SiO4 from 900 °C onward (marked by “#”
symbol). Here, θ is the Bragg angle. The XRD patterns of the
reference samples (i.e., ZnO and β-SiC) are also exhibited in
Figures S1 and S2, respectively, for clarity. All of the reflected
peaks are indexed according to the JCPDS files for ZnO (# 01-
079-0207) and β-SiC (# 00-029-1129).

To confirm the Zn2SiO4 phase formation at 900 °C and
above, the XRD patterns have further been analyzed carefully
by Rietveld’s refinement with MAUD software. The fitting
results (in red) are superimposed on the respective
experimental patterns (in black) in Figure 2a−d for direct
comparison. The components required for the fitting process
are encircled by red dashed curves, and the extracted
parameters like volume fraction, strain, and cell parameters
are summarized in Table 1. As expected, only the reflections

from ZnO and β-SiC are obtained in ZS-7A, whereas α-
Zn2SiO4 with an R3̅H space group symmetry is unveiled in ZS-
9A, ZS-11A, and ZS-12A, in good agreement with the results of
Valiveti et al.36 Moreover, Rivera−Enriquez et al.,37 however,
reported the formation of amorphous β-zinc silicate in
coprecipitated samples at 650 °C, but it was found to be
transformed to the α-phase at 900 °C. On the other side,
Wahab et al.38 demonstrated a transformation of β zinc silicate
to the α-phase when annealed the mixture of ZnO and WRHA
(96% SiO2) at ∼950 °C.

For understanding the effect of the surrounding atmosphere
in zinc silicate phase formation (see Figure 1), another ZnO@
β-SiC composite sample was prepared by annealing in vacuum
(working pressure of ∼2 × 10−6 mbar) at 900 °C. The phase
determination was carried out by XRD, though no secondary
phase was found here (see Figure S3 in the Supporting
Information). The above results are therefore implying that the

Figure 2. Rietveld refinements of the XRD patterns of ZnO@β-SiC composites after annealing in air at (a) 700 °C, (b) 900 °C, (c) 1100 °C, and
(d) 1200 °C, represented as ZS-7A, ZS-9A, ZS-11A, and ZS-12A, respectively. The residual for each fitting is shown just below the respective XRD
pattern. The components used for fitting each XRD pattern are highlighted by enclosing them with red dashed curves.

Table 1. Extracted Structural Parameters from the Rietveld Refinements of the ZnO@β-SiC Composites

cell length (Å)

sample(s) components phases vol. fraction (%) a c lattice strain (10−4)

ZS-7A ZnO wurtzite (P63mc) 42 3.25 5.21 7.69
SiC cubic (F4̅3m) 58 4.36 6.25

ZS-9A ZnO wurtzite (P63mc) 40 3.25 5.20 6.53
SiC cubic (F4̅3m) 50 4.36 4.01
Zn2SiO4 trigonal (R3̅H) 10 13.93 9.32 6.00

ZS-11A ZnO wurtzite (P63mc) 10 3.15 5.08 6.01
SiC cubic (F4̅3m) 26 4.36 6.74
Zn2SiO4 trigonal (R3̅H) 64 13.94 9.31 4.98 × 10−3

ZS -12A ZnO wurtzite (P63mc) 2 3.16 5.08 6.00
SiC cubic (F4̅3m) 20 4.36 3.38
Zn2SiO4 trigonal (R3̅H) 78 13.95 9.32 4.45 × 10−1
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surrounding air plays an important role in forming the
secondary phase during annealing.

To explore the underlying mechanism behind the Zn2SiO4
phase formation, the samples have further been characterized
by XPS. Since ZS-12A has given the maximum volume fraction
in Rietveld analysis (see Table 1), this particular sample has
been considered here for detailed chemical analysis. The
survey scan of ZS-12A in Figure 3 indicates the presence of

only Zn, O, Si, and C, while the high-resolution XPS of the C
1s, O 1s, Si 2p, and Zn 2p levels is presented in Figure 4a−d,
respectively. Close inspection of the C 1s, O 1s, and Si 2p
peaks, however, reveals an asymmetric nature, suggesting the
presence of multiple chemical states, which have been
identified by deconvoluting them with the Voigt (70%
Gaussian and 30% Lorentzian) function after Shirley back-
ground subtraction using standard CasaXPS processing
software.

The C 1s peak in Figure 4a has been deconvoluted by three
components: (i) C−C (284.5 eV), (ii) C−Si (283.5 eV), and
(iii) C−O (285.52 eV). Here, the C−C and C−Si bonds can
be attributed to the segregated carbon and the carbon in β-SiC
residing on the sample surface, respectively,73 whereas the
signal of C−O at ∼285.62 eV is ascribed to be originated from
the reaction of C in β-SiC with the surrounding O during high-
temperature annealing.38−42 Similarly, the O 1s peak has been
deconvoluted into three components (see Figure 4b), where
the peaks are found to be centered at ∼530.61 eV (red),
531.58 eV (violet), and 532.48 eV (orange). The peak situated
at ∼530.61 eV can be assigned to the lattice oxygen of ZnO
(O2−),43,44,50,51 while the peak at ∼531.58 eV is most likely
associated with the formation of a new phase. In fact, this is
corroborated by an additional component revealed in Si 2p
peak fitting (see Figure 4c) related to the Si−O−Zn bond.45,46

Looking at the XRD results in Figure 2, it appears that this new
component in the above XPS results seems to be related to the
zinc silicate phase.45,46 Now the third component peaking at
∼532.48 eV for O 1s level reflects the existence of the Si−O−
Si bond.47 Interestingly, the deconvolution of Si 2p in Figure
4c gives a component at ∼103.31 eV signifying the existence of

SiO2.
48,49 The existence of SiO2 is found to be important for

understanding the dynamics behind the formation of the zinc
silicate phase in the ZnO@β-SiC composites during high-
temperature annealing in air, and it will be discussed in the
following. Again, the peaks originating at ∼101.18 and 102.38
eV in Si 2p are found to be associated with β-SiC50 and zinc
silicate51 phases, respectively. Moreover, a doublet of Zn 2p3/2
(1021.96 eV) and Zn 2p1/2 (1045.12 eV) for the Zn 2p level is
clearly visible in Figure 4d, giving an area ratio of ∼2 and a
peak separation of ∼23 eV. For comparing these results, the
chemical composition of ZnO and β-SiC has also been
analyzed as documented in Figure S4. The extracted peak
positions and full width at half-maximum (FWHM) for all of
the components are also summarized in Table S1 for clarity.
Although no significant change is found in the Zn 2p3/2 and Zn
2p1/2 peak positions in Z-12A and ZS-12A, a clear increase in
FWHM is, however, evident for the latter sample (see Table S1
in the Supporting Information) due to the modification in the
local chemical environment of the Zn atom.

The microstructural origin of the Zn2SiO4 phase with
increasing temperature has further been investigated by TEM.
Typical bright-field (BF) TEM images of ZS-7A, ZS-9A, and
ZS-12A are displayed in Figure 5a−c, respectively. As
discerned from the corresponding insets, the average grain
size in ZS-7A is measured to be 80−100 nm, whereas it
enhances gradually to 500 nm or above in ZS-12A due to
Ostwald ripening.52 Selected area electron diffraction (SAED)
patterns of the respective samples have also been monitored to
follow the temperature-dependent structural modification, as
exhibited in Figure 5d−f. Close inspection suggests that the
clusters in any case are polycrystalline in nature, though the
intense and bright spots in Figure 5d indicate the formation of
bigger crystallites.

Given the evolution of the secondary phase in Figure 1, the
appearance of some incomplete concentric rings with many
small bright spots in Figure 5e is most likely associated with
the lowering of the crystallinity of the constituent materials in
ZS-9A due to chemical reaction at the ZnO/β-SiC interfaces.
However, the relatively discrete streaky features in Figure 5f
reveal the existence of strain in this newly formed secondary
phase by suppressing the contribution of the primary materials.
In order to explore this phenomenon, high-resolution TEM
(HRTEM) analysis has further been conducted on ZS-12A. A
typical BF-TEM image of ZS-12A is displayed in Figure 6a,
showing a clear contrast difference in some regions highlighted
by orange and white dashed circles, as well as by a yellow
rectangular box.

Since the mass of Zn2SiO4 (222.84 g/mol) is much more
than those of ZnO (81.38 g/mol) and SiC (40.10 g/mol), a
contrast difference is expected in such a mixed medium.53 It is
therefore expected to have a zinc silicate phase in dark regions.
The surrounding mild/light gray region may have ZnO and/or
SiC including SiO2 (60.08 g/mol) due to small variation in
their molar masses, where the latter was revealed by XPS
analysis (see Figure 4). This makes it difficult to identify
different components in Figure 6a. Close inspection of the
yellow box area further shows a wavy behavior, which often
appears due to strain.

For a better understanding, the HRTEM image of this area
has also been recorded as the one shown in Figure 6b. As can
be seen, the lattice fringes are visible, though they are
prominent in Figure 6c when the yellow box region in Figure
6b is further magnified. The interplanar spacing (d) has been

Figure 3. Typical survey scan of ZS-12A during XPS measurement
showing the core levels of Zn, Si, C, and O along with Zn-LMM and
O-KLL Auger peaks, where 0 eV represents the Fermi level.
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Figure 4. High-resolution XPS results of ZS-12A at (a) C 1s, (b) O 1s, (c) Si 2p, and (d) Zn 2p levels (dark-filled circles) deconvoluted by the
Voigt function (solid lines) after Shirley background subtraction (purple-filled circles). The fitted results are shown by green lines.

Figure 5. (a−c) Typical BF-TEM images of the ZnO@β-SiC composites after annealing at 700 °C (a), 900 °C (b), and 1200 °C (c) in air, where
the magnified images are shown in the respective insets. The corresponding SAED patterns are also shown in (d−f).
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estimated from a trace across 20 planes (illustrated by the
adjacent intensity profile for the blue rectangular box) in
Figure 6c, giving an average value of 0.156 nm. This
corresponds to the (006) plane of the Zn2SiO4 phase
[JCPDS file # 01-083-2270]. Fast Fourier transform (FFT)
of Figure 6c is displayed in Figure 6d along the [100] zone
axis. The d spacing has also been extracted from the diffraction
spots in FFT to be d006 = 1/(25.58/4) = 0.156 nm and d090 =
1/(14.97/2) = 0.134 nm, confirming the formation of the
Zn2SiO4 phase. It is therefore clear that the wavy feature as
well as the mild/light gray contrast beyond the darkest region
in Figure 6a can be attributed to the adjacent thinner region of

the Zn2SiO4 crystallites. The EDX mapping was further
conducted for exploring the elemental distribution.

The Z contrast intensity of the samples was also investigated
by high-angle annular dark-field (HAADF) imaging as the
contrast depends on the weighted sum of Z1.7.54 The HAADF
images of ZS-7A, ZS-9A, and ZS-12A are shown at the extreme
left of Figure 7a−c, respectively. Here, the white region
signifies the highest Z value. For precise and accurate
determination of the elemental distribution in these samples,
the EDX mappings at the K edges of Si, C, Zn, and O were
conducted. The results of ZS-7A, ZS-9A, and ZS-12A are
documented in the upper, middle, and lower panels beside the

Figure 6. (a) BF-TEM image of ZS-12A, where the regions with prominent gray and dark contrasts are marked by the close white and red dashed
curves. The light gray region is highlighted by a yellow square showing the existence of fringe-like features from strain, where the HRTEM image of
this region is shown in (b). Moreover, the region highlighted by a yellow square in (b) is further magnified in (c), showing the atomic planes. The
intensity profile along the trace within a blue rectangular area is also presented for clarity. (d) The FFT of the recorded HRTEM image in (c) along
the [100] zone axis.

Figure 7. HAADF images of the ZnO@β-SiC composites after annealing at 700 °C (a), 900 °C (b), and 1200 °C (c) in air, where the EDX
mappings of the respective samples at the K edge of Si (blue), C (gray), Zn (red), and O (green) are exhibited in the top, middle, and bottom
panels. The extreme right-side figure for each temperature represents the EDX mapping after overlapping all data of the constituent elements.
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corresponding HAADF images (see Figure 7a−c). The
overlapped EDX maps for each sample are exhibited at the
extreme right of the panels in Figure 7. One can see that there
are regions of overlap where both Zn and Si are present
(violet), though these regions are found to be increasing with
annealing temperature. Looking at the XRD results (see
Figures 1 and 2) and the microstructural information (Figure
6), Figure 7 therefore confirms the evolution of the Zn2SiO4
phase from the ZnO/β-SiC interfaces at the expense of
constituents ZnO and β-SiC.

Since the existence of SiO2 is found in ZS-12A by XPS (see
Figure 4), FTIR measurement has also been carried out to
validate this observation.55 In fact, the systematic FTIR studies
of the presently investigating samples give the platform to
follow the involvement of the surrounding (air and vacuum)
environment in forming the Zn2SiO4 phase at the ZnO/SiC
interfaces during annealing.

The FTIR spectroscopy results for both the as-prepared and
air-annealed ZnO@β-SiC composites in the transmittance
mode in the range of 400−4000 cm−1 are exhibited in Figure 8.

As discerned, the appearance of peaks at ∼870 cm−1 (SiO4),
900 cm−1 (SiO4), 931 cm−1 (Si−O−Zn), and 980 cm−1 (SiO4)
signifies the formation of the zinc silicate phase56 in ZS-12A.
Since these peaks are relatively weak in ZS-12A (encircled by a
dashed loop), this is projected again in the range of 800−1000
cm−1 for clarity (see inset). In fact, the peak at 931 cm−1 is the
characteristic peak of Zn2SiO4.

56 The peaks marked by dashed
lines “a” and “b” located at ∼573 and ∼611 cm−1, respectively,
can be assigned to the asymmetric stretching modes of ZnO4
in the Zn2SiO4 crystal,57,58 while the peak at ∼1097 cm−1

(indicated by dashed line “c”) can be attributed to the Si−O−
Si stretching mode.59−61 Moreover, a peak at ∼567 cm−1 was
previously reported as the characteristic absorption peak of the
Zn−O stretching mode.28,29 Looking at Figure 8, it is therefore
clear that the peak at ∼567 cm−1 up to 700 °C arises from the
vibrational mode of ZnO4,

57 whereas it is drastically sup-
pressed in the presence of crystalline Zn2SiO4

57,58 from ZS-9A.
However, the presence of two other transmittance peaks
indicated by dashed lines “d” and “e” at ∼778 and 816 cm−1

can be assigned to the TO and LO modes of SiC,

respectively.62 These peaks are, however, negligible in ZS-
12A in the presence of strong zinc silicate peak formation,
indicating a drastic chemical reaction at 1200 °C in air. In
addition, the existence of ZnO has further been confirmed in
the presence of additional peaks originating at ∼407.5 and
420.8 cm−1 marked by dashed lines “f” and “g”, respectively, by
comparing the results obtained from pure ZnO (shown in
Figure S5 in the Supporting Information).

To follow the origin of the Si−O−Si asymmetric stretching
mode in the ZnO@β-SiC composites (see Figure 8), pure β-
SiC (S-0A) and the annealed ones at 700, 900, 1100, and 1200
°C in air, called S-7A, S-9A, S-11A, and S-12A, respectively,
were further examined by FTIR spectroscopy (shown in Figure
9) for direct comparison. The evolution of the silanone group

(pointed by a vertical red dashed line) at the SiC/SiO2
interface with a weak feature ( ∼1305 cm−1)63 from S-7A is
clearly visible besides the observation of the TO (∼780 cm−1)
and LO (∼820 cm−1) modes of SiC.62 The key finding is that a
peak at ∼1097 cm−1 is found to be more prominent from 900
°C, which is assigned to be related to the formation of SiO2 in
SiC.64−67 To justify the involvement of the surrounding
environment in surface oxidation, both β-SiC and the ZnO@β-
SiC composite were also annealed in vacuum at 900 °C for 90
min in a horizontal split furnace (base pressure ∼2 × 10−6

mbar) with a heating/cooling rate of 4 °C/min, called S-9VA
and ZS-9VA, respectively. The vacuum-annealed FTIR results
are shown in Figure 10, demonstrating the absence of SiO2
(∼1097 cm−1) in both β-SiC and ZnO@β-SiC composite.
Considering the air annealing results in Figure 9, it is clear that
SiO2 cannot be formed in β-SiC without air, in good
agreement with the results of Tachiki et al.64 Given the
findings of Figures 9 and 10, the emergence of the zinc silicate
phase in Figure 8 can only be explained by the production of
SiO2 via oxidizing β-SiC in air from 900 °C and the subsequent
chemical reaction at the ZnO/β-SiC interface.

Here, SiO2 is expected to be formed in β-SiC according to
eq 1 by considering the involvement of oxygen from air,66,68

which is not possible in vacuum.

+ = +2 SiC(s) 3 O (g) 2SiO (s) 2CO(g)2 2 (1)

Figure 8. Typical transmission FTIR spectra of ZnO@β-SiC
composites before annealing (ZS-0A) and after annealing at 700 °C
(ZS-7A), 900 °C (ZS-9A), 1100 °C (ZS-11A), and 1200 °C (ZS-
12A) in air. Different modes are identified, and they are marked by
vertical dashed lines. The peaks related to zinc silicate are marked by a
close dashed curve, which is further magnified in the inset for clear
findings of SiO4 and Si−O−Zn modes.

Figure 9. FTIR spectra of SiC before annealing (S-0A) and after
annealing at 700 °C (S-7A), 900 °C (S-9A), 1100 °C (S-11A), and
1200 °C (S-12A) in air. The SiC(LO), SiC(TO), and Si−O−Si
asymmetric stretching modes are presented by vertical dashed lines.
The evolution of the silanone group at the SiC/SiO2 interface is
presented by a vertical red dashed line.
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Here, the formation of the Zn2SiO4 phase can be explained by
the following reaction.

+ =SiO (s) 2 ZnO(s) Zn SiO (s)2 2 4 (2)

Now considering eqs 1 and 2, the formation of the Zn2SiO4
phase at the ZnO/SiC interfaces based on the above
experimental results can be expressed as follows.

+ +
= + +

3 ZnO(s) SiO (s) SiC(s)

Zn SiO (s) ZnO(s) SiC(s)
2

2 4 (3)

It is important to note here that the presence of excess SiO2 in
the XPS and FTIR analyses can be elucidated as an unreacted
product, and this is expected when all of the ZnO and β-SiC
grains cannot come in contact for a chemical reaction.
However, SiO2 seems to be in an amorphous phase, as it did
not reflect in the XRD patterns (see Figure 1).

Typical absorption spectra of MB in the range of 400−800
nm for ZS-0A, ZS-7A, ZS-9A, and ZS-12A are shown in Figure
S6 for different UV exposure times. The systematic reduction
of absorbance signifies the gradual decrease of MB
concentration by degrading the dye with the ZnO@β-SiC
photocatalyst. As discerned, the complete removal of dye from
the MB solution happens in a very short time for ZS-0A. It
takes only 25 min to degrade completely, and to the best of our
knowledge, it is the least number among all the reported time
durations. However, the degradation time was found to be
enhanced with the increase of annealing temperature. Figure
11a,b represents the variation of Ct/C0 with respect to the UV
exposure time, where C0 and Ct denote the primary
concentration of MB solution and the concentration after
exposure to UV radiation for time t, respectively. The values of
the rate constant k are calculated from the slope of the ln(C0/
Ct) versus irradiation time (t) plot using the pseudo-first-order
kinetic equation, as shown in Figure 11b, showing a decrease in
degradation rate with increasing annealing temperature of the
ZnO@β-SiC composites.

Details of the rate constants are summarized in Table S2. As
can be seen that different degradation rates are exhibited for
different samples. For instance, the degradation rate for ZS-0A
has only one component, whereas there are three, K1, K2, and
K3, for the highest processing one (ZS-12A).

Figure 10. FTIR spectra of SiC (black) and the ZnO@β-SiC
composite (red) after annealing at 900 °C in vacuum and referred to
as S-9VA and ZS-9VA, respectively. Different vibrational modes of
ZnO and SiC including SiO4 by vertical dashed lines for a guide to the
eyes.

Figure 11. (a) Photocatalytic degradation of MB under UV light illumination of ZS-0A, ZS-7A, ZS-9A, and ZS-12A.(b) The corresponding
pseudo-first-order kinetic fit for MB photodegradation under UV light. (c) The change in photocatalytic dye degradation efficiency (Q) with
increasing white light exposure time for MB.
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The observed change in rate constants with increasing
annealing temperature can be explained in the light of Zn2SiO4
phase formation. It may be noted that the maximum
absorption peak shows a blue shift (see Figure S6) in nature
due to the changes in the molecular geometry of MB during
the reaction with the photocatalyst.72

The photocatalytic dye degradation efficiency (Q) has
further been calculated by the formula Q = (A0 − At)/A0 ×
100%, where A0 and At are the absorbances of the MB solution
before and after exposure for t min to UV irradiation,
respectively. The extracted Q values are projected in Figure
11c. For the ZS-0A and ZS-7A samples, the maximum dye
degradation efficiency was found to reach 100% in 25 min,
while for those samples annealed at higher temperatures, the
efficiency diminishes gradually. For instance, an efficiency
value of 80% was attained in 3 h for ZS-12A.

According to the existing literature, the composites of ZnO
and SiC often form a porous and less ordered structure at low
annealing temperatures, where amorphous SiC may also be
present in this stage. However, the crystallinity and grain size
of both ZnO and β-SiC have been shown to be increased with
the increase in annealing temperature, and in turn, it improves
their chemical and structural stability and the subsequent
enhancement of photocatalytic activity.75−78 On the contrary,
the crystal structure of ZnO has also been shown to aggregate
and form bigger clusters in the β-SiC matrix at high
temperatures, and as a result, this negatively affects the
photocatalytic activity due to the lower surface-to-volume
ratio.36,74 However, none of these models can be used to
explain the present findings due to the presence of the Zn2SiO4
phase at the ZnO/β-SiC interface during thermal annealing.
Under these circumstances, the present intriguing MB dye
degradation phenomenon (Figure 11) can be explained in light
of the gradual development of the Zn2SiO4 phase at the ZnO/
β-SiC interface and its subsequent effect on the charge
separation and its transport capability, as shown in Figure 12.

For the as-prepared sample as well as the sample prepared
by annealing at 700 °C in air, a fast photocatalytic degradation
effect has been revealed and this phenomenon can be
explained by considering the direct formation of the ZnO/β-
SiC heterojunction in the ideal ZnO@β-SiC composite (see
Figure 12a), which therefore makes it easy to transport
photogenerated charge carriers across the interface due to the
band alignment. In fact, during UV irradiation, both ZnO and
β-SiC in the as-prepared composite (ZS-0A) are excited
simultaneously and generate photoelectrons and holes at the
CB and valance band (VB), respectively. Since the CB of ZnO

is lying below the CB of β-SiC, the photoexcited electrons in β-
SiC are expected to be transferred to ZnO.69,70 Moreover, the
holes are transferred from ZnO to β-SiC due to the relative
change in the VB position (shown schematically in Figure
12a). It is worthwhile to note that due to the indirect-band-gap
nature of β-SiC, it is likely to help the electron transfer process
from the CB of β-SiC to ZnO instead of nonradiative
recombination within itself. These photoelectrons in ZnO then
interact with the oxygen molecules present in the dye and
produce free Ȯ2 radicals and finally degrade the MB molecules.
On the other hand, photogenerated holes interact with H2O
molecules and produce hydroxyl (•OH) radicals. These strong
oxidant radicals oxidize MB molecules and degrade efficiently.

However, the above charge transfer process is not
straightforward in the presence of an additional Zn2SiO4
phase as can be seen from Figure 11. The presence of multiple
rate constants with increasing annealing temperature can be
explained on the ground of the gradual evolution of the
Zn2SiO4 phase at the ZnO/β-SiC heterojunction with
increasing annealing temperature (see Figure 7). This
additional Zn2SiO4 phase with a larger band gap (Eg = 5.5
eV71) is therefore expected to create a high potential barrier at
the ZnO/β-SiC interface. This is schematically illustrated in
Figure 12b, while the different rate constants can be attributed
to the involvement of defects with increasing annealing
temperature. Given the structure (Figures 1 and 2) and
microstructure (Figure 7), we believe that the rate constant K1
is associated with the ideal formation ZnO@β-SiC composites,
whereas K2 and K3 can be assigned to the involvement of
Zn2SiO4 and the associated defects, respectively.

■ CONCLUSION
In summary, the development of ZnO@β-SiC composites by a
solid-state reaction method and their structural stability during
annealing with elevated temperatures are reported. The XRD
analysis revealed the formation of the zinc silicate (Zn2SiO4)
phase with the increase in annealing temperature in air up to
1200 °C. The Rietveld refinements did also confirm the
formation of this additional phase with trigonal (R3̅H)
symmetry above 700 °C. The chemical analysis by XPS
further validates the development of SiO2 along with the
formation of a secondary phase, while the FTIR results suggest
the formation of amorphous SiO2 above 700 °C. Given the
XRD results, detailed TEM analysis along with EDX mapping,
however, demonstrate the origin of crystalline Zn2SiO4 at the
ZnO/β-SiC interface. Interestingly, the Zn2SiO4 phase was
found to be avoided when the ZnO@β-SiC composites were

Figure 12. Schematic representation of the charge transfer mechanism across the ZnO/β-SiC interface during the MB dye degradation process
without (a) and with (b) the formation of the interfacial Zn2SiO4 phase.
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annealed in vacuum at 900 °C. A possible kinetics at the ZnO/
β-SiC interface was proposed in the presence of atmospheric
oxygen, where a newly formed SiO2 at the surface of a
crystalline β-SiC grain was found to dictate the chemical
reaction with the nearby ZnO. Moreover, the photocatalytic
properties of the ZnO@β-SiC composites were studied by
exposing the MB aqueous phase to UV radiation, where the
maximum dye removal efficiency was found to be ∼100% in
∼25 min for ZS-0A. However, the removal rate was diminished
gradually with increasing annealing temperature. This was
explained here in light of the development of a high potential
barrier due to the formation of Zn2SiO4 at the ZnO/β-SiC
interface above 700 °C.
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review of ZnO materials and devices. J. Appl. Phys. 2005, 98, 11.
(12) Bhardwaj, S.; Gupta, A.; Kumar, G.; Sharma, P.; Kant, R.;

Pandey, O. P.; Sharma, K. Comparative structural and optical studies
of Al-/Sn-doped ZnO-textured films for optoelectronic application. J.
Mater. Sci.: Mater. Electron. 2022, 33, 13757−13770.
(13) Adappa, R.; Suryanarayana, K.; Hatwar, H. S.; Rao, M. R.

Review of SiC Based Power Semiconductor Devices and Their
Applications, 2nd International Conference on Intelligent Computing,
Instrumentation and Control Technol.; IEEE, 2019; pp 1197−1202
DOI: 10.1109/ICICICT46008.2019.8993255.
(14) Thakur, S. S.; Pradhan, S. K.; Sehgal, S.; Saxena, K. K.

Experimental investigations on silicon carbide mixed electric
discharge machining. Silicon 2023, 15, 583.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03957
ACS Omega 2023, 8, 24113−24124

24122

https://pubs.acs.org/doi/10.1021/acsomega.3c03957?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03957/suppl_file/ao3c03957_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aloke+Kanjilal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0805-4527
https://orcid.org/0000-0002-0805-4527
mailto:aloke.kanjilal@snu.edu.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bisweswar+Santra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saptarshi+Pal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sabyasachi+Saha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03957?ref=pdf
https://doi.org/10.1016/j.compscitech.2004.11.003
https://doi.org/10.1016/j.compscitech.2004.11.003
https://doi.org/10.1016/j.matpr.2020.11.812
https://doi.org/10.1016/j.matpr.2020.11.812
https://doi.org/10.1007/s42823-020-00161-x
https://doi.org/10.1007/s42823-020-00161-x
https://doi.org/10.1007/s42823-020-00161-x
https://doi.org/10.1021/cm9600788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm9600788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ma13173675
https://doi.org/10.3390/ma13173675
https://doi.org/10.1063/1.5123944
https://doi.org/10.1063/1.5123944
https://doi.org/10.1063/1.5123944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2298/JMMB1001025G
https://doi.org/10.2298/JMMB1001025G
https://doi.org/10.1016/j.progpolymsci.2010.11.003
https://doi.org/10.1016/j.progpolymsci.2010.11.003
https://doi.org/10.1016/j.compositesa.2004.10.008
https://doi.org/10.1016/j.compositesa.2004.10.008
https://doi.org/10.1016/j.compositesa.2004.10.008
https://doi.org/10.1063/1.1992666
https://doi.org/10.1063/1.1992666
https://doi.org/10.1007/s10854-022-08308-4
https://doi.org/10.1007/s10854-022-08308-4
https://doi.org/10.1109/ICICICT46008.2019.8993255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12633-022-02022-w
https://doi.org/10.1007/s12633-022-02022-w
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(15) Umezawa, H.; Nagase, M.; Kato, Y.; Shikata, S. I. High
temperature application of diamond power device. Diamond Relat.
Mater. 2012, 24, 201−205.
(16) Alves, L. F.; Gomes, R. C.; Lefranc, P.; Pegado, R. D.; Jeannin,

P. O.; Luciano, B. A.; Rocha, F. V. SIC Power Devices in Power
Electronics: An Overview, Brazilian Power Electronics Conf; IEEE,
2017; pp 1−8 DOI: 10.1109/COBEP.2017.8257396.
(17) Zhu, H.; Yang, H.; Du, K.; Fu, W.; Chang, L.; Pang, X.; Zeng,

Y.; Zou, G. Preparation of SiC and SiC/ZnO nanocomposites and its
properties. Mater. Lett. 2007, 61, 4242−4245.
(18) Platonov, V. B.; Rumyantseva, M. N.; Frolov, A. S.; Yapryntsev,

A. D.; Gaskov, A. M. High-temperature resistive gas sensors based on
ZnO/SiC nanocomposites. Beilstein J. Nanotechnol. 2019, 10, 1537−
1547.
(19) Hwang, H.; Choi, H.; Jung, M. Dip-coating of SiO2 onto ZnO-

SiC composite membrane. J. Energy Power Eng. 2015, 9, 562−565.
(20) Qin, X.; Wang, F. Preparation and photocatalytic properties of

ZnO/SiC composites for methylene blue degradation. Appl. Phys. A
2022, 128, 273.
(21) Meenakshi, G.; Sivasamy, A. Nanorod ZnO/SiC nano-

composite: An efficient catalyst for the degradation of an endocrine
disruptor under UV and visible light irradiations. J. Environ. Chem.
Eng. 2018, 6, 3757−3769.
(22) G, M.; Sivasamy, A.; GA, S. J.; Kavithaa, S. Preparation,

characterization and enhanced photocatalytic activities of zinc oxide
nano rods/silicon carbide composite under UV and visible light
irradiations. J. Mol. Catal. A: Chem. 2016, 411, 167−178.
(23) Lee, K. M.; Lai, C. W.; Ngai, K. S.; Juan, J. C. Recent

developments of zinc oxide based photocatalyst in water treatment
technology: A review. Water Res. 2016, 88, 428−448.
(24) Reddy, T. N.; Manna, J.; Rana, R. K. Polyamine-mediated

interfacial assembly of rGO-ZnO nanostructures: A bio-inspired
approach and enhanced photocatalytic properties. ACS Appl. Mater.
Interfaces 2015, 7, 19684.
(25) Etacheri, V.; Roshan, R.; Kumar, V. Mg-doped ZnO

nanoparticles for efficient sunlight-driven photocatalysis. ACS Appl.
Mater. Interfaces 2012, 4, 2717−2725.
(26) Mahdavi, R.; Talesh, S. S. Sol-gel synthesis, structural and

enhanced photocatalytic performance of Al doped ZnO nanoparticles.
Adv. Powder Technol. 2017, 28, 1418−1425.
(27) Muktaridha, O.; Adlim, M.; Suhendrayatna, S.; Ismail, I.

Progress of 3d metal-doped zinc oxide nanoparticles and the
photocatalytic properties. Arabian J. Chem. 2021, 14, No. 103175.
(28) Qin, H.; Li, W.; Xia, Y.; He, T. Photocatalytic activity of

heterostructures based on ZnO and N-doped ZnO. ACS Appl. Mater.
Interfaces 2011, 3, 3152−3156.
(29) Yu, W.; Zhang, J.; Peng, T. New insight into the enhanced

photocatalytic activity of N-, C-and S-doped ZnO photocatalysts.
Appl. Catal., B 2016, 181, 220−227.
(30) Pascariu, P.; Cojocaru, C.; Olaru, N.; Samoila, P.; Airinei, A.;

Ignat, M.; Sacarescu, L.; Timpu, D. Novel rare earth (RE-La, Er, Sm)
metal doped ZnO photocatalysts for degradation of congo-red dye:
Synthesis, characterization and kinetic studies. J. Environ. Manage.
2019, 239, 225−234.
(31) Ali, A. M.; Ismail, A. A.; Najmy, R.; Al-Hajry, A. Preparation

and characterization of ZnO−SiO2 thin films as highly efficient
photocatalyst. J. Photochem. Photobiol., A 2014, 275, 37−46.
(32) Zhu, L. P.; Liao, G. H.; Huang, W. Y.; Ma, L. L.; Yang, Y.; Yu,

Y.; Fu, S. Y. Preparation, characterization and photocatalytic
properties of ZnO-coated multi-walled carbon nanotubes. Mater. Sci.
Eng. B 2009, 163, 194−198.
(33) Kang, W.; Jimeng, X.; Xitao, W. The effects of ZnO

morphology on photocatalytic efficiency of ZnO/RGO nano-
composites. Appl. Surf. Sci. 2016, 360, 270−275.
(34) Yadav, S.; Mittal, A.; Sharma, S.; Kumari, K.; Chauhan, N. S.;

Kumar, N. Low temperature synthesized ZnO/Al2O3 nano-
composites for photocatalytic and antibacterial applications. Semicond.
Sci. Technol. 2020, 35, No. 055008.

(35) Chen, Y. L.; Zhang, C. E.; Deng, C.; Fei, P.; Zhong, M.; Su, B.
T. Preparation of ZnO/GO composite material with highly
photocatalytic performance via an improved two-step method. Chin.
Chem. Lett. 2013, 24, 518−520.
(36) Valiveti, V. S. K.; Singh, F.; Ojha, S.; Kanjilal, D. Influence of

thermal annealing and ion irradiation on zinc silicate phases in
nanocomposite ZnO−SiOx thin films. Appl. Surf. Sci. 2014, 317,
1075−1079.
(37) Rivera-Enríquez, C.; Fernández-Osorio, A.; Chávez-Fernández,

J. Luminescence properties of α-and β-Zn2SiO4: Mn nanoparticles
prepared by a co-precipitation method. J. Alloys Compd. 2016, 688,
775−782.
(38) Wahab, S. A. A.; Matori, K. A.; Zaid, M. H.; Awang Kechik, M.

M.; Hj Ab Aziz, S.; Talib, R. A.; Azman, A. Z.; Khaidir, R. E.; Khiri, M.
Z.; Effendy, N. A study on optical properties of zinc silicate glass-
ceramics as a host for green phosphor. Appl. Sci. 2020, 10, 4938.
(39) Vashisth, A.; Khatri, S.; Hahn, S. H.; Zhang, W.; Van Duin, A.

C.; Naraghi, M. Mechanical size effects of amorphous polymer-
derived ceramics at the nanoscale: experiments and ReaxFF
simulations. Nanoscale 2019, 11, 7447−7456.
(40) Veres, M.; Koós, M.; Tóth, S.; Füle, M.; Pócsik, I.; Tóth, A.;
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