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Abstract: SiC foams were synthesized by impregnating preceramic polymer into polyurethane foam
templates, resulting in a photo-catalytically active material for the degradation of methylene blue. The
crystalline structure, electronic properties, and photocatalytic performance of the SiC foams were char-
acterized using a series of experimental techniques, including X-ray diffraction, electron microscopy,
energy dispersive X-ray spectroscopy, N2 physisorption measurements, UV-visible spectroscopy, and
methylene blue photodegradation tests. The original polyurethane template’s microporous structure
was maintained during the formation of the SiC foam, while additional mesopores were introduced
by the porogen moieties added to the preceramic polymers. The prepared SiC-based photocatalyst
showed attractive photocatalytic activity under visible light irradiation. This structured and reactive
material offers good potential for application as a catalytic contactor or membrane reactor for the
semi-continuous treatment of contaminated waste waters in ambient conditions.

Keywords: silicon carbide; preceramic polymers; SiC ceramic foam; photocatalysis

1. Introduction

There is currently a major problem of water pollution caused by the uncontrolled
release of dyes in rivers across the world. These organic pollutants not only cause seri-
ous environmental problems due to their toxicity but also harms humans by inducing
carcinogenic, teratogenic, and mutagenic effects [1]. To minimize the risk of contamina-
tion and possible health troubles, these effluents should be treated before being released
into the environment. In fact, once rejected, the effective remediation of these molecules
becomes more complicated due to the huge volume of water to be treated, with low
pollutant concentration.

Among different methods for pollutant abatement, photocatalytic degradation is
an attractive and largely investigated approach [2–5]. It allows a complete degradation
of organic pollutants at ambient temperature, with the advantage of forming non-toxic
byproducts in the case of their total mineralization to water and CO2 [1]. The photocatalytic
process is typically induced by the irradiation of a semiconductor, which conducts the
excitation of free electrons (e−) in the valence band (VB). These electrons then migrate to
the conduction band (CB), leaving holes (h+) in the VB [6], resulting in the production of
electron-hole pairs that move to the surface of the semiconductor. The h+ and e− then
induce the production of hydroxide radicals (·OH) and superoxide radicals (·O2

−), which
are very reactive and promote the oxidation of organic pollutants into CO2 and H2O [7–9].

Several metal oxide materials with suitable properties such as TiO2 [10], ZnO [11],
SnO2 [12], Fe2O3 [13], and V2O5 [14] can be used as photocatalysts, but most of them are
only photoactive in the ultra-violet (UV) range, as their bandgap is larger than 3 eV [15].
Hence, they reach their maximum efficiency only when irradiated by UV lamps, which
complicates the process technology and generates additional costs. The wavelength range
can be eventually extended to the visible light region, e.g., for TiO2/CoFe2O4 [16] and
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TiO2/CoFe2O4/Ag nanocomposites [17], which in addition possess attractive magnetic
properties for further processing.

Besides metal oxides, non-oxide materials or compounds associating oxides and car-
bon nitrides have shown attractive photocatalytic activity in the visible light region. For
example, g-C3N4/SiO2 has demonstrated high photocatalytic activity for the degradation
of 2,4-dichlorophenol and rhodamine B in the visible range [18]. A SiO2-TiO2/g-C3N4
composite was also studied for its ability to degrade rhodamine B, producing hydrogen
under solar light conditions [19]. In another recent study, g-C3N4 quantum-dot-modified
TiO2 nanofibers were found to degrade tetracycline in the presence of copper [20]. Sev-
eral water pollutants have also been eliminated by using Ag-decorated TiO2/g-C3N4
nanocomposites [21]. Other materials such as SiC, featuring attractive physico-chemical
properties [22,23], have also been investigated for the degradation of organic compounds in
a water environment under UV light irradiation. For example, TiO2/β-SiC foams were used
for the photocatalytic degradation of Diuron [6], while organic dyes (orange G and amido
black 10B) have been successfully eliminated with the help of Ag-decorated β-SiC [24].

Moreover, SiC has also been investigated in photocatalytic reactions at higher wave-
lengths, taking advantage of its bandgap capability to absorb irradiation in the visible light
range [15,25,26]. In fact, depending on its crystalline structure, carbon content, and presence
of doping atoms, the SiC bandgap can be slightly shifted to lower values (typically 2.4 and
3.0 eV for a β-SiC and α-SiC, respectively [15]), thus reaching the domain of visible light.
In this context, both SiC nanowires (synthesized by sol-gel carbothermal reduction) [27]
and SiC hollow spheres with a bandgap of 2.15 eV (obtained by a vapor–solid reaction
using carbon spheres as templates) [28] have been successfully tested for the degradation
of methylene blue (MB).

In this work, we present the synthesis and photocatalytic performance of a SiC foam
material prepared using recycled polyurethane foam (PU) as a solid template and a polycar-
bosilane (PCS) preceramic polymer as a SiC precursor. The PU template was impregnated
with a PCS solution and mixed with a triblock copolymer serving as a porogen to generate
mesopores in the final SiC material, according to the procedure already described in our
previous work [29]. The microstructure and crystalline structure of the resulting material
were determined by scanning electron microscopy (SEM) coupled with energy dispersive
X-ray spectroscopy (EDX), X-ray diffraction, infrared spectroscopy, and nitrogen sorption
measurements. The functional properties of the material were evaluated in terms of its
photocatalytic efficiency for the removal of MB under visible light irradiation.

2. Materials and Methods
2.1. Materials

The polyurethane (PU) foam template was obtained from electronic device pack-
aging wastes. The SiC precursor was a commercial allylhydridopolycarbosilane (AH-
PCS, SMP-10 Starfire Systems Inc., East Glenville, NY, USA) with structural formula
(SiH2CH2)0.9(Si(allyl)HCH2)0.1. A commercial SBS block copolymer (polystyrene-block-
polybutadiene-block-polystyrene, 30 wt%, MW = 140, Sigma-Aldrich, St. Louis, MO, USA)
was used as a porogen. Cyclohexane C6H12 (ACS 99+ %, Alfa Aesar Haverhill, MA, USA)
was used as a solvent.

For the photodegradation experiments, methylene blue (C16H18ClN3S · xH2O, 97+ %,
Sigma-Aldrich) was used as a model organic dye.

2.2. SiC Foam Fabrication

SiC foam was synthesized by the so-called replica method, in which a polyurethane
(PU) foam was used as a template. The template was then eliminated at high temperatures
during the pyrolysis step. Prior to this, the PU foam was cleaned to remove impurities by
being soaked in ethanol and rinsed with deionized water (repeated three times). The PU
foam was then dried in an oven at 70 ◦C for 12 h under an air atmosphere.
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The as-purified PU foam was then impregnated (for 30 min) with a SiC precursor
solution prepared by dissolving the SBS triblock copolymer in cyclohexane, followed by
the progressive addition of AHPCS under continuous stirring until the mixture was fully
homogenized [29]. The mass ratio between AHPCS and copolymer was set at 1:1. The
impregnated foam was dried for 30 min at room temperature before being placed into an
alumina crucible and pyrolyzed in a tubular furnace under an argon atmosphere at 1200 ◦C
for 2 h with a heating rate of 120 ◦C/h.

2.3. SiC Foam Characterization

The surface morphology of the foams was analyzed using a Hitachi S4800 scanning
electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDX) was con-
ducted on Zeiss EVO HD15 SEM. The crystalline structure of foams was characterized by
X-ray diffraction on a Panalytical Xpert diffractometer using CuKα radiation as the X-ray
monochromatic source. Absorbance spectra were obtained with a Jasco V-570 UV-Vis spec-
trophotometer in the wavelength range of 200–800 nm. FTIR spectra were obtained with a
Nexus spectrometer in the range of 500–4000 cm−1. The optical bandgap was determined
from absorbance data and using the absorption spectrum fitting method (ASF) [30]. Gas
(nitrogen) sorption isotherms were recorded using a Micromeritics ASAP2020 apparatus.
Specific surface area (SSA) was obtained by using the Brunauer–Emmett–Teller (BET) model
and the pore size distribution was calculated by applying the Barret–Joyner–Halenda (BJH)
method on the desorption branch.

2.4. Black Experiments and Photocatalytic Degradation under Visible Light Irradiation

The photocatalytic degradation was carried out under visible light using an Osram
HQI-TS 150 W lamp as an irradiation source. The concentration of methylene blue (MB) in
the aqueous solution was set to 1.5 × 10−5 M, a value that is commonly used in relevant
literature [28]. For each photocatalytic experiment, 80 mL of this solution was used and
the SiC foam (typical size of 2 cm3) was added as a photocatalyst at a concentration of
20 g/L. The irradiation lamp was positioned directly above the solution and the walls of
the beaker, which were obscured to prevent any potential contribution from natural light.
The experimental setup is depicted in Figure 1.
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Figure 1. Setup used for the photocatalytic degradation of MB under visible light with SiC foam.

The MB solution containing the SiC foam was first left under constant stirring in the
absence of any light irradiation for 24 h to reach the adsorption equilibrium in order to
assess the intrinsic adsorption capacity of the catalyst. After this period, the light was
turned on and the solution was continuously irradiated for 8 h. An aliquot was taken every
hour as a sample for quantifying the degradation of the dye. Each sample was filtered
through a 0.2 µm filter and, subsequently, its absorbance (at λ = 664 nm) was measured
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using a Shimadzu UV-240IPC spectrophotometer. The degradation efficiency η of the SiC
foam was calculated by applying the Beer–Lambert law, which states that the absorbance
of MB is proportional to the concentration, as described in Equation (1) [31,32]:

η% =
C0 − C

C0
× 100% =

A0 − A
A0

× 100% (1)

where C0 and A0 are the MB initial concentration (mg/L) and absorbance, and C and A are
the concentration and absorbance at time t, respectively.

Then, the SiC foam was repeatedly rinsed with ethanol and water until the water was
clear. The foam was then allowed to dry overnight at room temperature.

The adsorption capacity of SiC foam for dye removal was evaluated using experimen-
tal results obtained in the absence of light irradiation (blank experiments), applying the
following Equation (2) [33]:

qt =
(C0 − C)× V

m
(2)

where qt(mg/g) is the amount of MB adsorbed at time t, V is the volume of the solution,
m is the mass of the used SiC foam, C0 is the MB initial concentration, and C is the MB
concentration at time t.

The percentage of MB dye retained on the SiC foam was calculated according to
Equation (3) [34]:

R(%) = 100 −
(

C
C0

× 100
)

(3)

where R is the percentage of dye removal, C is the MB concentration at time t, and C0 is the
initial concentration at the beginning of the experiment.

3. Results
3.1. SiC Foam Characterization

The material resulting from the synthesis protocol described in the experimental
section presents an open cell structure, similar in appearance to the PU foam used as
a template.

Figure 2a–c depict the open cell structure of the pristine polyurethane foam prior
to the formation of SiC. The structure comprises a scaffold made of random connections
of struts measuring ~500 µm and walls measuring ~0.25 mm2, dividing the space into
interconnected open cells. Figure 2d–f show images of the foam after preceramic polymer
deposition and subsequent pyrolysis. As expected, the initial structure of the PU foam is
preserved, although the overall size of the open cell structure is reduced by a factor of two.
The elimination and degradation of the PU template have been confirmed by submitting
the pristine PU foam to the pyrolysis treatment (1200 ◦C-2 h in Ar). The measured weight
loss was 97.45% and a brittle carbon residue was recovered.

The chemical composition of the SiC material after pyrolysis was analyzed by EDX
(Figure S1). The material is primarily composed of carbon and silicon, with less than
10 at.% of oxygen, mainly originating from the PU template and possibly residual oxygen
in the oven during the pyrolysis step. The high amount of carbon (~75 at.% vs. ~25% at.%
of silicon) may be a result of the pyrolysis of the PU foam template, which degradation
contributes to the generation of a carbon-rich SiC material.

Figure 3 displays the XRD pattern of the SiC foam, with three diffraction peaks at
2θ = 35.5, 60.7, and 71.3◦, corresponding to the (111), (220), and (311) lines of cubic SiC,
respectively. The width of these peaks is relatively large, which is not surprising considering
the moderate pyrolysis temperature, leading to poorly crystalline SiC [35]. The diffraction
pattern of the pyrolyzed pristine PU template shows an amorphous material with a large
signal around 2θ = 43◦ and a typical (100) line of graphite corresponding to carbon atoms
in a graphenic plane. Additionally, a very broad signal around 26◦ is characteristic of the
residue of the 002 interplanar distance in amorphous carbon [36].
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Figure 3. XRD patterns of SiC foam and PU foam template pyrolyzed at 1200 ◦C.

The FTIR spectrum of the PU foam template, as shown in Figure 4a, features a band at
approximately 1725 cm−1, which corresponds to the C=O group. Additionally, the band
at 1100 cm−1 is attributed to the C-O bond. The intensity of these two bands can be used
to determine the nature of the PU foam, specifically whether it belongs to the ester- or
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ether-base type. In this case, the foam used belongs to the ether-type, since the intensity of
the C-O bond is stronger in comparison with the C=O band [22].
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photocatalytic experiment, and (e) SiC foam used and washed after photocatalytic experiment.

A comparison of the precursor’s FTIR spectra (Figure 4b) and final SiC foam (Figure 4c)
clearly demonstrates the polymer-to-ceramic conversion that occurs after the pyrolysis step.
The characteristic peaks for Si-H, C-H, C-C, Si-CH3, and Si-CH2 bonds have disappeared
due to crosslinking and decomposition of organic groups, leading to the formation of a
peak at ~819 cm−1, which corresponds to the Si-C stretching vibration [37]. The peak
at ~1250 cm−1 is attributed to the Si-O bond. However, due to its lower intensity in
comparison to the Si-C bond, it can be assumed that the SiC material has low contamination
by oxygen originating from the PU foam or residual oxygen during the pyrolysis step, as
previously evidenced by EDX analysis.

The FTIR spectra of the SiC foam after photocatalytic tests and after washing with
ethanol and water are compared in Figure 4d,e, respectively. In Figure 4d, the emergence
of a peak at 1390 cm−1 is attributed to the aromatic ring structures of MB [38], further
confirming the adsorption of MB on the SiC foam. After the cleaning process, the spectrum
in Figure 4e did not show any significant peaks related to MB and is very similar to the
pristine SiC foam before use, indicating that the applied washing procedure efficiently
regenerates the SiC foam and its photocatalytic properties are likely to be conserved.
Interestingly, the signal coming from Si-O tends to decrease, which could reveal a reduction
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of surface silica species during the photocatalytic reaction as reactive oxygen species could
be activated during the process [39].

The nitrogen adsorption-desorption isotherms of the SiC foam are presented in
Figure 5a. According to their shape and the IUPAC classification [40], it can be classi-
fied as a type IV isotherm typical for mesoporous structures. The SSA of the material was
calculated by the BET method and reached values slightly above 1 m2/g, which is quite low,
but one order of magnitude higher than values reported for SiC foams synthesized from
preceramic polymer precursors by other authors [22]. Figure 5b shows the BJH pore size
distribution for the SiC material. The distribution is quite large with a high contribution of
mesopores with pore diameters at ~10 nm.
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Figure 5. (a) Nitrogen adsorption-desorption isotherms of the SiC foam. (b) Pore size distribution of
the SiC foam (BJH method desorption branch).

3.2. Bandgap Calculations of the Prepared SiC Foam

The bandgap for the SiC foam was calculated using the absorption spectrum fitting
(ASF) method, since it has been successfully used for amorphous materials in reflection
geometry [30].

The method relies on the equation linking the absorption coefficient α(ν) and the
optical bandgap Eg through:

α(ν)hν = B
(
hν − Eg

)n (4)

where hν is the photon energy, B is a constant, n is an index that denotes the transition
nature with values of n = 1/2 for direct allowed transition, n = 3/2 for direct forbidden
transition, n = 2 for indirect allowed transition, and n = 3 for indirect forbidden transition.
The absorption coefficient is defined as α(ν) =

( 2.303
d

)
A, where A and d are the absorbance

and the thickness of the sample, respectively. Equation (4) can also be written as a function
of the wavelength (λ) as follows [30,41,42]:

α(λ) = B(hc)n−1λ

(
1
λ
− 1

λg

)n
(5)

where λg is the wavelength corresponding to the optical bandgap, h is the Plank’s constant,
and c is the velocity of light. Then, Equation (5) can be rewritten using Beer–Lambert’s law:

A(λ) = D1λ

(
1
λ
− 1

λg

)n
(6)



Materials 2023, 16, 1328 8 of 14

where D1 =

[
B(hc)n−1d

2.303

]
is a constant. Thus, with Equation (6), it is possible to calculate the

bandgap using Eg = hc
λg

= 1239.83
λg

, obtaining λg by extrapolating the linear region of the

curve
(

A
λ

) 1
n vs.

(
1
λ

)
at

(
A
λ

) 1
n
= 0.

Figure 6a shows the absorbance spectrum for the studied SiC foam. The bandgap was
calculated by tracing the curve (A/λ)1/n vs. 1/λ with different n values. These plots are
shown in supplementary information in Figure S2. It was evidenced that the best fitting
was achieved for n = 1/2 (Figure 6b), with the linear correlation coefficient R2 = 0.9996,
indicating a direct allowed transition. The bandgap obtained by the ASF method is equal
to 1.29 eV (962 nm), i.e., slightly larger than that of silicon (1.18 eV) [43]. Considering
that the material could be excited with a wavelength equal or higher than this value, it
can be assumed that the SiC foam could work as an active photocatalyst under visible
light irradiation.

Materials 2023, 16, x FOR PEER REVIEW 9 of 16 

the material could be excited with a wavelength equal or higher than this value, it can be 

assumed that the SiC foam could work as an active photocatalyst under visible light irra-

diation.

Figure 6. (a) Absorbance spectrum for SiC foam and (b) correlation (A/λ)1/n vs. 1/λ (n = 1/2).

3.3. Adsorption Capacity and Photocatalytic Performance of SiC Foams under Visible Light 

Irradiation

The adsorption capacity of the SiC foam was evaluated by immersing it in an MB 

solution for 4 h in the absence of light irradiation. A control experiment was also con-

ducted, where a pure MB solution was left in the dark without the SiC foam. The evolution 

of MB concentration in the solution without any catalysts and the solution containing the 

SiC foam is shown in Figure 7a. In the absence of light irradiation and without SiC foam, 

the MB does not undergo any significant degradation over time. However, in the presence 

of the SiC foam, an important decrease in MB concentration is evidenced at the beginning

of the experiment before reaching semi-equilibrium with a very slow rate of MB concen-

tration decrease. This result thus suggests a non-negligible adsorption capacity of the SiC 

foam itself. The amount of MB adsorbed per gram of foam at a specific time t can be easily

derived from Equation (2), as shown in Figure 7b (black curve) with the plot of qt vs. t. 

Moreover, from Equation (3), one can also quantify the evolution of the MB % present on

the foam as plotted in Figure 7b (blue curve). The high adsorption rate at the beginning of 

the experiment results from a high number of available sorption sites. The progressive 

occupation of vacant adsorption sites [44] results in a deceleration of MB concentration 

decrease.

Figure 6. (a) Absorbance spectrum for SiC foam and (b) correlation (A/λ)1/n vs. 1/λ (n = 1/2).

3.3. Adsorption Capacity and Photocatalytic Performance of SiC Foams under Visible
Light Irradiation

The adsorption capacity of the SiC foam was evaluated by immersing it in an MB
solution for 4 h in the absence of light irradiation. A control experiment was also conducted,
where a pure MB solution was left in the dark without the SiC foam. The evolution of
MB concentration in the solution without any catalysts and the solution containing the
SiC foam is shown in Figure 7a. In the absence of light irradiation and without SiC
foam, the MB does not undergo any significant degradation over time. However, in the
presence of the SiC foam, an important decrease in MB concentration is evidenced at the
beginning of the experiment before reaching semi-equilibrium with a very slow rate of
MB concentration decrease. This result thus suggests a non-negligible adsorption capacity
of the SiC foam itself. The amount of MB adsorbed per gram of foam at a specific time
t can be easily derived from Equation (2), as shown in Figure 7b (black curve) with the
plot of qt vs. t. Moreover, from Equation (3), one can also quantify the evolution of the
MB % present on the foam as plotted in Figure 7b (blue curve). The high adsorption rate
at the beginning of the experiment results from a high number of available sorption sites.
The progressive occupation of vacant adsorption sites [44] results in a deceleration of MB
concentration decrease.
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The adsorption kinetics of the SiC foam were analyzed using two models, the pseudo-
first order (PFO) and the pseudo-second order (PSO) kinetic models. These models are
commonly employed to analyze time-dependent adsorption data [45]. During the ad-
sorption process, both physical (physisorption) and chemical (chemisorption) interactions
might exist between the adsorbent (SiC foam) and the adsorbate (MB) [8]. The PFO model
describes a physisorption mechanism while the PSO one describes a chemisorption.

The pseudo first-order equation of Lagergren [46] in a linear way is represented by
Equation (7):

ln(qe − qt) = ln(q e)−
k1

2.303
t (7)

where qe and qt are the adsorption capacities at equilibrium and at time t, respectively. The
value of k1 (0.0051 min−1, with R2 = 0.8973) was obtained from the slope of the linear
fitting of the plot of ln(qe − qt) vs. t, shown in Figure 8a.

For the PSO kinetic model [47], Equation (8) was used:

t
qt

=
1

k2q2
e
+

t
qe

(8)

where k2 (g/mg min) is the PSO rate constant. The plot of t
qt

vs. t was used to obtain the
rate constant k2 [48]. The plot is shown in Figure 8b, and from the slope, k2 was determined
to be 0.321 min−1 with a correlation coefficient R2 = 0.9707.

From the plots in Figure 8a,b and comparing the correlation coefficients R2 = 0.8973 for
PFO and R2 = 0.9707 for PSO, it could be assumed that the PSO kinetic model dominates
the adsorption reaction. Hence, chemisorption is the predominant mechanism in the
studied adsorption experiments [44] as already observed in porous polymer-derived SiOC
aerogels described in the literature [49].

Measurements of the photocatalytic degradation of MB were conducted in the con-
figuration depicted in Figure 1. The details concerning the photocatalytic degradation
mechanism of MB in a water environment can be found elsewhere [2], as well as the gener-
ation of active oxidation species by semiconductor catalysts [16,17,50–52]. The scope of this
study was to assess the performance and potential use of the prepared SiC-based foams in
comparison with other photocatalytically active materials.
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The results of photocatalytic experiments are shown in Figure 9, along with data
obtained in the absence of light irradiation or catalyst (SiC foam). When examining the
experiments with the MB solution in absence of a catalyst, it was observed that the slight
decrease in MB concentration (~3%) during the dark period reaches ~25% after 8 h under
visible light irradiation. This decrease in MB concentration is mainly attributed to the
photolysis effect induced by visible light. In the presence of SiC foam, the decrease of the
MB concentration is significantly higher: from ~26% in the dark period (adsorption effect)
up to 62% in the presence of light irradiation (photocatalytic activity), thus yielding MB
elimination of about 88% at the end of the experiment.
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For comparative purposes, similar experiments were also conducted with the same
amount of SiC in powder form (grounded SiC foam). As observed in Figure 9 (green curve),
the adsorption capacity of the SiC powder was significantly higher. This observation was
not surprising, as the accessible active surface area of the SiC fine powder is higher in
comparison with the SiC foam monolith of the same composition. On the other hand, the
powder material was quickly saturated, and the photocatalytic effect was significantly
reduced, resulting in limited photocatalytic degradation of MB molecules. In fact, the
predominant mechanism in such a powder system is mainly based on simple adsorption of
the undesirable molecules, with only limited abatement by photocatalytic degradation. This
adsorption-based abatement mechanism is not very efficient as the removal capacity of the
SiC powder material is limited by surface saturation. Additionally, the regeneration of the
sorbent/catalyst requires tedious powder manipulation and possible loss of material during
the washing and filtration process. On the contrary, the manipulation of the robust SiC
foam monoliths and their regeneration is significantly easier, allowing for their repetitive
use and cycling. The activity of the recycled catalyst is shown in Figure 9 (blue curve).
Interestingly, it has been observed that the recycled SiC-foam features better absorption
efficiency followed by higher photocatalytic activity compared with original (as-prepared)
foams. This phenomenon is most likely related to the progressive hydroxylation of the
SiC material increasing its hydrophilicity [53,54], which might favor/enhance the contact
between the aqueous solution and the catalyst surface. This observation thus confirms
the attractive properties of SiC-foams for the photocatalytic removal of organic molecules
in water media and their potential application in contactor devices working in a semi-
continuous mode.

It can be observed (as shown in Table 1) that the optimal SiC foams offer MB degrada-
tion efficiencies that are comparable to those of other photocatalysts tested in the visible
light region. Furthermore, considering the advantage of the relatively simple character of
the protocol for producing uniform SiC foams, this material emerges as a highly competitive
new photocatalytic material for application under visible light irradiation.

Table 1. Comparison of performance for different photocatalysts under visible light irradiation.

Photocatalyst [ref] Bandgap (eV) Efficiency for MB Abatement

SiC nanowires [28] - 96% after 360 min
SiC hollow spheres [29] 2.15 98% after 300 min
PVP-capped ZnS [32] 4.07 81% after 360 min

Er2O3-coated silicon nanowires [52] - 98% after 120 min
SiC foams (this work) 1.29 88% after 480 min

For the further valorization of this material, we are currently working on the optimiza-
tion of the design of these SiC foams for use as catalytic contactors for reactors operating in
semi-continuous mode (alternated periods of photocatalytic reaction and catalyst regen-
eration). This strategy requires maximizing the contact of the treated solution with the
SiC pore surface while also ensuring the highest possible surface area accessible for light
illumination. To achieve this, it is essential to consider not only the optimization of the SiC
foam porous structure, but also its geometric shape and size, with sufficient mechanical
strength to prevent any possible foam disintegration during the continuous flow of the
liquid through the catalytic contactor thickness. The degradation kinetics will be improved
by controlling both the SiC foam microstructure and its surface composition/decoration.
Finally, this promising SiC functional material is also being considered for shaping mul-
tifunctional membranes (a thin mesoporous layer on top of support) that combine both
photocatalytic activity and separation effects during the filtration process.

4. Conclusions

SiC foams were fabricated, using a PU template and AHPCS as the SiC precursor,
through the replica method in the presence of a triblock copolymer as a porogen. During
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the pyrolysis step, the PU template was removed, resulting in a final SiC-based material
that retained the initial PU foam geometry with cell sizes reduced by a factor of two. The
as-prepared SiC foam was successfully tested as a photocatalyst for the degradation of
MB molecules (model organic pollutant) under visible light irradiation. The adsorption
capacity of the SiC foam was also analyzed in the absence of light, showing an overall
increase in the adsorption capacity and accessible surface area. Thanks to the induced pho-
tocatalytic reaction, one could reach over 90% of MB removal under optimal experimental
conditions. Moreover, it has been verified that the SiC foams could be regenerated by a
simple washing process without having to apply any thermal or harsh chemical treatment,
and after recycling, the photocatalytic performance was retained. These results offer further
perspectives for the production of efficient reusable semi-continuous water purification
units (catalytic contactors or membrane reactors) with optimally shaped SiC photocatalysts
working under the effect of visible (solar) light irradiation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma16041328/s1, Figure S1. EDX pattern for the SiC foam. Figure S2.
Linear fitting for (A/λ)1/n vs. 1/λ with (a) n = 2, (b) n = 3/2, (c) n = 3 and (d) n = 1/2.

Author Contributions: Conceptualization, J.C.; Validation, K.B.C.-D., A.J. and J.C.; Investigation,
K.B.C.-D., M.D. and J.C.; Writing—original draft, K.B.C.-D.; Writing—review & editing, M.D., A.J.
and J.C.; Supervision, M.D., A.J. and J.C.; Project administration, J.C.; Funding acquisition, J.C. and
K.B.C.-D. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by CONACYT Mexico through the thesis grant attributed to
K.B.C.-D.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to data protection politics of the IEM.

Acknowledgments: Karla Begonia Cervantes Diaz acknowledges CONACYT Mexico for the grant
financing her Ph.D. thesis in France. The authors would like to thank D. Cot et B. Rébière from
IEM Montpellier for SEM observations and EDX analyses and Christophe Escape for reflectance
spectroscopy measurements performed at CNRS PROMES- Font Romeu.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, Q. Pollution and Treatment of Dye Waste-Water. IOP Conf. Ser. Earth Environ. Sci. 2020, 514, 052001. [CrossRef]
2. Houas, A.; Lachheb, H.; Ksibi, M.; Elaloui, E.; Guillard, C.; Herrmann, J.M. Photocatalytic Degradation Pathway of Methylene

Blue in Water. Appl. Catal. B Environ. 2001, 31, 145–157. [CrossRef]
3. Sonawane, R.S.; Kale, B.B.; Dongare, M.K. Preparation and Photo-Catalytic Activity of Fe-TiO2 Thin Films Prepared by Sol-Gel

Dip Coating. Mater. Chem. Phys. 2004, 85, 52–57. [CrossRef]
4. Chiu, Y.H.; Chang, T.F.M.; Chen, C.Y.; Sone, M.; Hsu, Y.J. Mechanistic Insights into Photodegradation of Organic Dyes Using

Heterostructure Photocatalysts. Catalysts 2019, 9, 430. [CrossRef]
5. Ajmal, A.; Majeed, I.; Malik, R.N.; Idriss, H.; Nadeem, M.A. Principles and Mechanisms of Photocatalytic Dye Degradation on

TiO2 Based Photocatalysts: A Comparative Overview. RSC Adv. 2014, 4, 37003–37026. [CrossRef]
6. Kouamé, N.A.; Robert, D.; Keller, V.; Keller, N.; Pham, C.; Nguyen, P. Preliminary Study of the Use of β-SiC Foam as a

Photocatalytic Support for Water Treatment. Catal. Today 2011, 161, 3–7. [CrossRef]
7. Hariganesh, S.; Vadivel, S.; Maruthamani, D.; Rangabhashiyam, S. Disinfection By-Products in Drinking Water: Detection and

Treatment Methods. In Disinfection By-products in Drinking Water; Elsevier: Amsterdam, The Netherlands, 2020; pp. 279–304;
ISBN 9780081029770.

8. Abebe, B.; Murthy, H.C.A.; Amare, E. Summary on Adsorption and Photocatalysis for Pollutant Remediation: Mini Review. J.
Encapsulation Adsorpt. Sci. 2018, 08, 225–255. [CrossRef]

9. Aziz, N.A.A.; Palaniandy, P.; Aziz, H.A.; Dahlan, I. Review of the Mechanism and Operational Factors Influencing the Degradation
Process of Contaminants in Heterogenous Photocatalysis. J. Chem. Res. 2016, 40, 704–712. [CrossRef]

10. Xu, C.; Rangaiah, G.P.; Zhao, X.S. Photocatalytic Degradation of Methylene Blue by Titanium Dioxide: Experimental and
Modeling Study. Ind. Eng. Chem. Res. 2014, 53, 14641–14649. [CrossRef]

https://www.mdpi.com/article/10.3390/ma16041328/s1
https://www.mdpi.com/article/10.3390/ma16041328/s1
http://doi.org/10.1088/1755-1315/514/5/052001
http://doi.org/10.1016/S0926-3373(00)00276-9
http://doi.org/10.1016/j.matchemphys.2003.12.007
http://doi.org/10.3390/catal9050430
http://doi.org/10.1039/C4RA06658H
http://doi.org/10.1016/j.cattod.2010.10.045
http://doi.org/10.4236/jeas.2018.84012
http://doi.org/10.3184/174751916X14769685673665
http://doi.org/10.1021/ie502367x


Materials 2023, 16, 1328 13 of 14

11. Chang, X.; Li, Z.; Zhai, X.; Sun, S.; Gu, D.; Dong, L.; Yin, Y.; Zhu, Y. Efficient Synthesis of Sunlight-Driven ZnO-Based
Heterogeneous Photocatalysts. Mater. Des. 2016, 98, 324–332. [CrossRef]

12. Wang, H.; Sun, F.; Zhang, Y.; Li, L.; Chen, H.; Wu, Q.; Yu, J.C. Photochemical Growth of Nanoporous SnO2 at the Air-Water
Interface and Its High Photocatalytic Activity. J. Mater. Chem. 2010, 20, 5641–5645. [CrossRef]

13. Hitam, C.N.C.; Jalil, A.A. A Review on Exploration of Fe2O3 Photocatalyst towards Degradation of Dyes and Organic Contami-
nants. J. Environ. Manag. 2020, 258, 110050. [CrossRef] [PubMed]

14. Ibrahim, I.; Belessiotis, G.V.; Arfanis, M.K.; Athanasekou, C.; Philippopoulos, A.I.; Mitsopoulou, C.A.; Romanos, G.E.; Falaras, P.
Surfactant Effects on the Synthesis of Redox Bifunctional V2O5 Photocatalysts. Materials 2020, 13, 4665. [CrossRef]

15. Guo, X.-N.; Tong, X.-L.; Guo, X.-Y. Application of Silicon Carbide in Photocatalysis. In Novel Carbon Materials and Composites; John
Wiley & Sons, Ltd.: Chichester, UK, 2019; pp. 73–97.

16. Ibrahim, I.; Belessiotis, G.V.; Elseman, A.M.; Mohamed, M.M.; Ren, Y.; Salama, T.M.; Mohamed, M.B.I. Magnetic TiO2/CoFe2O4
Photocatalysts for Degradation of Organic Dyes and Pharmaceuticals without Oxidants. Nanomaterials 2022, 12, 3290. [CrossRef]
[PubMed]

17. Ibrahim, I.; Kaltzoglou, A.; Athanasekou, C.; Katsaros, F.; Devlin, E.; Kontos, A.G.; Ioannidis, N.; Perraki, M.; Tsakiridis, P.;
Sygellou, L.; et al. Magnetically Separable TiO2/CoFe2O4/Ag Nanocomposites for the Photocatalytic Reduction of Hexavalent
Chromium Pollutant under UV and Artificial Solar Light. Chem. Eng. J. 2020, 381, 122730. [CrossRef]

18. Hao, Q.; Niu, X.; Nie, C.; Hao, S.; Zou, W.; Ge, J.; Chen, D.; Yao, W. A Highly Efficient G-C3N4/SiO2 Heterojunction: The Role of
SiO2 in the Enhancement of Visible Light Photocatalytic Activity. Phys. Chem. Chem. Phys. 2016, 18, 31410–31418. [CrossRef]

19. Sun, S.; Ding, H.; Mei, L.; Chen, Y.; Hao, Q.; Chen, W.; Xu, Z.; Chen, D. Construction of SiO2-TiO2/g-C3N4 Composite
Photocatalyst for Hydrogen Production and Pollutant Degradation: Insight into the Effect of SiO2. Chinese Chem. Lett. 2020, 31,
2287–2294. [CrossRef]

20. Zhang, J.; Wang, X.; Shen, K.; Lu, W.; Wang, J.; Chen, F. Defect Engineering in G-C3N4 Quantum-Dot-Modified TiO2 Nanofiber:
Uncovering Novel Mechanisms for the Degradation of Tetracycline in Coexistence with Cu2+. Adv. Fiber Mater. 2022, 1–15.
[CrossRef]

21. Ibrahim, I.; Belessiotis, G.V.; Antoniadou, M.; Kaltzoglou, A.; Sakellis, E.; Katsaros, F.; Sygellou, L.; Arfanis, M.K.; Salama, T.M.;
Falaras, P. Silver Decorated TiO2/g-C3N4 Bifunctional Nanocomposites for Photocatalytic Elimination of Water Pollutants under
UV and Artificial Solar Light. Results Eng. 2022, 14, 100470. [CrossRef]

22. Jana, P.; Bruzzoniti, M.C.; Appendini, M.; Rivoira, L.; Del Bubba, M.; Rossini, D.; Ciofi, L.; Sorarù, G.D. Processing of Polymer-
Derived Silicon Carbide Foams and Their Adsorption Capacity for Non-Steroidal Anti-Inflammatory Drugs. Ceram. Int. 2016, 42,
18937–18943. [CrossRef]

23. Kouamé, A.N.; Masson, R.; Robert, D.; Keller, N.; Keller, V. β-SiC Foams as a Promising Structured Photocatalytic Support for
Water and Air Detoxification. Catal. Today 2013, 209, 13–20. [CrossRef]

24. Adhikari, S.; Eswar, N.K.R.; Sangita, S.; Sarkar, D.; Madras, G. Investigation of Nano Ag-Decorated SiC Particles for Photoelectro-
catalytic Dye Degradation and Bacterial Inactivation. J. Photochem. Photobiol. A Chem. 2018, 357, 118–131. [CrossRef]

25. van Dorp, D.H.; Hijnen, N.; Di Vece, M.; Kelly, J.J. SiC: A Photocathode for Water Splitting and Hydrogen Storage. Angew. Chemie
Int. Ed. 2009, 48, 6085–6088. [CrossRef] [PubMed]

26. Wang, B.; Guo, X.; Jin, G.; Guo, X. Visible-Light-Enhanced Photocatalytic Sonogashira Reaction over Silicon Carbide Supported
Pd Nanoparticles. Catal. Commun. 2017, 98, 81–84. [CrossRef]

27. Zhang, J.; Chen, J.; Xin, L.; Wang, M. Hierarchical 3C-SiC Nanowires as Stable Photocatalyst for Organic Dye Degradation under
Visible Light Irradiation. Mater. Sci. Eng. B Solid-State Mater. Adv. Technol. 2014, 179, 6–11. [CrossRef]

28. Haibo, O.; Jianfeng, H.; Xierong, Z.; Liyun, C.; Cuiyan, L.; Xinbo, X.; Jie, F. Visible-Light Photocatalytic Activity of SiC Hollow
Spheres Prepared by a Vapor-Solid Reaction of Carbon Spheres and Silicon Monoxide. Ceram. Int. 2014, 40, 2619–2625. [CrossRef]

29. Nardin, T.; Gouze, B.; Cambedouzou, J.; Diat, O. Soft Templated Mesoporous SiC from Polycarbosilane Grafted onto Triblock
Copolymers. Mater. Lett. 2016, 185, 424–427. [CrossRef]

30. Souri, D.; Tahan, Z.E. A New Method for the Determination of Optical Band Gap and the Nature of Optical Transitions in
Semiconductors. Appl. Phys. B Lasers Opt. 2015, 119, 273–279. [CrossRef]

31. Soltani, N.; Saion, E.; Mahmood Mat Yunus, W.; Navasery, M.; Bahmanrokh, G.; Erfani, M.; Zare, M.R.; Gharibshahi, E.
Photocatalytic Degradation of Methylene Blue under Visible Light Using PVP-Capped ZnS and CdS Nanoparticles. Sol. Energy
2013, 97, 147–154. [CrossRef]

32. Iram, M.; Guo, C.; Guan, Y.; Ishfaq, A.; Liu, H. Adsorption and Magnetic Removal of Neutral Red Dye from Aqueous Solution
Using Fe3O4 Hollow Nanospheres. J. Hazard. Mater. 2010, 181, 1039–1050. [CrossRef]

33. Andronic, L.; Isac, L.; Cazan, C.; Enesca, A. Simultaneous Adsorption and Photocatalysis Processes Based on Ternary TiO2–CuxS–
Fly Ash Hetero-Structures. Appl. Sci. 2020, 10, 8070. [CrossRef]

34. Baldez, E.E.; Robaina, N.F.; Cassella, R.J. Employment of Polyurethane Foam for the Adsorption of Methylene Blue in Aqueous
Medium. J. Hazard. Mater. 2008, 159, 580–586. [CrossRef] [PubMed]

35. Gouze, B.; Cervantes-Diaz, K.B.; Nardin, T.; Diat, O.; Cambedouzou, J. Highly Crystalline Silicon Carbide of Controlled
Mesoporosity. Mater. Chem. Phys. 2020, 250, 123208. [CrossRef]

36. Lee, S.M.; Lee, S.H.; Roh, J.S. Analysis of Activation Process of Carbon Black Based on Structural Parameters Obtained by XRD
Analysis. Crystals 2021, 11, 153. [CrossRef]

http://doi.org/10.1016/j.matdes.2016.03.027
http://doi.org/10.1039/b926930d
http://doi.org/10.1016/j.jenvman.2019.110050
http://www.ncbi.nlm.nih.gov/pubmed/31929077
http://doi.org/10.3390/ma13204665
http://doi.org/10.3390/nano12193290
http://www.ncbi.nlm.nih.gov/pubmed/36234418
http://doi.org/10.1016/j.cej.2019.122730
http://doi.org/10.1039/C6CP06122B
http://doi.org/10.1016/j.cclet.2020.03.026
http://doi.org/10.1007/s42765-022-00205-z
http://doi.org/10.1016/j.rineng.2022.100470
http://doi.org/10.1016/j.ceramint.2016.09.045
http://doi.org/10.1016/j.cattod.2012.12.008
http://doi.org/10.1016/j.jphotochem.2018.02.017
http://doi.org/10.1002/anie.200900796
http://www.ncbi.nlm.nih.gov/pubmed/19585624
http://doi.org/10.1016/j.catcom.2017.03.028
http://doi.org/10.1016/j.mseb.2013.09.016
http://doi.org/10.1016/j.ceramint.2013.10.068
http://doi.org/10.1016/j.matlet.2016.09.041
http://doi.org/10.1007/s00340-015-6053-9
http://doi.org/10.1016/j.solener.2013.08.023
http://doi.org/10.1016/j.jhazmat.2010.05.119
http://doi.org/10.3390/app10228070
http://doi.org/10.1016/j.jhazmat.2008.02.055
http://www.ncbi.nlm.nih.gov/pubmed/18395335
http://doi.org/10.1016/j.matchemphys.2020.123208
http://doi.org/10.3390/cryst11020153


Materials 2023, 16, 1328 14 of 14

37. Wang, Q.; Yokoji, M.; Nagasawa, H.; Yu, L.; Kanezashi, M.; Tsuru, T. Microstructure Evolution and Enhanced Permeation of SiC
Membranes Derived from Allylhydridopolycarbosilane. J. Memb. Sci. 2020, 612, 118392. [CrossRef]

38. Pradhan, A.C.; Paul, A.; Rao, G.R. Sol-Gel- Cum -Hydrothermal Synthesis of Mesoporous Co-Fe @ Al2O3—MCM-41 for Methylene
Blue Remediation. J. Chem. Sci. 2017, 129, 381–395. [CrossRef]

39. Romolini, G.; Ricciarelli, M.G.D.; Zampini, L.T.G. Photocatalytic Activity of Silica and Silica—Silver Nanocolloids Based on
Photo—Induced Formation of Reactive Oxygen Species. Photochem. Photobiol. Sci. 2021, 20, 1161–1172. [CrossRef]

40. Sing, K.S.W. Reporting Physisorption Data for Gas/Solid Systems with Special Reference to the Determination of Surface Area
and Porosity (Recommendations 1984). Pure Appl. Chem. 1985, 57, 603–619. [CrossRef]

41. Ghobadi, N. Band Gap Determination Using Absorption Spectrum Fitting Procedure. Int. Nano Lett. 2013, 3, 2–5. [CrossRef]
42. Souri, D.; Shomalian, K. Band Gap Determination by Absorption Spectrum Fitting Method (ASF) and Structural Properties of

Different Compositions of (60−x) V2O5-40TeO2-xSb2O3 Glasses. J. Non. Cryst. Solids 2009, 355, 1597–1601. [CrossRef]
43. Low, J.; Kreider, M.; Pulsifer, D.; Jones, A.; Gilani, T. Band Gap Energy in Silicon. Am. J. Undergrad. Res. 2008, 7, 27–32. [CrossRef]
44. Vadivelan, V.; Vasanth Kumar, K. Equilibrium, Kinetics, Mechanism, and Process Design for the Sorption of Methylene Blue onto

Rice Husk. J. Colloid Interface Sci. 2005, 286, 90–100. [CrossRef] [PubMed]
45. Tran, H.N. Differences between Chemical Reaction Kinetics and Adsorption Kinetics: Fundamentals and Discussion. J. Tech. Educ.

Sci. 2022, 70B, 33–47. [CrossRef]
46. Ho, Y.S.; McKay, G. A Comparison of Chemisorption Kinetic Models Applied to Pollutant Removal on Various Sorbents. Process

Saf. Environ. Prot. 1998, 76, 332–340. [CrossRef]
47. Meng, L.; Zhang, X.; Tang, Y.; Su, K.; Kong, J. Hierarchically Porous Silicon-Carbon-Nitrogen Hybrid Materials towards Highly

Efficient and Selective Adsorption of Organic Dyes. Sci. Rep. 2015, 5, 7910. [CrossRef]
48. Fazal, T.; Razzaq, A.; Javed, F.; Hafeez, A.; Rashid, N.; Amjad, U.S.; Ur Rehman, M.S.; Faisal, A.; Rehman, F. Integrating Adsorption

and Photocatalysis: A Cost Effective Strategy for Textile Wastewater Treatment Using Hybrid Biochar-TiO2 Composite. J. Hazard.
Mater. 2020, 390, 121623. [CrossRef] [PubMed]

49. Bruzzoniti, M.C.; Appendini, M.; Onida, B.; Castiglioni, M.; Del Bubba, M.; Vanzetti, L.; Jana, P.; Sorarù, G.D.; Rivoira, L.
Regenerable, Innovative Porous Silicon-Based Polymer-Derived Ceramics for Removal of Methylene Blue and Rhodamine B from
Textile and Environmental Waters. Environ. Sci. Pollut. Res. 2018, 25, 10619–10629. [CrossRef]

50. Xie, Y.; Yang, J.; Chen, Y.; Liu, X.; Zhao, H.; Yao, Y.; Cao, H. Promising Application of SiC without Co-Catalyst in Photocatalysis
and Ozone Integrated Process for Aqueous Organics Degradation. Catal. Today 2018, 315, 223–229. [CrossRef]

51. Yang, J.; Peng, Y.; Yang, B. Enhanced photocatalytic activity of SiC modified by BiVO4 under visible light irradiation. J. Dispers.
Sci. Technol. 2019, 40, 408–414. [CrossRef]

52. Hao, D.; Liu, Y.; Gao, S.; Arandiyan, H.; Bai, X.; Kong, Q.; Wei, W.; Shen, P.K.; Ni, B.-J. Emerging artificial nitrogen cycle processes
through novel electrochemical and photochemical synthesis. Mater. Today 2021, 46, 212–233. [CrossRef]

53. Florea, I.; Ersen, O.; Hirlimann, C.; Roiban, L.; Deneuve, A.; Houlle, M.; Janowska, I.; Nguyen, P.; Pham, C.; Pham-Huu, C.
Analytical electron tomography mapping of the SiC pore oxidation at the nanoscale. Nanoscale 2010, 2, 2668–2678. [CrossRef]
[PubMed]

54. Harris, A.J.; Vaughan, B.; Yeomans, J.A.; Smith, P.A.; Burnage, S.T. Surface preparation of silicon carbide for improved adhesive
bond strength in armour applications. J. Eur. Ceram. Soc. 2013, 33, 2925–2934. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.memsci.2020.118392
http://doi.org/10.1007/s12039-017-1230-5
http://doi.org/10.1007/s43630-021-00089-9
http://doi.org/10.1351/pac198557040603
http://doi.org/10.1186/2228-5326-3-2
http://doi.org/10.1016/j.jnoncrysol.2009.06.003
http://doi.org/10.33697/ajur.2008.010
http://doi.org/10.1016/j.jcis.2005.01.007
http://www.ncbi.nlm.nih.gov/pubmed/15848406
http://doi.org/10.54644/jte.70B.2022.1154
http://doi.org/10.1205/095758298529696
http://doi.org/10.1038/srep07910
http://doi.org/10.1016/j.jhazmat.2019.121623
http://www.ncbi.nlm.nih.gov/pubmed/31753670
http://doi.org/10.1007/s11356-018-1367-x
http://doi.org/10.1016/j.cattod.2018.01.013
http://doi.org/10.1080/01932691.2018.1470533
http://doi.org/10.1016/j.mattod.2021.01.029
http://doi.org/10.1039/c0nr00449a
http://www.ncbi.nlm.nih.gov/pubmed/20938516
http://doi.org/10.1016/j.jeurceramsoc.2013.05.026

	Introduction 
	Materials and Methods 
	Materials 
	SiC Foam Fabrication 
	SiC Foam Characterization 
	Black Experiments and Photocatalytic Degradation under Visible Light Irradiation 

	Results 
	SiC Foam Characterization 
	Bandgap Calculations of the Prepared SiC Foam 
	Adsorption Capacity and Photocatalytic Performance of SiC Foams under Visible Light Irradiation 

	Conclusions 
	References

