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Introduction

Characterization and reuse of SiC flakes generated
during electrochemical etching of 4H-SiC wafers¥

Matteo Barcellona, & 12 Vanessa Spano, & 2 Roberto Fiorenza,? Salvatore Scire, &2
Thomas Defforge,® Gaél Gautier® and Maria Elena Fragala & *@

Silicon carbide porous flakes are obtained during electrochemical etching (ECE) of n-doped 4H-SiC wafers.
In particular, the use of high current conditions (50-500 mA cm™2) causes detachment of silicon carbide
residues from the surface of the etched wafers. Herein, comprehensive material characterization
demonstrates the possibility of collecting and using these secondary products of the SiC ECE process. In
particular, etching of the two different 4H-SiC faces (Si-face and C-face) results in producing porous
flakes, characterized by different structural and chemical properties as investigated using N, adsorption
isotherms, Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), X-ray Diffraction (XRD),
and X-ray Photoelectron Spectroscopy (XPS). Adsorption properties in a water environment were
investigated using different classes of dyes (cationic, anionic, and neutral) such as methylene blue,
methyl orange, rhodamine B, rhodamine 6G, and thiazolyl blue tetrazolium. The preferential adsorption
of the positively charged species well confirms the negative surface charge of the flakes, even though
other factors such as steric hindrance and charge screening influence the dye-flake interaction.
Methylene Blue (MB) is the most efficiently adsorbed dye and is used as a model to study the adsorption
mechanism on both Si and C-face flakes by a thermodynamics and kinetics investigation. The Langmuir
model best describes the adsorption mechanism of MB by Si-face generated flakes whilst both Langmuir
and Freundlich models fit well the C-face flake adsorption behavior and the kinetic study indicates that
the diffusion stage of adsorption is faster than the dye—dye stacking. This preliminary study of the
properties of SiC flakes demonstrates their applicability in environmental applications as adsorbent
materials whose activity can be mastered by coupling the SiC photocatalytic properties. Moreover, their
intrinsic porosity makes possible the dimensional scaling down of these SiC flakes by mechanical
sonication to produce SiC nanoparticles as alternative approaches to high-energy ball milling,
carbothermic reduction, or laser ablation.

manufactured so that they can be obtained with manufacturing
approaches with high efficiency and low environmental impact
both in terms of energy consumption and minimization of the

Porous materials are particularly promising from a technolog-
ical and industrial point of view for a wide range of applications
that benefit from the lightness of the materials, the high surface
area, the modularity of porosity, and the pore size combined
with the specific properties of the constituent materials. These
materials therefore have an important role in the ecological
transition process that modern society must finalize to ensure
a more sustainable future and preserve the health of the earth.
In the circular economy, new materials are designed and
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dispersion of waste or secondary products which in any case
must be reusable and recyclable rather than being disposed.*
Porous materials, classified according to their macro-, meso-
, Or micro-pore sizes, can be obtained mainly through sintering,
foaming methodologies, or approaches that use sacrificial
fugitives or replica templates. Noteworthily, most of these
approaches require high temperatures (1000-2000 °C) and
high-pressure experimental conditions.>* Electrochemical
etching (ECE) is a widely used technique that allows working at
room temperature and atmospheric pressure, producing porous
materials that can be used in various areas of industrial appli-
cation such as photovoltaics,>® sensors,” and biosensors.®
Porous inorganic materials, among other things, also play an
important role in the adsorption of specific analytes and
therefore can also be used as active filters for analytical and
environmental applications. As regards their use as catalysts, in

This journal is © The Royal Society of Chemistry 2025
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addition to porosity, they must be characterized by specific
unique chemical-physical properties, such as hardness and
mechanical and thermal stability, as well as good chemical
inertness and resistance to oxidation. These properties char-
acterize silicon carbide (SiC) which is therefore considered an
alternative to many conventional ceramic materials generally
used in catalysis. Noteworthily, its semiconductor characteris-
tics make it an interesting alternative to many semiconductor
oxides used as photocatalysts.

Herein we provide a comprehensive characterization of
porous SiC flakes resulting as “secondary” materials during ECE
of 4H-SiC under specific conditions, as illustrated in Fig. 1.

In particular, the high current density ECE on SiC causes the
detachment of the flakes which can be collected at the end of
the etching procedure. The obtained results demonstrate that
the etching of silicon and carbon 4H-SiC faces results in
producing flakes characterized by a different morphology and
pore distribution as well as surface composition. To our
knowledge, the literature does not report examples of porous
SiC flakes obtained by ECE of 4H-SiC wafers. Herein, an inves-
tigation of the dependence of the flakes' porosity on the nature
of the face exposed (Si-face and C-face) to the electrolytic solu-
tion is presented.

Of note, the current environmental challenges require
urging sustainable technologies for water treatment and hence
necessitate the development of innovative solutions that
comprise many fields of research from chemistry to physics.
Water contamination arises from various sources, including
industrial discharges, agricultural runoff, and improper waste
disposal. Traditional water treatment methods often fall short
in handling emerging contaminants and achieving compre-
hensive purification: in particular, the use of dyes and pigments
in different industries (such as textiles, pharmaceuticals, food,
cosmetics, plastics, paints, inks, photographs, and paper) cau-
ses the release of colorful wastewater into the environment with
consequent serious risks for human health.® There are many
methodologies used for water purification;>'® however, the
possibility of manufacturing nanosized materials characterized
by high surface-to-volume ratios has made it possible to develop
new absorbents (or superabsorbents) capable of removing
polluting substances due to non-covalent interactions with the

2) Porous etched SiC

3) Detached flakes

1) Anodic
Oxide

Fig. 1 Mechanism of SiC flake formation during SiC ECE treatment.
The SiC substrate is supplied with a voltage that causes surface
oxidation (point 1). The anodic oxide is etched by HF in the electrolytic
solution (point 2). The flakes detach from the SiC etched surface due to
the high current densities (point 3).
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surface of the material. Furthermore, the photocatalytic prop-
erties of semiconductor-based nanomaterials have imple-
mented the use of advanced oxidative processes (AOPs) as green
methodologies for the abatement of organic pollutants through
processes promoted by unspecific and aggressive (super)oxida-
tive radical species (hydroxyl and superoxide radicals) respon-
sible for the complete mineralization of dyes.'>**

A preliminary study on the adsorption ability to remove dye
molecules from water is herein elucidated. Moreover, we
demonstrated the possibility of reusing the porous flakes (instead
of their disposal) as reusable adsorbent materials. The adsorption
mechanism of SiC flakes has been investigated and the results
suggest that the transfer of dye molecules is driven by many
factors such as size, shape, and charge of the dye as well as pore
size distribution: this latter aspect makes SiC flakes suitable novel
adsorbents for the separation of organic dyes. Another important
ability of these flakes is related to their complete recyclability and,
hence to the possibility of being able to fully restore them without
dispersing the material in washing procedures.

Since porous silicon carbide (SiC) is emerging as a promising
material to be used in photocatalysis'® due to an appropriate
band-gap (varying from 2.4 to 3.4 eV) and its remarkable phys-
ical properties and chemical stabilities, the obtained results are
important from the perspective of using porous SiC flakes as
a multifunctional material to achieve more efficient removal of
dyes from wastewater by coupling its absorbent properties to
the photocatalytic activity.™

Materials and methods
4H-SiC flake fabrication

4H-SiC flakes were produced through the electrochemical
etching (ECE) technique using a 6-inch homemade PS electro-
chemical cell, specifically designed for collecting particles from
high-area wafers. The electrochemical attack was executed in
galvanostatic mode, involving 300 etching cycles with pulsed
current at 510 mA cm 2. The ECE attack was conducted with
a pulse of 2 s interspersed with a pause of 5 s. The electrolyte
solution comprised a mixture of HF 30 wt%, CH;COOH (acetic
acid) 10 wt%, and H,0. CH3;COOH has the role of achieving
homogeneous pores along the etching direction.” SiC flake
fabrication was performed at room temperature and atmo-
spheric pressure. A 4-inch 4H-SiC n-type material with a resis-
tivity of 0.037 Q cm was chosen for the top-down approach. Ti/
Ni metallization was performed on the wafer periphery in order
to ensure a good ohmic contact during the anodization. Flakes
were obtained by selectively etching the C-face or Si-face of the
wafer. Prior to their collection, the flakes were washed multiple
times in DI water to eliminate adsorbed HF until the detection
of neutral pH conditions. The dispersed flakes were filtered and
dried in an oven at 80 °C for 4 hours. Approximately 1 g of flakes
was obtained for each wafer.

Investigation methods

SEM micrographs were acquired using an FE-SEM instrument
(Jeol JSM-7900F). A typical probe energy of 10 kV was set for the
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image acquisition. An in-lens detector (UED) and a working
distance of 4 mm were standard settings to acquire high-
magnification images. A minimum chamber pressure of 3 x
10~% Pa was employed during the analysis. The flakes were
deposited on a carbon tape film randomly distributed in order
to ensure the morphological characterization of both the top
surface and the sidewalls at once.

Atomic Force Microscopy (AFM) was employed to charac-
terize the surface roughness in this study. Measurements were
conducted using an NT-MDT modular AFM NTEGRA instru-
ment featuring a PX Ultra controller system. The instrument
utilized a high-resolution silicon tip (ETALON HA_NC type) with
specifications including a resonant frequency of 140 kHz +
10%, a force constant of 3.5 N m™" & 20%, a cantilever length of
124 pm + 2 pm, a cantilever width of 34 um + 3 pm, and
a cantilever thickness of 1.85 pm =+ 0.15 um. Imaging was per-
formed in semi-contact mode at room temperature and atmo-
spheric pressure.

Rugosity parameters were assessed using Root Mean Square
(RMS) and Roughness Average (RA). The Peak-to-Peak (PtP)
parameter represented the maximum height in the acquisition.
The S,, parameter quantified the average lateral distance
between peaks in a section, expressed in nm or um.

Elemental and chemical investigations were conducted
utilizing the X-ray Photoelectron Spectroscopy (XPS) character-
ization technique. The analysis was specifically carried out with
a PHI 5000 VersaProbe II, set at a take-off angle of 45° relative to
the sample surface holder. The X-ray source was an Al Ko
(1486.6 eV), with a pass energy of 187.85 eV for the survey scans
and 23.5 eV for the detailed scans. The base pressure within the
chamber was maintained at 1 x 10~° Pa. Spectral calibration
was performed by setting the C 1s signal of adventitious carbon
at 285.0 eV. Peak intensities were determined prior to the
removal of Shirley's background, followed by the calculation of
elemental percentages based on the sensitivity factors reported
in the referenced scientific literature.® The deconvolution
process was executed using the XPSPeak 4.1 software."”

The crystallinity of 4H-SiC flakes was investigated by the X-
ray Diffraction (XRD) technique employing a Rigaku SmartLab
instrument. The analysis was conducted in §-26 geometry using
a Cu Ka source.

The porosity of the flakes was assessed with adsorption—
desorption measurements of N, at —196 °C using a Micro-
meritics Tristar 3000 instrument. The surface area was deter-
mined with the Brunauer-Emmett-Teller (BET) methodology,
whereas the pore size distribution with the Barrett-Joyner-
Halenda (BJH) model.

The materials were pre-treated before the measurements by
out-gassing at 100 °C overnight.

Adsorption experiments

The adsorption experiments were done following the decrement
of the concentration in a 5 mL aqueous solution of the dyes. The
Methylene Blue (MB) molecule was used as a model to investi-
gate the adsorption capacity of 4H-SiC flakes. The decrement of
MB concentration was followed by UV-vis spectroscopy (Jasco V-
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530). The MB chloride dye salt (M,, = 319.85 g mol ) absorbs
the light in the visible region with a peak at 664 nm. Thermo-
dynamics and kinetics studies of the MB adsorption on the 4H-
SiC flake surface were done following the g, (mg g™ ') curve as
a function of time. The ¢, factor expresses the milligrams of dye
adsorbed per gram of adsorbent. The g, is obtained as follows:

(Ao — A,)- V- M,-1000
664" b Mags

q(mgg™) =

where A is the UV-vis absorbance, V is the volume of MB solu-
tion (L), M,, is the MB molar mass (g mol™ "), g4 is the UV-vis
MB extinction coefficient at 664 nm (L mol ' cm™'), b is the
cuvette optical path (cm), and m,g; is the adsorbent mass (g).
The extinction coefficient at 664 nm (eg64) was experimentally
determined and was equal to 9.5 x 10" L mol " cm ™" at pH = 7.
The calibration linear fit is shown in Fig. S1.}

The relevant value of the isotherm adsorption curve is the g.
(mg g~ ") which is the g, value at the equilibrium state at each
dye concentration. Methylene blue concentrations of 7, 10, 15,
20, and 30 mol L™ " were used for the experiments at pH = 7. The
isotherm experiments were executed at a temperature of 298.15
K. The adsorbent mass at each experiment was 2 mg.

The 4H-SiC flake adsorption potential was investigated also
employing the dyes methyl oange (M, = 327.33 g mol ),
rhodamine B chloride salt (M,, = 479.02 g mol '), rhodamine
6G chloride salt (M,, = 479.02 g mol™") and thiazolyl blue
tetrazolium bromide salt (M,, = 414.32 g mol ). The molecular
structures and their properties were obtained using Avogadro
free software.

After each adsorption cycle, the flakes were recovered by
70 wt% HNO; treatment. The HNO; was then eliminated by
heating at 80 °C until complete evaporation of the solution.

Results and discussion

4H-SiC flake characterization

The production of 4H-SiC flakes was done by the ECE tech-
nique. Two different experiments were conducted by keeping
constant the ECE parameters (current density, pulse, duration,
and electrolytic solution composition) and by varying the 4H-
SiC face exposed to the electrolytic solution. Namely, flakes
from the Si-face and C-face were obtained. The two 4H-SiC faces
led to different flake morphologies due to the different prefer-
ential lattice plane etching. The 4H-SiC Si-face-derived flakes
exhibit a cauliflower-like morphology (Fig. 2a) on top and
a dendrimeric morphology (Fig. 2b) on the sidewall as already
reported in the scientific literature.”® However, the C-face
derived flakes show a columnar-like morphology on both the
top (Fig. 2¢) and sidewall (Fig. 2d) sections.

The morphology of Si-face flakes is due to the pores’ propa-
gation along the (1104) and (1104) planes* with angles between
90 and 120°. The remarkable adaptability of the ECE approach
can be attributed to its ability to yield diverse morphologies on
the Si-face, as explained by Shishkin and colleagues.'®* However,
the well-known C-face flakes' columnar morphology® is attrib-
uted to the preferential etching in the [0001] direction.>"**

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 SEM micrographs of Si-face 4H-SiC flakes (a) top view and (b)
sidewall view, and C-face SiC flakes (c) top view and (d) sidewall view.

Moreover, the use of pulses instead of constant current
densities leads to homogeneous morphology in-depth and
narrow pore distribution in the flakes as mentioned in
a previous study.” The morphological differences between the
two 4H-SiC faces are further elucidated by AFM analysis. The 2D
4 um? acquisition of the Si-face (Fig. S2at) and C-face (Fig. S2b¥)
reveals the surface morphology as seen in Fig. 2a and b: the
micrometric flatness of Si-face flakes (see Fig. S2c¢t) compared
to C-face flakes (see the wave-like structure in Fig. S2df) is
confirmed by the different AFM scanning area (4, 25, and 100
um?*) measurements. The AFM parameters reported in Table 1
show Si-face flakes' constant values of the typical roughness
parameters, namely RMS, RA, and PtP, by decreasing the scan
area. Otherwise, the C-face flakes show a decreasing trend of the
cited parameters as the scan area was decreased, due to the
wave-like shape.

The cause of the wavelike shape of the C-face flakes has not
been already uncovered. One may assume that the starting
morphology of the C-face 4H-SiC wafer, which is characterized
by terraces, imprints the wave morphology as observable in
Fig. S2d.T The presence of terraces on the C-face is due to the 8°
offset typical of 4H-SiC wafers.>»* The C-faces generally lack
polishing treatments, and the terraces are still visible.

XPS analyses show no relevant differences in terms of
elemental composition for the two 4H-SiC surfaces, as shown in

Table 1 AFM roughness parameters of Si-face and C-face 4H-SiC
flakes on 4, 25, and 100 um? scan area. Root Mean Square (RMS),
Roughness Average (RA), and Peak to Peak (PtP)

Acquisition area RMS (nm) RA (nm) PtP (nm)
4H-SiC Si-face 100 pm? 16.0 12.5 170.7

25 pm? 16.0 12.6 123.8

4 ym? 14.3 11.2 120.9
4H-SiC C-face 100 pm?® 126.8 98.1 951.8

25 pm? 50.5 40.7 416.9

4 um? 14.6 11.8 91.2

This journal is © The Royal Society of Chemistry 2025
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Table S1:} the Si-face flakes are distinguished by a slightly lower
Si content and slightly higher oxygen content than the initial
wafer material whilst the C-face flakes have a lower oxygen
content. The C 1s photoelectron peak reported in Fig. 3a shows
two main components attributed to Si-C, at binding energy (BE)
of 283.4 eV** and C-C at 284.8 eV* (the C-C is due to adventi-
tious carbon contamination) on both the Si-face and C-face.
However, a specific Si-O-C component at 286.6 eV*’?* is
observed for the C-face, which contrasts with the well-defined
C-O group at 286.2 eV* for the Si-face. The C1s spectra of the
C-face flakes exhibit a more defined tail at high BE (attributed to
carboxy moieties) than the Si-face flakes. The presence of the Si—
O-C group on the C-face surface is supported by a component in
the Si2p signal (Fig. 3b) at BE 102.4 eV.* The Si-C bond is
detected in both Si-face and C-face flake surfaces at 101.3 eV.*®

The main surface chemical difference lies in the absence of
the Si-O-C group on Si-face flakes with respect to the C-face
flakes. It is well-known that the Si-O-C moiety formation
occurs during the oxidation treatment of the SiC surface.?®3** It
is noted that surface oxidation is easily achieved on the 4H-SiC
C-face rather than the Si-face. The reason behind this could be
attributed to the flatter surface of the Si-face than the C-face
which causes an increase in the oxidation activation energy.*
Furthermore, the formation of Si-O-C as a preliminary layer
was detected during the transition of SiC into SiO, in carbon-
rich layers which is typical of the C-face side.*

The lower oxygen content of C-face flakes (see Table S1}) and
the presence of the SiO, moiety on the Si-face flakes' surface
suggest that the Si-O-C acts as a passivation group toward
further oxidation of the SiC flake surface when exposed to air.

Despite the carving process conducted by electrochemical
etching on the starting 4H-SiC wafer, the resulting flakes
preserve the crystallinity as shown in the XRD pattern of Fig. 3c.
One sharp signal at 35.6° was detected and it is attributed to the
(004) planes.*** The electric properties of 4H-SiC flakes reflect
the saved crystallinity. The application of 4H-SiC flakes in
photocatalysis requires the WBG properties of the starting
material. The application of 4H-SiC flakes in Advanced Oxida-
tion Processes (AOPs) will be discussed later.

The XPS analysis sheds light on the possible surface termi-
nations of the flakes starting from the two different faces of SiC.
The different terminations could in principle answer to chem-
ical groups of molecules in the water environment for molecular
sieves and filters. The adsorption mechanism starts with the
recruitment of molecules towards the surface of the adsorbent
material. The flow of molecules to the surface is driven by
diffusion and electrostatic forces. The 4H-SiC surface is nega-
tively charged due to dangling oxygen bonds on it, which are
available on both Si-face and C-face flakes.

If the adsorption starts with molecule recruitment, a highly
porous material is obviously more efficient in the adsorption
capacity than a low porosity one. The differences in porosity
between the two sets of flakes can be rationalized by the
different morphology of the flakes. As previously anticipated,
the Si-face flakes are characterized by dendrimeric structures on
the sidewalls and a cauliflower-like morphology on top.
However, the C-face flakes are characterized by a columnar-like

J. Mater. Chem. A, 2025, 13, 3034-3044 | 3037
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Fig. 3 XPS spectra of 4H-SiC flakes fabricated from the Si-face (left) and C-face (right) of (a) C 1s and (b) Si 2p photoelectron signals.
Deconvolution components are displayed as blue dotted curves under the experimental spectra in light gray lines. (c) §—26 geometry XRD pattern
of 4H-SiC Si-face flakes. (d) N, physisorption curves of 4H-SiC flakes from the Si-face (blue plot) and C-face (yellow plot) and (e) BJH (desorption
curve) pore size distribution of 4H-SiC flakes from the Si-face (blue plot) and C-face (yellow plot).

morphology. Comparing the two morphologies, it is possible to
note the presence of smaller pores in the Si-face than in the C-
face ones.

An Image] analysis using a threshold tool on SEM micro-
graphs (see Fig. S371) revealed and confirmed the higher surface
area of Si-face flakes than C-face-derived ones. In particular, the
Si-face flakes present a porosity of 45% + 12% and 44% =+ 5%
respectively in the sidewall and in the plane portion of the
flakes. The C-face flakes with values of 21% =+ 5% and 30% =+
6% of the sidewall and plane portion, respectively, were for the
most part lower than the corresponding values for the Si-face
flakes.

The porosity of 4H-SiC flakes was determined by N, phys-
isorption measurements. The N, isotherms of the examined
samples (Fig. 3d) showed a type III curve with a H3 hysteresis,
more evident for the Si-face and typical of slit-shaped pores.*®
The Si-face allowed a higher amount of N, adsorption and
consequently, it showed a higher BET surface area (46.5 m> g~ ')
compared to the 36.4 m* g " of the C-face.

The BJH pore size distribution of the fabricated flakes is
shown in Fig. 3e. The blue curve of Fig. 3e shows the pore size
distribution of the Si-face derived flakes characterized by
a bimodal curve of mesopores with two peaks at 4.4 nm and
48.1 nm. On the other hand, the C-face flakes (yellow plot of
Fig. 3e) show a pore size distribution curve shifted towards
larger pores with a maximum peak at 59.4 nm, in the macropore
range. These changes in the pore width explain the different
surface areas of the samples: in particular, the Si-face flakes,

3038 | J Mater. Chem. A, 2025, 13, 3034-3044

characterized by a narrower pore size distribution, exhibit
a higher surface area than the C-face counterpart.

The role played by current and HF concentration during the
ECE process of both SiC faces influences the pore size distri-
bution as well as the surface area of the flakes, as demonstrated
by preliminary experiments reported in Table S2.}

These changes in the pore width are strictly connected with
the surface area of the samples with the Si-face derived flakes,
owing to a narrower pore size distribution, exhibited a higher
surface area than the C-face counterpart. Considering that the
commercially available SiC nanoparticles are characterized by
BET surface area values of 5-15 m> g~ ',*”* it is possible to note
how the peculiar preparation method, here proposed, allowed
the fabrication of 4H-SiC flakes with meso- and macro-porosity
and an increased surface area.

Although the SEM and BET analyses were useful in under-
standing the differences in porosity between the two sets of
flakes, neither the morphological nor the textural analysis can
unveil the real behavior of molecule adsorption in a water
medium. For this purpose, thermodynamics and kinetics
experiments were executed.

Dye adsorption: thermodynamics and kinetics investigation

The adsorption process is driven by a thermodynamic propen-
sity of interaction via secondary bonds between the molecules
and the surface of the adsorbent material. At the same level as
the thermodynamics investigation, the kinetic aspects of
adsorption are of utmost importance. Methylene Blue (MB) is
a cationic dye (see the structure in Fig. S11at) used as a model

This journal is © The Royal Society of Chemistry 2025
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structure to perform adsorption isotherm experiments. It has
an absorption peak at 664 nm which is the reference of dye
concentration: following the decrement in concentration and
converting it in g, value, it was possible to investigate the
adsorption features of the coupled 4H-SiC flakes and MB.

Thermodynamics and kinetics investigation were done
following the isotherm curves recorded at a temperature of
298.15 K, as shown in Fig. 4. A total of 5 MB concentrations (7,
10, 15, 20, and 30 uM) were chosen to perform adsorption
isotherm experiments. In particular, the experiments were
performed on both Si-face (Fig. 4a) and C-face (Fig. 4b) derived
4H-SiC flakes.

Around 200 min, all the experiments reached the equilib-
rium state of adsorption where the concentration remained
constant.

Isotherm adsorption curves in Fig. 4 exhibit an L-shape
which is typical of molecule adsorption on a solid/liquid inter-
face.** As evidenced in Fig. 4, the MB adsorption in Si-face flakes
is higher than in the C-face. The isotherm experimental results
in the water environment confirm the textural properties of the
samples, with the 4H-SiC Si-face flakes showing a higher
specific surface area (46.5 m* g~ ) than C-face flakes (36.4 m>
g

Different adsorption isotherm thermodynamic models were
formulated** although the two most practical are the Langmuir
and Freundlich models.**** The Langmuir isotherm model is
essential to understand the adsorption processes in surface
chemistry. It considers various crucial components, such as
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Fig. 4 Adsorption isotherm of MB (T = 298.15 K, [MB]o = 7, 10, 15, 20,
and 30 puM) reported as q; value variation over time for 4H-SiC flakes (a)
Si-face and (b) C-face. The fitting curves are shown as dashed red
lines.
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assuming a uniform surface with identical adsorption sites.
Moreover, it incorporates the concept of monolayer adsorption,
which means that once a site is occupied, no additional
adsorption can occur.**® The Langmuir's model is described
using the following equation:

Cq 1 Ceq
Q€q KL Qm Qm

where C.q is the concentration at the equilibrium (mg L"), geq
is the mass of dye per gram of adsorbent (mg g™ '), Qp, is the
maximum adsorption capacity (mg g '), and Kj, is the Langmuir
constant (L mg ™).

The heterogeneous adsorbent surfaces are best described
using the Freundlich isotherm model. This model reveals that
the adsorption process is not consistent throughout the entire
surface of the adsorbent. It is a practical theory that finds
application when the solutes attach to solid material in a non-
linear way.”” Freundlich's isotherm model is described using
the following equation:

In(gey) = In(Ke) + LI (C)

where Ceq is the concentration at the equilibrium (mg L™"), geq
is the mass of dye per gram of adsorbent (mg ¢~ %), and K is the
Freundlich constant which expresses the adsorption capacity,
and n is an empirical constant of adsorption intensity.

Freundlich's linear fit graphs are shown in Fig. S41 whereas
Langmuir's linear fit graphs are shown in Fig. S5.7 The funda-
mental parameters of Freundlich (K¢ and n) and Langmuir (K;,
and Q,,) models, associated with the coefficient of determina-
tion (R*) values of each fitting, are reported in Table 2. The pore
size (see Fig. 3e) and specific surface area determined by BET
analysis reflect the thermodynamics fit parameters of both
Freundlich and Langmuir models. Freundlich's adsorption
isotherm model fits less well than the Langmuir model (see R*
values of Table 2). As previously stated, this result indicates
a homogeneous adsorption mechanism of a dye's monolayer
over the surface of the adsorbent material, which is typical of
nanocrystalline cellulose® and Metal-Organic Frameworks
(MOFs),**® distinguished by ordered structures. According to
the Langmuir isotherm adsorption model, the maximum
capacities of the Si-face and C-face flakes are respectively
7.23 mg g ' and 5.96 mg g ': the slightly higher adsorption
capacity of the 4H-SiC flakes is attributed to the porosity of the
Si-face flakes being higher than that of C-face flakes.

The kinetics investigation was conducted by applying two
models: the pseudo-first-order model (Lagergren model) and
the pseudo-second-order model. According to the former, as
described in the following equation, the rate of adsorption is
proportional to the number of unoccupied sites:*

Kt
In(geg — 41) = 5353 + 0(4a)

where geq (mg g~') is the mass of adsorbed dye at equilibrium
per mass of absorbent, g, (mg g~ ") is the equivalent g (mg g~ )
value at a certain time, K¢ (min ") is the pseudo-first-order rate
constant, and ¢ is the time (min).
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Table 2 Freundlich and Langmuir fitting parameters of MB isotherm adsorption at 298.15 K on 4H-SiC Si-face and C-face flakes

Samples Freundlich's model R? Langmuir's model K, (L mg ™), O (mg g™ 1) R?

4H-SiC Si-face flakes Ky = 5.27 0.61 K, = 3.95 0.99
n=5.78 Om = 7.23

4H-SiC C-face flakes Ky = 2.98 0.86 Ky, = 0.72 0.99
n=3.86 Om = 5.96

The applied model is not in good accordance with the dyes. Molecules' features such as size, charges, steric

experimental data, as displayed in Fig. S61 and indicated by the
low R? values in Table 2.

The pseudo-second-order model considers the adsorption
rate dependent on the square of the number of unoccupied
sites,® as described using the following equation:

t t 1

4 deq Kpsdeg

where geq (mg g™ ') is the mass of adsorbed dye at equilibrium
per mass of absorbent, ¢, (mg g~ ') is the equivalent g (mg g™ )
value at a certain time, ¢ is the time (min), and K is the pseudo-
second-order rate constant (g mg ™' min %).

As evident from Fig. S71 and Table 2, the pseudo-second-
order model fits even better than the pseudo-first-order exper-
imental data for both Si-face and C-face flakes.*

Finally, Weber's intraparticle diffusion model is the last
model applied for the kinetics investigation of MB adsorption
on 4H-SiC flakes, as shown in the following equation:

4. = Kit"? + g

where g, (mg g ') is the equivalent ¢ (mg g~ ') value at a certain
time, g. (mg g~ ") is the y-value intersection point of the second
adsorption step, ¢ is the time (min), and K; is the intraparticle
diffusion rate constant (mg g~ min~"/?) of each adsorption stage.

The plot in Fig. S8t was fitted according to a piecewise linear
regression model: the first linear section describes the initial and
fastest step (K3, high value of slope) of dye adsorption, with the
formation of a monolayer, on the adsorbent surface. This step is
driven by the diffusion force of the dye from the solution (high
concentration) to the adsorbent surface (low concentration). The
slope associated with the second section (K5) is lower than that of
the first step and represents the stage of dye-dye stacking on top
of the adsorbent surface.”* The piecewise regression was a good
model to describe more in-depth the diffusion driving force and
the MB stacking tendency. Generally, in both Si-face and C-face
flakes, the K; values are one order of magnitude higher than K,,
thus indicating that the diffusion stage of adsorption is faster
than the dye-dye stacking, and mostly includes the majority of the
dye adsorption. The kinetics parameters of each model for 4H-SiC
Si-face and C-face flakes are listed in Table S3{ and point to faster
kinetics of MB adsorption on Si-face flakes than on C-face flakes.

4H-SiC flakes as molecular sieves

The complex porous structure of 4H-SiC flakes should in prin-
ciple guarantee selectivity against different classes of organic

3040 | J Mater. Chem. A, 2025, 13, 3034-3044

hindrances, and acid-base characteristics differentiate the
molecules taken under study in this work. In particular, elec-
trostatic interactions between the 4H-SiC porous flakes and
differently charged and neutral dyes are herein scrutinized. In
particular, other than MB, Rhodamine B (RhB), Thiazolyl Blue
Tetrazolium (TBT), and Methyl orange (MO), whose main
properties are reported in Table S4, have been tested. The
molecular structure of these dyes is shown in Fig. S11.71

Generally, an adsorption process is mainly influenced by
critical factors such as the size of the adsorbent pores, the
surface-active groups' acidity, the steric hindrance of the
molecules as well as the charged group acidity.>** All the
molecular systems under investigation have a similar length
(between 1.1 and 1.3 nm) fully compatible with the pores size of
both Si-face and C-face flakes and, accordingly, their size and
steric hindrance should not affect adsorption selectivity.

The role of the dyes' charges is elucidated by testing the
flakes's adsorption capacity of the anionic MO (30 uM solution)
at two different pH values. The pK, value of the -SO; group is
3.5,° thus it is possible to work with negative and neutral MO by
working at pH = 7 (negatively charged) and pH = 1 (neutral). In
both cases, the adsorption percentage is very low (~2%) for both
Si-face and C-face flakes. The MO experiments at pH = 1 suggest
the absence of any hydrophobic interaction, while the test at pH
= 7 confirms the negatively charged surface of SiC flakes.

The cationic MB was taken as a model molecule for the
thermodynamics and kinetics investigation of 4H-SiC flakes
(resulting from ECE of both Si- and C- 4H SiC wafer face). At pH
= 7 (after 200 min), a MB adsorption of 49% for Si-face and 31%
for the C-face points to an electrostatically driven affinity of the
flakes towards cationic dyes. This behavior is furthermore
confirmed by testing model anionic and cationic porphyrin
having similar size and shape: in particular, the tetra-cationic
meso-tetrakis(N-methylpyridinium-4-yl)porphyrin (H,T,) was
adsorbed by SiC flakes (~40%) while no adsorption was detec-
ted for the anionic meso-tetra(4-sulfonate phenyl)porphyrin
(H,TPPS) porphyrin (data not shown). However, by testing other
cationic molecules having a different structure such as RhB and
TBT, a lower adsorption is achieved on both Si-face and C-face
flakes with respect to MB. Fig. 5a summarizes the adsorption
tests done on the selection of dyes described in Table S4.1 These
data highlight the role of the electrostatic repulsion between the
negatively charged MO and porous SiC. Noteworthily, although
the a-SiC and 3C-SiC can acquire a positively charged surface at
a pH value below 4.5,°7°® the surface of 4H-SiC remains nega-
tively charged within the pH range of 0 to 14.> Therefore, the

This journal is © The Royal Society of Chemistry 2025
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Fig.5 (a) Bar graph of dye adsorption percentage of MO 30 uM at pH =7,

MO 30 uM atpH =1, MB 15 uM at pH =7, RhB 15 pM at pH = 3, Rh6G 15

uM at pH = 5and TBT 1.5 x 10™* M at pH = 7 on 4H-SiC Si-face (yellow bars) and C-face (blue bars) flakes. The investigated dyes are grouped by
their negatively, neutral, and positively charged groups. (b) Adsorption and photocatalytic degradation curve of MB 15 uM. The experiments were
conducted with 4H-SiC Si-face (red curve) and C-face (blue curve) flakes. The adsorption experiment was conducted under dark conditions
(grey section of the graph) until SiC flake saturation. Photolysis of MB is shown as a black curve. (c) Pseudo-first order kinetics of MB 15 uM
photocatalysis by 4H-SiC Si-face (red dots) and C-face (blue dots) flakes.

negative surface charge of porous flakes is in good agreement
with the affinity with MB, which is efficiently adsorbed by both
Si-face and C-face flakes (Fig. 5a). However, the electrostatic
force cannot be the only driving force that regulates dye
adsorption as pointed out by the flakes’ interaction with RhB.
This dye is, in fact, positively charged at pH = 3, but it is faintly
adsorbed by both Si-face and C-face flakes showing an adsorp-
tion percentage of 8% and 7%, respectively (Fig. 5a). Mass
transfer inside porous materials is influenced and limited by
many factors overcoming a favorable coulombic interaction,
such as pore narrowing, steric hindrance of dyes, and
interaction/aggregation between dye molecules.®® Accordingly,
RhB has a higher steric hindrance around the positive charge
(see Fig. S11bt) represented by the presence of two ethyl groups
rather than the methyl groups of MBs. This hypothesis is sup-
ported by the adsorption behavior of Rh6G on 4H-SiC flakes (see
Fig. 5a): in this case, adsorption percentages of 34.2% and 34%
respectively for Si-face and C-face flakes have been measured. Of
note, the Rh6G has only one ethyl group bonded to the posi-
tively charged nitrogen (see the molecular structure in
Fig. S11ct): this implies a lower steric hindrance around the
positive charge than the RhB molecule. However, the observed
behavior well matches the role of electron donor substituents
that reduce the electron density around positively charged
nitrogen, thus reducing the interaction with flakes.

Finally, the TBT molecule was also poorly adsorbed by flakes
(3.6% on C-face flakes and 0.2% on C-face flakes): in this case, the
steric hindrance of the molecular structure can be responsible for
this difference with respect to MB and Rh6G (Fig. S11dt). TBT
has a fixed positive charge that does not depend on the pH value,
but its access inside the pores is limited by the hindrance of the
chemical groups around the charged atom causing minor effi-
cient recruitment of molecules to the surface of the flakes.
Observing the overall results of all the cationic dyes, one may
note that the difference in adsorption percentage decreases
between Si-face and C-face by increasing the steric hindrance of
the dyes. The effect is reasonably attributed to the major role of

This journal is © The Royal Society of Chemistry 2025

macropores on both Si-face and C-face flakes of dye molecules
with high steric hindrance.

4H-SiC flakes as a photocatalyst

In the previous section, we discussed the possibility of removing
organic pollutants from water streams by exploiting the porosity
of 4H-SiC flakes. Another possible strategy for organic pollutant
removal from water is by employing AOPs, exploiting the 4H-SiC
WBG semiconductor properties. The photocatalytic degradation
of organic pollutants in water leads to the mineralization into
CO, and H,0.°% The 4H-SiC is a Wide Band Gap (WBG)
material with a band-gap value of 3.2 eV. The morphology and
crystallinity characterization demonstrates that the 4H-SiC
flakes preserved the properties of the starting material after
their fabrication by the ECE technique. The semiconductor
properties leave room for photocatalytic applications. Herein,
photocatalysis experiments using 4H-SiC flakes were conduct-
ed. The MB dye was chosen as a model of organic pollutants in
water. The flakes were immersed in a 15 uM solution of MB. The
solution was kept in the dark for 24 h as a starting adsorption
delay time prior to the photocatalysis start. The C, matches the
solution molar concentration after SiC flake saturation, corre-
sponding to the beginning of the photocatalysis phase. The
solution and the flakes were irradiated by using a 365 nm UV
lamp for 240 min as shown in Fig. 5b. The photolysis of MB, in
the absence of flakes, is negligible as shown by the black curve
in Fig. 5b.

The experimental curves were best fitted with the pseudo-
first-order kinetics model (see Fig. 5c). It was possible to
calculate the degradation constant values of 4.96 x 10~ min~"
and 3.61 x 107° min~" for Si-face and C-face flakes, respec-
tively. In both cases, the linear best-fit R* value is 0.99. The
slightly higher photocatalytic efficiency of Si-face flakes over C-
face flakes is due to the higher porosity of the former. The
photocatalysis mechanism occurs on the very near photo-
catalyst surface. Hence, a higher surface area is beneficial over
the photocatalyst efficiency.

J. Mater. Chem. A, 2025, 13, 3034-3044 | 3041
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4H-SiC flake recovery

One of the peculiarities of SiC flakes relies on the possibility of
recovering and reusing them after the dye adsorption saturation.
SiC flake recovery after MB saturation can be followed by a Sodium
Dodecyl Sulfate (SDS) 5 wt% solution desorption treatment. The
Methylene Blue (MB) stripping from the SiC flake surface by SDS is
carried out by the formation of micelles and by hydrophobic/
hydrophilic interactions occurring when the concentration of
surfactants in water exceeds the Critical Micellar Concentration
(CMC). In fact, micelles possess a hydrophobic core in a water
environment that can encapsulate organic compounds.®** The
electrostatic interaction between the positively charged MB and
the porous material surface is weakened by the presence of SDS,
which could cause the desorption of the dye.*® MB stripping from
SiC flakes with SDS was corroborated by UV-vis spectroscopy: the
spectrum of desorbed solution shows a peak shift of the mono-
meric form of MB from 664 nm to 619 nm due to MB interaction
with SDS, as shown in Fig. S9.1 As elucidated in Fig. S9af the Si-
face flakes release less MB when compared to C-face flakes (see
Fig. S9bt) and this difference is explained by considering the pores
size distribution of the two flake systems (see Fig. 3b). However,
the MB stripping with SDS is not highly efficient since after 90 min
the solution is saturated with MB and no further dye is removed
from the flakes (see Fig. S9t). For this reason, another approach to
SiC flake recovery after an adsorption cycle consists of dipping
them in a hot solution of concentrated HNO; (70 wt%): in this
case, the strong oxidation properties of HNO; ensure the complete
removal of desorbed MB (completely mineralized into CO, and
H,0). In fact, as soon as the MB starts to desorbs out of the flakes’
pores the solution changes color from blue to pale violet before
turning uncolored: this intermediate color is associated with the
conversion into thionin (Lauth's violet) in oxidant and/or acidic
solutions.” The combination of strong oxidants in an acidic
solution as well as the solution temperature (herein 80 °C)
promotes the final complete mineralization of MB.*
Noteworthily, the observed discoloration is not due to the
conversion into the leuco-form since HNO; represses any possible
reduction mechanisms in the solution.®” This treatment is able
to completely restore the flakes to their original conditions as well
evident in the bar chart reported in Fig. S10f: the maximum
percentage of MB adsorption achieved for pristine SiC flakes was
recovered after the treatment in HNO; solution. This result high-
lights two important aspects: (i) the HNO; washing is efficient in
eliminating all the dye adsorbed in the whole material and (ii) the
SiC flakes retain the chemical inertness of SiC wafers, even after
the electrochemical etching. Noteworthily, the use of hot and
concentrated HNOj; solution to restore an adsorbent material
saturated with a dye cannot be applied to the most used ceramic or
polymeric materials, which are susceptible to the chemical envi-
ronment exhibiting coagulation and dissolution phenomena.” 7

Conclusions

Porous SiC flakes were produced as waste materials during the
electrochemical etching of highly doped 4H-SiC wafers: depend-
ing on the SiC face exposed to the electrochemical bath, the
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obtained Si-face and C-face flakes are characterized by a different
porosity as well as pore size distribution. In particular, SiC flakes
obtained by Si-face etching possess micropores, with a size of
about 4 nm, that are not present in the counterpart generated by
etching the C-face. In addition, mesopores of about 50-60 nm are
present in both C-face and Si-face flakes. The XPS analysis
confirms a similar surface composition and the presence of
oxidized moieties drives the selectivity of the adsorption process
of dyes in solution. In fact, SiC flakes efficiently adsorb positively
charged methylene blue, whilst the negatively charged methyl
orange remains in solution, in good agreement with literature
data that report on the negative surface charge of SiC.*® The
different pore distribution of C-face and Si-face flakes affects the
MB adsorption mechanism: a Langmuir model well fits the
behavior of Si-face flakes whilst no preferential fitting is appli-
cable to C-face counterparts. Adsorption capacities of 7.23 mg g~
and 5.96 mg g ' respectively of Si-face and C-face flakes were
calculated from isotherm adsorption experiments. The differ-
ences in adsorption capacity values are attributable to the diver-
gence in pore size distribution between the two sets of flakes. Of
note, the adsorption is ineffective on positively charged dyes, such
as rhodamine B or thiazolyl blue tetrazolium, and this behavior is
attributed to the dye structure and to the steric hindrance and
inductive effect of substituents around the positively charged
group of the dye, thus making the SiC flakes' potential molecular
sieves to selectively remove dyes from wastewater. However, Rh6G
dye (which features lower steric hindrance than RhB and TBT)
revealed an improved adsorption capacity.

Remarkably, the flakes are stable and totally insoluble in
water and, even more importantly, they can be easily and fully
recycled after each adsorption cycle and reused without
affecting the initial adsorption efficiency by a treatment in
HNO; concentrated solutions, which allows a complete miner-
alization of the adsorbed dye. Noteworthily, the use of HNO;
instead of conventional surfactants as SDS removes any further
issue regarding the removal of desorbed dye released in the
washing solution. Lastly, an early investigation of the photo-
catalytic properties of SiC flakes was done to study the poten-
tialities of SiC flakes as semiconductive materials for
environmental remediation, by coupling adsorbent properties
to photocatalytic behavior of SiC.
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