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Introduction

The global

change,

upon combustion.?
Yet, despite

emerged as a
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energy
transformations, driven by the urgent need to mitigate climate
reduce dependence on fossil fuels,
sustainable pathways for industrial development. Hydrogen has
long been recognized as a cornerstone of this transition,
offering a clean, high-energy fuel that produces only water

its promise,
dominated by fossil-based processes such as steam methane
reforming, which undermines its potential as a truly “green”
energy carrier. To overcome this limitation, photocatalysis has
radically different approach: in particular,
semiconductor-based photocatalysis has emerged as one of the

Journal of-Materials'Chemistry A

View Article Online
DOI: 10.1039/D6TA01058J

Effect of Electrochemical Etching parameters on the morphology
and photocatalytic activity of porous 4H-SiC flakes

Vanessa Spanot?, Matteo Barcellonatc, Angelo Ferlazzo?, Marcello Condorelli?, Luca Calantropo?,
Roberto Fiorenza?, Salvatore Sciré?, Antonino Gulino®, Thomas Defforge®, Gaél Gautier¢ and Maria
Elena Fragala*®

Porous Silicon Carbide (SiC), with peculiar chemical modifications, can act as a catalyst that enhances stability, selectivity,
and sustainability, offering distinct advantages over conventional oxides and carbon substrates as well as bulk SiC. In
particular, the 4H-SiC polytype represents a versatile material platform that connects electronic, photonic, mechanical, and
guantum functionalities with exceptional robustness, high thermal conductivity, and chemical inertness. While wet etching
methods are largely ineffective due to SiC’s chemical resistance, Electrochemical Etching (ECE) provides a powerful route to
fabricate thin membranes and porous structures by exploiting dopant-defined regions. Under anodization in hydrofluoric
acid-based electrolytes, crystalline material etching yields diverse pore morphologies—spongy, triangular, chevron,
dendritic, sinuous, or columnar—strongly influenced by doping, current density, or carrier photogeneration. In this work,
we present an extended study on optimizing ECE conditions to tailor the properties of porous 4H-SiC flakes resulting from
the etching of SiC wafers under specific operational conditions. Notably, the different etch mechanisms governing the
silicon- and carbon-terminated faces produce distinct porosity profiles and, even more relevant, affect the electronic
properties and therefore the photocatalytic activity of the obtained SiC flakes. Accordingly, photocatalytic performances are
evaluated by following the degradation of organic dyes in water and bio-reforming processes for hydrogen evolution,
validating porous SiC flakes as a promising material for environmental remediation and renewable energy production.

most promising strategies for converting abundant solar energy

into chemical fuels while simultaneously addressing
land ) q ) found environmental pollution.23
andscape is undergoin rofoun . . . . .
P going  p By harnessing sunlight to drive chemical reactions,

semiconductor materials can split water and/or reform organic
substrates into hydrogen without the carbon footprint of
conventional technologies. This dual functionality—
simultaneous energy generation and pollutant remediation—
positions photocatalysis as a key enabler of next-generation
sustainable systems.? For example, photoreforming of organic
wastewaters is an advantageous alternative to water splitting
since it overcomes the thermodynamic and kinetic constraints
of oxygen evolution reaction (OER) and valorizes the
wastewater streams, thus representing a synergistic strategy
toward both clean energy generation and environmental
remediation.> Another interesting approach is the
photoelectrochemical conversion (PEC) of CO,®

Since the pioneering work of Fujishima and Honda on TiO;
photoanodes,” titanium dioxide has dominated the field due to
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its stability, non-toxicity, and wide bandgap.® However, TiO,
suffers from intrinsic limitations: its activity is restricted to
ultraviolet light, which represents only a small fraction of the
solar spectrum,* and its designation as a critical raw material in
several countries has raised concerns about long-term
availability.® These challenges have spurred intense research
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into alternative photocatalysts
robustness, and abundance.
N-type semiconductors, such as ZnO, BiVO4, WQO3, perovskite,
and many other photoactive materials, are exploited as
photoanodes to promote the reduction of CO,.10.11
Semiconductor nanomaterials, including metal oxides, sulfides,
nitrides, and emerging hybrid structures, enable efficient
solar-driven degradation of organic pollutants and hydrogen
evolution, owing to their tunable band structures, high surface
reactivity, and capacity to generate charge carriers under
illumination.12-%>

Among the semiconductors used as photocatalyst, silicon
carbide (SiC) has emerged as particularly promising due to its
chemical inertia and mechanical and thermal stability making it
suitable to work in harsh conditions.

SiC is a wide bandgap semiconductor distinguished by
exceptional mechanical strength, high electron saturation
velocity, and remarkable chemical inertness.’67 Its
polytypism—over ~200 reported structures—offers unique
opportunities to tailor physical and structural properties.® Of
these, the 4H polytype has become predominant in
microelectronics and high-power applications, owing to its
bandgap of 3.2 eV, high breakdown field, and radiation
resistance.’® Beyond electronics, 4H-SiC exhibits properties
highly relevant to photocatalysis: polar surfaces with distinct
chemistries, high thermal conductivity, and oxidation
resistance. These attributes make it an attractive candidate for
environmental and energy applications, particularly when
engineered into porous structures that maximize surface area
and facilitate charge transfer.?°

Fabrication of porous SiC, however, presents challenges.
Conventional wet etching methods are largely ineffective due
to SiC’s chemical resistance, while dry etching techniques such
as reactive ion etching (RIE) can damage substrates and require
costly equipment.'® The electrochemical etching (ECE) offers a
compelling alternative.?! By exploiting dopant-defined regions
and carefully controlled current densities, ECE can produce
diverse porous morphologies—spongy, dendritic, columnar, or
chevron—depending on crystallographic orientation and
etching conditions. Importantly, etching on the carbon-
terminated face proceeds at roughly twice the rate of the
silicon-terminated face, yielding distinct porosity profiles. While
porous SiC has been explored for biosensors,?? photocathodes,
and implantable devices,??® its potential as a photocatalyst
remains underexplored.

Recent studies have demonstrated that porous 4H-SiC flakes,
often considered industrial by-products of ECE, can be
repurposed for photocatalytic applications.'® Their high surface
area enhances pollutant adsorption, while their tunable
bandgap enables efficient charge separation under illumination.
Moreover, the valorization of these flakes aligns with principles
of the circular economy, transforming waste into functional
materials for environmental remediation and renewable energy
production.?? In particular, porous 4H-SiC has shown promise in
degrading organic dyes and driving hydrogen evolution through
glycerol photoreforming—a process that not only generates

that combine efficiency,

2| J. Name., 2012, 00, 1-3

clean fuel but also adds value to biomass by utilizing,glycer9li-@
by-product of biodiesel production.242> DOI: 10.1039/D6TA01058J
Despite these advances, critical questions remain regarding the
optimization of etching conditions to control morphology,
bandgap, and photocatalytic performance. The relationship
between current density, crystallographic orientation, and pore
structure is complex, and systematic studies are needed to
establish design rules for tailoring porous SiC toward specific
applications. Furthermore, while TiO; has set the benchmark for
photocatalysis, the potential of SiC to serve as a sustainable
alternative—combining robustness, recyclability, and
multifunctionality—has yet to be fully validated.

In this work, we present an extended study on the optimization
of ECE conditions for 4H-SiC, focusing on the regulation of
porous flake morphology and bandgap values. We demonstrate
how these parameters influence photocatalytic performance in
two representative applications: degradation of organic dyes
and hydrogen evolution via glycerol photoreforming. By
repurposing industrial byproducts and leveraging the unique
properties of SiC, this study advances the case for porous 4H-SiC
as a next-generation photocatalyst, bridging environmental
remediation and renewable energy production.

Materials and methods

Methodology

This work investigates the properties of porous SiC flakes derived
from the electrochemical etching process of SiC wafers in terms of
absorption, advanced oxidation processes (AOP), and hydrogen
production. Specifically, the material's porosity and semiconductor
properties suggest its potential for environmental remediation,
particularly in water purification and hydrogen production. Studies
will therefore be considered regarding i) the absorption of anionic
and cationic dyes with different and their
photodegradation capacity, with a view to their applicability as

structures

photoactive absorbers, and ii) hydrogen production from glycerol
photoreforming processes.

Dye concentration was monitored in mol-L%, and the photocatalytic
degradation efficiency was expressed as removal percentage (%).
Hydrogen production was quantified in umol and normalized to
catalyst mass and irradiation time, expressed as umol g'*-h1.

The material's characterization will focus on the morphology of the
porous flakes as a function of ECE conditions and their impact on
surface area (m?-g!) and pore size (nm), as well as the determination
of the band gap (eV), determined using complementary
methodologies also useful for determining the Fermi level (eV), the
position of the HOMO and LUMO levels (eV), and the surface
composition (at %).

Preparation of porous 4H-SiC flakes via ECE

In this work, 4-inch 4H-SiC n-type wafers (MSE Supplies 4° off-
axis with resistivity of 0.015~0.028 Q-cm, thickness of 350 + 25
pum, roughness < 5nm on C-face and < 1nm on Si-face have been
used in the ECE process for the preparation of the porous 4H-
SiC flakes. The periphery of the 4H-SiC wafers have been

This journal is © The Royal Society of Chemistry 20xx
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previously coated with a thin layer of Ti (about 20 nm) and Ni
(about 100 nm) bilayer through the evaporation technique
(MBES50S, Plassys) and annealed at a temperature of 1100 °C
for 180 s to obtain the Ti/Ni alloy. The deposition is necessary
to establish an ohmic contact between the SiC and the gold tips
that are placed around the etched surface.

The ECE process is performed inside a specific electrochemical
cell of 6 inches in PS designed by the GREMAN laboratory and
fabricated by AMMT GmbH®. The cell indeed possesses a
specific collector that serves to accumulate the porous flakes
created during or after the etching process. The circular area of
the etched wafer is about 23.7 cm? (with a diameter of the O-
ring of 5.5 cm). The employed electrolyte solution is composed
of hydrofluoric acid (HF, with a concentration of 5 wt.%, 15
wt.%, or 30 wt.%), acetic acid (AA, with a concentration of 10
wt.%), in deionized water.26 The ECE processes were carried out
in galvanostatic mode by applying “on-off” pulsed current
(applying current densities at 42 or 420 mA/cm?) with a
duration of 2 s while no current is applied during 5s of offset
and using the PSI8000 source, at room temperature and
pressure, for etching times varying from 1h and 30 minutes to 4
hours. After ECE, the samples were rinsed in deionized water in
the Quick Dump System (QDR) for 5 cycles.

SiC ECE is a two-step reaction. The first reaction is a two-path
electrochemical oxidation that is described by Eq.1 and 2
below:

SiC + 2H,0 + 4h* - SiO + CO + 4H* Eq. 1

SiC + 4H,0 + 8h* = SiO, + CO;, + 8H* Eq. 2
Water is required to form silicon oxide on the surface of the
silicon carbide, which occurs when about seven holes reach the
interface.2%27
In the second reaction, the dissolution of the oxide is driven by
the HF present in the electrolyte solution (Eq. 3):
SiO2 + 6HF = 2H* + SiFg2 + 2H,0 Eq. 3
It is generally admitted that the ECE of SiC mechanism is
governed by holes as charge carriers.?®
When considering the anodic oxidation of silicon carbide, one
of the most striking features is the pronounced anisotropy
between the C-face (0001) and the Si-face (0001). The C-face,
terminated by carbon atoms, requires simultaneous removal of
carbon species—typically as CO or CO,—during oxidation. The
kinetics of this process are faster than the Si-face,?! and the
resulting oxide has an inferior quality, tends to be less uniform,
often incorporating defects or roughness that affect its
electrical properties.
In contrast, the Si-face, which terminates in silicon atoms,
exhibits a lower and more controlled oxidation rate, leading to
the formation of a smooth and stable SiO; film.
The ECE experiment employed in this study has been
summarized in the following Tab. (Tab. 1):

This journal is © The Royal Society of Chemistry 20xx
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The effects of current density and HF concentratiop,in.the-EGE
process of 4H-SiC were analyzed through ®8hé0fHEyRatiatiagé
(OFAT) approach, considering Batch | as a reference, and one
variable was changed at a time. In Batch |, previously
investigated,?® the flakes exhibit medium porosity with a
heterogeneous distribution (vide infra).

In Batch Il, the HF concentration was kept constant at 15 wt.%,
reducing the applied current density by a factor of 10, from 420
to 42 mA/cm?, to analyze how current density influences the
pore morphology on the flakes.

In Batches Il and IV, the same current density of 420 mA/cm? of
Batch | was used to prepare the porous flakes, but the HF
concentration was reduced by 3 times (5 wt.%) or increased by
2 times (30 wt.%), respectively, to understand the influence of
electrolyte composition on the porous morphology of the
flakes.

Investigation methods

Field Emission Scanning Electron Microscope (FE-SEM)
measurements

FE-SEM images were acquired with a Jeol JSM-7900F at 10 kV
using the in-lens (UED) detector, a 4 mm working distance, and
a chamber pressure of 3 x 103 Pa. The porous 4H-SiC flakes of
both faces were randomly deposited on carbon tape to allow
imaging in top- and cross-section views.

UV-Vis Measurements for dye adsorption and photocatalytic
degradation

The adsorption and photocatalytic experiments were carried
out by monitoring the decrease in dye concentration in 5 mL
aqueous solutions, with 2 mg of porous flakes. The initial dye
concentration was 1.5 x 10° M for Methylene Blue (MB),
Rhodamine 6G (Rh6G), and Rhodamine B (RhB), and 3.0 x 10>
for Methyl Orange (MO), using UV—Vis spectroscopy (Jasco V-
530).

Tab. 1: ECE parameters used in the production of porous 4H-SiC flakes.

. Current density
Experimental Batches HF [wt.%]
(mA/cm?)
Batch I (previous work)?° 15 420
Batch Il 15 42
Batch IlI 5 420
Batch IV 30 420

In order to ensure adsorption—desorption equilibrium, the dye
solutions with the porous flakes were kept in the dark for 24h,
followed by irradiation under a 365 nm UV-lamp for 4h in static
conditions. Initially, the MB was employed as a representative
model dye to evaluate both the adsorption capacity of the 4H-
SiC flakes and the photocatalytic activity of all the porous
samples. Other dyes as RhB, Rh6, and MO were then
investigated for photocatalytic degradation.

J. Name., 2013, 00, 1-3 | 3
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X-ray photoelectron spectroscopy (XPS)

XP spectra were measured at 45° take-off angle relative to the
surface normal with a PHI 5000 Versa Probe Il system (ULVAC-
PHI, INC.) base pressure of the main chamber 1 x 108 Pa).2%30
Samples were excited with a monochromatized Al Ka X-ray
radiation using a pass energy of 5.85 eV. Spectra calibration was
achieved by fixing the Ag 3ds/, peak of a clean sample at 368.3
eV-3! The instrumental energy resolution was 0.5 eV. The XPS
valence band spectra were obtained by accumulating 50 cycles
ina-1->20eV energy range, using a 2.95 pass energy and 0.025
eV/step. The XPS peak intensities were obtained after a Shirley
background removal.?? The atomic concentration analysis was
performed by considering the relevant atomic sensitivity
factors.2%:30

Brunauer-Emmett-Teller
(BJH) methods

(BET) and Barrett-Joyner-Halenda

The textural properties of the samples were analyzed by N,
adsorption—desorption at =196 °C by using Micromeritics ASAP
2020 instrument. Surface area and the pore size distribution
were determined by Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH) methods, respectively. Samples were
previously outgassed at 100 °C overnight.

UV-Vis Spectroscopy for optical bandgap evaluation

Optical bandgaps estimations were obtained through UV-Vis
diffuse reflectance using a Cary 60 UV-Vis spectrophotometer
equipped with the “Barellino” tool by Agilent Technologies.
Spectra were collected over the 200-800 nm range and
recorded as Kubelka—Munk units versus wavelength. The
optical band gaps of the obtained porous flakes were then
estimated using Tauc plots.

Electrochemical measurements

Electrochemical analyses were conducted using a DropSens
uStat 400 potentiostat (DropSens, Spain), powered by Dropview
8400 data acquisition software for Cyclovoltammetry (CV)
analyses. CV analyses were conducted in anhydrous acetonitrile
in the presence of a supporting electrolyte
(tetrabutylammonium benzoate, 0.1 M), in the -3 -3 V potential
range. Electrochemical measurements were performed using
screen-printed carbon electrodes (SPCE) purchased from
Metrohm-DropSens (Metrohm ltaliana S.r.l., Origgio (VA), Italy).
The SPCE consisted of a planar substrate with both auxiliary and
working electrodes (4 mm diameter and 0.1257 cm? geometric
area) of carbon, while the reference electrode was Ag/AgCl.32

Hydrogen evolution reaction (HER) measurements

HER tests were performed in a batch photocatalytic reactor
containing 50 mg of SiC sample and 50 mL water/glycerol (20%
v/v) solution. The suspension was irradiated for 5 h with an
Osram Ultra Vitalux solar lamp (300 W, 10.7 mW/cm?). Before
irradiation, Ar was bubbled for 1 h. H, was quantified by GC-TCD

4| J. Name., 2012, 00, 1-3

(Agilent 6890, Supelco Carboxen 1000 column).3¥, TheH24G02
ratio of the glycerol photoreforming reactioh Wasi&43urea8y
the GC-TCD after the appropriate standard calibrations. All the
tests were carried out in triplicate, and the reported error bars
represent the standard deviation of three independent
measurements (typical relative error = 3%).

Results and discussion

Characterization analyses of the porous 4H-SiC flakes

The influence of ECE parameters on the morphology of porous
4H-SiC flakes was examined by SEM.

Both Si-face and C-face flakes were analyzed in top-view and
cross-section images to assess the effects of HF concentration
and current density on surface and in-depth morphologies.
Top-view images of the Si-face flakes (Fig. 1) revealed that by
decreasing current density while keeping constant HF
concentration (Fig. 1b), larger pores are produced compared to
Batch | (Fig. 1a), while variations in HF concentration (5—30 wt.%
- Fig. 1c-d) at constant current density (420 mA/cm?) did not
significantly alter the cauliflower-like features of surface
morphology. This behavior is in good agreement with the
controlled oxidation process during ECE, leading to a relatively
uniform SiO, formation during the ECE process, which is
removed at a similar etch rate by HF. Current density was
considered the principal driving force of pore formation and
morphology.

Cross-sectional analyses showed distinct depth morphologies
(Fig. S1): Batch | shows a dendritic-like morphology (Fig. S1a),

Batch Il exhibited a stratified structure (Fig. S1b), Batch Ill an
empty-columnar layered morphology with ~100 nm pore length
(Fig. Sic), and Batch IV a columnar-like structure (Fig. S1d)
similar to Batch Il

From the cross-section analyses of Si-face flakes, the etching
process affects in-depth pore growth more than the surface
morphology, and variations in both HF concentration and
current density lead to different depth morphologies.

In contrast, the C-face displayed greater sensitivity to the ECE
parameters. Top-view SEM (Fig. 2) showed that, compared to
the C-face flakes of Batch | (Fig. 2a), a spongy-like morphology
with triangular and spherical macropores is observed for Batch
Il (Fig. 2b), a random rough surface with poorly defined pores is
observed for Batch Il (Fig. 2c), and nanoporous spongy
structures with spherical features for Batch IV (Fig. 2d).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1: Comparison of all 4H-SiC porous flakes for on-top-view SEM analyses of Si-face at
the same magnification (150.000x), in alphabetic order from Batches I and IV.

Cross-sectional analyses revealed that most C-face flakes
retained a columnar-like structure along the [0001] axis,
independent of parameter variations (Fig. S2 a-d). Only Batch IlI
(Fig. S2c) exhibited a multilayer structure, similar to the Si-face
under the same conditions (420 mA/cm?, 5 wt.% HF), thus
suggesting that pulsed current combined with low HF
concentration can induce comparable depth morphologies on
both faces.

In general, for all the ECE experiments, the C-face flakes possess
a comparable columnar-like structure directed along the [0001]
axis, independent of parameter variations. Overall, current
density governs pore size and morphology on the Si-face, while
HF concentration exerts limited influence under constant
current density.

Fig. 2: Comparison of all 4H-SiC porous flakes on-top-view SEM images of C-face at the
same maghnification (150.000x - scale bar 100 nm), in alphabetic order of Batch from | to
\'A

This journal is © The Royal Society of Chemistry 20xx
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The C-face, however, exhibits distinct surface morphgé&g\irgélem%
varying ECE conditions, though its depth stRieturelPemiains Rifgely
columnar. These findings highlight the anisotropic response of 4H-
SiC to ECE and underscore the importance of crystallographic
orientation in controlling porous structure formation. High current
accelerates the ECE process more than HF concentration, thus
causing defect formation, pit coalescence, and macropore
emergence, lowering surface area and affecting uniformity. HF
concentration, by contrast, tunes dissolution rates and wall thinning
without disrupting pore ordering.

(BET) and Barrett-Joyner-Halenda
(BJH) analyses have been performed to estimate the surface
area, and the mean pore diameters of the Si-face and C-face
flakes for all the Batches, and the resulting values are listed in
Tab. 2 below. Compared with Batch |, both Si-face and C-face
flakes of Batch Il exhibit the lowest surface areas, accompanied
by bimodal pore size distributions, with two maxima (Fig. S3).
The major presence of macropores (pore diameter > 50 nm) in
the C-face samples indicates that larger pores are preferentially
formed with these materials. In contrast, the Si-face flakes of
Batch Ill achieve the highest surface area (49.6 m?/g) and
display a relatively narrow pore size distribution centered at
23.4 nm, characteristic of the prevalent presence of mesopores
(pore diameter between 2 and 50 nm).

The corresponding C-face flakes of Batch Il retain a bimodal
distribution, suggesting less controlled pore formation (Fig. S4).
The values obtained for Batch Il are comparable to those of
Batch I, highlighting the reproducibility of porosity when HF
concentration is varied under constant current density. By
comparison, Batch Il, etched under altered current density but
constant HF concentration, shows markedly reduced surface
areas and broader pore distributions for both Si- and C-face
flakes. Batch IV (Fig. S5) exhibits similar characteristics to Batch
11, thus reinforcing the conclusion that current density exerts a
stronger influence than HF concentration on the development
of surface area and pore uniformity in porous SiC.

Brunauer-Emmett-Teller

Tab. 2: Textural properties of porous 4H-SiC flakes, including surface area and
mean pore distribution for porous SiC flakes obtained under different ECE
conditions.

Samples Surface area (m?/g) -Mean Pore
diameters (nm)
C-face (Batch 1) 36.4 59.4
Si-face (Batch 1) 46.5 4.4 & 48.1
C-face (Batch ) 24.3 5.4 & 59.0
Si-face (Batch I1) 28.8 31.8
C-face (Batch Ill) 30.2 7.0 &31.0
Si-face (Batch Il1) 49.6 23.4
C-face (Batch IV) 22.7 6.0 & 49.7
Si-face (Batch IV) 30.8 30.1

J. Name., 2013, 00, 1-3 | 5
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Photocatalytic behavior of the porous 4H-SiC flakes: dyes
photodegradation in water

The photocatalytic removal of organic dyes from aqueous
media represents a promising strategy within advanced
oxidation processes (AOPs). In this study, porous 4H-SiC flakes
prepared via ECE were evaluated for their ability to degrade
Methylene Blue (MB) under UV irradiation. To decouple
adsorption from photocatalytic oxidation, MB molecules were
first equilibrated on the catalyst surface in the dark, followed by
illumination with a 365 nm UV source. Adsorption experiments
(Fig. 3) revealed significant Batch-dependent variations. Si-face
flakes from Batch Il exhibited enhanced MB uptake compared
to Batch 1,2° while C-face flakes showed comparable adsorption
behavior. The Si-face flakes of Batch Il demonstrated the
highest adsorption capacity, attributed to their increased
surface area and modified pore size distribution. Despite this,
both Batch Il and Il flakes displayed reduced photocatalytic
efficiency relative to Batch I. Interestingly, Batch IV flakes
combined high adsorption with improved photocatalytic
activity compared to Batch IlI-lll, thus suggesting a more
favorable balance between surface morphology and electronic
properties.

Photocatalytic degradation followed pseudo-first-order
kinetics3* listed in Tab. 3: the Si-face flakes of Batch | achieved
the highest rate constant (2.52 x 1073 min~M~1), outperforming
all other samples. The C-face flakes of Batch IV also exhibited
relatively high activity (0.97 x 10-3 min~M™1), highlighting the
influence of etching parameters on catalytic performance.

The adsorption experiments with MB reveal that surface area
and pore accessibility strongly influence the dye uptake. The Si-
face flakes from Batch Ill, characterized by their high surface
area and uniform mesopores, exhibit the strongest adsorption

performance.
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Fig. 3: Comparison of the photocatalytic behavior of porous 4H-SiC flakes of all the
Batches with a 1.5x10° M solution of MB (pH=7).
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Tab. 3: Photocatalytic degradation rate of all the porous 4H-SiC flakesd@raMB|semoval
from water. DOI: 10.1039/D6TA01058J

Sample Rate constant (min—1M~1)

Si-face (Batch 1) 2.52x10%+0.13 x 103

C-face (Batch 1) 1.86 x 103+ 0.09 x 103

Si-face (Batch I1) 0.62 x 103+ 0.03 x 103

C-face (Batch Il) 0.43 x103+0.02 x 103

Si-face (Batch IlI) 0.88 x 103+ 0.04 x 103

C-face (Batch Ill) 0.64 x 102 +0.03 x 103

Si-face (Batch 1V) 1.20x 103+ 0.06 x 103

0.97 x 103+ 0.11 x 1073

C-face (Batch 1V)

Notably, even the Batch Il Si-face flakes, despite possessing a
lower surface area, show improved methylene blue uptake
compared with Batch |, indicating that factors such as pore
connectivity and surface chemistry (e.g., hydroxylation) also
contribute to adsorption.

However, strong adsorption does not necessarily translate into
superior photocatalytic performance. The Batch | Si-face flakes
achieve the highest pseudo-first-order rate constant (2.52 x 10-
3 min-1 M-1), outperforming all other samples despite their
only moderate adsorption capacity. In contrast, Batches Il and
I, although adsorbers, display
photocatalytic activity. This divergence highlights the dominant
role of defect
and surface states

effective diminished

electronic properties, density, charge

recombination behavior, in governing
photocatalysis once a baseline adsorption threshold is met.
Batch I’s enhanced performance likely arises from a favorable
balance between structure and electronic quality. The
moderate current density used during fabrication generates
adequate surface area and accessible mesopores while limiting
etch-induced defects that

recombination centers.3> The Si-face enables efficient electron—

would otherwise serve as
hole separation and charge transfer to the solution, sustaining

radical formation under UV illumination. By comparison,
Batches Il and IV might be richer in defects that trap charge
carriers and promote recombination, thereby limiting

photocatalytic efficiency despite high adsorption.

Even so, the C-face, typically associated with bimodal pore
structures and macropore formation (Tab. 2), can, as seen
in Batch 1V, deliver relatively high activity (0.97 x 103 min=*M™1)
when current density is carefully controlled to reduce
recombination pathways.

Both the Si-face and C-face flakes from Batch | exhibit the
highest photocatalytic performance for methylene blue (MB)
degradation. On this basis, these flakes were further evaluated
using additional organic dyes—Rhodamine 6G (Rh6G),
Rhodamine B (RhB), and Methyl Orange (MO)—to assess their
broader photocatalytic response (Fig. 4).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4: Comparison of the absorption and photocatalytic behaviors of the porous 4H-SiC
flakes with MB (pH 7), Rh6G (pH 5), RhB (pH 3), and MO (pH 7) with a concentration of
1.5x10° M.

Adsorption studies were performed at different pH values,
accordingly to the characteristics of dyes,'®© whilst
photocatalytic experiments were conducted for 4 hours under
illumination, without stirring, using a 365 nm UV lamp. The
results were compared to those obtained for MB degradation
at pH 7. Dye adsorption—and therefore subsequent
photocatalytic degradation—depends not only on pore size,
surface structure, and the electronic properties of the porous
flakes, but also on the electrostatic interaction between the dye
and the catalyst surface.

MO, being an anionic dye, exhibited neither adsorption nor
degradation, thus confirming that electrostatic repulsion
between MO and the negatively charged porous SiC surfaces
inhibit photocatalytic activity, consistent with previous
findings.?° For cationic dyes such as Rh6G and RhB, earlier
adsorption studies on porous SiC flakes?® show that steric
effects around the positively charged center govern adsorption
efficiency. Since photocatalysis is a heterogeneous catalytic
process, lower adsorption of the dyes results in reduced
photocatalytic activity compared to the MB photodegradation
processes. In fact, from the graph in Fig. 4, the Si-face and C-
face flakes exhibit the highest efficiency, both in adsorption and
photocatalysis, in the presence of MB, followed by Rh6G and
RhB, while no activity is observed with MO.

Optical Band Gap Evaluation: Tauc plot

UV-Vis reflectance spectroscopy is used to evaluate the optical
band gap of the flakes by Tauc plot (Figure S3).

Once the Kubelka-Munk function [F(R)] had been defined, the
Tauc plot was constructed, i.e., a graph correlating (Eq. 4):

[F(Re) - hv]'/m = A(hv — Eg) £q. 4

This journal is © The Royal Society of Chemistry 20xx
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Where hu is the photon energy, n is a value that depends.en the
bandgap of the material (direct is n=1/2, WHil&® HdREETIOHES)
A is a constant, and Eg is the material bandgap value.
In this case, the 4H-SiC possesses an indirect bandgap, and the n
value is n=2 (Eq. 5):3°
cholY2 =

[F(Rw) -hv] /2 = A(hu — Ey) Eq.5
The bandgap values of porous flakes obtained by varying the
ECE conditions are reported in Table 4, and for all the batches,
they were consistently lower than the bulk 4H-SiC wafer (3.2
eV). Fig. S6 shows the Tauc plot of the Si-face and C-face flakes
from all the flakes batches, and the band gap energies were
determined by extrapolating the linear part of the curves to y=0.
The analysis revealed significant bandgap variations among the
porous flakes. Bulk 4H-SiC wafers possess a bandgap of 3.2-3.3
eV,3” whereas porous flakes exhibited reduced values due to
ECE. Batch | Si-face flakes retained the highest bandgap (2.98
eV), closer to that of the bulk material, while all the other
Batches show reduced bandgap values (ranging from 2.37 to
2.00 eV). The C-face flakes of Batch | also maintained relatively
high bandgap values (2.69 eV). These shifts are attributed to
oxide formation, amorphous regions, and defect states
introduced during ECE,3® which generate mid-gap levels and
alter optical absorption. In fact, the observed color change of
the flakes (from green-transparent wafer to goldish porous
flakes) corroborates bandgap narrowing. The higher bandgap
values of Batch | samples align with their superior
photocatalytic activity, as excitation under 365 nm UV is more
effective when the bandgap remains close to the bulk value. The
results demonstrate that photocatalytic efficiency in porous 4H-
SiC flakes is governed by a delicate interplay between
morphological and electronic properties: increased surface area
and porosity enhance dye adsorption, but excessive etching
introduces defect states that lower the bandgap and promote
charge carrier recombination. Consequently, samples with high
adsorption capacity (Batch Il and V) exhibited reduced
photocatalytic activity.

Tab. 4: Optical bandgap values of the porous 4H-SiC flakes of all the prepared
Batches obtained via the Tauc-plot.

Sample Eg (eV)
Si-face (Batch 1) 2.98
C-face (Batch 1) 2.69
Si-face (Batch I1) 2.37
C-face (Batch Il) 2.22
Si-face (Batch Il1) 2.12
C-face (Batch 1ll) 2.36
Si-face (Batch 1V) 2.00
C-face (Batch IV) 2.35
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However, the definition of bandgap by the Tauc plot is affected
by the quality of spectra and by the shape of the Urbach tail.
Different slopes can be identified, and, accordingly, the band
gap value cannot be easily estimated.3® Accordingly, different
approaches to check electronic band gap values have been
proposed by using some test examples.

Electrochemical
bandgaps

determination of the porous 4H-SiC flakes

Cyclic voltammetry was used to evaluate the electronic
structure of the C-face flakes of Batches I, Il, and IV, with
particular attention to the resulting electrochemical bandgaps
(Fig. 5). The working electrode was modified with 40 pL of a
suspension of C-face flakes of Batches |, I, and IV with a mother
solution of concentration 1 mg/mL in water.
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Fig. 5: Cyclic voltammogram versus the Ag/AgCl reference electrode of the C-face flakes
of Batches I, Il, and IV. The AV of the normal hydrogen electrode (NHE) vs. vacuum = 4.80
V; the AV of the Ag/AgCl vs. ferrocene/ferrocenium = 0.40 V; the AV of the
ferrocene/ferrocenium vs. vacuum = 4.80 V.
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The modified electrodes were left to dry at room temperature
for 24 hours.20 DOI: 10.1039/D6TA01058J
The energy levels are reported with reference to the vacuum
using the ferrocene/ferrocenium couple (Fc/Fc* = 4.80 eV vs.
vacuum) as reference.** The values of oxidation and reduction
offsets, HOMO, LUMO, and the electrochemical bandgap are
listed in Tab. 5.

Data in Tab. 5 highlight that the C-face flakes of Batch Il have
the widest bandgap of the series, followed by the C-face of the
I and IV Batches. From the CV analysis, it is possible to confirm
the presence of mid-gap levels observed in the optical bandgap
determination, which lead to an underestimation of the
bandgap, especially for the C-face of Batch Il, while the
bandgaps of the C-face of the | and IV are similar to those
determined with the Tauc plot.

In order to evaluate the redox of the C-face flakes from different
Batches, it is necessary to determine the positions of the
conduction band minimum (CBM) and valence band maximum
(VBM) in terms of their potential (V vs NHE). Considering that
the CV experiments were carried out in anhydrous acetonitrile
with reference to the vacuum using the ferrocene/ferrocenium,
0.630 V is the conversion constant3? to apply to the oxidation
and reduction onset (V vs Ag/AgCl).*2 It is also necessary to
consider that the AV of the Ag/AgCl vs. ferrocene/ferrocenium
is 0.400 V. Hence, the final equation is (Eq. 6):

Evvsnug = Ercjrer +0.630V
= (Eag/agct —0.400V) + 0.630V
=Epg/a9c1 +0.230V

Eq. 6

Tab. 5: CV measurements to determine the oxidation and reduction offsets, HOMO,
LUMO, and electrochemical bandgap of the C-face flakes of the I, I, and IV Batches.

Ox Red HOMO LUMO
Bandgap
Sample (Vs (Vvs (eVvs (eVvs (eV)
Ag/AgCl) | Ag/AgCl) vac) vac)
C-face
+0.75 -1.86 -5.15 -2.54 2.61
(Batch 1)
C-face
+0.73 -2.02 -5.13 -2.41 2.75
(Batch II)
C-face
+0.97 -1.31 -5.37 -3.09 2.28
(Batch IV)

Tab. 6 below shows the oxidation and reduction onset
potentials expressed in V vs NHE calculated by applying the Eq.

This journal is © The Royal Society of Chemistry 20xx
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Tab. 6: oxidation and reduction onset potentials in V vs NHE of the C-face flakes of
Batches I, Il and I.

Samole Ox Red

P (V vs NHE) (V vs NHE)
C-face (Batch 1) +0.98 -1.63
C-face (Batch 1) +0.96 -1.79
C-face (Batch IV) +1.20 -1.08

The conduction band minimum (CBM) and valence band
maximum (VBM) potentials of the C-face samples are plotted
on the NHE scales in Figure 6.

C-face flakes of Batch Il exhibit the most negative CBM with -
1.79 V vs NHE value, while C-face flakes of Batch IV show the
most positive VBM with +1.20V vs NHE value, indicating the
strongest reducing and oxidizing abilities of the series,
respectively. The ability of the flakes to degrade MB closely
follows their valence band position, controlling the oxidation
pathways. In particular, the C-face from Batch Il with the lowest
VBM (+0.96 V vs NHE) is the least active. C-face of the Batch I,
even though its VBM is only slightly more positive (+0.98 V), is
the best performing sample. Finally, C-face of Batch IV, despite
having the highest VBM (+1.20 V), its activity remains moderate,
attributed to the more aggressive ECE treatment, which
increases amorphous content and defect sites, affecting charge
separation and photocatalysis.

X-ray photoelectron spectroscopy (XPS) and Electronic Band Gap
Evaluation

Fig. 7 shows the XPS valence band (VB) spectra for the three
samples obtained by etching under different experimental
conditions on a 4H-SiC wafer.

The observed valence band features are mostly Si 3p and C 2p
in character, whose density of states extends several eV below
(at higher binding energies) the valence band maximum (VBM),
with the VBM itself being a crucial feature (often at the I" point)
for determining band offsets and electronic properties. In
particular, the Si 3p states significantly contribute to the
upper/outer parts of the valence band, while the C 2p orbitals
mix with Si 3p states to form the core of the valence band
structure. Therefore, the VBM energy position, relative to the
Fermi level, is a major focus for heterojunction studies. VBM
was determined by extrapolating a tangent to each spectrum at
the point where the intensity falls rapidly near the Fermi level,
and the obtained values are 1.95, 2.38, and 2.16 eV for the C-
face of Batches IV, Il, and |, respectively (Fig. 8).43
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the red line refers to Batch Il.
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Literature studies report that the valence band maximum
(VBM) for 4H-SiC (10 um thick) was previously found at 1.8 eV,
while that for the SiO,/SiC system was measured at 2.2 eV.*3
Tab. S1 reports the surface atomic composition (at.%) and
related C/Si and O/Si ratio for the present samples: in particular,
XPS O/Si ratios are 0.47, 0.33, and 0.35 for the C-face of Batch
IV, Il, and |, respectively. Therefore, all of them are consistent
with the SiO,/SiC stoichiometry. It emerges that the C-face of
Batch IV contains the large SiO; surface concentration (24%
Si0,-76% SiC) while the stoichiometry of the C-face of Batch Il is
16% Si0,-84% SiC, and that of the C-face of Batch | is 17% SiO -
83% SiC.

Accordingly, we can state that more aggressive ECE conditions
applied to the C-face flakes of Batch IV resulted in higher surface
oxide formation. Regarding the C-face flakes of Batches | and II,
the atomic percentages of carbon, silicon, and oxygen are
comparable, revealing that the etching conditions in these two
Batches are similar. The values of VBM relative to the Fermi
level of the 4H-SiC flakes, listed in Tab. 7, depend on the
electrochemical etching condition and the amount of surface
oxide. Regarding the data in Tab. 7, the C-face flakes of Batch
IV show a principal and a second VBM value due to the presence
of a higher amount of surface oxide. In contrast, the C-face
flakes of the I and Il Batches | and Il, with lower oxygen content,
exhibit higher VBM values, reflecting the dominant influence of
the ECE parameters and the electronic quality. Note that our
present study is not really concerned with identifying the nature
of compensating defects, such as cation vacancies, interstitial
atoms/ions, more complex defect clusters, or defects at the
grain boundaries.**>

Hydrogen production through solar glycerol photoreforming
The solar glycerol photoreforming reaction (Eq. 7) is a
sustainable way to obtain green hydrogen.

C3H803 + 3H20—>7H2 +3 COZ Eq. 7

For an efficient H, production, it is necessary to align the bands
of the employed semiconductor. In particular, the CB should be
more negative of reduction potential of H* to H, (0 V vs.NHE),
and VB should be more positive than the oxidation potential of
0,/H20 (+1.23 V vs.NHE) or of the organic compound to a given
oxidation product (depending on the specific holes scavenger
used, for glycerol +0.004 V vs. NHE).46:47

Tab. 7: VBM values extrapolated via XPS measurements of the 4H-SiC C-face flakes
(Batches I, Il, and IV).

Sample VBM (eV)
C-face (Batch I) 2.65
C-face (Batch Il) 2.71
C-face (Batch IV) 2.28,1.42

10 | J. Name., 2012, 00, 1-3

Itis clear as the oxidation of the organic scavenger wasfavoyred
compared to the water oxidation. Therfdié) B ehe0ssiar
light absorption, the e/h* pair was generated (Eq. 8). The
presence of organic compounds favours the H; evolution. It
acts, in fact, as holes scavengers, limiting the electrons/holes
recombination. The protons formation was thus favoured from
the reaction between the holes and the organic scavenger (Eq.
9). The generated protons are then reduced to H; (Eg. 10).

SiC+hv—-e +h" Eq. 8

C3HgO; + 3H,0 + 14h*> 14 H' + 3 €O, Eq.9

14 H" + 14e > 7 H, Eq. 10

The glycerol photoreforming was conducted using

electrochemically etched 4H-SiC flakes, both Si- and C-face,
under simulated solar irradiation. The obtained H, production
rates (measured by GC-TCD measurements considering the
catalyst amount and the 5 h of simulated solar irradiation) are
shown in Figure 9. The overall H, production ranges from a
lowest value of 12 umol/g-h up to 275 umol/g-h, depending on
Batch and etched SiC face (Si vs C): flakes derived from Batch Il
perform better than others, while the least productive Batch is
IV. Notably, in our previous study, the amount of H, generated
by (non-porous) 4H-SiC wafers is about 20 pumol/g-h,3” thus in
good agreement with the minimum amount obtained by using
porous flakes. The better performance obtained by some
specific Batches (about 10-fold production rates with respect to
non-porous wafer) is attributable to a combination of factors
derived from morphological and electronic modifications
promoted by ECE. In particular, the samples showing the best
performance in hydrogen production are the porous flakes from
Batches | and Il, obtained using an HF concentration of 15 wt.%
in the electrolyte solution. In particular, decreasing the current
density to 42 mA/cm? between Batch | and 1l, a higher amount
of hydrogen was produced. In this case, lowering the current
density at the same HF concentration in the electrolyte solution,
the oxide formation rate on the surface decreases, and the
electrochemical etching process becomes more controlled,
compared to Batch I.
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Fig. 9: H, production rate by glycerol photoreforming with all the 4H-SiC flakes (Si and C-
face).
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In fact, the C-face flakes of Batch Il deliver the highest hydrogen
production, highlighting the dominant influence of electronic
quality.

From the CV measurements, the C-face flakes of Batch Il show
the most negative conduction band minimum (CBM), consistent
with its superior hydrogen evolution performance, followed by
the C-face of Batch I. In contrast, varying the HF concentration
in Batches Ill and IV, while keeping the current density constant
at 420 mA/cm?, as in Batch |, a decrease in hydrogen production
was noted. In Batch Ill, lowering the HF concentration to 5 wt.%,
compared to Batch I, limits oxide dissolution, resulting in a less
uniform etching process. Finally, in Batch 1V, increasing the HF
concentration to 30 wt.% promotes a more aggressive etching
process, increasing surface disorder and defect formation,
acting as traps for electrons,3 showing the lowest
photocatalytic activity. Hence, HF concentration plays a crucial
role in determining morphology, defect density, and electronic
properties, in addition to current density. To note that Batch IV
possesses the higher surface SiO, that could act as barrier to
charge transfer thus affecting H, production.

A complete glycerol photoreforming should produce a
theoretical 2.3 H,/CO; ratio (Eg. 7). Considering the
experimental band positions of the C-face samples (Fig. 9) and
focusing on the best (Batch Il) and the worst one (Batch IV) we
measured a H,/CO, ratio of 7.2 for Batch Il and 0.2 for Batch IV,
highlighting as for this latter sample the more positive VB favors
the CO; formation, i.e. the direct glycerol total oxidation instead
of the photoreforming reaction. Moreover, this sample also
showed a higher photocatalytic activity in the MB oxidation
compared to the C-face of Batch Il (Tab. 3), confirming its
preferential promotion of oxidation reactions.

In the case of the C-face of the Batch Il sample, the high H,/CO,
ratio compared to the theoretical one can be attributed, as
reported in the literature, to the formation of intermediates
such as 1,3-dihydroxyacetone and glyceraldehyde during the
glycerol photoreforming, whose formation led to a further H,
release.?43748The formation of these two byproducts was
detected with various photocatalysts as Pt/TiO,,%° Cu,0/TiO,,>°
g-CsNg°! or Ni-based photocatalysts,>> and although the
mechanism could be different with SiC, the high H,/CO, ratio
can be reasonably due to the further H; release by the same
intermediates. Further studies will investigate specifically this
aspect.

To conclude, the results demonstrate a strong dependence of
hydrogen production on the morphological and electronic
properties introduced by the etching conditions.

Conclusions

Overall, the study demonstrates that although porosity
significantly influences adsorption behavior and photocatalytic
activity for dyes such as Methylene Blue, hydrogen evolution in
photocatalytic systems is ultimately constrained by electronic
quality. The C-face of 4H-SiC etched under optimal conditions
offers the most effective balance, yielding superior hydrogen
generation in glycerol photoreforming.

This journal is © The Royal Society of Chemistry 20xx
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The relationship between porosity and photocatalytig activity,is
inherently complex. Although high surfdee! dfe® 3aner iiforia
pore size in the mesoporous range promote dye adsorption and
improved reactant diffusion, enhanced adsorption does not
necessarily translate into higher dye photocatalytic degradation
efficiency. This decoupling between structural and electronic
contributions demonstrates that photocatalytic efficiency
depends on a delicate balance between geometric accessibility
of the material to the molecules and band gap optimization.
While morphology governs adsorption and diffusion, factors
such as defect density, band bending, and surface terminations
regulate charge separation and interfacial transfer. The C-face,
which consistently exhibits bimodal pore-size distributions,
typically performs worse than the Si-face; however, Batch IV
shows that careful current modulation during etching can
suppress recombination sufficiently to achieve comparatively
high activity in the dye degradation. On the contrary, the
shifting of the band's position due to a peculiar electrochemical
etching process was a critical feature to drive the photocatalytic
activity towards the oxidation reaction (dyes removal) or the
proton reduction to obtain H..

From a technological standpoint, porous SiC represents a
promising candidate for solar-driven hydrogen production. Its
wide band gap provides photochemical stability, while
electrochemical etching offers a tunable route to tailor
morphology.

Future research should prioritize refining etching strategies,
such as implementing pulsed current profiles, adjusting HF
concentration, and applying post-etch defect-healing
treatments, to better trigger porosity with electronic quality.
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