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ABSTRACT: The fabrication of a nanohybrid photocatalyst that  1of m7 e a7 v o . 0, /Hzo M8
combines a-Fe,0; nanoparticles with graphitic carbon nitride (g-  os © 30; %.0H . Degraded
C;N,) is reported. The ensuing direct Z-scheme heterojunction sosf " 051 products
greatly boosts the photocatalytic activity of the a-Fe,0;/g-C;N, o4} * e s Moo

nanohybrids. This results in organic dye degradation rates more 02/ * * . . | %05_

than two times higher than its individual components, promoted 0Lt te o 2o

by the efficient charge separation and transfer of the Z-scheme 5 Time %“"

heterojunction mechanism of the nanohybrid photocatalyst. In 23 05

addition, recyclability tests show an outstanding stability of the -3 . 2ol H/O/OHMB
nanohybrids spanning five consecutive dye degradation experi- 033 o3%32 W o \»OH(
ments, during which the degradation rate is slightly improved. The .d 3 cx-F'eIan s Degraded
origin of the improved photocatalytic performance of the }% nanoparticles products

nanohybrid lies in the intimate interaction between a-Fe,O; and

g-C;N, afforded by the two-step fabrication process, which enables the direct and controlled growth of a-Fe,O; nanoparticles on g-
C;N,. A first ultrasound impregnation step promotes the effective anchoring of stable Fe species via Fe—N and C—N/C—0 bonding,
while a second microwave phase conversion step induces the subsequent growth of a-Fe,O; nanoparticles on the g-C;N, sheets.
Careful control of the FeCl; precursor concentration up to a threshold value of 0.25 M during impregnation enables complete
control over their size and phase. This approach clearly highlights the benefits of microwave reactor systems in the fabrication of
hematite-based Z-scheme photocatalytic, overcoming the limitations of conventional thermal treatment technology.
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1. INTRODUCTION separation and transfer of the photogenerated charge carriers
due to the Z-shaped charge-carrier migration pathway within
both semiconductors.”' ~>* The interest in this charge transfer
mechanism has led to the study of a variety of hematite-based
direct Z-scheme photocatalytic systems by coupling a-Fe,O;
with perovskites,24 other metal oxides,””*° semiconduc-
tors,””*" or graphitic carbon nitride (g-C;N,).””*

Among these, g-C;N, has received significant attention over
the past decade for its semiconducting properties (2.7 eV
bandgap), excellent thermal and chemical stabilitzr, and,
moreover, its promising photocatalytic activity.31_3‘ More

Hematite (a-Fe,O;) is a metal oxide that holds significant
promise for the photocatalytic removal of pollutants from
water due to its ability to act as a Fenton’s reagent' > under
UV light and in the presence of H,O, as co-oxidant, facilitating
the degradation of contaminants like dyes, pesticides or
pharmaceuticals, while minimizing the emission of toxic
byproducts.*™” However, a-Fe,O; still suffers from short-
comings that hinder its applicability in photocatalytic systems,
such as an extremely short lifetime of photogenerated charge

carriers, short hole diffusion lengths of a few nanometers, and a . .
tendency to form large, poorly dispersed nanoparticles, limiting importantly, g-C;N, and a-Fe,0; hybrids can be developed to

the number of available active surface sites.”~'> To address present a band alignment that favors the formation of a direct

these drawbacks, various strategies like facet engineering,l?”14 Z-scheme structure upon adeque.\te integration, .renderm.g *

doping 1516 and heterostructuring”_19 have been explored Fe,05/g-C3N, hybrids of great interest for various environ-
: .

Among these approaches, the formation of a-Fe,O;-based
heterojunction photocatalysts through the combination of
hematite with other semiconductors offers significant potential
to overcome the aforementioned limitations and boost overall
photocatalytic activity.”” In this sense, direct Z-scheme
photocatalytic systems have become the most promising type
of heterojunction since they offer the best efficacy in the
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mental photocatalytic applications.’*™** Conventional integra-

tion methods typically involve the solvothermal treatment of a
g-C;N, and iron oxide mixture®”***" or the calcination of an
Fe-modified g-C3N, precursor, such as melamine or urea.*”
However, these approaches typically employ conventional
thermal treatments carried out at high temperatures (of at least
550 °C) for long periods of time (beyond 2 h) to obtain the a-
Fe,O; phase. Apart from being a very energy-intensive process,
this conventional thermal treatments also drastically restrict
control over the morphology, size, and distribution of the
resulting hematite nanoparticles on g-C;N,.****~*° By
contrast, alternative technologies such as microwave reactor
systems*® can both reduce the temperature required for this
phase conversion to a-Fe,O; while hastening the treatment
process, features that are highly attractive toward the
development of up-scalable photocatalytic systems with
enhanced applicability.

Herein, we present an approach in which a novel two-step
process overcomes limitations associated with the conventional
fabrication of hematite-based Z-scheme photocatalytic systems.
Our strategy involves an initial ultrasound-assisted impregna-
tion of g-C3N, with an aqueous FeCl; precursor solution,
followed by a short, mild microwave phase-conversion step,
eliminating high-temperature thermal treatment methods. X-
ray diffraction (XRD), thermogravimetric analysis (TGA),
scanning transmission electron microscopy (STEM), and X-ray
photoelectron spectroscopy (XPS) analyses provide a detailed
picture of the overall growth mechanism of hematite (a-
Fe,0;) nanoparticles on g-C;N, sheets, emphasizing the
critical role of the FeCl; precursor concentration in achieving
a-Fe,0,/g-C;N, nanohybrids. Photo-Fenton degradation
studies of methylene blue showcase their greatly boosted
photocatalytic activity, which, owing to the intimate interaction
between both components, is completely stable, as demon-
strated by the subsequent recycling studies. The origin of this
outstanding performance stems from the formation of an
efficient Z-scheme heterojunction photocatalyst, as proven via
spin-trapping electron spin resonance (ESR) experiments,
Mott—Schottky measurements, and Tauc plot analysis.

2. EXPERIMENTAL SECTION

2.1. Materials and Chemicals. Iron(III) chloride (FeCl;, 97%,
reagent grade) and melamine (99%) were purchased from Sigma-
Aldrich and used in the preparation of hematite and carbon nitride,
respectively. Methylene blue (MB, Panreac), rhodamine B (RhB,
>95% (HPLC)), methyl red (MR, Panreac), and hydrogen peroxide
(H,0, 30% (v/v), analytical grade, Labkem) were used in the
photocatalytic degradation experiments. Na,SO, (ACS Reagent, >
99.0%, anhydrous) was used as the electrolyte for the photo-
electrochemical characterization. All the reagents used in this work
were used without further purification.

2.2. Preparation of the Reference Materials. For the
preparation of the akaganeite (f-FeOOH) nanoparticles, FeCl; (1
M) was dissolved in Milli-Q water (10 mL) by magnetic stirring for
15 min until a dark yellow solution was obtained. This solution was
then transferred to a glass reaction vessel and introduced into the
microwave reactor (CEM Discover SP) and treated at 160 °C for 10
min. The power in the microwave reactor was set to 225 W to ensure
a fast heating and a constant reaction temperature. A deep red
solution with a precipitated solid was obtained, which was
subsequently centrifuged at 10,000 rpm for 10 min to eliminate the
supernatant. The remaining solid was dried at 75 °C overnight and
ground to a fine brown powder, yielding the final f-FeOOH
nanoparticles.

To obtain the hematite (a-Fe,O;) nanoparticles, S-FeOOH
powder was put into a porcelain boat and placed in a horizontal
tubular reactor. The akaganeite powder was then treated at 550 °C for
2 h with a heating ramp of 10 °C min~". The as-obtained powder of
hematite nanoparticles was employed as reference material in the
characterization and photocatalytic control experiments.

The g-C;N, powder was obtained by a commonly employed
polycondensation method.*” In brief, 15 g of finely ground melamine
was placed in a graphite crucible. This crucible was introduced into a
muffle furnace and covered with a porcelain disk. The polycondensa-
tion process was carried out at 550 °C for 3 h with a heating ramp of
3 °C min~". The as-obtained yellow powder was recovered from the
crucible and ground to ensure easier dispersibility.

2.3. Preparation of the Nanohybrid Photocatalysts. The
nanohybrid photocatalysts were prepared by a two-step process. In
the first step (impregnation step), the ground g-C;N, powder was
dispersed (100 mg mL™') in an aqueous solution of FeCl, with
varying concentrations ranging from 0.05 to 1 M with the help of an
ultrasound probe (on—off cycle of 0.5 s at 50% over 90 min). The
resulting dispersion was dried overnight at 75 °C, turning the
characteristic yellow color of g-C;N, into a reddish tone that
indicated the presence of iron, and thus the successful impregnation
of g-C;N,. In the second step (phase-conversion), the red-colored
iron impregnated g-C;N, powder was redispersed in 10 mL of Milli-Q_
water and introduced into a glass reaction vessel for a microwave
treatment. The conditions of this microwave process were the same as
those described above for the preparation of iron-based materials.
After microwave treatment, a deep red solution with a precipitated
solid was obtained. This solid was then recovered by centrifugation at
10000 rpm for 10 min, discarding the clear supernatant. Subsequently,
the as-obtained powder was dried overnight at 75 °C and used
without further manipulation.

2.4. Characterization of the Photocatalysts. The crystalline
structure of the as-prepared photocatalyst powders was explored by X-
ray diffraction (XRD) in a Bruker D-8 Advance diffractometer using
Cu Ka as the radiation source (1 = 1.540 A), from 5° to 80° with a
step of 0.03° and an accumulation time of S s. The average crystalline
domain size, lattice parameters, and phase composition were extracted
through Rietveld refinement, using the integral width for the
respective calculations. The thermal stability of the photocatalysts
was investigated by thermogravimetric analysis (TGA), carried out in
a Netzsch Libra F1 TGA system in an air atmosphere with a starting
temperature of 30 °C, a final temperature of 800 °C, and a heating
ramp of 10 °C min~". The photoluminescence emission properties of
the dispersed nanohybrid photocatalysts were studied using a Horiba
Yvon FluoroMax-P, employing an excitation wavelength of 380 nm
and a 10 mm path-length quartz cuvette. Similarly, UV—vis
absorption spectra were collected by using a Shimadzu UV-2600
spectrophotometer. The morphology of the photocatalyst powders
was characterized by scanning electron microscopy in a FEI
INSPECT F-50 equipped with a field emission gun as an electron
source. The size of the nanoparticles was measured using Image],
always using a representative number of features. Scanning trans-
mission electron microscopy (STEM) and X-ray energy dispersive
spectroscopy (XEDS) measurements have been performed using the
Argonne PicoProbe Analytical Electron Microscope (AEM), which
possesses the ANL XPAD system with its ultrasensitivity 4.5 sR
detector.*® This microscope was operated at 300 kV. High-angle
annular dark-field (HAADF)-STEM imaging was also performed
using this instrument. X-ray photoelectron spectroscopy was collected
in an ESCAPlus Omicron spectrometer equipped with an Al X-ray
source (1486.7 eV, 300 W) and working at ultrahigh vacuum. For the
high-resolution spectra, a step of 0.1 eV and a dwell time of 0.5 s were
used. Spin-trapping Electron Spin Resonance (ESR) experiments
were performed using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a
spin trap (Sigma-Aldrich, 97%). To this end, a stock solution of
DMPO (500 mM) in H,O (Fischer, analytical grade) and methanol
(Acros Organics, analytical grade) was prepared. Similarly, control
hematite nanoparticles, pristine carbon nitride, and the a-Fe,0;/g-
C3N, 0.25 M nanohybrid (10 mg) were added to H,O or methanol
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(0.5 mL) and sonicated for 5 min in an ultrasound bath
(BRANSONIC 1510E-MTH, 70 W, 42 kHz) to create the respective
set of dispersions. Afterward, SO uL of the stock DMPO solution was
added to SO uL of the 3 samples under investigation, resulting in a
total concentration of 250 mM of DMPO. A small fraction of the
dispersion was then transferred to a capillary (1 mm inner diameter)
tube to measure the ESR spectra. UV-light from a Deuterium lamp
was focused onto the samples placed in the ESR cavity, enabling ESR
in situ measurements under illumination, starting immediately after
light exposure. X-band continuous-wave ESR measurements were
performed using a Bruker Elexsys-II ES00 X-band spectrometer,
operating at the X-band microwave frequency of 9.44 GHz. Samples
were measured at room temperature in an ER4102ST rectangular
TE102 cavity, with a microwave power of 50 mW and a modulation
amplitude of 0.1 mT.

2.5. Photoelectrochemical Characterization. The photo-
electrochemical measurements, including photocurrent response,
electrochemical impedance spectroscopy, and Mott—Schottky anal-
ysis, were performed on an Autolab PGSTAT302N potentiostat using
a LOT ORIEL solar simulator LS0106 as a light source, generating
AM 1.5G light from a Xe Arc lamp (150 W) with a power density of
300 mW cm ™ A three-electrode setup was implemented with
Na,SO, (0.1 M) as the electrolyte, in which a Ag/AgCl (3 M KCl)
electrode and a Pt wire acted as reference and counter electrodes,
respectively. The working electrode was prepared by drop-casting the
as-prepared photocatalysts dispersed in water (0.5 mg mL™') on
fluorine-doped tin oxide (10 mm X 25 mm, TEC-1S, Pilkington),
followed by drying at 150 °C for 1 h. The equivalent circuit modeling
and impedance data evaluation were performed using the NOVA
software.

2.6. Photocatalytic Degradation Studies. The photocatalytic
activity of the reference materials and a-Fe,03/g-C3N, nanohybrids
was explored by room-temperature degradation of methylene blue
(MB) through a photo-Fenton process. In a typical experiment, an
aqueous solution of MB (15 mg L™') was prepared. For each
experiment, 15 mL of this solution was introduced into a closed-cap
vial along with 7.5 mg of the desired photocatalyst and stirred in dark
conditions for 1 h to ensure the adsorption/desorption equilibrium
between photocatalyst and contaminant was achieved. Then, 1 mL of
H,0, (0.02% v/v) was added to the MB solution to act as a co-
oxidant, and the vial was exposed to UV light (365 nm, from a TL 8W
Philips lamp), denoting the beginning of the experiment. To track the
photocatalytic activity, the degradation of the MB dye was followed
by measuring the absorbance of the solution at 664 nm (wavelength
at which MB exhibits its maximum absorption) employing a
Shimadzu UV-2600 spectrophotometer, specifically at 664 nm,
which corresponds to the wavelength of maximum absorption of
MB. The first aliquot of MB was taken before the addition of H,O,,
the second one (t = 0 min) was taken after the addition of the H,0,,
and then every 10 min thereafter. The degradation of MB was
considered a pseudo-first-order reaction, and the kinetic model
employed is described in eq 1:

ln[&] =kt
Ct (1)

where C, is the concentration at t = 0 min, C, is the concentration at
time ¢, and k is the kinetic constant of the pseudo-first order, obtained
from the slope of the degradation curve represented according eq 1.
An example of the evolution of the degradation is included in the
Supporting Information, see Figure S11. To assess the applicability of
the as-prepared photocatalysts to other pollutant systems, the
degradation of rhodamine B (RhB) and methyl red (MR) was
studied in the same manner as MB. Their degradation was thus
tracked by following their maximum absorption, achieved at 553 nm
for RhB and at 524 nm for MR, respectively.

3. RESULTS AND DISCUSSION

3.1. Characterization of a-Fe,0;/g-C;N, Nanohybrid
Photocatalysts. The preparation of the a-Fe,0;/g-C;N,
nanohybrid photocatalysts followed a two-step process. It is
initiated by an ultrasound-assisted impregnation of pristine g-
C;N, sheets with an aqueous solution of FeCl;, followed by a
mild and short microwave-driven phase-conversion step, in
which the anchored iron precursor species are converted into
hematite nanoparticles that are well integrated onto g-C;N,
sheets. Scheme 1 outlines the complete preparation pathway,
while the specific details on the synthesis conditions of all
reference and nanohybrid materials are fully described in
Section 2.

Scheme 1. Representation of the Two-Step Preparation of
the a-Fe,0,/g-C;N, Nanohybrids, Initiated by an
Ultrasound Impregnation of g-C;N, with an Aqueous FeCl,
Precursor Solution, followed by a Microwave Treatment
That Induces the Phase-Conversion of the Anchored Fe
Species into a-Fe,O; Nanoparticles
FeCl, Ultrasound ~ “e®
} |mpregnat|on tz..‘,!.t °° ‘

G b. .lv.
. .,‘,.z...,z c-

9-CaNs ol .:‘.: oot e
>
a-Fe,0y/ ‘323
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O3 treatment
.“
a- Fe203 7
nanopamcles

The XRD pattern of akaganeite nanoparticles used as a
reference sample (Figure la, black line) shows f-FeOOH as
the main crystal phase, identified by its prominent (11 0), (3 1
0), and (2 1 1) peaks (see JCPDS Card Number 34-1266).
Additionally, diffraction peaks corresponding to a-Fe,O; are
detected (highlighted by the red dotted lines), yielding a
composition of 36.1% a-Fe,O; and 63.9% J-FeOOH as
determined by Rietveld refinement (Table S1). Subsequent
thermal treatment at S50 °C for 2 h transforms akaganeite (/-
FeOOH) nanoparticles into pure hematite phase (Figure 1a,
red line),"” with well-defined (012), (104), (110)and (11
3) components (see JCPDS Card Number 33-0664). Lattice
parameters and crystalline domain sizes are also detailed in
Table S1 in the Supporting Information. The diffractogram of
pristine g-C;N, displays the two characteristic diffraction peaks
at 13.0° (1 0 0) and 27.5° (0 0 2), related to the in-plane
intralayer d-spacing and the interlayer distance of the
conjugated aromatic rin g system, respectively (see JCPDS
Card Number 87-1526).

The XRD analysis of the nanohybrid materials (Figure 1b)
reveals a significant influence of the concentration of the FeCl,
precursor used in the impregnation step. At the lowest FeCl,
concentration (0.05 M), the diffraction peaks at 13.0° and
27.6° belonging to g-C;N, dominate the diffractogram (black
dotted lines), accompanied by weak signals from a-Fe,0O; (red
dashed lines). Increasing the FeCl; concentration to 0.1 M
leads to significantly more prominent hematite peaks. This
prominence rises until a threshold concentration of 0.25 M is
reached, at which point the slight emergence of the f-FeOOH
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Figure 1. X-ray diffraction pattern of (a) g-C;N,, f-FeOOH, and a-Fe,0; nanoparticles and (b) a-Fe,0;/g-C;N, nanohybrid photocatalysts, as a
function of the FeCly concentration used during the impregnation process. (c) Thermogravimetric analysis and (d) photoluminescence

spectroscopy of the as-prepared photocatalysts.

akaganeite phase is denoted, while maintaining the g-C;N,
contribution constant. Increasing the FeCl; concentration to 1
M furthers the formation of $-FeOOH, as evidenced by the
clear presence of the (1 1 0), (3 10) and (2 1 1) akaganeite
diffraction peaks that entail a relative decrease in the intensity
of the hematite peaks with respect to g-C;N, (see Table S1).
Moreover, there is a correlation between this increasing FeCl,
concentration and the widening and reduction in intensity of
the intraplanar (1 0 0) peak of g-C;N, in the nanohybrid
materials (see Figure S1). This trend suggests that higher
FeCl; concentrations during impregnation lead to smaller and
more defective g-C;N, sheets, likely due to the more acidic
conditions of the process.51 Moreover, the presence of
akaganeite at high FeCl; concentrations suggests the existence
of a concentration threshold at around 0.25 M at which the
hematite content is maximized along with minimal akaganeite.

It should be noted that akaganeite is a well-known product
of the synthesis of FeCl; that, through thermal treatment at
temperatures above 550 °C, is converted into hematite.
However, in this work, this phase conversion is achieved
during the short and mild microwave reactor treatment,
without requiring further thermal treatment, evidencing the
active and catalytic role of the g-C3N, surface in this phase-
conversion process. These XRD results clearly highlight the
efficacy of the two-step synthetic process in promoting the
controlled incorporation of a-Fe,O; nanoparticles onto g-
C;N,, facilitated by the catalytic effect of g-C;N, sheets during
the microwave-driven phase-conversion process of f-FeOOH
into a-Fe,0;.

Thermogravimetric analysis under air provides insight into
the loading of a-Fe,O; nanoparticles grown in the nanohybrid
photocatalysts and their critical dependency on the precursor
concentration (Figure 1c). Pristine g-C;N, exhibits thermal

stability up to 570 °C, followed by a pronounced weight loss,
resulting in near-complete removal of the starting material with
only 0.36 wt % remaining. By contrast, f-FeOOH initially
shows a modest weight loss beginning at a significantly lower
temperature (100 °C), gradually progressing until 600 °C, and
retaining 83.3% of its initial weight. This weight loss is
attributed to the phase conversion from -FeOOH to a-Fe,0;
as a result of the oxidation of akaganeite. Conversely, a-Fe,0;
nanoparticles reveal high thermal stability without any
apparent weight loss up to the maximum experimental
temperature probed (800 °C). Consequently, the thermal
stability of the nanohybrid photocatalysts depends on the iron
oxide phase and its total iron content. This interplay between
precursor concentration and thermal stability becomes
particularly evident in nanohybrids prepared with lower
FeCl; concentrations (0.05, 0.1, and 0.25 M). These
nanohybrids that contain a pure hematite phase, as
demonstrated by the XRD results, exhibit a weight loss
behavior intermediate between pristine g-C3N, and a-Fe,0;
nanoparticles. This is characterized by a single weight loss,
attributed to the decomposition of carbon nitride, which
commences at around 420 °C. Consequently, the residual mass
directly correlates with the iron oxide concentration, yielding
values of 2.95, 7.54, and 11.16 wt % for the 0.05, 0.1, and 0.25
M precursor concentrations, respectively. In addition, the
degradation temperature in these nanohybrids is significantly
lower compared to pristine g-C;N,, a phenomenon likely
caused by the presence of iron oxide nanoparticles integrated
onto the g-C;N, sheets, known to catalyze the thermal
decomposition of carbon-based materials.””>® Conversely,
hybrids prepared with higher iron precursor concentrations
(0.5 and 1 M) display a marked decrease in thermal stability
since their weight loss initiates already at around 150 °C. The
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origin behind this diminished stability is likely due to the more
prominent presence of the f-FeOOH phase, which features a
much lower thermal stability compared to both a-Fe,O; and g-
C;N, at low temperatures. In addition, and in agreement with
XRD findings (Figure 1b), the 0.5 and 1 M hybrids reveal a
higher iron content, with residual values of 16.65 and 30.40 wt
%, respectively. These results underscore the critical role of a
pure a-Fe,O; phase in ensuring the thermal stability of the
hybrid photocatalyst, with the 0.25 M precursor concentration
serving as a critical threshold.

The photoluminescence (PL) spectrum of the a-Fe,0;/g-
C;N, photocatalysts is shown in Figure 1d. Pristine carbon
nitride exhibits a wide emission band with a maximum at 445
nm for an excitation wavelength of 380 nm, which corresponds
with 7 — 7* transitions of g-C3N, (corresponding UV—vis
spectra are depicted in Figure S2 of the Supporting
Information). Conversely, the as-prepared a-Fe,O; nano-
particles did not show any photoluminescent behavior. Thus,
the hematite content can be easily tracked via PL by its effect
on the emissive properties of g-C;N,: larger a-Fe,0; contents
stemming from higher FeCl; concentrations during the
impregnation step lead to dwindling emission signal, which is
the largest for the 0.05 M nanohybrid and minimal for the 1 M.
This effect can be directly correlated with the successful
integration of a-Fe,0; and g-C;N,, leading to a decrease in the
radiative recombination of charge carriers and its resulting
enhancement in the char%e separation and transfer for the
nanohybrid photocatalysts.”*

Since the intimate interaction between g-C;N, and a-Fe,0;
has been clearly demonstrated, high-resolution X-ray photo-
electron spectroscopy (N 1s, C 1s, and O 1s) was utilized to
study the evolution of the surface chemistry of a-Fe,O,
nanoparticles and g-C;N, upon the formation of the
nanohybrid. The deconvoluted N 1s core spectra of g-C;N,
reveals three different contributions>> (Figure 2a): a main peak
at 398.7 eV, corresponding to structural sp* N (C—N=C) of
the heptazine rings, a secondary contribution at 399.8 eV
ascribed to tertiary nitrogen (N—(C);), and a minor peak at
401.1 eV that confirms the presence of amino groups. By
contrast, the N 1s peak of the a-Fe,O;/g-C;N, 025 M
nanohybrid (Figure 2b) exhibits substantial differences,
although still retaining these components. Notably, the
shoulder observed at 401 eV for g-C;N, displays a significant
decrease in the nanohybrid, indicating the diminished presence
of free amino groups. This correlates with the reduction in the
contribution of this component from 104 to 5.5% and a
corresponding increase of the sp> N component from 69.6 to
74.1%. This change is ascribed to the cleavage of the g-C3N4
sheets observed in XRD and suggests the partial substitution of
the amino terminal for other stable bonds such as Fe—N.>**’
The C 1s core spectra of g-C;N, (Figure 2c) display two
contributions corresponding to the C—N=C component at
288.4 eV and the C—C component, centered at 282.7 eV,
related to the sp> C—C bond (adventitious or derived from
unreacted melamine).”® " Conversely, the C 1s peak of the
nanohybrid material (Figure 2d) revealed significant alter-
ations. While the C—N=C component at 288.4 eV remains
the primary contribution, two new signals emerge at lower
binding energies, evidenced by the broad shoulder centered at
285 eV. Its two contributions, located at 285.8 and 284.6 eV,
are ascribed to the C—N/C—O bonding and C=C/C-C
carbon bonds, respectively. The former C—N/C—O compo-
nent likely indicates the integration of a-Fe,O; onto g-C;N,,
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Figure 2. XPS core spectra of g-C;N,, a-Fe,0;, and a-Fe,0,/g-C;N,
0.25 M and the deconvolution of their (a, b) N 1s, (c) and (d) C 1s,
(e), and (f) O 1s contributions.

potentially involving Fe—N or O—C bonds. The latter C=C/
C—C component suggests the presence of defects within the g-
C;N, structure®** originating from the breakup of the g-C;N,
sheets during the ultrasound probe treatment, as discussed in
the context of the XRD results (see also Figure S1 in
Supporting Information). XPS analysis further reveals the
significant changes observed in the chemical environment of a-
Fe,0;. The O 1s peak of the as-prepared a-Fe,O; nano-
particles (Figure 2e) reveals three distinct contributions. The
first, located at 530.6 €V, is ascribed to the structural lattice
oxygen of a-Fe,O; and represents the most significant
component (73.6%). The second contribution at $32.3 eV
corresponds to oxygen vacancies characteristic of the hematite
surface structure, accounting for 20.2% of the total oxygen
content.®> Finally, the third component, located at 534.1 eV, is
related to water and other oxygen-related species adsorbed on
the surface of the nanoparticles. In comparison, the O 1s peak
of the a-Fe,0;/g-C;N, nanohybrid (Figure 2f) exhibits a
broader profile, divided into three components: the main one
at 530.9 eV corresponds to lattice oxygen (53.2%); the second
contribution, centered at 532.1 eV, is attributed to the oxygen
vacancies of a-Fe,O; and accounts for 24.8% of the oxygen
content; and the third component, located at 532.8 eV, is
ascribed to the C—O contribution, in agreement with the C 1s
observations discussed above. An eventual contribution of
oxygen species adsorbed on hematite is not discernible. The
clear change in the O 1s peak shape from a-Fe,O; to the
nanohybrid and the appearance of a substantial C—-O
contribution both point toward a drastic modification of the
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chemical environment of a-Fe,O; upon integration with
carbon nitride, in accordance with the results from the N 1s
and C 1s XPS spectra. The Fe 2p data for both a-Fe,O; and
the a-Fe,05/g-C;N, 0.25 M nanohybrid (Figure S3,
Supporting Information) further corroborate these chemical
modifications. Moreover, these results derived from Figures 1
and 2 assisted in the development of the cleavage and
impregnation mechanism that g-C;N, undergoes during the
ultrasound impregnation, as illustrated in Figure S4.
Morphological, structural, and elemental analyses of pristine
g-C;N,, a-Fe,O; nanoparticles, and a-Fe,0;/g-C;N, hybrids
were performed by scanning transmission electron microscopy
(STEM), imaging, and energy dispersive X-ray spectroscopy
(EDX), as well as field-emission scanning electron microscopy
(FESEM). Pristine g-C;N, flakes exhibit a planar morphology
of stacked sheets (Figure SSa). These flakes, examined by
STEM high-angle annular dark-field (HAADF) imaging and
STEM EDX (Figure 3a—c), reveal a homogeneous elemental

Figure 3. (a) High-angle annular dark-field image (HAADF-STEM)
of pristine g-C;N,. (b) Carbon and (c) nitrogen STEM-XEDS
elemental maps recorded in the area highlighted in red in Figure 3a.
(d) FESEM micrograph of the 0.25 M a-Fe,0;/g-C3N, nanohybrid
photocatalyst. (¢) Low and (f) high magnification HAADF-STEM
images of said hybrid, along with the (g) carbon, (h) nitrogen, (i)
oxygen, and (j) iron STEM-XEDS elemental maps of the a-Fe,0;/g-
C;N, 0.25 M nanohybrid.

colocalization of carbon and nitrogen across the entire g-C;N,
sheet. FESEM analysis of the as-prepared a-Fe,O; nano-
particles displays a unique planar platelet morphology (Figure
SSb, Supporting Information) with an average particle size of
about 200 nm. However, a-Fe,O; nanoparticles integrated
with the a-Fe,05/g-C;N, 0.25 M nanohybrid (Figure 3d),
adopt a distinct polyhedral hematite morphology with an
average size of about 165 nm (Figure SSe, Supporting
Information). In addition, FESEM investigations of the
remaining hybrids (Figure SSc—f, Supporting Information)
show that an increasing FeCl; impregnation concentration
correlates with an enlargement of the size of the a-Fe,O;
nanoparticles. These larger nanoparticles most likely originate
from the aggregation and coalescence of smaller a-Fe,O;
nanoparticles, eventually leading to complete coverage of the
g-C;N, flake surface. HAADF-STEM analysis of the a-Fe,0;/
g-C;N, 0.25 M nanohybrid (Figure 3ef) corroborates the
presence of both the polyhedral a-Fe,O; nanoparticles and

these smaller nanoparticles residing on the surface of g-C;N,
(Figure 3f). The elemental mapping for carbon and nitrogen
elemental maps (Figure 3gh) confirms a clear spatial
colocalization of these elements, as observed for the pristine
g-C;N, (Figure 3b,c). Notably, no C or N signal is detected in
the region corresponding to the larger a-Fe,O; nanoparticles.
These findings provide evidence that the bright polyhedral
spots observed in Figure 3e, f exclusively represent the a-Fe,0;
nanoparticles directly grown onto the g-C;N, surface, which
correlates with the appearance of iron and oxygen signals from
these nanoparticles (Figure 3i, j).

3.2. Assessment of the Photocatalytic Activity of the
a-Fe,05/g-C;N, Photocatalysts. The photocatalytic activity
of the as-prepared nanohybrid photocatalysts was explored
following the degradation of methylene blue (MB) in a photo-
Fenton process (see Section 2 for details). Figure 4a depicts
the comparative photocatalytic activity of g-C3N,, a-Fe,O;,
and fB-FeOOH. The hematite formation intermediate, f-
FeOOH, vyields the lowest activity, achieving a mere 19%
degradation of the initiall MB concentration after 70 min.
Conversely, g-C;N, and a-Fe,O; nanoparticles show signifi-
cantly higher activity, reducing the initial MB concentration to
29 and 12%, respectively, after a 90-min degradation period.
These findings suggest that higher concentrations of f-FeOOH
correlate with lower photocatalytic activity, while a higher a-
Fe,0; content translates to an enhanced MB degradation
efficiency. Figure 4b illustrates the photocatalytic activity of the
nanohybrid photocatalysts prepared with varying FeCl;
precursor concentrations. Notably, the nanohybrid prepared
with a 0.25 M precursor concentration outperforms both
reference materials and other hybrids, achieving a complete
dye degradation in just 60 min. Nanohybrids prepared with
lower FeCl; concentrations (0.05 and 0.1 M) exhibit moderate
performance, completely removing MB in 80 min. While not as
efficient as the 0.25 M photocatalyst, their activity remains
superior to the reference materials. By contrast, catalysts
prepared with higher FeCl; concentrations (0.5 and 1 M)
demonstrate poorer performance, failing to completely degrade
MB even after 90 min. These results highlight the detrimental
impact that a high f-FeOOH content has on the photocatalytic
activity of the nanohybrids, emphasizing the critical
importance of preparing iron oxide photocatalysts with a
high degree of hematite phase-purity. Thus, the 0.25 M FeCl,
concentration represents a critical threshold value for the
optimal photocatalytic activity. At this concentration, the
nanohybrids achieve the highest a-Fe,O; content while
minimizing the S-FeOOH phase. Moreover, as discussed
above, this FeCl; precursor concentration also promotes a
decrease in the planar size of the g-C;N, sheets, which in turn
enhances the available catalytic surface area. Complementary
to this study, the need for both H,0, as co-oxidant and UV
light irradiation (and its comparison with visible light
illumination) for the degradation of MB was demonstrated
for a-Fe,0; g-C;N,, and the a-Fe,0;/g-C;N, 025 M
nanohybrid, see Figures S6 and S7. Importantly, additional
experiments examining the concentration dependency of this
nanohybrid (Figure S8) reveal that reducing the photocatalyst
concentration by up to one-third yields degradation rates still
faster than those obtained compared to any of the other
studied photocatalysts. Finally, degradation studies of two
other organic dyes (rhodamine B, RhB, and methyl red, MR,
see Figure S9) further demonstrate the efficacy of this a-
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Figure 4. Evolution of the degradation of methylene blue solutions in the presence of (a) g-C3N,, f-FeOOH, and a-Fe,0; nanoparticles, (b)
nanohybrid photocatalysts prepared with varying FeCl concentrations from 0.05 to 1 M. (c) Recycling study of the best performing photocatalyst.
(d) Comparison of the estimated pseudo-first order kinetic constants for the degradation of MB.

Fe,0;/g-C;N, in the photocatalytic removal of different
organic pollutants.

To assess the stability of the best-performing photocatalyst,
the a-Fe,03/g-C;N, 0.25 M nanohybrid, a recycling study was
carried out. Hereto, the degradation of MB was consecutively
repeated five times, employing the photocatalyst recovered
after each experiment. Importantly, no mass of photocatalyst
was appreciated throughout the entire recycling experiment,
ensuring that all degradation experiments were carried out
under the same conditions. Figure 4c shows that the
photocatalyst was completely stable through the five
consecutive experiments, obtaining the complete degradation
of MB in 60 min in all five experiments. Interestingly, the
degradation rate is slightly improved after the first experiment
since the complete removal of MB is achieved at shorter times
for the later cycles. This suggests a possible activation of the
photocatalyst as the origin of this enhancement. Furthermore,
XRD analysis clearly confirms that the recovered photocatalyst
did not suffer any structural changes upon the cycling
experiments, thus highlighting its stability (see Supporting
Information Figure S10)

Figure 4d compares the estimated reaction constants for all
investigated photocatalysts, assuming a pseudo-first-order
photo-Fenton degradation process of MB, as described in
the Supporting Information. Among the reference materials, a-
Fe,0; exhibits the highest reaction rate constant (0.026
min~"), significantly exceeding those of g-C;N, (0.014 min™")
and #-FeOOH (0.002 min™"), as expected for a photo-Fenton
process. Moreover, the kinetic constant of hematite surpasses
those of the 0.5 and 1 M hybrids, which displayed values of
0.013 and 0.019 min™', respectively. In contrast, the low
concentration photocatalysts (0.0S, 0.1, and 0.25 M) outper-
form hematite, revealing reaction rate constants of 0.046,
0.036, and 0.058 min ™", respectively. The 0.25 M nanohybrid
thus exhibits the highest rate constant of all photocatalysts
studied. Its overall performance and stability are comparable or

superior to other related material systems, see Table S2 in the
Supporting Information.

3.3. Empirical Evidence for the Photocatalytic
Mechanism. The significantly enhanced performance of the
a-Fe,0;/g-C3N, nanohybrid underscores the efficacy of the
combined impregnation and microwave treatment in produc-
ing a superior nanohybrid photocatalyst with considerably
boosted photocatalytic activity that is attributed to the direct
growth of a-Fe,0; nanoparticles on the surface of the g-C;N,
sheets. In the next step, the origin of the enhanced
photocatalytic performance of the nanohybrid photocatalysts
and their underlying electronic working mechanism are
examined. First, chronoamperometric measurements were
carried out to determine the photoresponse of the photo-
catalysts. Results presented in Figure Sa show that g-C;N,
yields the lowest photocurrent, closely followed by that of a-
Fe,0;. In comparison, the a-Fe,0;/g-C3N, nanohybrid
photocatalyst exhibits a photocurrent more than two times
higher than that of the base materials, indicating an improved
efficiency in the separation and transfer of photogenerated
electrons and holes in the nanohybrid, even when considering
its transitory decrease during the ON cycle. Electrochemical
impedance spectroscopy (EIS) measurements further confirm
the improved charge separation and transfer capabilities of the
a-Fe,03/g-C3N, nanohybrid. The Nyquist diagram arc of this
nanohybrid photocatalyst (Figure Sb) is considerably smaller
than those of g-C;N, and a-Fe,0;. This translates into lower
charge transfer resistance (R) and capacitance (C,) for the
nanohybrid photocatalyst according to the equivalent circuit
indicated in Figure Sb, thus clearly evidencing its faster charge
separation and transfer rate capability.

To corroborate the performance of the a-Fe,0;/g-C;N,
nanohybrid, spin-trapping electron spin resonance experiments
were conducted. $,5-dimethyl-1-pyrroline N-oxide (DMPO)
was employed as a commonly used spin trap known for
stabilizing oxygen-containing short-lived radicals.”**® Thus,
DMPO was added in water and methanol dispersions
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Figure S. (a) Chronoamperometry, (b) Nyquist diagram, (c¢) DMPO--OH, and (d) DMPO--O,~ measurements of g-C;N,, a-Fe,05, and a-Fe,0,/
g-C,N, nanohybrids. (e) Mott—Schottky and (f) Tauc plots of g-C;N, and a-Fe,0;.

containing the control and nanohybrid photocatalysts to
investigate the presence of hydroxyl (¢OH) and superoxide
(803) radicals, respectively, the oxygen reactive species that
drive the photodegradation of MB. Figure Sc illustrates the
ESR spectra of a-Fe,03, g-C;N,, and the a-Fe,0;/g-C3N, 0.2
M nanohybrid photocatalysts dispersed in H,O after adding
DMPO, both in the dark and under UV illumination.
Consistent with their photocatalytic behavior, the reference
materials exhibit no detectable ESR signal in the dark.
Interestingly, even under UV-illumination, a-Fe,O; nano-
particles still do not show any eOH formation, contrasting
with the weak signal observed for g-C;N,. The g-C;N,
spectrum exhibits the characteristic line shape and hyperfine
splitting pattern associated with the DMPO-eOOH spin
adduct. Notably, the nanohybrid displays a clear ESR signal
with the typical 4-line pattern and a 1:2:2:1 intensity ratio
characteristic of DMPO-OOH,64’66 indicating the strong
formation of hydroxyl radicals.

Figure 5d presents the ESR spectra obtained in a methanol
solution, which was used to detect the presence of the DMPO-
e0); radical. In dark conditions, the reference materials did not
show any signal. However, upon UV illumination, the O3

radical is detected in both control photocatalysts, with g-C;N,,
exhibiting a higher sensitivity compared to a-Fe,O;.
Interestingly, the nanohybrid shows a significantly more
intense signal, both in dark conditions and under UV
illumination, consistent with previous findings ascribing this
signal to the presence of eOj radicals.””*® In addition, a
decrease in this signal intensity is observed under UV
illumination, mirroring the behavior of the DMPO-eOH
signal. These results clearly highlight the enhanced ability of
the nanohybrid photocatalyst in generating a significantly
higher number of radicals compared to the reference materials.

In order to understand the mechanism governing the
superior charge transfer characteristics, the enhanced for-
mation of radicals, and photocatalytic degradation properties,
the electronic properties of the nanohybrid heterojunction
were examined. The band structure and band alignment of its
components were empirically determined by Mott—Schottky
measurements and Tauc plot analyses. The negative slope of
the Mott—Schottky curves represented in Figure Se reveals the
typical n-type semiconductor behavior of both materials, with
flat-band potentials of 0.81 and 0.23 V (vs the NHE) for g-
C;N, and a-Fe, 0, respectively. Finally, the Tauc plot analysis
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Figure 6. Schematics of two energetically possible heterojunction scenarios for the a-Fe,0;/g-C;N, nanohybrid with respective charge transfer
mechanism of photogenerated charges: (a) Type-II heterojunction and (b) Z-scheme heterojunction, indicating adverse and favorable pathways for

the generation of reactive oxygen species, respectively.

obtained from the UV—vis measurements in Figure S2a reveals
bandgap values of 2.69 and 2.10 eV for g-C3N, and a-Fe,O;,
respectively.

On the basis of the results presented here, two possible
scenarios for the mechanisms governing the charge transfer for
the photocatalytic degradation of MB may be considered,
namely, a type-II heterojunction or a direct Z-scheme
heterojunction. In the first case (Figure 6a), the photo-
generated holes in a-Fe,O; would migrate to the valence band
of g-C;N,, while the electrons would follow the opposite
pathway, from the conduction band of g-C;N, to that of a-
Fe,0;. However, this scenario would not allow the formation
of reactive oxygen species, as the valence band of g-C;N, and
the conduction band of a-Fe,O; both lie below the energy
levels required to convert H,O into ®OH and O, into O3
radicals, respectively. Since the photocatalytic degradation of
MB was proven by ESR to be driven by the formation of these
reactive oxygen species, the charge transfer of the nanohybrid
photocatalyst must follow a Z-scheme pathway (Figure 6b). In
this case, the photogenerated holes of a-Fe,O; remain in the
valence band while photogenerated electrons transfer from the
conduction band to the valence band of g-C;N,. This results in
the formation of an internal electric field at the materials
interface, fostered by the transfer of electrons from a-Fe,O; to
g-C;N,, that promotes charge transfer and suppresses charge
recombination. Therefore, the holes in the valence band of a-
Fe,0; and the electrons in the conduction band of g-C;N, are
efficiently separated, preventing recombination. As a result,
these separated electrons and holes can now efficiently
generate ®OH and O; from H,0 and O,, providing the
reactive oxygen species that are needed to drive the
photocatalytic degradation of MB.

4. CONCLUSIONS

This work presents an innovative approach for the growth of a-
Fe,0;/g-C;N, nanohybrid photocatalysts with controlled
nanoparticle size and phase, yielding an enhanced photo-
catalytic activity and stability toward the degradation of
organic dyes. The origin of this improvement lies in the
formation of a direct Z-scheme heterojunction that synergisti-
cally enhances the photogeneration, separation, and transfer of
charges, afforded by the internal electric field developed at the
contact interface between a-Fe,O; and g-C;N, in the
nnaohybrid. This, in turn, promotes the increased formation
of radicals required in the photo-Fenton process herein studied

for the photocatalytic degradation of pollutants. Thus, the
optimum hematite g-C;N,/a-Fe,O; 0.25 M nanohybrid
reveals an enhanced photocatalytic degradation activity with
respect to reference materials, reducing the overall degradation
time from its original 90 min down to 60 min. The Z-scheme
heterojunction is formed by a novel two-step methodology that
involves an initial ultrasound-induced impregnation of g-C;N,
employing an aqueous FeCl; precursor solution, followed by a
mild microwave-driven phase-conversion treatment. The first
step ensures the successful anchoring of Fe-species by the
formation of Fe—N and C—N/C—O bonds onto cleaved g-
C;N, sheets. In the second step, the impregnated Fe species
are effectively converted into hematite nanoparticles, whose
size is critically controlled by the concentration of the
employed FeCl; precursor solution, directly affecting their
photocatalytic performance. An upper concentration threshold
value of 0.25 M affords a maximum loading of 11 wt % of well-
integrated a-Fe,O; nanoparticles that maximizes the photo-
catalytic activity and stability of the resulting nanohybrid. This
significant improvement is attributed to the intimate
interaction between the hematite nanoparticles and g-C;N,
sheets. Our two-step approach offers a facile, efficient, and
scalable route for the controlled growth of hematite phase-pure
g-C;N,/a-Fe,0; nanohybrids, being exploited as highly active
Z-scheme photocatalysts in photo-Fenton processes for the
sustainable degradation of organic contaminants.
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