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ARTICLE INFO ABSTRACT

Keywords: The exploitation of graphene oxide (GO)-based composites for fuel cell electrocatalysts has gained significant
Modification effect interest, yet the integration of iron oxide nanoparticles grafted onto GO, doped with different metals, remains
Fez03 . relatively unexplored. This study aims to fill this gap by synthesizing and characterizing Fe,O3 nanoparticles
Eﬁi::sfﬂtg:lay [;l;:ne oxide grafted on GO doped with two different metals, specifically magnesium and nickel, each at three different
Semiconductor concentrations (6%, 12%, and 18% by weight). The successful doping and incorporation of Fe;O3 on the GO

matrix is confirmed using X-ray diffraction (XRD) and Raman spectroscopy. Scanning electron microscopy (SEM)
provides insights into the morphology and dispersion of Fe,O3 nanoparticles on the GO surface. Rotating Ring
Disk Electrode (RRDE) is used to analyze the electrochemical activities toward the oxygen reduction reaction
(ORR). The results demonstrated improved electrocatalytic activity and selectivity with increasing metal con-
centration. Notably, the electrocatalysts with 6% Mg and 6% Ni doping exhibit superior peroxide scavenging
properties. When 6% Ni is mixed with FePc600, it provides additional active sites devoted to the peroxide
scavenging increasing the limiting current from 4.69 to 5.62 mA cm’2, halving the peroxide production, passing
from 5.1% to 2.9%. Overall, this study provides insights into the tunable properties of Fe;O3@GO composites
through metal doping, offering a versatile approach to enhance the performance of composite materials in
various technological applications, and specifically suggests that Fe,O3 grafted on GO, modified with Mg and Ni,
holds significant potential as a cocatalyst for ORR in energy devices such as alkaline fuel cells.

Oxygen reduction reaction

1. Introduction

Fuel cells (FCs) are recognized as one of the most promising elec-
trochemical technologies for energy production applications [1]. Among
the various electrocatalysts for FCs, Pt-based electrocatalysts have been
considered the benchmark for low-temperature FC applications due to
their high electrocatalytic activity toward oxygen reduction reaction
(ORR) [2]. However, the high cost and limited availability of platinum
have been the major hurdles in the widespread commercialization of FC
devices. Therefore, finding efficient and cost-effective alternatives to
Pt-based electrocatalysts for ORR has become a key area of investigation
in the field of FCs [3-5], and extensive research efforts have been
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focused on the development of Pt-free electrocatalysts with enhanced
stability and durability for ORR.

The cathodic ORR can occur in three different main pathways: (i) 2 e
partial reduction with HyO, / HO3® intermediate production; (ii) 4 €
total reduction in which O, is converted and H,O/OH™ and (iii) with a 2
+ 2 e reaction mechanism that involves step (i) with HoO, / H20™ in-
termediate production that is further reduced to HoO/OH’ on the same
or on a different active site [6,7]. Two electron pathway is the preferred
route for hydrogen peroxide electrosynthesis, while direct 4 e” transfer is
the desired and pursued pathway for the energy conversion in fuel cells.

In an acidic electrolyte, the four-electron pathway (Eq. (1)), the two-
electron pathway (Eq. (2)) and the 242 electron pathway (Eq. (3))
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Fig. 1. Schematic illustration of the Synthetic Methodology; where final products are pristine- and doped-Iron Oxide.

mechanisms are reported to be:

0, + 4H" + 4e-=2H,0 (@]
O, + 2H" + 2¢"= H,0, ()]
H,0, + 2H' + 2¢” = 2H,0 3

When energy conversion in alkaline media, with the final production
of hydroxide anions, is desired, the favorable mechanism is the 4e
pathways (Eq. (5)) as expressed by the following equation:

0O, + 2H,0 + 4e = 4HO~ 5)
While the 2+2 electron can be expressed as follows (Egs. (6) and (7)):
O, + *x+ H0 + 2e” = HOO™ x +HO™ 6)

HOO™ + H,O + 2e¢ = 3HO™ @

Regarding the formation of water the existence of an overpotential
up to 400 mV is the main limiting factor an ORR electrocatalyst has to
face [6].

In general, the FCs electrocatalyst may be divided into three main
groups: (I) Platinum group metal (PGM-based) materials, (II) Carbona-
ceous metal-free materials, and (III) Platinum metal group-free (PGM-
free) materials [8,9]. The use of carbonaceous materials has significantly
raised attention thanks to their common properties such as high surface
area, electrical conductivity, corrosion resistance, and mechanical and
thermal stability; moreover, they rely on an industrial production opti-
mization that allows them to be greatly available. Despite this, FC
cathodes purely composed of carbonaceous materials show high over-
potential and low reaction kinetics which limit their application.
Moreover, it is well known that carbonaceous materials that do not
contain transition metals, whether dispersed or in form of nanoparticles,
undergo an ORR through 2 e transfer mechanism, which is undesirable
for FCs application.

To overcome the problems mentioned above, PGM-free carbona-
ceous composite materials containing transition metals have been
extensively studied for their ability to decrease the overpotential and
consequently increase the overall activity [8,10,11]. Among these
PGM-free electrocatalysts, those iron-based ones stand out since Fe is the
most abundant and cost-effective transition metal on Earth. Numerous
studies have demonstrated that Fe-based electrocatalysts can serve as a
viable alternative to Pt-based materials, displaying comparable

activities during ORR, especially in neutral and alkaline media. Among
the different electrocatalytic systems, FeoO3 demonstrates noteworthy
potential to performe as an electrocatalyst for FC applications, such as
mechanical, thermal stability, and wettability to water [12,13]. There
are two crystal forms of a-Feo,O3 (hematite) and y-FepO3 (maghemite) in
nature [14]. In addition, these oxides can be synthesized in several ways
and for different applications, most of them requiring low-temperature
treatment and starting from low-cost precursors, thus making them
well-suited for industrial large-scale production [12,15]. However,
despite their good efficiency and low production cost, the commercial-
ization of these electrocatalysts has been hindered by their lack of
selectivity in the ORR pathways and their sluggish reaction kinetics.
Ongoing research aims to enhance the selectivity of these catalysts to
overcome these challenges and expand their use in fuel cell technology
[16,17]. Notably, studies have demonstrated that a-Fe;O3 exhibits su-
perior ORR electrocatalytic activity, as evidenced by its lower onset and
peak potential compared to y-Fe;Os. Furthermore, a-Fe;O3 promotes a
more efficient four-electron-dominant ORR process, highlighting its
enhanced catalytic performance and greater potential for widespread
application [18].

In this study, we examine how varying levels of Mg and Ni in the
material affect Fe;O3 based electrocatalysts, focusing on their structural
and electrochemical characteristics. This approach aims to clarify how
Ni and Mg modifiers concentrations influence structure, morphology,
and peroxide scavenging properties, helping establish a link between the
type and amount of the two modifiers and electrocatalyst performance.
To synthesize these materials, a one-pot solvothermal technique has
been utilized since it offers reproducibility, scalability, and high yield
[15,19]. The structural features have been investigated to confirm the
presence of Ni and Mg and their effect on crystal lattice and morphology.
The electrocatalytic performance are analyzed by voltammetry at
Rotating Ring Disk Electrodes (RRDE) to assess the enhanced activity of
the developed materials.

2. Experimental
2.1. Catalysts synthesis
All the chemicals have been purchased from Merck and used without

any further purification. The synthesis has been carried out following a
method previously reported in literature [15]. In detail, 30 mg of
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Graphene Oxide (GO) in 30 ml of water was ultrasonicated for 10 min.
Subsequently, 31.09 mg of (NH4)2Fe(SO4)2 have been added to the
suspension and ultrasonicated for a further 10 min. Finally, 30 ul of
NH4OH have been added and ultrasonicated for 2 h at room tempera-
ture. The final dispersion was transferred to a 70 ml autoclave reactor
and heated at 150 °C for 15 h in an oven. To obtain the final product the
suspension was centrifuged and the supernatant solution was removed,
the collected powder then was redispersed in distilled water and
centrifuged. This procedure was repeated two more times, to ensure the
complete removal of the base, and then the collected wet powder was
dried at 60 °C overnight. The same procedure was applied for the syn-
thesis of the modified catalysts with the addition of different amounts of
Mg(NO3), and Ni(NO3), at 6%, 12%, 18% Mg/Fe or Ni/Fe mass ratios,
respectively, and the addition of a slight excess of the base was added
(3/6/9 ul, respectively). All the catalysts will be referred to in the
following text according to their concentration of modifiers such as
Mg6%, Mgl12%, Mg18%, Ni6%, Ni12% and Nil8% (see Fig. 1. In the
following manuscript, the electrocatalysts will be referred to either by
their full nomenclature (e.g., Mxo,Fe203@rGO) or by a shortened form
(e.g., Mxo,) for conciseness.

2.2. Physico-chemical characterization

X-ray diffraction (XRD) and Raman spectroscopy were used for the
determination of the structures and phases present in the samples.
Crystalline phases were identified through X-ray diffraction analysis
(XRD) using a Panalytical Xpert3 MRD system. The analysis was con-
ducted at room temperature with Cu Ka radiation, operating at a voltage
of 40 kV and a current of 40 mA, over a 15-70° 20 range. Raman
spectroscopy was performed with a Horiba IHR 320 (excitation wave-
length 532 nm) from 100 to 3500 cm'.. Rietveld refinement of the XRD
patterns was performed using the FullProf software. To correctly
quantify the iron content and the Iron to C ratio thermogravimetric
analysis has been carried out by a Perkin Elmer STA 6000. The inves-
tigation of the morphological features was carried out with a FE-SEM
Cambridge Stereoscan 360 electron microscope operating at 5 kV
coupled with an energy-dispersive X-ray spectrometer (EDX).

X-ray photoelectron spectroscopy (XPS) analyses were performed
using a PHI 5000 Versa Probe instrument from ULVAC-PHI (Physical
Electronics Inc., Kanagawa, Japan). The instrument employed mono-
chromatic Al Ko radiation with an energy of 1486.6 eV as the X-ray
source. Two different pass energy settings were used: 187.75 eV for the
survey spectra and 23.5 eV for the high-resolution (HR) spectra. During
the measurements, charge compensation was maintained using a com-
bination of an electron beam and a low-energy Ar beam system.

2.3. Ink preparation

The ink was prepared by a standardized procedure applied to each
sample. In detail, the samples were mixed with KJB in a 20:80
electrocatalyst-to-KJB ratio and ground for 20 min to ensure homoge-
nization. Afterward, 5 mg of catalyst was dispersed in 985 pl of iso-
propanol and ultrasonicated for 3 min. Consequently, 15 pl of Nafion
was added to the solution and the ink was sonicated for another 20 min.
Finally, 28.5 pl of the ink was deposited on the surface of the working
electrodes with a final (doped)Fe,03@rGO overall loading of 0.6 mg/
cm?,

To assess the effective peroxide scavenging properties, a composite
material with Iron-Phthalocyanine (FePc600) was created with 2
different ratios MyFeoO3@rGO/FePc600, 20:80 and 80:20. The synthesis
of FePc600 was previously described [20]. These inks have been pre-
pared with the same standardized procedure previously discussed [20].

2.4. Electrochemical characterization

The electrochemical activity of the synthesized species by Rotating
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Fig. 2. XRD patterns of all samples.

Ring Disk Electrodes (RRDE) with a Pine Research (Durham, NC) cell
setup. The electrocatalysts were coated on the surface of a rotating-disk
glassy carbon working electrode, which was assembled with a Pt ring
electrode, Pt wire was used as a counter electrode, and Ag/AgCl (3M
KCl, E = 0.197 V vs. RHE). The electrodes were immersed in an Os-
saturated 0.1 M KOH solution.

The characterization was conducted using a CHI832 bipotentiostat
(CH Instruments, Austin TX) coupled with a Pine model 636 Rotator
with a maximum rotating speed of 1600rpm. To investigate the per-
formance of the electrocatalyst, Linear Sweep Voltammetry (LSV) was
performed. This was carried out from 0.150 V to —1.05 V vs Ag/AgCl,
setting the ring potential at 0.150 V and at a scan rate of 5 mVs™. All the
scans were performed at 1600 rpm and at room temperature. All volt-
ages are reported vs. Reference Hydrogen Electrode (RHE) potential.

3. Results and discussion
3.1. Structural and morphological characterizations

The structural phase and crystallinity were investigated by XRD.
Fig. 2 shows the diffraction peaks for all the samples. The diffraction
patterns of FeyO3@rGO, MgeyFeoO3@rGO, Mgi29,Fes03@rGO,
Mg180,Fe203@rGO, NigyFeaO3@rGO, and NijgoFea03@rGO  show
common diffraction peaks, namely (012), (104), (110), (113), (024),
(116), (018), (214), and (300) which are representative of rhombohe-
dral a-Feo,O3 (hematite) phase with space group R-3c [21,22]. The lack
of (001) peak of GO at 11.01° and the presence of (002) broad feature at
26.8°, typical of rGO, reveal that the oxygen-containing groups have
been removed, suggesting that most of GO has been reduced to rGO
upon hydrothermal synthesis [15,19,23]. The reduction of GO to rGO is
beneficial in terms of electron conductivity. The diffraction patterns
show no evidence of additional phase formation after doping, this sug-
gests that the modification takes place mainly or totally in the internal
structure of the a-Fe;Os. The diffraction pattern of Nijgy, FeaO3@rGO
reveals, as a main feature, the presence of an additional maghemite y-
FeoO3 phase, with a space group of P432;2. This is evidenced by the
presence of distinct sharp peaks at 33°, along with smaller peaks around
30°, 43°, and 70°, which in some cases overlap with the diffraction
patterns of hematite [24]. In addition, a few extra peaks can be
observed, which are related to the presence of Ni(OH), [25].

To ensure accurate structural identification, Rietveld Refinement of
the XRD patterns was conducted using the profile matching method
within the FullProf Suite software. The results, shown in Fig. S1 and
summarized in Table S1, consistently indicate that all samples except
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Fig. 3. Raman spectra for all samples.

Nijgy,Fe203@rGO maintain a rhombohedral hexagonal structure, albeit
with slight variations in lattice parameters. Notably, the doped samples
exhibit slightly smaller lattice parameters and reduced cell volumes
compared to the pristine sample. In particular, the Nigoy,FesO3@rGO
sample demonstrates the most significant reduction, with a cell volume
of 302.1 A® compared to 304.70 A3 for the pristine sample.

This reduction in lattice parameters could tentatively be attributed
to: i) rhombohedral lattice distortion to accommodate the Ni and Mg
modifiers, ii) the charge variation in the oxide structures induced by
doping, potentially leading to the formation of oxygen vacancies aimed
at restoring charge neutrality. The resulting smaller unit cells, coupled
with the presence of oxygen vacancies, may prove advantageous for
electron transfer kinetics, electron conduction within grain boundaries
[26], molecular oxygen conductivity [27], and, consequently, better
electrocatalytic activity. In light of these considerations, it can be ex-
pected that the Nigoy,FeaO3@rGO catalyst may possess the best perfor-
mance among all the catalysts synthesized. It is reported in literature
[28,29] that the formation of additional phases (as, in this case, the

. 5

r
I
“
}
{2
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additional maghemite y-Fe;O3 evidenced in the Nijgy-doped FeoO3
diffraction profile) may be due to excessive amounts of modifiers or
particular synthesis conditions, and may potentially lead to limitations
in the efficiency of doped oxide grafting to the GO substrate and, as a
consequence, to hindered catalytic activity [30]. The average hematite
crystallite size (D) was estimated using the Debye-Scherrer equation as
follows:

Ki
b= p cosf ®
where k = 0.9 is the shape factor, 4 = 0.15418 nm corresponds to the
CuKo wavelength, 6 is the Bragg diffraction angle and f represents the
FWHM in Radians [31]. The dpy-spacing, lattice parameters, and unit
cell volume of the obtained electrocatalysts were determined through
XRD data analysis, Bragg’s law, and Rietveld refinement based on
powder diffraction data. Crystallite size estimations were performed
using the two most intense peaks at approximately 33° and 35°, with the
results summarized in Table S1. The calculated crystallite sizes range
between 15.5 and 50.9 nm, with NigyFesO3@rGO and
Mgeo,FeoO3@rGO exhibiting the smallest crystallite sizes.

The Raman spectra offer valuable information on the reduction of
GO to rGO and the extent of nanocomposite formation, shown in Fig. 3.
Notably, the spectra reveal two significant bands: the D band at 1358
cm’l, indicating structural defects (A;g mode), and the G band at 1597
cmY, corresponding to sp [2] carbon domains (Eg mode). In addition to
the D and G bands, Fe;O3 peaks can be identified by comparison with
pure a-FezO3 (hematite) Raman spectra, reported in Fig. $2. These peaks
are associated with two classes of Raman active vibration modes: the
symmetric stretching of Fe-O bond A;, vibration modes at 223 and 493
em™!, and the symmetric and asymmetric bending of Fe-O bond Eg
modes at 292, 412, and 604 cm ! [32-34]. The additional peak in
Ni1g0,Fe203@rGO at ~ 720 cm™ can be ascribed to the y-Fe,O3 phase
already evidenced in the XRD analysis [30,35].

Scanning Electron Microscopy (SEM) was carried out for all samples
and the corresponding micrographs are shown in Fig. 4. All the elec-
trocatalysts show similar nanoparticle dimensions in the range of 30 nm
to 75 nm compared to the pristine iron oxide shown in Fig. S$3. The
nanoparticles are well distributed on the graphene oxide with a low
degree of agglomeration. The nano-sized particles and their distribution
are fundamental for the electrocatalytic activity, displaying a high

Fig. 4. SEM and Mapping comparison between Mggo,Fe2O3@rGO (a), Mg120,Fe203@rGO (b) and Mg;g¢,Fe203@rGO (c), Nigo,Feo03@rGO (d), Nij20,Fe203@rGO (e)

and Ni; gy, Fe,03@rGO (f).
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Fig. 5. XPS analysis on Nig ¢,Fe203@rGO and Mgg o,Fe,03@rGO.

surface volume ratio which is beneficial in terms of Turn Over Number
(TON) and/or Turn Over Frequencies (TOF). The smallest particle sizes
were observed in the Mggo, and Nigy. The EDX mapping shows a ho-
mogeneous distribution of the elements for all the catalysts, and the
corresponding elemental analysis confirms that the concentration of the
modifiers is around the expected values with negligible variations
(Table S2).

To evaluate the carbon content and the electrocatalyst-to-carbon
ratio, thermogravimetric analysis was performed in Fig. S4. All the
materials show comparable (doped)Fe;03/C ratios ranging from 36 % to
39 %, in agreement with the reference values reported in literature [15].

Based on the electrode preparation procedure, this corresponds to an
approximate (doped)Fe,05 loading of 78-65 pgem™.

To elucidate the role of doping and the chemical states of the elec-
trocatalysts, XPS has been carried out. Fig. 5 shows the result of the XPS
analysis performed on Mggy,FeaO3@rGO and Nigy,FeoO3@rGO, which
are the most promising materials in terms of expected electrocatalytic
activity based on the morphological and structural features previously
discussed. In the XPS profile of Ni doped sample, peaks corresponding to
Fe2p,01s,C1ls,N1s,and Ni 2p are evident, whereas Mg doped
sample exhibits peaks corresponding to Fe 2p,01s,C1s,N 1s, and Mg
2p (Fig. 5a). The sensitivity of XPS toward Mg is half that of Fe, and XPS
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Fig. 6. Comparison of Mg and Ni doped Fe;03@rGO with KJB and pure KJB,
Electron Transfer Number.

is prone to carbon contamination. This, coupled with the XPS surface
sensitivity and with the core-shell morphology of Mg doped sample,
hindered Mg detection. On the contrary, Ni was well detected in Ni
doped sample (Fig. 5b). The Ni 2p spectrum in Fig. 5b displays the 2ps,2
main peak at ~855 eV and a satellite at ~862 eV, revealing that the Ni
atoms exist mostly in the 3+ oxidation state, suggesting that they may
have been bonded to iron atoms. Another small peak at ~857 eV reveals
the presence of the Ni?" oxidation state. The appearance of the satellite
peak suggests strong electronic interactions between nickel and iron
oxides within the composite material. Such interactions play a vital role
in improving both the catalytic properties and overall stability [36]. C1 s
peaks depicted in Fig. 5c,d can be ascribed to sp>-bonded carbon
(C-C/C=C), epoxy and alkoxy groups (C-O), and carbonyl and car-
boxylic (0O-C=0) groups, aligning with peaks observed at 284.8 eV,
286.2 eV, and 287.6 eV, respectively [37]. The peak positions of the
three segments delineated in the O 1 s XPS spectrum (Fig. 5e,f) are 530.2
eV (Fe-0), 531.8 eV (C-O-Fe), and 533.4 eV (C-OH/C-0-C), confirm-
ing the linkage of Fe;O3 with graphene via the C-O-Fe bond in both
Nigy, modified and Mggo, modified composites [38]. Fig. S5 presents the
XPS spectra of both catalysts in the O 1 s region, revealing the presence
of a peak corresponding to lattice oxygen as well as a higher-energy peak
at 531.7 eV, which is associated with surface oxygen vacancies [36,39].

Electrochimica Acta 525 (2025) 146088
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In the Fe 2p spectrum (Fig. 5g,h), two distinct peaks at ~710 eV and
~725 eV are observed for both catalysts, matching earlier reports of a
spin-orbit doublet in Fe 2pg,» and Fe 2p; /2. A peak at ~710.1 eV and
~725 eV indicates bivalent iron (Fe2+), while a peak at ~713 eV reveals
trivalent iron (Fe3™) [40,36]. XPS analysis indicates that both materials
are largely pure. These findings suggest the potential to introduce oxy-
gen deficiencies as a component of the designed catalysts.

3.2. Electrochemical measurements

To evaluate the electrocatalytic activity, RRDE measurements have
been carried out. The ORR performance has been analyzed using LSV in
the oxygen-saturated alkaline electrolyte (0.1 M KOH). To analyze the
electrocatalytic performance, the electrocatalysts were grinded-mixed
with Ketjenblack (KJB). Fig. 6 shows the ORR activities of all the
electrocatalysts-KJB composite at 1600 rpm.

Most of the electrocatalysts exhibit similar characteristics. In Fig. 6a,
the disk current densities reveal a general trend where the system does
not reach a total diffusion-limited regime. In addition, both the onset
potential and half-wave potential are comparable across various sam-
ples, with the onset potential falling between 0.84 V (vs. RHE) for Mgeo;-
, Mg1204-, Nijgo,FeaO3@rGO and 0.83 V (vs. RHE) for the other samples
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respectively. Notably, Nijgo-, Nigo-, and Mggo,FeoO3@rGO display the
lowest half-wave potentials among the tested samples 0.72 V (vs. RHE)
and 0.73 V (vs RHE), respectively. Furthermore, Fig. 6b shows a
decrease in ring current densities compared to pure KJB, indicating a
promising potential for these materials as peroxide scavengers. To
quantify the peroxide anion, and thus the electrochemical selectivity of
these materials, the following equation (Eq. (9)) has been used [41,42]:
2 % I"ﬂ
N 9)

Laige + %

%Peroxide =

Where Ljng and Igjsk represent the current density values recorded a
ring and disk electrodes, respectively, and N is the collection efficiency
constant (0.37). Fig. 6¢ presents the percentage of peroxide production
versus applied potential across all samples. In alignment with findings
from Fig. 6a and b, the Mgegy, and Nigy, samples show the lowest
peroxide production relative to the achieved disk current density,
reaching peak values of 57.9 % and 66.5 %, respectively. This reduced
peroxide generation suggests an enhanced stability and effectiveness for
these electrocatalysts in limiting undesirable by-products in the reaction
process. The electron transfer number values have been calculated from
disk and ring currents following Eq. 10 [41,42]

4 * Lusk
L; (10)
Taisk + %

n=

Fig. 6d shows the electron transfer number as a function of voltage.
Mgego,- and Nigo,FeoO3@rGO exhibit, across the voltage range analyzed,
the higher electron transfer number, demonstrating an overall higher
performance and thus a higher electrochemical selectivity compared to
pure KJB. It is important to point out that among all the electrocatalyst
Mg120,Fe203@rGO showed the lowest ring density and peroxide pro-
duction with the highest electron number transfer. However, these
electrocatalysts were not selected to proceed in the test due to their
lowest disk current densities.

Based on prior data with pure KJB, the two most promising elec-
trocatalysts, Mgeo,- and NigyFeaO3@rGO, were selected for testing as
potential peroxide scavengers. To assess their peroxide scavenging
abilities, these electrocatalysts were combined with a well-established
ORR electrocatalyst, FePc600, in two different ratios: 80:20 and 20:80
FePc600 to Mggy,- or Nigy,FeaO3@rGO, respectively. This setup aimed to
analyze how varying compositions influence the overall peroxide miti-
gation effectiveness and provide insights into optimal electrocatalyst
blending for enhanced performance.

Fig. 7 presents data for two composite material configurations,
showing contrasting behaviors based on the electrocatalyst-to-FePc600
ratio. In the 80:20 composites, no significant improvements are
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Fig. 8. Illustration depicting the peroxide scavenging properties of catalysts dispersed within the FePc600 matrix.

observed; the diffusion regime is not reached (Fig. 7a), and performance
remains lower than pristine FePc600 in terms of ring current and
peroxide production (Figs. 7b-d). However, the 20:80 composites reach
a full diffusion regime with an overall 2.6 mA cm™ and 5.6 mA cm? for
Mggoy,- and Nigy,FeoO3@rGO (Fig. 7a). Notably, Fig. 7b reveals
decreased ring current densities, indicating reduced peroxide produc-
tion. Specifically, peroxide production for MggoFesO3@rGO and
Nigo,Fe203@rGO composites at the 20:80 ratio is 2.4 % and 2.9 % (0.5 V
vs. RHE), respectively, compared to 5.1 % for pure FePc600 (Fig. 7d).
Additionally, both 80:20 composites show increased electron transfer
number relative to pure FePc600, suggesting improved electrocatalytic
efficiency. The Nigo,FeoO3@rGO/FePc600 20:80 composite demon-
strates remarkable performance, particularly with high disk current
density and decreased peroxide production among the tested configu-
rations. These qualities indicate its potential viability for industrial ap-
plications, where minimizing peroxide formation and maximizing
current density are critical for high-performing low-cost materials
(Fig. 8).

Tafel plots, corrected for mass transfer, were constructed for
FePc600, NigyFeoO3@rGO(20) FePc(80), and MgeoFea0O3@rGO(20)
FePc(80) (Fig. S6). At higher positive potentials, the plots display linear
behavior, while at more negative potentials, they become slightly
curved [43]. The slopes of the linear regions were measured as —55.8,
—51.3, and —55.2 mV per decade for the FePc600, Nigo,Fe2O3@rGO(20)
FePc(80), and Mggo,FeaO3@rGO(20)FePc(80) samples, respectively.
The outstanding ORR activity of Ni-doped sample is further supported
by its Tafel slope of —51 mV dec™! within the low overpotential region.
This value is lower than that of commercial Pt/C catalysts (—60 mV
dec™) and the pure sample (—55 mV dec™), indicating enhanced cata-
lytic performance [43,44].

4. Conclusions

In this study, we devised and explored an effective strategy aimed at
improving the electrocatalytic performance and selectivity of the
Feo03@rGO system. This was achieved through the incorporation of Mg
and Ni modifiers, utilizing a cost-effective synthetic methodology. The
electrochemical selectivity of both Fe;O3@rGO and its doped variants
was rigorously assessed via RRDE analysis, revealing an overall
enhancement across all doped electrocatalysts in comparison to the
pristine one.

Remarkably, among the various catalysts studied, Nigy,FeoO3@rGO
doping demonstrated superior peroxide scavenging properties. This
reduction in hydrogen peroxide production is significant for FC systems,
as hydrogen peroxide is a harmful species for membranes and ORR
performance [45,46]. The improved performance of these

electrocatalysts was elucidated by the contraction in the primary unit
cell observed by XRD, which, together with partial reduction of GO and
formation of Oxygen vacancies, contribute to facilitating bulk electron
conduction. In addition, the reduction of grain size, revealed by electron
microscopy, facilitates grain-boundary electron exchange and interfa-
cial charge transfer with the electroactive species.

Summarizing, this work contributes valuable insights to the rela-
tively less-explored domain of iron oxide electrocatalysts. The study
serves as a foundational exploration into enhancing oxide materials by
modulating the band gap and inserting defects through doping, ulti-
mately leading to improved peroxide scavenging for the potential use as
cocatalyst material to decrease the inefficiency of electrocatalytic con-
version in ORR reactions.
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