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Abstract The oxygen reduction reaction (ORR) plays a crucial role in key processes of fuel cells and zinc-air batteries.
To enable commercialization, reducing the platinum (Pt) content and increasing the specific activity per unit mass is
essential. A promising approach involves synthesizing of Fe-N-C precursors via the polyaniline (PANI) pathway, which
ensures a uniform distribution of Fe-N-C species and facilitates the subsequent adsorption of platinum ions. This leads to
the formation of Pt-Fe bimetallic alloys. The synergistic interaction between Pt and Fe-N-C sites promotes the
homogeneous dispersion of Pt and the formation of smaller particle sizes, which in turn enhances intrinsic activity and
stability of the catalyst. Notably, the Pt/Fe-N-C catalyst, featuring an ultra-low Pt loading of just 1.79 wt%, exhibits a
remarkable doubling of mass activity compared to conventional catalysts. Moreover, zinc-air batteries using this catalyst

achieve an impressive peak power density of 200 mW/cm?.
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1 Introduction

The relentless exploitation of conventional fossil fuels,
coupled with the growing concern over environmental
pollution, has significantly accelerated the development
of efficient, clean, and renewable energy devices such as
fuel cells, supercapacitors, lithium-ion batteries,
hydroelectrolysis and zinc-air batteries [1-5]. Among
these technologies, zinc-air batteries and fuel cells have
great potential for development in future energy systems
because of their high energy density and inherent
environmental sustainability [6—8]. These devices
provide stable power output under normal conditions,
making them ideal for low-power electronic devices.
Nevertheless, the relatively slow kinetics of the
electrochemical oxygen reduction reaction (ORR) at the
cathode remains a major challenge, hindering the
widespread commercialization of these energy devices.
Platinum-based noble metal catalysts have the best
performance and stability for ORR. However, issues
such as platinum’s high cost, limited availability, and
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poor cycling stability have severely hindered its
commercialization [9,10]. Consequently, developing
cost-effective, high-performance, low-platinum catalysts
has become a key strategy for improving ORR activity
[11,12]. Low-platinum loading catalysts meet demand by
reducing platinum usage and cost while maintaining or
enhancing the catalyst activity and stability. Research on
low-platinum loading catalysts includes platinum-based
alloys, platinum-based core-shell structures, and platinum
single-atom catalysts (SACs) [13,14]. Platinum-based
alloy catalysts, such as platinum-nickel, platinum-iron,
platinum-cobalt have significant advantages in catalytic
activity, stability, and reduced precious metal usage.
Transition metals enhance platinum’s catalytic activity
by optimizing its surface electronic structures, making
these alloys increasingly important for ORR research
and applications [15,16]. Zhang et al. provided a
comprehensive review of the design concepts and
synthesis methods of various alloyed and nanoparticle-
containing SACs, which offered valuable insights for this
study [17-19].

Despite advancements, there are still areas for
improvement in platinum-based alloy catalysts. First, the
high cost and relatively high platinum usage pose
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significant challenges. For example, commercially
produced platinum alloy catalysts in mass-produced fuel
cells typically have platinum content of around 10%.
Next, the synthesis process is complex, and large-scale
production is not feasible due to laboratory-scale
limitations. Finally, the weak interfacial interaction
between the support and the metal component can lead to
metal particle detachment and aggregation, reducing in
activity [20-22].

Polyaniline (PANI) is a cost-effective and easy-to-

synthesize  material with  remarkable electrical
conductivity. It can be fabricated into various
nanostructures  such as  nanospheres, nanorods,

nanosheets, and nanofibers. Furthermore, the introduction
of porous structures enhances its properties, and
functional groups can be tailored to suit specific
applications [23-27]. As a precursor, PANI offers several
advantages including enhanced catalyst performance due
to its conductive properties and structural flexibility.
Upon undergoing thermal treatment, PANI can be
converted into carbon-based materials while maintaining
metal dispersion and catalytic efficacy [28,29].

In this study, the Fe-N-C precursor was prepared via
the PANI pathway. The dispersion and exposure of Fe-N-
C sites were enhanced by employing Lewis doping
theory and the self-structural constraint effect. The PANI
structure consists of oxidized quinone units (QI) and
reduced benzene units (BA). Protonic acid doping occurs
on the nitrogen atom of QI, which leads to the
incorporation of protons into the polymer chain, making
it positively charged. To maintain electrical neutrality,
corresponding anions enter the polymer chain. The protic
acid-doped PANI is then treated with dilute ammonia to
form emeraldine base PANI, which, as a transition metal
cation of Lewis acid can coordinate with transition
cations, forming a PANI-transition metal complex [30].
By adjusting the molar ratio of ammonium persulfate
(APS) to aniline monomer (AN) or using electrochemical
methods, the proportion of QI can be controlled. The
elevated formation energy of the BA unit is utilized to
effectively inhibit metal agglomeration during thermal
treatment, resulting in a uniformly distributed Fe-N-C
catalyst support. Subsequently, platinum ions are
adsorbed onto the Fe-N-C structure, and thermal
treatment forms Pt-Fe bimetallic alloys. The platinum is
evenly distributed across the surface, strongly interacting
with the support, which significantly mitigates platinum
agglomeration and enhances ORR performance [31-33].

While the performance of Pt-based alloy catalyst has
been improved, Pt loading has not been sufficiently
reduced. For example, the Pt—Co catalyst synthesized by
Liu et al. has a Pt loading of 18 wt%, and the Pt of the
Pt—Pd catalyst synthesized by Wang et al. also accounts
for 10% [34,35]. The synergistic effect in Pt-Fe alloy
catalysts is primarily achieved through electronic
interactions that optimize platinum’s surface electronic

structure [36]. In this study, the synergistic effect is not
only due to electron transfer from Fe to Pt, which
enhances the reaction rate, but also the unique structural
and chemical properties of Fe-N-C sites that promote the
uniform adsorption and dispersion of Pt ions. The
synergistic effect optimizes the reaction pathway, lowers
the reaction energy barrier, and further enhances the
catalyst’s intrinsic activity and stability.

In this study, the use of PANI precursor route and Fe-
N-C sites enabled an ultralow Pt loading of 1.79 wt%
with high dispersion. Although the catalytic activity and
stability are slightly lower than those of the catalyst
reported by Hu et al. [37], which had a half-wave
potential (E}) of 0.925 V and only a 4.3% decline in
mass activity after 30000 cycles of ADT, the catalyst
demonstrates significant cost advantages for practical
applications. The Pt/Fe-N-C with a Pt loading of only
1.79 wt% exhibits a mass activity several times higher
than Pt/C, and it also exhibits better half-wave potential
and durability in acid-base environments. In addition, the
Pt-Fe alloy catalyst also shows superior peak power
density compared to the Pt/C catalyst in zinc-air battery
testing.

2 Experimental
2.1 Chemicals

Aniline (99.5%), ammonium persulfate ((NH4),S,Os,
99.99%), perchloric acid (HCIO4, 37 wt%), platinum
tetrachloride (PtCly, Pt = 37.5 wt%), iron(Il) chloride
tetrahydrate (FeCl,-4H0, 99.995%), and acetonitrile
were purchased from Aladdin. The 20 wt% Pt/C catalyst
was obtained from Johnson Matthey, and the 5 wt%
Nafion solution was sourced from KeMu. Aniline was
used after vacuum distillation.

2.2 Synthesis of materials

2.2.1 Synthesis of PANI

PANI was nanorod-shaped and synthesized without a
template. First, 1.8 mL aniline was dissolved in 100 mL
of 1 mol/L perchloric acid solution and placed in Beaker
A. In Beaker B, 4.5 g of APS was dissolved in 100 mL of
1 mol/L perchloric acid solution. The solutions were then
subjected to ultrasonic stirring to ensure thorough mixing
and pre-cooled at low temperature for 2 h. After cooling,
the solutions in Beakers A and B were combined, and the
polymerization reaction was allowed to proceed for 24 h.
The resulting mixture was then washed multiple times
with deionized water and dried overnight to yield
emeraldine-salt polyaniline (ES-PANI). The powder was
subsequently treated with 1 mol/L. aqueous ammonia for
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deprotonation, followed by further drying to yield the
deprotonated dark blue product, EB-PANI.

2.2.2 Preparation of Pt/Fe-N-C catalyst

Initially, ES-PANI was immersed in 1 mol/L NHj3;-H,O
for 12 h, followed by filtration and drying in a vacuum
oven at 80 °C for 12 h to prepare deprotonated
polyaniline (EB-PANI) [38—40]. A total of 200 mg of
EB-PANI and 0.15 mmol of FeCl,-4H,0 were dissolved
in 80 mL of anhydrous acetonitrile, subjected to
ultrasonic treatment for 30 min, and stirred at room
temperature for 12 h. The mixture was then filtered,
thoroughly rinsed, and dried in a vacuum oven at 80 °C
for 12 h. After retrieving the sample, the obtained
Fe@EB-PANI was carbonized in a tubular furnace under
an Ny/H, atmosphere with a heating rate of 5 °C/min,
reaching 950 °C for 3 h to obtain Fe-N-C. The carbonized
sample was then stirred in a 0.5 mol/L H,SOy4 solution at
80 °C for 12 h for acid leaching, followed by multiple
washings and filtration, and finally dried and weighed. A
certain amount of PtCly (4% relative to the Pt mass) was
added to the sample, mixed with deionized water, and
then filtered and dried. The resulting mixture was further
treated in the tubular furnace at 300 °C for 1 h at a rate of
5 °C/min under an N,/H; atmosphere to obtain the final
Pt/Fe-N-C catalyst sample.

2.2.3  Ink preparation of Pt/Fe-N-C catalyst

The catalyst (10 mg) was combined with 1000 pL of
isopropanol and 1800 puL of deionized water. To this
mixture, 200 pL of a 5% Nafion solution was added as a
binder. The resulting ink was prepared for rotating disk
electrode (RDE) testing and zinc-air battery applications.
The mixture was sonicated for two hours to achieve a
homogeneously dispersed catalyst ink solution. After
sonication, 9 uL of catalyst ink was carefully pipetted
and applied in three aliquots onto the polished and

applied, the solution was allowed to dry naturally,
resulting in a uniform and complete coverage of the
electrode surface with the catalyst.

2.2.4 Preparation of zinc-air battery

A zinc plate was used as anode, polished with sandpaper
before use. The Pt/Fe-N-C catalyst ink solution was
uniformly coated onto the hydrophobic carbon cloth to
serve as the cathode, with a loading of 0.5 mg/cm?2.
Nickel mesh was used as the current collector, and a 6
mol/L KOH + 0.2 mol/L ZnCl, solution was used as the
electrolyte. The assembly was tested in a zinc-air battery
mold with a dimension of 6 cm x 6 cm x 7 cm.

3 Results and discussion
3.1 Physical characterization of Pt/Fe-N-C catalysts

Figure 1 illustrates the preparation process of the Pt/Fe-
N-C catalyst. Initially, a uniform Fe-N-C site is formed
on the surface of PANI, followed by the pyrothermally
adsorption of Pt ions, resulting in a uniform dispersion of
Pt/Fe-N-C catalyst.

As shown in the scanning electron microscopy (SEM)
(Fig. 2(a)), Pt/Fe-N-C exhibits a nanorod structure with
diameters ranging from 40 to 70 nm. Transmission
electron microscopy (TEM) images (Figs. 2(b) and S1)
reveal the microstructure of the sample, with clear lattice
fringes of Pt and a lattice spacing of 0.222 nm,
corresponding to the (1 1 1) crystal plane of Pt. Energy
dispersive X-ray spectroscopy (EDS) spectra of the
Pt/Fe-N-C catalysts conform that C, N, Fe, and Pt
atoms are evenly distributed throughout the material
(Figs. 2(c)-2(%)).

The crystal phase structure of Pt-based nanoparticles
was further investigated utilizing X-ray diffraction
(XRD) (Fig. 3(a)). In the XRD spectrum of Pt/Fe-N-C,
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Fig. 1

Fe-N-C Pt/Fe-N-C

Schematic diagram illustrating the synthesis process of the Pt/Fe-N-C catalyst.
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Fig. 2 SEM and TEM images of Pt/Fe-N-C catalyst.
(a) SEM image of Pt/Fe-N-C catalyst 200 nm; (b) TEM images of Pt/Fe-N-C catalyst; (c—f) EDS mapping (C, N, Fe, Pt).

face of graphite, while the diffraction peaks at 40.4°,
47.0°, 69.0°, and 81.2° are attributed to the Pt (1 1 1),
(200),(220),and (3 1 1) crystal planes, respectively.
As shown in Supporting Information Fig. S2, increasing
the Ny/H; reduction temperature enhances the Pt
diffraction peaks and improves the crystallinity. When
the heat treatment temperature is raised from 300 to 400
°C, the diffraction peak position remains unchanged, but
the peak intensity increases, along with a corresponding
increase in particle size.

To accurately determine the Pt and Fe content in the
catalyst, inductively coupled plasma (ICP) analysis was
performed. In the Pt/Fe-N-C sample, Fe content is
0.64 wt%, and Pt content is 1.79 wt% (Fig. 3(b)), with an
atomic ratio of Pt-Fe of approximately 1:1.2. EDS
analysis was also conducted to compare the elemental
contents, with minimal differences observed. Detailed
data is provided in Table S1.

To evaluate the porosity of the Pt/Fe-N-C catalyst, an
N, adsorption test was performed. As shown in Fig. 3(c),
Pt/Fe-N-C has a typical type IV isothermal adsorption
curve, with a specific surface area of 230.46 m%/g.

The elemental composition of the Pt/Fe-N reveals the
presence of C, N, O, Pt, and Fe elements. Figures S3(b)
and S3(c) show the XPS spectra of C Is and N 1s for
Pt/Fe-N-C. The C 1s spectrum is deconvoluted into two
peaks at ~284.6 and ~286.1 eV, corresponding to C—C
and C—N bonds, respectively. The N 1s spectrum shows
three peaks at 398.4, 400.98, and 402.58 eV, which can

be assigned to pyridine nitrogen, graphite nitrogen, and
N-O oxide, respectively. Pyridine N is responsible for
the formation of Fe-N sites, while graphitic nitrogen
promotes the ORR process in the 4-electron pathway
[41-44].

The Pt XPS spectrum of Pt/Fe-N-C catalyst is depicted
in Fig. 3(d). The spectrum is divided into Pt 4f;/,
(72.0 eV), Pt 415/, (75.1 eV), Pt¥* 4f5/, (73.6 eV), and
Pt2™ 4f5/, (76.6 €V), with the majority of Pt present in the
zero-valence state. For the Pt/C catalyst, the spectrum is
divided into Pt0 4f5/, (70.99 eV), Pt0 4fs/; (74.13 eV),
P2t 4fy/, (72.36 €V), and Pt*" 4fs/; (75.09 eV). Both
Pt/Fe-N-C and Pt/C show prominent Pt® peaks and minor
Pt2* peaks with the small presence of Pt** likely resulting
from partial oxidation on the surface of Pt nanoparticles.
It is noteworthy that the Pt 4f binding energy for Pt/Fe-N-
C exhibits a positive shift of approximately 1.0 eV
compared to Pt/C. This positive shift enhances efficient
charge transfer, facilitates oxygen molecule capture
during the ORR, and consequently promotes more
pronounced interfacial charge transfer. The interaction
between Pt and Fe induces electron transfer between the
metals, modifying their electronic structures, and thereby
enhancing the catalyst’s functional activity [40].

3.2 Electrocatalytic performances

The performance of the Pt/Fe-N-C catalyst in the ORR
was evaluated under both acidic and alkaline conditions.
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Fig. 3 XRD, ICP, BET, and XPS images of Pt/Fe-N-C catalysts.

(a) XRD curves of the Pt/C and Pt/Fe-N-C; (b) ICP analysis of the Pt/Fe-N-C catalyst revealing the Pt and Fe content; (c) nitrogen
adsorption and desorption curve of the Pt/Fe-N-C catalyst; (d) XPS spectra of the Pt/Fe-N-C catalyst and Pt/C catalyst Pt 4f.

The crystallinity of Pt particles is significantly influenced
by the temperature and duration of secondary heat
treatment.  Performance testing under different
temperature and time conditions revealed that the catalyst
exhibits optimal performance at 300 °C with a treatment
time of 1 h (Figs. S4(c) and S4(d)).

In a 0.1 mol/L KOH solution (Fig. 4(a)), the Pt/Fe-N-C
catalyst displays a Ej, of 0.85 V, which is significantly
higher than that of Pt/C (E1, = 0.82 V). The accelerated
durability test (ADT) of Pt/Fe-N-C and Pt/C was
performed for 10000 cycles in a 0.1 mol/L KOH
saturated with O,. Like commercial Pt/C, Pt/Fe-N-C has
an Ey drop of only 20 mV. The kinetic behavior of ORR
was analyzed using the Tafel slope, with results
indicating that the Tafel slope for Pt/Fe-N-C is
124.89 mV/dec, which is notably smaller than that of
Pt/C (138.72 mV/dec) (Fig. S4 (a)).

Chronocurrent measurements at a constant potential of
0.7 V (Fig. S4(b)) show that Pt/Fe-N-C retains 90% of its
initial current after 30000 s, significantly outperforming
Pt/C (76%). The mass-specific activity of Pt/Fe-N-C is
276.58 mA/mg at 0.85 V, which is 2.39 times that of Pt/C
(Fig. 4(b)).

To evaluate the catalytic selectivity of ORR, hydrogen
peroxide (H,0,) production and electron transfer during

ORR detect were detected using a rotating ring electrode
measurement (Fig. 4(c)). The mean electron transfer
number (7) and the hydrogen peroxide yield at potentials
ranging from 0 to 0.8 V were calculated as 3.99% and
3%, respectively. These results indicate that the four-
electron reduction pathway dominates the conversion of
0O, to OH™ during ORR, where oxygen is directly reduced
to hydroxide (OH7) rather than forming hydrogen
peroxide (HO;). In contrast, platinum-based alloy
catalysts such as PINP-ZnO@CQDs and Pt-NP/CNR
H,0, yields around 20% [45,46], while the Pt/Fe-N-C
catalyst synthesized in this study exhibits a significantly
lower H,O, vyield of only 3%, indicating higher
selectivity for the four-electron reduction pathway during
the ORR, favoring the direct reduction of oxygen to
water (OH") rather than the formation of H,O».

In a 0.1 mol/L HCIO4 solution, Pt/Fe-N-C achieves
an Ej of 0.85 V, which is superior to Pt/C (0.801 V)
(Fig. 4(d)). After 10000 ADT cycles in 0.1 mol/L HCIO4
saturated with O,, the E}/; of Pt/C decreases by 40 mV,
while the Pt/Fe-N-C shows no significant shift, indicating
superior electrochemical stability during the electroca-
talytic ORR process. The mass activity of Pt/Fe-N-C at
0.85 V is 2.11 times that of Pt/C (Fig. 4(e)).

Electrochemical impedance spectroscopy (EIS) was
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Fig. 4 Electrochemical performance of Pt/Fe-N-C catalysts.

(a) LSV curves and accelerated durability testing of Pt/C, Pt/Fe-N-C in a 0.1 mol/LKOH solution at saturation; (b) comparison of the mass
activity of Pt/C and Pt/Fe-N-C in alkaline; (c) RRDE test for Pt/Fe-N-C electron transfer number () and hydrogen peroxide yield
(H20,%); (d) LSV curves and accelerated durability testing of Pt/C, Pt/Fe-N-C in a 0.1 mol/LHCIO4 solution at saturation; (¢) comparison
of the mass activity of Pt/C and Pt/Fe-N-C in acidity; (f) EIS impedance diagram of Pt/C, Pt/Fe-N-C catalysts.

used to investigate the kinetics of electrode processes and
surface phenomena. The AC impedance characteristics of
electrochemical systems are analyzed by Nyquist diagram
[47-49]. The initial point of the semicircle corresponds to
the internal resistance (Rs), and the charge transfer
resistance (R.) is related to the diameter of the
semicircle. Compared to commercial Pt/C, the Nyquist
plot of Pt/Fe-N-C shows a semicircle with a smaller
diameter (Fig. 4(f)), reflecting a lower charge transfer
resistance. The ORR mechanism was studied by
recording polarization curves at different rotational
speeds and applying the Koutecky-Levich (K-L) equation
(Fig. S5(a)). The slope is consistent at different
potentials, showing a good linear relationship, which
reflects the first-order kinetics of the reaction involving
saturated dissolved oxygen. In the potential range of
0.22-0.60 V, the electron transfer number (n) per oxygen
molecule is approximately 3.8, closely matching the
theoretical value of Pt/C (4.0), indicating the
predominance of the four-electron process in ORR.
Cyclic voltammetry (CV) was used to detect the
double-layer capacitance (Cyg) of different samples
(Figs. S5(b) and S5(c)). The Cgq of Pt/Fe-N-C is
4.01 mF/cm?, indicating a large catalytic area. The
electrochemically active surface area (ECSA) of the
catalyst was calculaed from the hydrogen underpotential
deposition (HUPD) region of the CV curve in a Np-
saturated electrolyte solution (Fig. S5(d)). The ECSA
values for the Pt/C and Pt/Fe-N-C catalysts were 42.93

m?/gp; and 73.57 m?/gpy, respectively. The ECSA of the
Pt/Fe-N-C bimetallic catalyst is significantly higher than
that of the Pt/C catalyst, indicating enhanced Pt activity
in the alloy catalyst.

The potential of Pt/Fe-N-C for practical applications
was evaluated by assembling zinc-air batteries. A zinc-air
battery was constructed with Pt/Fe-N-C and Pt/C as the
air cathode electrocatalysts, using a Zn plate as the anode
(Fig. 5(a)). The open-circuit voltage of the battery with
Pt/Fe-N-C as the cathode catalyst was 1.451 V, slightly
surpassing the open-circuit voltage of 1.440 V for the
battery using Pt/C as the cathode catalyst (Fig. 5(b)).

Figure 5(c) shows the single charge and discharge
curve for the Pt/Fe-N-C zinc-air battery. The polarization
voltage remains stable between 1.0 and 2.4 V. The
maximum power density of the Pt/Fe-N-C catalyst is
200 mW/cm?2, which is significantly higher than the
175 mW/cm? of commercial Pt/C (Fig. 5(d)).

The long-term cycle durability of zinc-air batteries,
with Pt/Fe-N-C as the cathodic oxygen reduction catalyst,
was further studied. For the same catalyst loading of
0.5 mg/cm? and a constant current density of 10 mA/cm?2,
the Pt/Fe-N-C catalyst has a longer discharge duration of
approximately 17 h at constant current discharge,
compared to Pt/C (Fig. S6(a)). At different constant
current densities (Fig. S6(b)), the discharge time is 30,
17, and 7 at 5, 10, and 20 mA/cm?, respectively.

To test the stability of the catalyst after long-term use,
SEM and XPS analyses were performed on the catalyst
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Fig. 5 Performance of Pt/Fe-N-C catalysts in Zn-air battery.
(a) Component diagram of a zinc-air battery; (b) open circuit voltage of Pt/Fe-N-C and Pt/C zinc-air cells; (c, d) power density curve and

polarization curve.

after 10000 CV cycles, as shown in Fig. S7. The results
showed that the catalyst remained stable even after
extensive cycling.

4 Conclusions

This study addresses the challenges of high cost, easy
deactivation, and poor durability associated with
platinum-based catalysts in the ORR. Initially, a Fe-N-C
precursor was synthesized through the PANI pathway.
By employing Lewis doping theory and the self-structural
constraint effect, the dispersion and exposure of Fe-N-C
sites were enhanced. The Fe-N-C sites are
homogeneously distributed on the surface of PANI and
adsorb platinum ions, leading to the formation of Pt-Fe
bimetallic alloys. As a result, an ultra-low Pt loading of
just 1.79 wt% was successfully achieved. In terms of
catalytic performance, the Pt/Fe-N-C catalyst demon-
strates exceptional ORR activity in both acidic and
alkaline environments, outperforming commercial Pt/C in
terms of mass activity and long-term stability. Moreover,
zinc-air batteries assembled with the Pt/Fe-N-C catalyst
have achieved a peak power density of up to 200
mW/cm?2. These findings not only validate the catalyst’s

potential for energy conversion applications but also offer
novel insights into optimizing the structure of platinum-
based catalysts to enhance their catalytic activity and
stability.
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