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Iron—nitrogen—carbon (Fe—N-C) electrocatalysts have emerged as promising alternatives to platinum for
the oxygen reduction reaction (ORR) in acidic media. Herein, we report the synthesis of an Fe—N-C catalyst via
impregnation and complexation of iron(i) nitrate and 1,10-phenanthroline onto carbon black, followed by
pyrolysis at high temperature. Transmission electron microscopy and X-ray energy-dispersive spectroscopy
revealed a uniform distribution of Fe within the porous carbon matrix. The ORR performance was investigated
using rotating ring-disk electrode experiments in oxygen-saturated 0.5 mol L™ H,SO,. The material exhibited
an onset potential of approximately 0.83 V vs. RHE, with a maximum turnover frequency of 54 O, s~ per
active site at 10 mA cm~2. A Tafel slope of approximately 118 mV dec™* identified the first electron transfer as

Received 5th August 2025, the rate-determining step. A comprehensive kinetic model was developed in the frequency domain, accounting

Accepted 20th November 2025 for both interfacial electron transfer and mass transport in the porous electrode, enabling the extraction of
DOI: 10.1039/d5cp03000e intrinsic rate constants and surface coverage parameters. The findings demonstrate the mechanistic and kinetic

advantages of Fe—N—-C catalysts synthesized using 1,10-phenanthroline, offering valuable insights for the design
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Introduction

Energy storage and conversion devices, such as metal-air batteries
and fuel cells, have been extensively investigated due to growing
concerns regarding environmental impacts and sustainability.
Among the electrochemical reactions occurring within these sys-
tems, the oxygen reduction reaction (ORR) at the cathodic side
during discharge is of particular importance. However, the inher-
ently slow kinetics of this multi-electron reaction significantly
limits current density, thereby restricting power output and overall
energy efficiency. Consequently, extensive research efforts have
been directed toward the development of highly active electroca-
talysts to enhance ORR performance.'™

Among the various electrocatalysts proposed and investigated,
single-atom catalysts synthesized via the pyrolysis of carbonaceous
materials doped with transition metals and nitrogen have emerged
as promising candidates for ORR applications. Transition metals
such as iron and cobalt have garnered particular attention due to
their high abundance in the Earth’s crust and relatively low cost.>®
Fe-N-C catalysts, in particular, have demonstrated notable
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of advanced ORR electrocatalysts for fuel cells and metal—-air batteries.

stability and resistance to methanol/CO poisoning, making them
among the most promising alternatives to platinum-based cata-
lysts in fuel cells. The high catalytic activity of Fe-N-C is attributed
to several key factors, including variations in electron density at the
metal center due to the m-electron deficiency in the carbon matrix
support, the anodic shift in the redox potential of the metal ion,
and the reduction in the energy of the e, (d.2) orbital. These effects
promote enhanced adsorption of O, and key intermediates by
facilitating stronger interactions between the oxygen ¢ orbital and
the e, (d2) orbital of the metal center.”

Spectroscopic studies have confirmed that Fe-N, moieties serve
as the primary active sites in Fe-N-C catalysts, where Fe cations
coordinate with pyridinic nitrogen atoms at the edges of graphitic
carbon surfaces.® The high-temperature pyrolysis typically employed
for the synthesis of these catalysts often leads to the sintering of Fe
atoms, thereby hindering the formation of well-defined Fe-N,
moieties. Thus, controlling the chemical environment during synth-
esis is essential, as precursor selection strongly influences the
catalytic activity of the final material.” The heteroaromatic chelating
agent 1,10-phenanthroline (Phen), which contains two nitrogen
atoms and forms stable coordination complexes with Fe**, has been
explored as a nitrogen precursor to enhance the number of host sites
for anchoring isolated Fe atoms.'® This approach increases the
density of electroactive sites with high catalytic activity. Kim et al.
investigated the use of three different Phen isomers and observed
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that the strong stability of the Fe-1,10-phenanthroline complex
suppressed iron migration at high temperatures."* This resulted in
a more uniform distribution of iron within the carbonaceous matrix
while preserving a significant proportion of nitrogen dopants at
pyridinic sites. Such findings underscore the importance of precur-
sor selection in optimizing Fe-N-C catalysts for ORR applications.

Although Fe-N-C materials containing FeN, moieties are con-
sidered among the most promising platinum-free ORR catalysts,
their performance remains inferior to that of platinum-based
catalysts in proton exchange membrane fuel cells (PEMFCs)."* As
a result, further advancements are necessary to bridge this perfor-
mance gap. A comprehensive kinetic study of the ORR on Fe-N-C
catalysts is crucial for understanding the mechanistic effects
introduced by specific modifications to the catalyst structure.™

Vasconcellos and co-workers carried out a systematic inves-
tigation aimed at enhancing both the oxygen reduction reaction
(ORR) activity and durability of Fe-N-C electrocatalysts through the
rational optimization of a straightforward 1,10-phenanthroline-
iron complexation synthesis route.™* Critical synthesis parameters—
including the Fe: phenanthroline molar ratio, the textural properties
of the carbon support, and the pyrolysis temperature—were deliber-
ately tuned to assess their effect on the structural and catalytic
properties of the resulting materials. A notable finding of this study
was the pronounced improvement in catalyst stability during accel-
erated durability testing (10* potential steps) as the pyrolysis tem-
perature increased from 700 to 1300 °C, albeit accompanied by a
progressive decrease in ORR activity. Among the catalysts prepared at
different temperatures, the sample pyrolyzed at 1050 °C exhibited the
most favorable trade-off between kinetic activity and long-term
stability. Consequently, this material was selected for detailed kinetic
analysis under hydrodynamic (convective) control in the acidic
electrolyte.

To further clarify the underlying mechanisms, we developed
a frequency-domain model for process identification, incorpor-
ating a transmission line transfer function to account for the
porous nature of the carbon-based material.

Theoretical section

Electrochemical impedance spectroscopy, combined with time-
domain electrochemical data under diffusional-convective control,
is a powerful technique for investigating interfacial electro-
chemical reactions and contributes significantly to the evalua-
tion of catalyst performance.">"°

In acidic media, the mechanism of the oxygen reduction
reaction (ORR) can be described using the following steps:

M+ Os(s) &M — O, M

M -0, +H" +e L M- OOH (1)
M — OOH + H* + ¢~ ~2 M — H,0, (1)
M — Hy05 -2 M + H,0, (1v)

M-H0, +H' +e S M-OH+H,0 (V)
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In step I, a chemical equilibrium is established at the interface
between dissolved molecular oxygen and oxygen adsorbed at an
active site (M) of the catalyst. Steps I, I1I, V, and VI each involve the
transfer of one electron and one proton, leading to the formation
of adsorbed intermediates, and ultimately yielding water and
hydrogen peroxide as the final products. Assuming step VI is at
equilibrium, the rate-determining step is identified as step II,
while the desorption of hydrogen peroxide occurs at step IV, as
will be corroborated in the Results and discussion section.

Although adsorbed hydroperoxo (M-OOH) and hydroxyl
(M-OH) intermediates were not experimentally detected in this
study, their transient formation is consistent with an oxygen
reduction pathway in acid media involving H,O, generation—con-
firmed by rotating ring-disk electrode (RRDE) measurements—and
a sequential 2e” + 2e” mechanism. Other adsorbed intermedi-
ates, such as M-O, may also participate in the overall reaction
sequence.'”° Nevertheless, the proposed mechanistic frame-
work adequately captures the key intermediates that govern the
observed reaction kinetics. Considering the intrinsic instability
of these transient species and the identification of step II as the
rate-determining stage (as discussed below), both the transfer
function and the theoretical Butler-Volmer behavior remain
unaffected within the adopted kinetic model, even in the
presence of additional intermediates. Therefore, the individual
surface coverages of each intermediate were not explicitly
computed; instead, only the total adsorbate coverage and that
of molecular oxygen were considered.

The steady-state faradaic current, based on the Butler-Volmer
equation, the Langmuir isotherm, and assuming a geometric
electrode area of 1 cm?, is given by the following equation:

T =1+ + T3 + 1 + Ly = —Fk100,0+ (0)e P
— FkZEOOHEH* (0)67/317;’ — Fk3(_9H202 CH+ (0)67/3}7'7’ (1)
— Fk4é0HEH+ (O)Ciﬁb;’ + Fk4bé*e(lfﬁ)bﬁ

Here, F is the Faraday constant, f is the transfer coefficient,
b = RT/nF, where R is the ideal gas constant, T the absolute
temperature, i the faradaic current, 5 the overpotential, and ¢y+(0)
the surface proton concentration. The terms 6oon, 0p,0,, Oon and
0* represent surface coverages of the adsorbed OOH, H,0,, and
OH species and the fraction of free active sites on the catalyst
surface, respectively. Each k; represents the rate constant corres-
ponding to a specific elementary step. The currents iy, i,, i3, and i,
correspond to the faradaic contributions from the elementary
steps 1II, III, V, and VI. The symbol ‘-’ denotes steady-state values.

The time-dependent variation of the fraction of free active
sites was used to establish its relationship with the resulting
faradaic current:

0* _ _ i
Faa_l = — k9*002 + kb902 + k4OonCu+ (0)67%’7
L )
_ . iy +1
— kgy0rel-PPn — 2T 0 7 e

where I’ is the surface density of active sites.
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do; N
T 0, and considering the
pre-equilibrium of step I, the following relationships are
obtained:

Under steady-state conditions

. kbOOz + k4(7)0]—167ﬁb77

0" =1—0Ouq5 = a
ads kEOZ (0) + k4be(l—[i)bn
_ 3)
_ k0o,
kEoz (0) — ki KEO2 (O)C_ﬁb”
= k0*Co,(0) .
0o, = o 1 ke 1 K0"co,(0) (4)
— ky I(é"@o3 (0 e P 16413(9*6(171?%77
90]—[ = = )k4e*3b’7 (5)

where 0% =1 —30;, =1 — 04, Co,(0) is the surface concen-
k
tration of molecular oxygen, and K = = When the first elec-

b
tron transfer step is rate-determining, eqn (1) simplifies to the

following:
ir = 4i) = —4Fk 00,y (0)eFo1

_ 4Fk k0 co, (O)EH+ (O)cﬁ/ﬁ’fl

B ky + kye=Fbi (©)
= — 4Fkqpp (1 — Oas) Co, (0)e 7
where k,p,p, is the apparent rate constant.
For the oscillatory regime
aZ)ads 8008/“’[ . i .7 174 + lT4b
I =T = jwl 0" = joI 0y = 7
ot ar TN JO Vads F @)

where 6, is the amplitude of 0aqs and o is the angular frequency
of the perturbation. The symbol “~” denotes quantities under

oscillatory conditions. Expanding eqn (7) in terms of 7, O.qs,
and ¢o,(0),

- i i i
jora = [(3), (%),
n Oads 0, (0) " 00, :¢0, (0)
iy ) <az4b) }
- ( - Ods (8)
[ 00ads ) y.co0)  \Oacs/ .o, 0)

0iy ) ( Oigy ) _
e I b Zo, (0),
|: (8002 (O) 1,0ads 8002 (O) 1,0,ds o ( )
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we determined 0,4s:

81}) _ ( iy ) .
= i+ (—=—)  é,(0)
|: (6’7 €0, (0),0a45 8COZ (0) 1,0ads 02

Oads = _ 9
ads ] ( E)i4 ) ( )
JjoI'F —
90uds ) y,co, (0)

Fick’s first law was employed to relate the surface concen-
co, (0)>_

It

tration of molecular oxygen to the faradaic current (

- oc
it = —nFDo,

o (10)

x=0

where Do is the diffusion coefficient of molecular oxygen in the
solution. Assuming steady-state behavior in the frequency
domain,

¥o _p, Plo,
Ox 02792

Jjolo, + vy =0, (11)

where v, is the axial velocity. With the substitution ¢(&) = ¢o,/

X . . . . .
€o,(0) and 5:5—0, the dimensionless differential equation

becomes,

(&) |, .ade(&) i’
dfz +3¢ df J D02

®(&) =0 (12)
The hydrodynamic diffusion layer thickness (J,) is given by**
111
do = 1.61D}, v6Q 72, (13)

where v is the kinematic viscosity and Q the angular rotational
rate.

Applying the boundary conditions (¢(1) = 0 and ¢(0) = 1), in
conjunction with the Nernst hypothesis,

tanh| 4 /jo o’
1 ¢o,(0) Do,

- = 22— 14
d6= o, — (14)

Do,

dx dx Jo

Expanding Iy in terms of 7, 0,45, and ¢o,(0),

= (50 (50, o o),
g = |5 N+ 55— Oags + | 5—~ ¢o,(0),
(an Oads €0, (0) 90uas 10, (0) © 9co,(0) 1,0ads ’

(15)

and by substituting eqn (9) and (14), we obtain the analytical
expression for the faradaic impedance:

; 2

Fhap 0" e (0)e 07 tanh ‘]16306

. *C - — - (@]

1+ |4Fk - (0)ePon | ——app” CH2IT)C — 4Fk 0 Gy (0)e PP :
*[ 1@+ (O)e (inF+Fk15H+(O)e—5b’1 A PToon, Jo
ﬁ DOz

Zi === (16)
It
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We add the capacitive reactance associated with the elec-
trical double layer capacitance (Cq;) to the faradaic impedance
Zg, generating the transfer function Z;:

7, = Zf((_l—Ci)laﬂ) (17)
at (m)

The porosity of the electrode creates two phases within the
material: the ionic conductive phase (electrolyte inside the
pores) and the electronic conductive phase (solid material).
Additionally, there is charge transfer between these phases and
a potential gradient within the pores. Due to these effects, we
incorporate a transmission line model.'® Starting from differ-
ential equations and boundary conditions, we integrate the
transfer function Z; into a transmission line model and obtain
the transfer function Z,:

_+_
ks | ke ke k
2 — 4 — h| L |== 5
+(ke+ks)cos

Zy =Ry + 1+
2 0 (ks—Q—ke)

sinh | L

(18)

where k., ks, L, A, V, and R, represent, respectively, the effective
ionic conductivity inside the pores, the effective electronic
conductivity, the electrode thickness and area, and the ratio
of the particle surface area to the electrode volume. Based on
the impedance spectroscopy data, these parameters can be
determined independently of the electrode’s intrinsic conduc-
tivity and porosity.

Experimental

Initially, 26 mg of iron(m) nitrate and 160 mg of 1,10-phenanthro-
line (Phen) were dissolved in 50 mL of absolute ethanol under
magnetic stirring. The solution was refluxed at 80 °C for 1 h before
adding 200 mg of Black Pearls carbon (Cabot Co.). The suspension
was stirred at the same temperature for an additional 4 h. Ethanol
was then gradually evaporated at 80 °C under stirring to promote
iron nitrate impregnation, and the resulting material was dried
overnight. Finally, the obtained powder was subjected to pyrolysis
at 1050 °C (heating rate: 5 °C min ') under an argon atmosphere
for 1 h, yielding nitrogen-coordinated iron atoms within the
carbon matrix, with an Fe content of 1 wt%."** For catalyst ink
preparation, 1 mg of Fe-N-C was dispersed in 200 pL of anhy-
drous isopropanol (Sigma-Aldrich) and 10 pL of Nafion (Sigma-
Aldrich). The mixture was sonicated for 40 min, and 10 puL was
drop-cast onto a glassy carbon electrode, resulting in a catalyst
loading of 238 pg cm™>. Scanning transmission electron micro-
scopy measurements (STEM), with elemental mapping measure-
ments, were performed using a JEOL JEM-F200 microscopy,
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operated at 200 kV, equipped with a cold field emission gun
(FEG), and a 100 mm? silicon detector with drift correction and an
EDS detector. The iron content relative to the total mass of the
electrocatalysts was quantified using inductively coupled plasma
mass spectrometry (ICP-MS) on a PerkinElmer NexION 2000c MS
instrument. Further details regarding material characterization
can be found in ref. 14. Raman spectroscopy of the Fe-N-C Phen
BP samples revealed a progressive enhancement in the graphitic
character of the carbon framework with increasing temperature
from 700 to 1300 °C."* X-ray photoelectron spectroscopy (XPS) of
the same material confirmed the presence of characteristic Fe and
N signals, evidencing pyridinic and graphitic nitrogen species as
well as Fe(u) and Fe(m) components.™* Based on N, adsorption
measurements analyzed using the BET isotherm method, the
specific surface area of the Fe-N-C material corresponds to
840 m* g~ ','* which falls within the range commonly observed
for porous solids.>

Electrochemical experiments were conducted using an Auto-
lab PGSTAT30 potentiostat/galvanostat. The Fe-N-C activity for
the oxygen reduction reaction (ORR) was evaluated in a three-
electrode electrochemical cell, with a saturated calomel elec-
trode (SCE) as the reference electrode, a graphite rod as the
counter electrode, and a rotating ring-disk electrode (RRDE).
The RRDE consisted of a glassy carbon disk (area was 0.2 cm?)
and a platinum ring. The electrolyte was 0.5 mol L™ " H,SO,
(Sigma-Aldrich, pH = 0.30). After bubbling molecular oxygen
through the electrolyte solution, the measurements were per-
formed under a continuous oxygen flow directed above the
electrolyte in the electrochemical cell. All potentials were
corrected against the reversible hydrogen electrode (RHE).

Chronoamperometric measurements were performed to assess
the steady-state behavior of the electrode. Additionally, electro-
chemical impedance spectroscopy (EIS) was conducted over a
frequency range of 10 MHz to 10 mHz with an ac perturbation
amplitude of 5 mV at different rotation speeds. Experimental data
were fitted using the kinetic model described in the Theoretical
section.

The surface density of iron ions was determined via the nitrite
stripping technique.** Linear potential sweeps were performed to
quantify the electrochemically accessible active-site density at
1600 rpm and a scan rate of 5 mV s~ (Fig. S1). The reference charge
(9.0 mC em™7), recorded for the electrode in deoxygenated acetate
buffer (pH 5.2), represented the non-poisoned surface. Nitrosyl adsorp-
tion onto Fe(m) sites was subsequently induced by the addition of
NaNO, (125 mmol L) to the electrolyte. Following the procedure
described in ref. 24, an analogous potential sweep was then carried
out, yielding a stripping charge of 11.2 mC cm 2. Considering the
difference between pre- and post-adsorption charges and assuming a
five-electron reduction per stripped nitrosyl species, the surface density
of Fe ions was calculated as I' = 4.5 x 10~° mol em™>”

Results and discussion

Fig. 1 displays high-resolution STEM images alongside the
corresponding elemental mapping of the Fe-N-C material,
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providing direct insight into the spatial distribution of iron,
nitrogen, and carbon within the carbonaceous framework. The
elemental maps clearly reveal that iron is homogeneously
dispersed throughout the matrix, with no detectable presence
of iron-rich agglomerates or discrete particles. These micro-
graphs are consistent with the X-ray diffraction data, which
showed no evidence of particulate structures—only two broad
diffraction peaks characteristic of amorphous carbon.™® This
uniform distribution strongly suggests the successful for-
mation of isolated iron single-atom sites, in accordance with
the design strategy based on high-temperature pyrolysis of the
Fe-1,10-phenanthroline complex under optimized synthetic
conditions.'* The absence of clustered or metallic iron phases,
often associated with catalytic inactivity or side reactions,
highlights the efficiency of the synthesis protocol in stabilizing
iron atoms at the atomic scale. Furthermore, the iron content
determined by inductively coupled plasma mass spectrometry
(ICP-MS) was 1.1 wt%,"* which is in close agreement with the
theoretical value, confirming the reproducibility and composi-
tional precision of the material preparation.

To evaluate the catalytic effect of Fe-N-C in the ORR, linear
sweep voltammetry is performed in a 0.5 mol L™" H,SO,
solution saturated with molecular oxygen. The sweep is con-
ducted over a potential window from 0.95 to 0.25 V vs. RHE, at a
scan rate of 5 mV s~ . To investigate the mass transport effect,
measurements are carried out at different electrode rotation
speeds, as shown in Fig. 2a. We observe an onset potential of
approximately 0.83 V vs. RHE. This value is consistent with ref.
24, which reports a similar catalyst loading (270 pug cm™2).
Despite these favorable properties, the ORR activity of the Fe—
N-C material remained below that of a commercial 20 wt% Pt/
Vulcan XC-72 catalyst (E-TEK) under equivalent experimental

100 rm 100 rm

Fig.1 STEM images and the corresponding elemental mapping: iron
(red), nitrogen (green), and carbon (blue), for the synthesized Fe-N-C
electrocatalyst.
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conditions. The Pt-based catalyst displayed substantially higher
current densities at more positive potentials (~0.3 mA cm™? at
0.9 v)."

Increasing the electrode rotation speed promotes a rise in
current density (jp), indicating its dependence on the gradient
of dissolved molecular oxygen concentration in the solution.
This is due to the reduction in the Nernst diffusion layer
(eqn (18)). At higher overpotentials, the faradaic current density
progressively approaches its limiting value. This incomplete
approach can be ascribed to the relatively low density of
catalytically active sites, which results from the use of high-
surface-area Black Pearls carbon to promote atomic dispersion
of iron species and to suppress metal aggregation.™

Fig. 2b presents the ring currents (iz) recorded at various
rotation rates during linear potential sweeps. The observed
current corresponds to the reduction of hydrogen peroxide
molecules that have partially desorbed from active sites into
the bulk solution, as illustrated in step IV of the proposed
reaction mechanism. Determining the number of electrons
transferred per oxygen molecule is critical for optimizing energy
efficiency. For this purpose, eqn (19) was employed, accounting
for the electrode collection efficiency (N = 0.25), as well as the disk
(ip, obtained from ji, in Fig. 2a) and ring currents obtained during
potential sweeps (Fig. 2a). The calculated number of electrons
transferred per oxygen molecule decreased from 3.9 at higher
potentials to 3.2 at lower potentials (Fig. S2). Unlike in alkaline

a4 i
£
(]
<
=
'\HQ -
a
-6 1 1 1 1]
b -
< -
3.
I’
of P
0.2 0.4 0.6 0.8 1.0
E/V

Fig. 2 Linear sweep voltammetry measurements for the ORR ina 0.5 mol L™*

H,SO4 solution: (a) disk current densities and (b) ring currents for the RRDE.
Data are shown for rotation speeds of (—) 500 rpm, (—) 1000 rpm,
(—) 1500 rpm, (—) 1600 rpm, and (—) 2000 rpm v = 5 mV s~ %,
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media, where the intermediate species is negatively charged
(HO, "), in acidic media the electroneutral character of hydrogen
peroxide facilitates its desorption from active sites when the
reaction proceeds through the pathway involving its formation,
as described in the proposed mechanism.”®

iD
n=4

. IR (19)
ip + N

The Koutecky-Levich equation was used to determine the
kinetic current density (ji.). Fig. 3a shows the inverse of the current
density as a function of the inverse square root of the rotation
speed for various potentials between 0.7 and 0.6 V. From the linear
fittings and extrapolating to infinite rotation speeds, the Butler—
Volmer curve (Fig. 3b) and the Tafel plot (Fig. 3c) were obtained.
Based on the Tafel slope of approximately 118 mV dec ™, it suggests
that the rate-determining step of the reaction is the first electron
transfer.>® By extrapolating the Tafel curve to a zero overpotential,
the exchange current density was determined to be 2.5 x
1077 A em™>, which is about three orders of magnitude higher
than that of other Fe-N-C electrocatalysts used for the ORR.>

Using the kinetic current density values and the number of
active sites (4.56 nmol cm™?), we calculated the TOF values for
potentials ranging from 0.7 V to 0.6 V (Fig. 3d). These values

-300

-900

0.08 0.10 0.12 0.14
Q% HZ

log (j, /A cm’?)
')
N~

0.60 0.64 0.68 0.72
E/V
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ranged from 1.5 to 13 oxygen molecules consumed per second
per active site, which are in the same order of magnitude as those
reported for Fe-N-C catalysts synthesized via other routes.>* At a
kinetic current density of 10 mA cm 2, the TOF value was
approximately 5.4 O, per second per active surface site.

Fig. 4 illustrates the Nyquist plot for the ORR electrocata-
lyzed by Fe-N-C at 500, 1000, and 1600 rpm. The low-frequency
semicircle corresponds to charge transfer at the interface and
to the mass transport of molecular oxygen from solution to the
interface during the ORR. Increasing the electrode rotation
speed enhances the convective diffusion of molecular oxygen
from the bulk solution to the electrode surface, thereby
decreasing the faradaic impedance. This phenomenon is inte-
grated into the proposed kinetic model through equations that
account for diffusion-convection in solution within a system
involving electron transfer, and its influence is reflected in the
transfer function (eqn (16)). Meanwhile, the high-frequency semi-
circle is attributed to mass transport within the electrode pores.'®
Since this process is not associated with the potential barrier at the
electrode/solution interface for the ORR, increasing the rotation
speed does not affect the impedance response. The experimental
data, without any fitting, are shown in Fig. S3. Fig. 5 presents Bode
diagrams, highlighting the improved fitting of the experimental
data using the proposed transfer function.

0 1 1 1 1 1 1
060 0.62 0.64 0.66 0.68 0.70
E/V vs. HRE

Fig. 3 (a) Inverse of the current density as a function of the inverse square root of the rotation speed for various potentials. (b) (O) Experimental and (@)
theoretical kinetic current density as a function of potential. (c) (O) Experimental and (@) theoretical Tafel plot. (d) Turnover frequency as a function of

the potential.
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Fig. 4 Nyquist plot at rotation speeds of 500 rpm, 1000 rpm, and 1500
rpm. Open circles (O) represent experimental data, while closed circles
(@) represent theoretical data. Egc = 0.6 V. Ry = 0.65 Q cm?.

Based on Fick’s first law and the current density values
obtained under hydrodynamic layer control (Fig. 1a), the sur-
face concentration of molecular oxygen was determined as a
function of the applied potential (Fig. 6a). This enabled the use
of ©o,(0) in the analysis of impedance data, reducing the
number of fitting parameters. Notably, the oxygen concen-
tration approaches zero at the lower limit of the potential
window, defining the limiting current density. Fick’s first law
was also applied to estimate the surface proton concentration,
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Fig. 5 Bode plot at rotation speeds of 500 rpom, 1000 rpm, and 1500 rpm.
Open circles (O) represent experimental data, while closed circles (@)
represent theoretical data. E4c = 0.6 V.

which is assumed to be approximately equal to the bulk value
due to the high proton concentration in the solution.

Fig. 4 and 5 also present the theoretical impedance data
derived from fitting the experimental data using eqn (18). The
parameters used to fit the impedance diagrams—whether obtained
experimentally, extracted from the literature, or determined using
alternative models—were as follows: v = 0.01 ecm® s~ ',*! Do =2 x
10°em?>s VY E=—06V,T=298K, I =4.5 x 10"° mol cm 2,
T0,(0)=1.5 x 10~ mol em ™, ¢, = 7.9 x 1077 mol cm ™3, £1,(0) =
0.51 x 10> mol cm >, and Q = 52.3, 102.7, and 167.5 rad s *. Due
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to the lack of information on the location of the transition state
within the electrical double layer and to avoid introducing unne-
cessary degrees of freedom, the symmetry factor was fixed at f§ =
0.5.2! The values of §, for each rotation speed were calculated using
eqn (13). Together with the fitting shown in Fig. 3b, where the
kinetic current corresponds to

i = —4Fkapp (1 — Oags) gy, e 77, (20)

the following parameters were determined: k=414 + 2cms ', k, =
9.90 + 0.03 x 10 ®cm s™%, k; = 1.00 £ 0.01 x 10" ° mol cm %577,
0o, = 0.480 =+ 0.005, 0% = 0.042 & 0.0004 (fqs = 0.958 =+ 0.01),
Cqi = 61.0 £ 0.1 mF cm ™2, ks = 1.85 + 0.01 mS cm ™ %, k. = 0.25 +
0.01mSem %, L=410 & 1 pm, @ =2500 &+ 13 cm™ ', and R, = 0.65 Q.
The corresponding uncertainty analysis and error propagation are
_ klkcﬁ_ )
ky + kye=Pon
were also used to simulate the Tafel plot, which is shown in Fig. 3c.

The data indicate that the observed behavior follows Lang-
muir adsorption characteristics, which is consistent with the
expected response for single-atom catalysts. In such systems,
the absence of lateral interactions between adsorbed species—
owing to the isolated nature of the active sites—favors ideal
Langmuir-type adsorption. When the Frumkin adsorption iso-
therm was incorporated into the impedance model and fitted
simultaneously in both the time and frequency domains (Fig.
S$5-S7), the term (g) associated with lateral interactions among
adsorbed species converged to zero.”® Consequently, the trans-
fer function simplified to that given in eqn (16), supporting the
assumption that the catalytic surface is composed of well-
dispersed, non-interacting adsorption sites, as typically
observed in single-atom catalyst architectures.

The high equilibrium constant (K &~ 107) reflects a strong
binding affinity between isolated iron sites and molecular oxy-
gen, playing a pivotal role in enhancing the electrocatalytic
activity toward the oxygen reduction reaction. This strong adsorp-
tion capability, combined with the high turnover frequency,
ensures that even a limited number of active sites in single-
atom catalysts can sustain efficient catalytic performance—an

presented in the SI (Fig. S4). The values of kapp(

0.8 — T T T T
o
°
o [ ]
‘= 0.6} L
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i) °
E o4} . ]
~ [ ]
s .
oy °
02t . ]
“..-O‘"#. 4
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Fig. 6 Co,(0) as a function of the potential.
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essential requirement for technologies demanding high current
densities, such as metal-air batteries and fuel cells.

The rate constant of the rate-determining step was success-
fully calculated, providing a key kinetic parameter for charac-
terizing the ORR mechanism. Determining this intrinsic
constant is crucial, as it enables the quantitative prediction of
electrocatalytic behavior under varying operating conditions.
With this information, it becomes possible to simulate and
anticipate the system’s response under current- or potential-
controlled regimes, as well as to evaluate the effect of changes
in molecular oxygen pressure or concentration. Moreover, the
rate constant offers insights into the intrinsic activity of the
catalytic sites, independent of mass transport limitations, and
serves as a benchmark for comparing different electrocatalysts
or reaction environments. This level of mechanistic under-
standing is essential for process optimization in practical
energy conversion systems.

Because of the experimental challenges associated with
probing intermediate adsorption on a limited number of elec-
troactive sites (~4.5 x 10~° mol cm™?) dispersed within the
carbon matrix, the transfer function was formulated exclusively
from kinetic data concerning (i) the rate constant of the rate-
determining step, (ii) the pre-equilibrium related to molecular
oxygen adsorption on the electroactive sites, and (iii) the cumu-
lative surface coverage of the reaction intermediates. The
proposed mechanistic model thus relies on RRDE data, Tafel
slope analysis, and literature-reported insights."”*' Neverthe-
less, the future detection of additional surface intermedia-
tes—beyond H,0,—through in situ spectroscopic methods
would enable further refinement of this kinetic framework,
including the determination of rate constants for additional
elementary steps and the evaluation of individual coverage
degrees. Complementary characterization and kinetic measure-
ments after extensive potential cycling would likewise contri-
bute to a more comprehensive mechanistic understanding and
guide the design of improved catalyst formulations.

Conclusions

This work presents a detailed kinetic and mechanistic study of
an Fe-N-C electrocatalyst synthesized by pyrolysis of iron(u)
nitrate and 1,10-phenanthroline supported on carbon black.
The choice of 1,10-phenanthroline as a nitrogen precursor
promoted a uniform dispersion of Fe active sites, which con-
tributed to the catalyst’s high ORR performance. The observed
onset potential (~0.83 V vs. RHE), high exchange current
density (0.25 pA ecm ?), and turnover frequency (5.4 O, s *
per site at 10 mA cm %) indicate a high intrinsic activity for the
ORR in acidic media. The kinetic model developed here, which
incorporates mass transport and porous electrode effects via a
frequency-domain transfer function, enabled the extraction of
fundamental parameters such as the apparent rate constant,
active site density, and surface oxygen concentration. The
Langmuir-type adsorption behavior is consistent with expecta-
tions for single-atom catalysts, where the isolated nature of the

This journal is © the Owner Societies 2025
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active sites leads to ideal adsorption characteristics. Despite the
limited number of accessible atoms, the high O, binding
constant (~10”) indicates a strong affinity for molecular oxygen
at the active centers. Combined with the high turnover fre-
quency values, this suggests a high catalytic efficiency, posi-
tioning the material as a promising candidate for use as a
positive electrode in metal-air batteries and fuel cells. The
kinetic modeling approach employed here can also be extended
to other media, such as neutral or alkaline environments,
allowing the extraction of analogous kinetic parameters. These
parameters not only enable the simulation of electrochemical
behavior under various experimental conditions but also pro-
vide a predictive basis for the optimization of Fe-N-C-based
electrocatalysts for the oxygen reduction reaction. However,
further experimental studies remain necessary to resolve addi-
tional intermediates and to quantify their respective surface
coverages and rate constants, thereby providing deeper mecha-
nistic insight into the ORR process.
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