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Fe-N-C catalysts were synthesized from a nitrogen and iron wet impregnation of carbon black pearls fol-
lowed by pyrolysis steps. Three different nitrogen sources (dopamine, imidazole and benzimidazole), and
two different pyrolysis atmospheres (Ar and NH3) were used. The obtained materials were characterized
in terms of structure, morphology, surface chemistry, and electrochemical properties. Electrodes with a
high porosity and accessible active sites were obtained tailoring the synthesis parameters, as indicated by
Raman and X-ray photoelectron spectroscopies, and cyclic voltammetry with rotating ring disk electrode.
Pyrolysis under ammonia atmosphere led to high electrochemical active surface area (ECSA) and the use
of imidazole as nitrogen-rich organic precursor improved oxygen reduction reaction (ORR) activity in al-
kaline pH. This can be ascribed to the modification of surface chemistry of the electrocatalysts triggered
by the N-rich organic precursor and pyrolysis atmosphere. The catalyst obtained by using imidazole and
pyrolyzed in NH; had a variety of iron-, oxygen- and nitrogen-functional groups, nitrogen being mainly
distributed in imine-, pyridinic- and pyrrolic-N. In addition, durability tests showed a stable ECSA and
ORR activity after cycling of the prepared electrocatalysts outperforming durability of Pt-based materials

in alkaline environment and indicating applicability in anion exchange membrane fuel cells.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

High energy demand faced with the urgent need for a transi-
tion towards a circular economy require strategies to reduce the
environmental impact generated by the transport and industrial
sectors, which account for two thirds of global CO, emissions [1].
Hydrogen is a central element in meeting the net-zero emissions
target, for it can be used as a fuel or as energy carrier and stor-
age, leading to many possible applications across industry, power,
and transport sectors. Compressed H, or hydrogen generated us-
ing steam reforming of hydrocarbons or coal gasification finds ap-
plication for large energy demand such as vehicle applications.
However, these methods are unsuitable for portable devices and
in the absence of enough storage space in small mobile devices
[2]. Chemical hydrides, including metal-boron hydrides, offer sus-
tainable hydrogen storage systems, being able of local hydrogen
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generation via pyrolysis or hydrolysis [3-5]. Hydrogen-fed anion
exchange membrane fuel cells (AEMFCs), which use a variety of
chemicals as fuel for power generation, in particular hydrogen, are
therefore very promising for decarbonization of the transportation
sector [6]. As compared to the other families of fuel cells, AEMFC
offers the possibility of using a less expensive chemistry for ma-
terials synthesis thus reducing device cost [7]. However, the slow
kinetics of oxygen reduction reaction (ORR) at the cathode side is
one of the feature that significantly hampers AEMFC performance,
and Platinum-Group-Metal (PGM) catalysts are still the state-of-
the-art materials to accelerate ORR [8-10]. PGM catalysts are not
only responsible for more of 50 % of the fuel stack total cost [11],
but are also prone to dissolution, and are easily poisoned with the
presence of contaminants, such as CO, H,S and NH3 [12] leading
to low AMEFC durability.

Many research efforts have thus been devoted to the develop-
ment of PGM-free catalysts and transition metal-nitrogen-carbon
(M-N-C) materials have been identified among the most promising
alternatives for oxygen reduction in AEMFCs [13-16]. In these ma-
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terials, nitrogen and transition metals ions, such as Fe, Co and Mn
(II), are used as co-dopant in carbon nanostructures to form active
sites with the metal center coordinated by Nx-C groups, in which
x represents the number of coordination for the N-functionalities
and is correlated with the catalytic performance [17]. Previous re-
ports have demonstrated that M-N-C sites in the equatorial plane
have a high ORR activity, compared to M-Nx-C moieties at the
edges of a carbon matrix [18,19]. As far as nitrogen atom specia-
tion is concerned, pyrrolic and pyridinic nitrogen are known to be
the most active species towards ORR: in particular, a higher con-
tent of pyridinic nitrogen in a M-Nx-C moiety promotes a shift of
ORR onset potential to more positive values. By contrast, even if
the role of graphitic or quaternary-N is still under discussion, it
has been suggested that higher graphitic nitrogen content led to
a conversion of ORR reaction mechanism to a four-electron path-
way [20,21]. Carbon matrix also plays an important role on ORR
activity because a porous structure enhances the accessibility of
active sites in M-Nx-C moieties. Macro and mesopores are believed
to assist the mass transport of species involved in the ORR, while
micropores typically host the M-Nx-C sites. Therefore, ORR activity
can be improved combining a carbon matrix with high distribution
of meso/macropores and high density of active sites [22-25].

M-Nx-C catalysts are usually synthesized via pyrolysis of metal
and nitrogen precursors either adsorbed or impregnated onto a
carbon support [26,27] or through the pyrolysis of a single pre-
cursor of metal, nitrogen, and carbon [24,28-34]. Pyrolysis temper-
atures between 800 and 900 °C are generally used to obtain M-Nx-
C active sites with high ORR activity in alkaline media [12,35-37].
Despite the progress made, there are still numerous challenges be-
fore PGM-free catalysts become viable for AEMFC technology, in-
cluding catalysts stability. In fact, the performance and stability of
a AEMFC operating with PGM-free at both the anode and cathode
are still limited [38,39]. Also, there is a lack in terms of durabil-
ity studies investigating electrocatalyst degradation during AEMFC
operation [40,41].

In this scenario we report here a facile synthesis strategy
based on the combination of a high surface area conductive sup-
port with nitrogen-containing organic precursors and an iron salt.
Through the investigation of two pyrolysis atmospheres and differ-
ent nitrogen-rich precursors, insights of the effect of morphology
and chemical surface of the obtained Fe-N-C catalysts on ORR ac-
tivity have been achieved. Electrocatalysts with high surface area,
high ORR activity with a direct 4e~ mechanism were obtained by
tailoring the synthesis parameters, outperforming platinum-based
materials in terms of durability over cycling in alkaline pH.

2. Experimental section
2.1. Materials

Dopamine hydrochloride (98.0%), iron (II) acetate (> 98.0%), ni-
tric acid (> 65.0%), N,N-Dimethylformamide (99.8%) and Nafion so-
lution (5 wt. % in lower aliphatic alcohols and water, 15-20%) were
purchased from Sigma-Aldrich. Imidazole (> 98.0%) and benzimi-
dazole (> 98.0%) from TCI, and Carbon Black Pearls 2000 (BP) were
supplied by CABOT. Platinum, nominally 40% on carbon black (Pt/C)
was purchased by Alfa Aesar. Millipore water (Merk, 18.2 MQ2cm)
was used for materials preparation and experiments.

2.2. Preparation of catalysts

2.2.1. Treatment of carbon support

Carbon black pearls (1.0 g) was dispersed in concentrated nitric
acid (40 mL) using an ultrasonic bath for 15 min. The obtained dis-
persion was kept under stirring and reflux at 90 °C for 16 h. The
material was collected by centrifugation and washed several times
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with distilled water, using a filtration system, until neutral pH was
reached. After that, it was dried in an oven at 70 °C overnight and
then grounded with an agate mortar and pestle. Treated carbon
black pearls was labeled as BP.

2.2.2. Fe- and N- functionalization of carbon support

BP (400 mg) were dispersed in 160 ml of an acetone/water
(10/90 wt.%) mixture by 15 min sonication dat room tempera-
ture. An organic precursor (400 mg), either Dopamine hydrochlo-
ride (DP) or Imidazole (Im) or Benzimidazole (BZ), was added to
the suspension and stirred for 5 min. After that, iron (II) acetate
(0.498 mg) was added to a 0.2 wt. % content of iron (II) in the
catalyst. The dispersion was then kept under magnetic stirring for
2 h at room temperature. The precursor was dried in an oven at
70 °C overnight and the powder grounded with an agate mortar
and pestle. The obtained materials were labeled as BP-DP-Fe, BP-
Im-Fe, and BP-BZ-Fe (Table S1). The catalyst precursor (400 mg)
was placed in a Al,03-tube (2.0 cm diameter, 69 cm length) fur-
nace (Forni De Marco, Italy) purged with either Ar or anhydrous
NH3 for 20 min at a flow of 200 sccm and room temperature. The
material was thermally treated in two heating steps: the first one
at 400 °C for 1 h (heating rate of 20 °C min~!), and the second
one at 800 °C for 1 h (heating rate of 25 °C min~!). After pyrol-
ysis, the catalyst was grounded with an agate mortar and pestle.
The samples obtained by pyrolysis in argon atmosphere were la-
beled as (BP-DP-Fe-Ar, BP-Im-Fe-Ar, BP-BZ-Fe-Ar), while the sam-
ples obtained by pyrolysis in NH3 atmosphere were labeled as BP-
DP-Fe-NH3, BP-Im-Fe- NH3, BP-BZ-Fe-NH3, as summarized in Table
S1.

2.3. Materials characterization

2.3.1. Physicochemical characterization

Thermogravimetric analysis (TGA) was performed by using a
thermogravimetric analyzer TGA/DSC1 Star System (Mettler Toledo)
working under a N, flow between 25 to 800 °C, with a heat-
ing rate of 5 °C min~!. The materials were held in a platinum
sample holder with a cover having one vent central hole. Pow-
der X-ray diffraction (XRD) patterns were recorded using Philips
PW1730 diffractometer with Cu K, radiation (A = 1.5406 A). Mi-
crographs were obtained using a Leo Supra 35 field-emission scan-
ning electron microscope (Carl Zeiss, Oberkochen, Germany). X-ray
photoelectron spectroscopy (XPS) was performed using an Omi-
cron DAR 400 Al/Mg Ko non-monochromatized X-ray source, and
a VG-CLAM2 electron spectrometer, working with a pass energy of
20 eV. The fitted peaks for Cls, N1s and Fe2p spectra were ob-
tained by deconvolution using KolXPD Software with a Voigtian
(combining weighted Gaussian and Lorentzian) peak fitting, Shirley
and/or linear background and Doniach-Sunjic convoluted with a
gaussian for graphitic sp2-hybridized peak. Raman spectroscopy
was performed using a DXR Raman Microscope (thermo Scientific)
using a laser excitation wavelength of 532 nm with a 10 X ob-
jective, with the laser power maintained at 0.1 mW. Experimental
data were fitted using KolXPD Software with a Voigtian peak fit-
ting [42-44].

2.3.2. Electrochemical characterization

Electrochemical tests were performed using a standard three
electrode cell: a rotating ring disk electrode (RRDE-AFE6R2GCPT,
Pine Research Instrumentation) was used as working electrode
(WE), whereas a platinum wire (Amel 805/SPG/12) and saturated
calomel electrode (SCE, Amel 303/SCG/12) as counter and reference
electrodes, respectively. The measurements were recorded with a
VMP3 Potentiostat (Bio Logic Science Instruments) controlled by
computer through EC-Lab V10.18 software. The potential values for
all electrochemical tests were measured vs. SCE and converted to
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the reversible hydrogen electrode (RHE). The WE was modified by
depositing a catalyst ink as follows: 5.0 mg of catalyst were dis-
persed in 455 mL of a Nafion/DMF solution (0.5 wt.%, which prepa-
ration is described in detail in the supporting material), and the
suspension was ultrasonicated for 1 h at a room temperature. The
ink (5 uL for RRDE) was dropped onto the glassy carbon disk of
the WE to a catalyst loading of 0.23 mgcm~2, and dried in a con-
vection oven at 40 °C for 6 min. A Pt/C ink was also prepared (to a
40 pgem~2 Pt/C loading and 16 pgem=2 Pt loading) and taken as
control [45]. The electrodes were placed in a KOH 0.1 M electrolyte
solution, purged with N, for 20 min, and before acquiring electro-
chemical measurements the electrode surface was cleaned as de-
scribed in the supporting material and activated by cyclic voltam-
metry (CV) in a potential window 1.2-0.3 V vs. RHE at a scan
rate of 500 mVs~! (200 cycles). The ohmic resistance of the sys-
tems was also evaluated by iR determination and compensation by
impedance spectroscopy [46]. An additional catalyst activation of
100 cycles at the same scan rate, was used for the measurements
in O,-saturated electrolyte after purging the system with the gas
for at least 20 min.

Cyclic voltammetry (CV) experiments using a RDE in static con-
figuration were performed to investigate ORR activity and estimate
the electrochemical active surface area (ECSA) of the Fe-N-C cata-
lysts. Gravimetric capacitance (Cgrav.) was calculated by integrating
capacitive current from CV curves at a scan rate of 5 mVs~!, in ni-
trogen saturated electrolyte over a 0.9 V vs. RHE potential window,
according to Eq. (1) [47]:

[1dv
2mvAV (1)

where [, is the current (A), AV is the potential window (V), m is
the catalyst mass on the electrode (g), and v (Vs~!) is the po-
tential scan rate. Then, ECSA was estimated according to Eq. (2)
[48,49], assuming a capacitance per surface area (Cs) of 0.2 Fm—2
[50-52] for the synthesized PGM-free catalysts.

ECSA = Cgrav./Cs (2)

ECSA values for Pt/C was calculated by integrating the CV (Fig.
S8a) in the hydrogen underpotential deposition region, assuming
a monolayer hydrogen charge of 210 pCcm—2 [53,54].

Linear sweep voltammetry (LSV) with rotating ring disk elec-
trode (RRDE) experiments were performed at scan rate of 5 mVs~!
and rotation speed of 1600 rpm from 1.2 to 0.3 V vs. RHE, with
the Pt ring polarized at 1.2 V vs. RHE [55]. Disk and ring currents
were background corrected by subtracting the capacitive current
measured in Nj-saturated electrolyte and the potentials reported
were iR-compensated. The number of electrons transferred (n) and
hydroperoxide anion (HO;) produced, were calculated according to
Egs. (3) and (4), where N is the ring collection efficiency (0.38).

CGrav. =

4x |1Disk|
= NI 3)
|[Disk| + IIRing/N|
|1Ring/N|

HO; (%) = 200 ——————
2 “Diskl + |IRing/N|

(4)
LSV-RRDE experiments were also used to draw Tafel plots, by

plotting iR-corrected potential values as a function of the logarithm

of the kinetic current density as described in the Eq. (5) [56,57]:

2.303RT 2.303RT

o F logJo — o F log]y (5)

C

E = E%+

where E is the iR-corrected electrode potential, EO is 1.23 V, R the
universal gas constant (8.314 ] mol~! K-1), T the working temper-
ature (298.15 K), F the Faraday constant (96487 C mol~!), o is the
cathodic transfer coefficient, J; the exchange current density, and
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Ji the kinetic current density obtained by the Eq. (6):

Jo x J(E)
(b — J(E))

where Jp is the diffusion-limited current (extrapolated at 0.5 V vs.
RHE potential), and J (E), the measured background-subtracted cur-
rent density [58].

EIS spectra were acquired under hydrodynamic conditions
(1600 rpm as electrode rotation rate) at three different potential
values E1 (onset potential), E2 (half-wave potential), E3 (near lim-
iting current), over a frequency range of 50 mHz-100 kHz with an
amplitude of 10 mV. EC-Lab ZFit impedance fitting tools (BioLogic
SAS) were used for modeling EIS spectra.

Durability tests were carried out according to a start-stop cy-
cling protocol proposed by the Fuel Cell Commercialization Con-
ference of Japan (FCC]).[59] The experiments were performed by
recording CV in Nj-saturated electrolyte to evaluate the ECSA
changes during 7000 cycles at a scan rate of 500 mVs~!; CV curves
shown in the text refer to cycles n. 1, 200, 400, 600, 800, 1000
and multiples of 1000 over the remaining 6000 cycles and were
recorded at a scan rate of 5 mVs~!. CV were also recorded in O,-
saturated electrolyte to evaluate the ORR activity changes during
7000 cycles at a scan rate of 500 mVs~! with same protocol above
described for CVs in Ny-saturated electrolyte.

J(E) = (6)

3. Results and discussion

Two series of catalysts were prepared as described in
Section 2.2.2 by using iron acetate as metal source, carbon black
pearls as carbon support and three different nitrogen-rich organic
precursors (dopamine, imidazole and benzimidazole); two differ-
ent pyrolysis atmospheres (argon and anhydrous ammonia gas)
were used for obtaining the Fe-N-C catalysts, which were labeled
as indicated in Table S1. Morphology of Fe-N-C catalysts was inves-
tigated by SEM analysis (Fig. S1) indicating a general porous struc-
ture of heterogeneous aspect for all samples; in particular, the py-
rolysis in ammonia atmosphere led to a more homogeneous mor-
phology, as an effect of the gas to improve surface area of the
carbon matrix during the heat treatment [60]. Thermogravimetric
(TG) analysis was used to get information of the thermal properties
of the prepared materials (Fig. S2 and Table S2). BP-DP-Fe showed
the highest residual mass at 800 °C, in good agreement with the
highest residual mass of dopamine precursors as compared to im-
idazole and benzimidazole. However, it is worth noting that, al-
though the residual mass for imidazole and benzimidazole precur-
sors was the same (~ 1 wt.%) the higher residual mass (55 wt.
%) observed for BP-Im-Fe as compared to BP-BZ-Fe (47 wt.%) sug-
gests an enhanced interaction between the precursors for BP-Im-Fe
sample. Regarding the pyrolyzed materials, the XRD pattern of BP-
DP-Fe-NH3 (Fig. S3a) showed the presence of iron oxide, Fe304 or
y-Fe,03, with the most intense peaks at 20 = 30,6 °, 35,5 ° and
56 °, corresponding to (200), (311), and (511) diffraction plans, re-
spectively [29]. The formation of an iron oxide phase during the
pyrolysis in NH3 atmosphere can be ascribed to the high amount
of oxygen functional groups on BP and the contribution of the hy-
droxyl groups in the dopamine. The iron oxide phase might un-
dergo only to a partial reduction due to the carbon matrix mi-
crostructure effect, by incorporation of iron oxide in carbon-based
nanostructures [61,62] hampering the iron oxide interaction with
the reducing gas. This consideration is supported by other studies
in which iron oxide phases were also found after heat treatment
in NH3 atmosphere [60,63].

The peaks for iron oxide are absent in the diffractogram of all
other samples. While metal iron has no activity towards ORR, Fe-
Ny and iron oxide can be considered ORR active sites, iron oxide
sites having lower catalytic activity as compared to Fe-Nx moieties
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Fig. 1. (a-f) Raman spectra (solid lines) and deconvolution curve fit (dashed lines) for BP-DP-Fe-NH5 (a), BP-DP-Fe-Ar (d), BP-Im-Fe NH3 (b), BP-Im-Fe Ar (e), BP-BZ-Fe-NHj3
(c), BP-BZ-Fe-NHj3 (f); (g-i) CV in O,-saturated 0.1 M KOH 0.1 M of the catalysts obtained from: (g) dopamine, (h) imidazole and (i) benzimidazole, pyrolyzed in either argon
(red) or ammonia (blue) atmosphere (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

[64]. The diffraction patterns of all Fe-N-C catalysts and precursors
are shown in Figs. S3 and S4, respectively.

Raman spectra of BP-DP, Fe, BP-Im-Fe, and BP-BZ-Fe before
and after the pyrolysis treatment in either Ar or NH3 are shown
in Fig. 1a-f, together with a three-function deconvolution fit for
all spectra. All samples show the G band centered at around
1580 cm™!, arising from the E,g vibrational mode of sp? domains
of graphitic carbon and the D band around 1350 cm~!, a defect
induced band arising from A;g vibrational modes; a shoulder of
the G band in between 1500 and 1550 cm~! (indicated as D3 or
amorphous-Am band) is also visible in the Raman spectra of all
samples and can be ascribed to amorphous sp? carbon domain
arising from the presence of interstitial defects [43,44]. The results
of deconvolution curve fit of the spectra are summarized in Table
S3. The intensity ratio of the D and G bands (Ip/I;) is indicative
of the degree of disorder in the material, thus, it can be also re-
lated to the density of functional groups in the carbon framework
[65,66]. The pyrolysis in ammonia contributed to a slight increase
in defects in the structure of BP-Im-Fe and BP-BZ-Fe, while the op-
posite is true for the catalyst prepared by using dopamine as nitro-
gen source (BP-DP-Fe). Such observation suggests that this pyrol-

ysis atmosphere did not favor the interaction between dopamine
and the carbon support. This behavior is in turn related to the
analysis by XRD, whose diffractogram of BP-DP-Fe-NH3 indicated
the presence of iron oxide, that is indicative of saturation of the
Nx-C sites by iron (II) [64]. For the catalysts synthesized from im-
idazole compounds, it is worth noting that Ip/I; ratio was very
similar for BP-Im-Fe-Ar and BP-Im-Fe-NH3, while Ip/I¢ ratio for BP-
BZ-Fe-NH3 was higher than that of BP-BZ-Fe-Ar. This finding indi-
cates a similar contribution of imidazole to N-functionalization of
the carbon matrix in both pyrolysis atmosphere. As far as BP-BZ-
Fe is concerned, the pyrolysis in NH3; had a strong contribution in
increasing structural defects as compared to pyrolysis in argon.
Cyclic voltammetry (CV) in N,-saturated electrolyte (Fig. S5)
was used for calculating the electrochemical active surface area
(ECSA) of the Fe-N-C catalysts, which was the range of 200-
900 m2g-! (Table S4) in good agreement with previous values
found in the literature for other PGM-Free catalysts [67-69]. The
catalysts prepared by using imidazole as precursor (BP-Im-Fe-Ar
and BP-Im-Fe-NH3) had the highest ECSA values as compared
to the catalysts prepared by using dopamine and benzimidazole.
Moreover, pyrolysis in NH3 allowed increasing ECSA of BP-Im-Fe-
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Number of electrons transferred (n) and peroxide percentage (HO, %) of Fe-N-C catalysts and carbon support at scan rate of 5 mVs~! and rotation
speed of 1600 rpm at both half-wave potential and at 0.5 V vs. RHE (* 0.03 v vs RHE for Pt/C only).

Half-wave potential (E )  Jiim Number of electrons transferred (n)  HO; (%)
Sample
P E vs. RHE (V) (mAcm=2)at 05V E=E, E vs. RHE = 0.5V E=E, E vs. RHE = 0.5V

BP 0.78 -2.39 229 +£0.07 234 +0.05 85.6 + 3.3 84.1 +£ 2.6
BP-Im-Fe-Ar 0.82 -3.82 3.96 + 0.01 3.69 + 0.01 21+03 155 £ 0.2
BP-Im-Fe-NHj3 0.85 -4.63 3.99 + 0.01 3.80 + 0.01 0.54 £ 005 99+03
BP-BZ-Fe-Ar 0.72 -2.98 3.84 + 0.01 3.23 +£ 0.04 7.8 £ 0.6 382 +£2.2
BP-BZ-Fe-NHj; 0.84 -3.92 3.97 + 0.01 3.45 + 0.03 1.5 £ 0.6 275+ 13

Pt/C 0.90 -5.40 3.98 + 0.01 3.85 + 0.03* 140 £ 028 7.5+ 0.7¢

NH;3 and BP-BZ-Fe-NH3; as compared to the catalysts obtained by
pyrolysis in argon. This finding is in good agreement with SEM and
Raman analysis indicating the beneficial role of pyrolysis in ammo-
nia in increasing the content of defects and functional groups in
the M-Nx-C matrix for the samples prepared by using imidazolic
compounds as nitrogen-rich organic precursors. The effect of NH3
gas in enhancing pore formation and Nx-C functionalization can
be related to possible reactions with imidazole and benzimidazole
that favor their interaction with BP used as support. By contrast,
ECSA of BP-DP-Fe-NH3; was lower than that of BP-DP-Fe-Ar, be-
cause of a poor interaction of DP and BP in NH3 atmosphere, as
previously pointed out by XRD and Raman results.

CVs were also acquired in O,-saturated KOH electrolyte to eval-
uate ORR activity of the prepared materials (Fig. 1g and i). A well-
defined reduction peak centered at around 0.8 V can be seen for
all samples, indicating a good activity towards ORR. The samples
synthesized with imidazole and benzimidazole (BP-Im-Fe and BP-
BZ-Fe) had more positive peak potential in both pyrolysis condi-
tions than those of BP-DP-Fe, indicating a higher catalytic activ-
ity. This can be ascribed to the presence of iron oxide in the sam-
ples obtained by using dopamine as precursors, as revealed by XRD
analysis. Furthermore, pyrolysis in ammonia improved ORR perfor-
mance of the catalysts compared with those pyrolyzed in argon, in
terms of more positive E, and J, values (Table S4). As expected,
the higher ECSA of the samples pyrolyzed in NH3 together with
the higher density of defect and functional groups improve ORR
activity.

To get deeper insights into ORR mechanism at the surface of
Fe-N-C catalysis, LSV-RRDE experiments were carried out. Given
their higher ORR activity as compared to dopamine-based samples,
the LSV analyses were limited to the materials prepared by using
the imidazolic compound as nitrogen sources. Fig. 2a shows Jys
for BP-Im-Fe-NH3 and BP-BZ-Fe-NH3 at 1600 rpm electrode rota-
tion rate, together with LSV of bare BP taken as control. From Jy;pg,
the peroxide percentage and the number of electrons exchanged
during ORR were calculated and reported in Fig. 2b and Table 1.
For the sake of comparison, n values were also calculated by the
Koutecky-Levich (K-L) theory [70], acquiring LSVs as a function of
the electrode rotation rates (Fig. S6). n values calculated by the K-L
theory (Table S5) were in good agreement with n values calculated
by RRDE experiments, confirming the reliability of n data.

From Jgisy, half-wave potential (Eqj;) and limiting current den-
sity (Jjim) values were extrapolated and listed in Table 1, together
with Eqj, Jiim and n values of Pt/C extracted from Fig. S8(b and
c) and taken as control. For both series of PGM-free catalysts, n
values approach to 4, indicating a direct 4e~ transfer mechanism
for Fe-N-C catalysts, as in the case of Pt/C. On the other hand, n
became slightly lower than 4 in the region of higher overpoten-
tial due to the contribution of the carbon support at which ORR
proceed through an indirect mechanism in 2e~ steps [71]. It is
well known that ORR at carbonaceous metal-free materials is a 2e~
mechanism with production of peroxide as product of the reduc-
tion reaction, the amount of peroxide produced depending on the

catalyst loading and porosity [72-74]. Consistently with CV anal-
ysis, the materials pyrolyzed in NH; show more positive values
of Eqj; and higher n, indicating higher catalytic activity; this ef-
fect is more pronounced for the sample prepared with benzimida-
zole as nitrogen-rich precursor. On the other hand, higher n and
Jiim values together with more positive E;;, values pointed at a
higher catalytic activity of BP-Im-Fe than that of BP-BZ-Fe. This
trend was also confirmed by EIS analysis (Fig. S9), indicating that
the charge transfer resistance (R¢) for ORR decreased for the sam-
ples pyrolyzed in ammonia, BP-Im-Fe-NH3; showing the lowest Rt
values (Table S6).

LSV-RRDE experiments were also used to draw Tafel plots, by
plotting iR-corrected potential values as a function of the logarithm
of the kinetic current density, and the results are shown in Fig. 2¢
and d. The plots were linearly fitted in the low current density (lcd)
region, from ca 0.9 to ca 0.85 V vs. RHE, and in the high current
density (hcd) region, from ca 0.80 V to ca 0.75 V vs. RHE. From
the linear region/s in the Tafel plot, which corresponds to a Tafel
behavior, we calculated the exchange current density (Jo) and the
cathodic transfer coefficient (o) after determination of the slope
(2.303RT/aF) and the intercept (E® + (2.303RT/aF) log(Jy)) respec-
tively, according to Eq. (5) [56,57,75]. The results of the Tafel anal-
ysis are reported in Table S7, together with the parameters of Pt/C
extrapolated from Fig. S8d and taken as control.

As far as Tafel slopes are concerned, BP-Im-Fe-Ar, BP-Im-Fe-
NH3, and BP-BZ-Fe-Ar displayed a Icd Tafel slope in the range of
55 to 80 mVdec! and a hcd Tafel slope in the range of 86 to
160 mVdec~!. Those values are similar to the Tafel slopes obtained
for Pt/C (Table S7), which are in good agreement with previous
works dealing with Pt-based electrodes [57,76].

BP-Im-Fe-Ar displayed a Icd Tafel slope of 55 mVdec~! and
a hcd Tafel slope of 86 mVdec~!. If the sample is pyrolyzed in
NH3 (BP-Im-Fe-NH3), the two Tafel slopes are maintained but their
value increased. In the case of the samples obtained by using ben-
zimidazole, the pyrolysis in ammonia promotes the shift between
two Tafel slopes values for BP-BZ-Fe-Ar and a single Tafel slope for
BP-BZ-Fe-NHjs. This finding suggests that the rate determining step
(rds) of ORR changed with the pyrolysis atmosphere for the cata-
lyst synthesized from benzimidazole, while the same rds mecha-
nism is maintained for the materials obtained from imidazole. Re-
garding ORR kinetics in alkaline media, Shinagawa and coworkers
dealt with an associative mechanism considering OO~ anion as an
intermediated species. The elementary steps shown in Table 2 are
related to the predicted Tafel slope behavior based on the reported
study [77]. Based on these theoretical predictions, two different
values of Tafel slope in the Icd and hcd regions for BP-Im-Fe-Ar,
BP-Im-Fe-NH3, and BP-BZ-Fe-Ar can indicate a rds characterized by
the second electron transfer and splitting of the O-O bond [78] as
represented by Eq. (4a) in Table 2. The different values of slopes
for BP-Im-Fe-Ar, BP-Im-Fe-NH3, particularly in the hcd zone, can be
related to a different surface chemistry of the catalysts leading to
different extent of hydroxyl anion adsorption (OH,q). This behav-
ior has been previously reported for Pt (100) and Pt (110) in alka-
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Fig. 2. LSV-RRDE experiments at a scan rate of 5 mVs~! and rotation speed of 1600 rpm: (a) disk current density and (b) peroxide percentage; Tafel Plots for the BP-Im-Fe

and BP-BZ-Fe pyrolyzed in argon (c) and ammonia atmosphere (d).

Table 2

ORR elementary steps in alkaline Eqs. (1)-(4) and acid Eq. (5), where M denotes an empty active site on the catalysts
surface, and predicted Tafel slopes for each considered mechanism.

Eqs. Elementary step 1%t Slope Icd zone 2™ Slope hcd zone
1 M + 0, = MO, - -

2 MO, + e~ = MO,~ 120 -

3 MO;~ + H,0 = MO,H + OH~ 60 -

4a MO,H + e~ = MO + OH™ or MO,H + e~ = MOOH~ 40 120

4b

5 MO,~ + H30" + e~ = MO,H + H,0 120 -

line environment: among OH,ys, reversible (OH;y) and irreversible
(OH;;) forms can be present. OH,y species only affects the initial
adsorption of O,, while OH;; affects both the initial adsorption of
0, and the reaction mechanism conducting to site blocking effect
to O, and higher peroxide production [79,80].

In fact, BP-Im-Fe-Ar (slope = 86 mVdec—!) show a higher
percentage of HO, intermediate compared to BP-Im-Fe-NHj
(slope = 103 mVdec™!) suggesting the presence of OH;. species
over the considered potential range for the sample pyrolyzed in in-
ert atmosphere. As shown in Fig. 3d, BP-BZ-Fe-NH3 shows a unique
Tafel slope over the entire potential range suggesting a rds char-

acterized by the Eq. (3) in Table 2. According to previous reports
dealing with similar PGM-free catalyst, we exclude the first elec-
tron transfer as rds reaction for Fe-N-C catalyst in alkaline envi-
ronment [78]. The change in ORR rds promoted by pyrolysis in NH3
for the sample obtained by benzimidazole indicates the contribu-
tion of ammonia in modifying BP-BZ-Fe active sites: as pointed out
by CV, ECSA of BP-BZ-Fe-NH3 were much higher than those of BP-
BZ-Fe-Ar, while the increase in ECSA after pyrolysis in ammonia
was lower for the Im-based sample than in the case of BZ-based
samples. The values of o for BP-BZ-Fe-Ar, BP-Im-Fe-Ar, and BP-
BZ-Fe-NHj in the Icd zone are as high as or higher than 0.7, while
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Fig. 3. N 1s XPS spectra for (a) BP-Im-Fe-Ar, (b) BP-Im-Fe-NHj3, (c) BP-BZ-Fe-Ar and (d) BP-BZ-Fe-NH3 samples.

Table 3

Elemental composition and nitrogen atom speciation obtained by XPS analysis.
Sample C(At. %)  O(Rel.%)  N(At. %)  Graphitic-N (Rel. %)  Pyrrolic-N (Rel. %)  Pyridinic-N (Rel. %¥)  Amine/Fe-Ny (Rel. %)  Fe(At. %)
BP-Im-Fe-Ar 68.91 28.84 1.82 14.86 33.05 47.30 4.76 0.43
BP-Im-Fe-NH;  70.74 27.24 1.90 7.17 27.67 57.52 7.64 0.12
BP-BZ-Fe-Ar 67.16 28.61 3.77 15.05 26.92 37.01 4.47 0.46
BP-BZ-Fe-NHj 68.94 28.29 2.72 7.52 37.20 44.35 10.93 0.05

they decreased in the hcd zone, because of their dependence on
overpotential that favors the reduction reaction kinetics.[81,82] In
the hcd zone, they ranged from 0.4 to 0.7, which can be approxi-
mated to the behavior for the symmetry of the barrier reaction, in
which «. is 0.5, that shows a typical Tafel slope of 118 mVdec!,
according to Tafel analysis from the Butler-Volmer model [81]. Ex-
change current density values of our Fe-based catalysts are simi-
lar to Jy values of Pt/C and in good agreement with previously re-
ported Jy values of platinum-based and other PGM-Free catalysts
in alkaline media [76,83]. An increase in J, was observed for the
sample pyrolyzed in NHs, as a further confirm of beneficial effect
of ammonia in enhancing catalytic activity for ORR due to sur-
face chemistry modification of the catalysts as suggested by Tafel
analysis.

Surface stoichiometry of the catalysts was investigated by XPS
and Fig. 3 shows XPS spectra of N 1 s for the Fe-N-C catalysts ob-
tained from imidazole and benzimidazole. Elemental analysis esti-
mated from the C 1 s, N 1 s and Fe2p spectra is reported in Table 3.
Chemical speciation of carbon and nitrogen atoms, obtained by the
deconvolution of C 1s (Fig. S10) and N 1 s spectra, is reported in
Tables S8 and S9. The sample composition mainly consists of car-
bon and oxygen, with a lower content of nitrogen and iron. Iron
content was higher for both catalysts pyrolyzed in argon, indicat-
ing a beneficial effect of the inert atmosphere for iron retention
in the carbon matrix. On the other hand, the analysis of N 1 s
spectra indicates that pyrolysis in ammonia lead to an increase of
the relative content of amine/Fe-Nx species (which behave as ORR
active sites) for both samples, and the disappearance of iron ni-
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Fig. 4. (a) Disk current density (5 mVs~! potential scan rate and 1600 rpm electrode rotation speed) of BP-Im-Fe-NHs, over 1000 cycles; (b) absolute values of Jy,, (c) Eip
values and (d) number of electrons transferred for BP-Im-Fe-NH3, BP-Im-Fe-Ar, BP-BZ-Fe-NH3, BP-BZ-Fe-Ar and PtC.

tride species (inactive ORR sites) [84,85] for BP-BZ-Fe sample, thus
explaining the higher catalytic activity of the samples pyrolyzed
in ammonia. The analysis of C 1 s spectra for all materials (Ta-
ble S8) indicated the functionalization of the carbon support with
oxygen and nitrogen containing groups. As far as N1 s spectra are
concerned, all samples showed the presence of pyridinic, pyrrolic,
graphitic nitrogen, and amine/Fe-Ny species (Table 3) as typical ni-
trogen groups in PGM-free catalysts [18,26,86-88]. For both BP-Im-
Fe and BP-BZ-Fe, graphitic-N content decreased, and pyridinic-N
content increased after pyrolysis in NHs. In the case of BP-Im-Fe,
pyrolysis in NH3 lead to a decrease in pyrrolic-N while an oppo-
site trend can be seen for BP-BZ-Fe. The use of a different N-rich
organic precursor and pyrolysis atmosphere lead to a different sur-
face stoichiometry, which affects ORR mechanism. A higher con-
tent of pyrrolic-N for BP-Im-Fe-Ar as compared to BP-Im-Fe-NH3
leading to a higher capability of adsorbing hydroxyl ions for BP-
Im-Fe-Ar. Pyrrolic N tends to accumulate negative charge making
the neighboring C atom more electropositive, which causes a de-
creased energy adsorption of OH groups, as previously reported
[89,90]. This finding explains the results obtained in the Tafel anal-
ysis, indicating the second electron transfer and splitting of the O-
0 bond as rds mechanism for ORR at the surface of both BP-Im-Fe-
Ar and BP-Im-Fe-NH3, with a lower Tafel slope in the hcd zone for

BP-Im-Fe-Ar due to the higher content of pyrrolic nitrogen. By con-
trast, the electron donor character of amine [91], in higher percent-
age in BP-BZ-Fe-NH3; compared to BP-BZ-Fe-Ar, possibly favored O,
adsorption leading to the formation of MO, ~ species, where M de-
notes an active catalytic site, and promoting the rds mechanism
represented in Eq. (3) (Table 2).

In addition to the activity, durability was also investigated since
it is a key parameter for high-performance electrocatalysts. The
start/stop cycle durability tests were performed by acquiring cyclic
voltammograms in N,-saturated electrolyte (Fig. S11) to evaluate
the ECSA retention over 7000 cycles (Fig. S12a). ECSA for BP-BZ-
Fe-Ar and BP-BZ-Fe-NH3; samples was stable over 7000 cycle with
only a 2% ECSA decrease for BP-BZ-Fe-NH3; sample. Both cata-
lysts synthesized from imidazole, BP-Im-Fe-Ar and BP-Im-Fe-NH3
shown a similar trend, with an initial increase in ECSA during the
first 1000 cycles followed by ECSA stabilization over 7000 cycles.
The stable behavior of Fe-N-C catalysts in terms of ECSA change
during CV cycles outperformed Pt/C taken as control, that expe-
rienced a 60% ECSA loss over the first 1000 cycles (Fig. S12b), in
good agreement with previous reports [92].

Stability of catalysts was also assessed evaluating the change
in ORR activity after cycling in O,-saturated 0.1 M KOH (Fig. 4).
Fig. 4a shows LSVs over 1000 cycles for BP-Im-Fe-NH3 as a rep-
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resentative sample for the series. All PGM-free catalysts exhibited
only a slight decrease (3-7%) in Jj, during cycling (Fig. 4b), in-
dicating good stability. By contrast, Jj;, values for Pt/C declined
over cycles of about 10%. For PGM-free catalysts, half-wave poten-
tial and the number of electrons transferred during ORR were al-
most stable over 1000 cycles, as indicated by Fig. 4c and 4d, while
E;;, and n decrease in the region of 17% and 9%, respectively, for
Pt/C. The variation of all electrochemical parameters (Eonset, Eqj
and Jji,, n and HO, percentage) over cycling was reported in Table
S10 for the sake of completeness.

The body of results pointed at high ORR activity in alkaline
pH for BP-Im-Fe-Ar, BP-Im-Fe-NH3; and BP-BZ-Fe-NH3 samples, that
outperform platinum-based electrocatalysts in terms of durability.
Among the three samples, BP-Im-Fe-NH; demonstrated the most
competitive catalytic performance, since it combines the highest
ECSA, the most positive Egpset and E; 2> closest to 4, with high
durability over cycling. BP-Im-Fe-NH3; performance was compara-
ble or even higher in relation to others Fe-N-C catalysts synthe-
sized with higher iron content characterized in similar conditions
[32,93,94].

4. Conclusion

Fe-N-C catalysts were synthesized from a wet impregnation
of black pearls with nitrogen-rich organic precursors and an iron
salt followed by pyrolysis steps. Three different nitrogen sources
(dopamine, imidazole and benzimidazole), and two different py-
rolysis atmospheres (Ar and NH3) were used. Contrary to imida-
zole and benzimidazole, the use of dopamine as nitrogen-rich or-
ganic precursor promotes the presence of iron oxide as active site
for ORR with lower catalytic activity as compared to Fe-Nx active
sites. Pyrolysis in NH3 lead to an increase in structural defects and
ECSA for the samples obtained with imidazole (Im) and benzimi-
dazole (BZ), as indicated by Raman analysis and CV. This leads to
a higher ORR activity than that of Im- and BZ-based samples py-
rolyzed in argon. ORR at the surface of BP-Im-Fe and BP-BZ-Fe was
found to proceed through a direct 4e~ mechanism, as indicated by
LSV-RRDE experiments.

Tafel analysis revealed that the rds for ORR at BP-Im-Fe-Ar, BP-
Im-Fe-NH3, and BP-BZ-Ar is characterized by the second electron
transfer that involves consumption of MOOH species from a high
coverage of MO,~. By contrast, the rds for ORR at BP-BZ-Fe-NHj3
sample shifts from an electron transfer step to a coverage step
with MO, ~ species interacting with water molecules. This can be
ascribed to the modification of surface chemistry of the electro-
catalysts triggered by the N-rich organic precursor and pyrolysis
atmosphere, as pointed out by XPS. Pyrrolic-N led to a higher in-
teraction with hydroxide ions, lowering the slopes from the same
rds mechanism in the hcd zone, while amine groups promote a rds
mechanism dependent of the coverage of MO,~ species. Among
the prepared samples, BP-Im-Fe-NH; demonstrated the most com-
petitive catalytic performance, since it combines the highest ECSA,
the most positive Eonset and Eyp, n closest to 4, outperforming Pt-
based materials in terms of durability during RRDE cycling in dura-
bility tests carried out in alkaline environment.
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