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ABSTRACT: The oxygen reduction reaction (ORR) is of primary
importance for the direct and clean conversion of energy in fuel
cells, necessarily requiring an electrocatalyst to be exploited. At the
state of the art, platinum group metal-free (PGM-free) electro-
catalysts are the most promising alternative to carbon-supported Pt
nanoparticles (Pt/C), which are more expensive and more
performing but highly prone to deactivation in a contaminated
working environment. The comparison of the two materials is at
the level of fine-tuning, requiring specific activity descriptors,
namely, turnover frequency (TOF) and site density (SD), to
understand how to compare the performance of PGM-free
electrocatalysts with Pt/C electrocatalysts. Specific probing
molecules that bind with the active sites are required to evaluate
the SD of PGM-free electrocatalysts. However, PGM-free electrocatalysts possess not a single active site like Pt/C, but a multitude of
primary (metal-containing) and secondary (metal-free) sites arising from the pyrolysis synthesis process, eventually complicating SD
evaluation. In this work, we propose a method for evaluating the direct interaction through the chemisorption of probing molecules
over the PGM-free primary and secondary sites, the discrimination of which is of paramount importance in an effective SD
evaluation. Based on the rotating disk electrode technique, the study investigates the electrochemistry of Fe-based PGM-free
electrocatalysts poisoned with hydrogen sulfide at pH 1 in comparison with a Pt/C sample. In addition, X-ray photoelectron
spectroscopy (XPS) is used to establish a relationship between the electrochemistry and surface chemistry of the poisoned material.
The results identify the exchange current density as a meaningful tool that allows the discrimination of poisoning of specific active
sites (metal-containing or metal-free). In addition, the understanding of the interaction phenomenon occurring between sites and
probing molecules will be paramount for the selection of those contaminants capable of selectively interacting with the active sites of
interest, paving the way to a more accurate SD evaluation.
KEYWORDS: PGM-free electrocatalysts, Pt/C electrocatalysts, active sites, poisoning, Tafel slope, Koutecky−Levich analysis,
activity descriptors, exchange current density

1. INTRODUCTION

Platinum group metal-free (PGM-free) electrocatalysts are the
most promising alternatives for platinum substitution in energy
conversion devices such as low-temperature fuel cells (FC) and
metal−air batteries.1 Nowadays, FC technology based on
hydrogen is emerging not only as a promising alternative for
reducing fossil fuel consumption and, consequently, green-
house gases (GHG) but also because Li-battery technology
will not suffice to completely replace internal combustion
engines.2 This is mainly due to problems related to strategic
elements like Li and Co, manufacturing costs, and affordability.
In addition, net surplus electricity already produced from
renewable sources could be usefully exploited in electrolyzers

to increase the production of green hydrogen3 and boost FC
application.
However, the oxygen reduction reaction (ORR) at the

cathode side of FC requires specifically designed electro-
catalysts due to their sluggish kinetics and multiple steps
compared to faster hydrogen oxidation.4,5 At the state of the
art, platinum group metals (PGMs) are the reference materials
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for the ORR; Pt is the most performing electrocatalyst for the
acidic environment while Pd is the alkaline counterpart,6−9 but
both elements hold the crucial issues of economic affordability
and stability upon contamination. Nevertheless, the need for
affordable, scalable, sustainable, and durable electrocatalysts is
the driving force in replacing Pd- and Pt-based electrocatalysts.
Currently, two reactivity descriptors are exploited for

comparing the electrocatalytic activity of PGM and PGM-
free electrocatalysts: the turnover frequency (TOF, i.e., the
number of electrons transferred per second per active site at a
specific potential) and the number of sites per square
centimeter (or per gram) of electrocatalyst (SD, i.e., site
density).10−12 Typical values of TOF for Pt and PGM-free
electrocatalysts are, respectively, 10−42 e− site−1 s−1 and below
2 e− site−1 s−1.10,12−1410,12−14 Regarding SD, Pt and PGM-free
electrocatalysts possess a (gravimetric) SD, respectively, in the
order of ∼1020 and ∼1019 sites g−1.12 The lower SD in PGM-
free electrocatalysts was calculated to correspond to one site
every ∼70 nm.15 In comparison, two adjacent Pt atoms are
2.6−2.8 Å apart,16,17 while the bond length of gas-phase O2 is
1.225 Å.18

In carbon-supported Pt nanoparticle electrocatalysts (Pt/C),
the catalytic sites are hosted on structural units of 2−5 nm in
diameter,19 having a crystal structure and hundreds of surface
atoms.20,21 Conversely, the active sites of PGM-free electro-
catalysts are inspired by nature to hemoglobin: they are
composed of a single transition metal atom center coordinated
with multiple nitrogen atoms (M−Nx−C coordination, x = 1−
4, M = Fe, Co, Mn, Sn).11,12,22−26 Usually, iron is largely
exploited for the ORR in its most active form of Fe−Nx sites,
with Fe(II) in the role of an oxygen binder. In PGM-free
electrocatalysts, the C matrix containing the M−Nx sites is the
material backbone and is usually interconnected with
heteroatoms like N, S, B, and P in percentages between 1
and 10 wt %.27

When acting as an electrocatalyst, Pt/C behaves like a two-
component material, with metallic nanoparticles being active at
higher potentials (between 1.0 and 0.7 V vs reversible
hydrogen electrode (RHE)) and with C support being active
at potentials lower than 0.65 V vs RHE.28 Considering FC
operation voltages around 0.9 V vs RHE, the ORR on Pt does
not suffer additional overpotential arising from the support but
just contributions ascribable to Pt surface activation.29−31

Conversely, a PGM-free electrocatalyst is a whole single
material, with Fe−Nx as primary sites and N functionalities in
the C matrix (pyridinic and pyrrolic (or protonated) N,
graphitic, and quaternary N) as secondary active sites (referred
to as NC), both showing an ORR activity.22,32−34 The onset of
the ORR in Fe−Nx electrocatalysts is related to the availability
of Fe2+−Nx centers originating from Fe3+/Fe2+ redox
transition, corresponding to the potential required for the
transition from Fe3+ (oxide-covered metal) to Fe2+ (oxide-free
metal).35,36 In addition, the electronic properties of the C basal
plane influence the Fe3+/Fe2+ redox transition potential.
Disrupting the π-electron delocalization of the basal plane
resulted in shifting the Fe3+/Fe2+ couple toward more positive
potentials.1,35,37 Similar effects are obtained with the reduction
of the lateral size of C sp2 planes1,38,39 or the introduction of
sulfur functionalities possessing electron-withdrawing ability
(C−SOx).

38,40,41 However, the decrease in lateral size
corresponds to a higher degree of plane edges, which are
more prone to oxidation.42 The whole material is thus
catalytically active in the same potential interval as Pt/C,

with the C matrix impacting the reactivity of active sites,
leading to additional drawbacks on the ORR in terms of
efficiency losses.43

On Pt/C electrocatalysts, the ORR follows two parallel
routes: a predominant four-electron (4e−) reaction to water
and a side 2e− reaction to peroxide.4 The amount of peroxide
depends on strongly adsorbed species and the ionomer binder
used to produce the ink.28 Similarly, the ORR on PGM-free
electrocatalysts can follow the same paths with a higher
contribution of the 2e− route, ascribable to lower binding
energies of the intermediates with respect to Pt.4 Moreover,
differently than Pt, PGM-free electrocatalysts can also catalyze
a 2 × 2e− pathway, characterized by the production of the
intermediate and the subsequent reduction to water on the
same site or adjacent close sites.44 The active sites for the
different paths have also been identified.44 Fe−Nx are
considered sites for the 4e− or 2 × 2e− paths, while metal-
free sites can produce either peroxide (pyrrolic, graphitic,
quaternary, or N-protonated) or convert peroxide to water
(pyridinic N).
The reaction mechanism and the rate-determining step

(RDS) are still debated despite the knowledge of the number
of electrons involved. The reaction certainly involves three
adsorbed intermediates: atomic oxygen (Oads), hydroxyl
(OHads), and superoxide (OOHads),

21,45−47 generated from
three elementary steps (with or without proton involvement),
O2 bond breaking, O reduction, and OH reduction.48

Nevertheless, the uncertainty on the reaction mechanism is
additionally complicated by external parameters such as the
nature of the electrocatalyst, the oxide coverage, the applied
potential, the solvent’s nature, and the working temper-
ature.21,48−51

Among the additional factors, the oxide coverage is the one
most impacting the overpotential. On Pt held at high
potentials, the oxide layer is caused by water activation in
acidic aqueous solutions, whereas it is ascribable to hydroxyl-
specific adsorption in alkaline media.4,29−31,52 Due to the
different oxide coverage in acidic media, the reaction proceeds
with the activation of the surface and the subsequent
chemisorption of molecular oxygen in a surface-dependent
ORR localized at the inner Helmholtz plane (IHP). In the
IHP, inner-sphere electron transfer (ET) reactions occur,
mediated by surface adsorbed (and stabilized) intermediates,
following thus a 4e− path. In alkaline media, the OH-blocked
surface promotes the ORR of solvated oxygen in the outer
Helmholtz plane (OHP). In the OHP, the ORR evolves with a
surface-independent outer-sphere ET, which is nonspecific on
the nature of the catalytic material, resulting in a 2e− path.4

However, in Pt/C, both inner-sphere and outer-sphere ET
coexist at alkaline pH, leading to the 4e− path.4 Similar to Pt,
the ORR on PGM-free electrocatalysts is also affected by pH,
with a mechanism depending on the metal and the presence of
secondary phases. Among the different metals, iron is more
active than cobalt25,53 since the peroxide reduction is shifted
anodically (more positive) with respect to the ORR, thus
favoring its immediate reduction to water.5 For single Fe atoms
(Fe−Nx), the ORR mechanism involves an inner-sphere ET at
acidic pH. However, above a certain pH (>10.5), the
mechanism changes toward the outer sphere54,55 and, at pH
13, is believed to evolve with a mixed ET.1 Indeed, above pH
10.5, the single Fe atom sites are oxide-free,56 promoting an
inner-sphere ET; by contrast, the support is oxide-covered,
possessing the typical outer-sphere ET with the 2e−
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mechanism. At pH ≥ 14, a 2e− process is the only one
occurring for all of the electrocatalysts, except for Ru-based
materials.5,22 To visualize the two ORR pathways of PGM-free
electrocatalysts, a schematization is reported in Table S1.
The higher activity of Pt/C structural units corresponds to a

behavior extremely sensible to the working environment, prone
to deactivation if operated in a contaminated environ-
ment.57−62 In pyrolyzed PGM-free electrocatalysts, stability
issues in the acidic medium are ascribable to the 2e− path, with
demetallation of active sites and C support corrosion upon
interaction with H2O2 via Fenton reactions.63,64 Nevertheless,
Fe−Nx−C has a higher tolerance to contaminated working
environments with respect to Pt.36,65,66 This is mainly due to
the lower interaction between the Fe active site and the ion of
interest. Indeed, Pt-based electrocatalysts are poisoned by
many different byproduct molecules found in reaction
precursors (especially those from fossil fuels), with amounts
as low as ppm.67−72 In the case of sulfur contamination, an
amount of sub-ppm or ppb is already sufficient to severely
affect the catalytic activity of Pt electrocatalysts.73,74 The
predominant origin of contamination of Pt-based materials is
the competitive chemisorption of unwanted molecules, block-
ing or reducing the adsorption of reacting molecules, hence
inhibiting electrocatalysis. A minor contribution also arises
from reduced membrane/ionomer conductivity impacting the
device performance.75,76

Typical contaminant molecules of Pt surfaces are sulfur
dioxides (SO2),

77−79 elemental S,70 hydrogen sulfide
(H2S),

68,73 carbonyl sulfide (COS),61,80 ammonia (NH3),
ammonium ion (NH4

+),75,76,81 phosphate (H2PO4
− at pH

1),82 nitrogen oxides (NOx),
83,84 carbon monoxide (CO),71,85

halide ions,86−89 and methanol.90 Many of these contaminants
are present as impurities in the anodic fuel used for FC (CO,
CO2, H2S, and NH3), while others as air pollutants of the
cathode side (NOx, SOx, CO, and CO2).

67,68,72−74,91,92 Among
the contaminants, S-containing molecules are the most
impacting on performance due to strong adsorption bonds.
Nevertheless, using appropriate protocols for FC operations, it
is possible to recover the catalytic activity polarizing at high
potentials to oxidize the adsorbed S to sulfates that are then
desorbed from the catalytic site.68,73,92 The problem of sulfur
contamination of Pt catalysts is a well-known issue. The
amount of H2S and S species in contact with the Pt surface
must be kept tremendously low (<10 ppb) to maintain the
catalytic performance.93 Indeed, a single S atom can deactivate
catalytic surface planes upon crystallographic plane reorganiza-
tion induced by fast surface diffusion processes.62 The
contamination is thus the result of a reorganization of the
surface planes driven by the reduction in the surface free
energy, evolving into a new plane orientation with adsorbed S
atoms. In addition, the strong bond between Pt and S can
introduce electronic perturbations in the metal, with a
reduction in the density of states of the 5d band near the
Fermi level, subsequent to the charge transfer from the metal
to the S atoms.60 The result is a change in the ORR from the
4e− to the 2e− pathway with peroxide production.94

Regarding PGM-free electrocatalysts, many anions were
tested as possible contaminants in the last decade, mainly
focusing on the Fe-coordinated sites. Nowadays, the
quantification of the SD is performed with molecular probes
capable of interacting with the active sites. These were first
used to corroborate the identification of the active sites (Fe−
Nx) and later to compare the ORR activity quantitatively and

qualitatively with respect to Pt/C, especially in FC
applications. However, the absence of a standardized protocol
led to different (and often contradictory) results, considering
that the site identifications were performed in acid, neutral, and
alkaline environments. Nevertheless, it is worthwhile mention-
ing that the poisoning of PGM-free electrocatalysts never
results in a total deactivation of electrocatalysis but just a
decrease in performance. This is very different compared to
Pt/C, which can be completely deactivated (e.g., S contami-
nation). To date, no attempts to identify markers for the
poisoning were investigated, except in one case.95 Only a few
studies were centered on the mechanism of ORR poisoning
with the aim of developing a protocol for SD identification in
PGM-free electrocatalysts: Malko et al. studied nitrite
poisoning and stripping at pH 5.2 using an acetate buffer;96

Chakraborty et al. indirectly evaluated SD in metal-free NC
electrocatalysts using catechol operating in phosphate buffer
(pH 7);32 Bae et al. studied the irreversible cyanide
contamination for spectrophotometric quantification of SD at
pH 1, 7, and 13;97 Boldrin et al. studied the NO adsorption for
a protocol of super-activation of PGM-free electrocatalysts at
pH 1 and 7.43 However, the methods based on probing
molecules have drawbacks related to the nature of the
molecule itself. Gaseous molecules tend to overestimate the
SD accessing micropores that are commonly flooded during
FC operation, interacting with other structural units like
nanoparticles, and also adsorbing with non-Langmuir models
(layered adsorption). Differently, the molecules used in the
electrolyte solutions tend to underestimate the SD due to
difficulties in accessing the deepest pores. Overall, all of them
do not have a control system to check which site they are
interacting with.
Overall, pyrolyzed PGM-free electrocatalysts are known to

be unaffected by the presence of methanol, chloride, urea,
benzene, toluene, NH4

+, CO, SO2, S2−, and SO4
2− in FC

applications in a broad range of pH36,66,98−102 and nitrate
(NO3

−), perchlorate (ClO4
−), fluoride (F−), ethanethiol

(EtSH), and sodium azide (NaN3) in half-cell tests.95,103 In
metal-free NC electrocatalysts, CO and CN− tests resulted in
no interaction, while upon H2S treatment at 350 °C, NC was
positively affected by sulfur co-doping.104,105 Conversely, a
dihydrogen phosphate ion (H2PO4

−, pH 1) and 1,2-
dihydroxybenzene (catechol, pH 7) were found to inter-
act.32,106 Regarding Fe−Nx, various anions and compounds can
interact with the active sites decreasing the ORR activity, such
as cyanide (CN−, pH 1 and 13), thiocyanate (SCN−, pH 1 and
13), hydrogen sulfide (H2S, pH 1), nitrite (NO2

− acidic and
neutral), hydroxylamine (NH4OH, pH 7), and tris-
(hydroxymethyl)aminomethane (Tris , pH 1 and
13).38,56,96−98,103,107−116 At the same time, gaseous molecules
like nitrogen monoxide (NO) were also used as molecular
probes.43,114

Previously, we reported a study on developing a protocol for
identifying the fingerprint of Fe−Nx catalytic site contami-
nation based on the investigation of PGM-free electrocatalyst
poisoning with nitrite and other contaminants in neutral
media.95 We have now extended our research, reporting a new
poisoning study devoted to identifying a suitable marker for
discriminating the contamination of metal-containing and
metal-free active sites. Exploiting as a control the effect of
sulfur-containing compounds on Pt, able to completely
deactivate its catalytic activity, their effect on PGM-free
electrocatalysts is investigated in detail through parallel
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electrochemical and spectroscopic approaches. Compared to
the reference case of nitrite, where the contamination occurred
selectively over the Fe−Nx coordination, the results obtained
with hydrogen sulfide were useful for identifying the exchange
current density (J0) as a suitable marker for the identification
of the poisoning of metal-containing and metal-free active sites.
The finding will be crucial for developing more appropriate
protocols for SD identification, allowing to discriminate among
contaminants capable of selecting specific active sites.

2. MATERIALS AND METHODS
2.1. Catalyst Preparation. The Fe−N−C electrocatalyst

derived from benzimidazole (BZIM) and named as FeBZIM
was synthesized as previously reported.117 Briefly, FeBZIM was
obtained through the sacrificial support method (SSM) using
low surface area monodispersed silica (OX50, 45 m2 g−1) as a
template, benzimidazole (BZIM) as a nitrogen and carbon
precursor, and iron nitrate as a metal-containing precursor.
The three compounds were mixed and pyrolyzed at 900 °C
under a controlled atmosphere (UHP nitrogen, 100 cm3

min−1) for 45 min. The resulting powder was then washed
in 24 wt % hydrofluoric acid for 48 h to remove the inorganic
compounds like silica, carbides, carbo-nitrides, metallic iron,
and oxides. The final product was washed repeatedly until a
neutral pH was achieved, hence dried overnight at 80 °C. After
this step, a 20 min 450 rpm ball milling treatment was
performed, obtaining a finely dispersed powder material
labeled FeBZIM.
2.2. Ink Preparation. The electrocatalyst inks were

prepared by dispersing either 4 mg mL−1 of FeBZIM or 1
mg mL−1 of platinum (Pt nominally 40 wt % on carbon black,
HiSPEC 4000, Alfa Aesar) (Pt40CB) catalyst in 637 μL of
deionized (Millipore) water (DI, 18.2 MΩ cm@25 °C), 213
μL of isopropyl alcohol (IPA) (HiPerSolv Chromanorm, VWR
Chemicals), and 150 μL of diluted Nafion 0.5 wt % (Nafion 5
wt % in lower aliphatic alcohols and water, Aldrich). The
suspension was ultrasonicated for 30 min at a temperature of
15 °C for FeBZIM and 5 °C for Pt40CB. The catalyst layer
was prepared by drop-casting an aliquot of the ink onto the
glassy carbon electrode to achieve a final loading of 0.2 mg
cm−2 (FeBZIM) or 0.04 mg cm−2 (Pt40CB). The electrode
with the drop-casted solution was then placed over a heating
plate at 50 °C and left to completely dry under a glass bell
containing a humidified atmosphere from bubbling nitrogen
into a solution of IPA:DI 17:3 v/v.
2.3. Electrochemical Tests. The tests were performed

using a rotating disk electrode (RDE) technique operated in
linear sweep voltammetry (LSV) and controlled by VMP3
Potentiostat (Bio-Logic Science Instruments) using EC-Lab
software. The setup consisted of a conventional three-electrode
cell with a saturated calomel electrode (SCE) (Amel 303/
SCG/12) as the reference electrode, a graphite rod as the
counter electrode, and glassy carbon (Pine AFE3T050GC)
with the catalyst layer as the working electrode.
All glassware was cleaned in a piranha solution (3:1 v/v

mixture of 96% H2SO4 and 30% H2O2), followed by at least
seven boiling steps with DI to remove any residual sulfates and
other contaminants.
The study was performed at controlled room temperature

(25 °C), exploiting three different electrolyte solutions: 0.1 M
perchloric acid (HClO4, pH 1), 0.1 M phosphate buffer
solution (PBS, pH 7), and 0.1 M potassium hydroxide solution
(KOH, pH 13). All of the potentials were recorded vs SCE and

converted to RHE. Before measurements, the electrolyte
solution was purged with nitrogen for 20 min. The catalyst
layer was conditioned using cyclic voltammetry (CV) between
1.2 and 0 V vs RHE at 50 mV s−1 for three cycles and then CV
at 500 mV s−1 until voltammograms became stable with cycles.
After that, the solutions were purged with oxygen for 20 min,
and then the LSV scans were performed at an electrode
rotation rate of 1600 rpm and a potential scan rate of 5 mV s−1
between 1.0 and 0.1 V vs RHE four times. These pristine scans
were labeled with the name of each electrolyte solution
(HClO4, PBS, and KOH). From the collected data, three main
parameters of interest were extrapolated: onset potential
(Eonset) obtained at −0.1 mA cm−2, half-wave potential
(E1/2), and limiting current density (Jlim) at a potential of
0.20 V vs RHE. These parameters were used as indicators of
catalytic activity, and their trends were observed throughout
the poisoning tests. All of the data reported herein were
background-subtracted and iR-corrected.
2.4. Poisoning Tests. Two different sulfur-containing

contaminants were used for this study: sulfate (SO4
2−) and

sulfide (S2−) anions, added stepwise increasing concentrations
of 0.05, 0.1, 0.5, 1, 5, 10, and 50 mM in the form of sodium
salts (Sigma-Aldrich). The solution pH was checked to be
constant after each addition of the salts.
The electrocatalyst poisoning was performed outside the test

cell, dipping the RDE electrode modified with the catalytic
layer in the electrolyte solution containing the contaminant at
the lowest concentration (0.05 mM), followed by spinning the
electrode at 300 rpm for 3 min and by a further 1-min
deionized water (DI) dipping at 300 rpm to clean the electrode
and avoid test cell contamination. In the meanwhile, the
electrochemical cell containing either HClO4 (pH = 1), PBS
(pH = 7), or KOH (pH = 13) was purged with oxygen. After
that, the poisoned RDE is tested again to acquire four LSV
scans at 5 mV s−1. Hence, the concentration of the
contaminant solution was increased stepwise, and the poison-
ing procedure was repeated up to 50 mM. Each contaminant
step was labeled as the concentration of the contaminant (0.05,
0.1, 0.5 mM, etc.). After the last step of 50 mM, the electrode
was washed to check for the electrocatalyst recovery, spinning
the RDE in DI at 1600 rpm for 10 min. At the same time, the
electrolyte solution was replaced with a fresh 20-min-oxygen-
purged solution, and the ORR activity was tested with LSV
scans, labeling these scans as “WASH”. In the case of no
system recovery, a stripping procedure was applied to perform
a CV at 100 mV s−1 between 1.2 and 0 V vs RHE for 100
cycles.
2.5. Koutecky−Levich (KL) and Tafel Plots. The

number of electrons exchanged (n) during the ORR was
evaluated by acquiring the Koutecky−Levich (KL) plots from
LSV at different electrode rotation rates (ω): 400, 800, 1200,
1600, and 2000 rpm. KL plots were obtained by plotting the
reciprocal current density versus the reciprocal square root of
the rotation rate, following the KL equation

J J J
1 1 1

k D

= +
(1)

J nFD C0.620D
2/3 1/6 1/2= (2)

where Jk is the kinetic current density, JD is the limiting current
density, n is the number of transferred electrons per mole, F is
the Faraday constant (96 485 C mol−1), D is the diffusion
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coefficient (1.93 × 10−5 cm2 s−1) at pH 1, υ is the kinematic
viscosity (0.01 cm2 s−1), and C is the concentration of oxygen
in the electrolyte solution (1.26 × 10−6 mol cm−3) at pH 1. For
a complete list of parameters, check Table S2 in the Supporting
Information.
The Tafel plots were obtained from the LSV scans at 1600

rpm and 5 mV s−1 plotting the potential versus the logarithm
of the mass-transport-corrected kinetic current density

J
J J

J J( )k
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Ä

Å

ÅÅÅÅÅÅÅÅÅÅ

É

Ñ
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where J is the current density recorded from the LSV scans and
JD is the value of the mass-transfer-limited current density
extrapolated at the point of 0.20 V vs RHE. From the Tafel
plots, two different slopes can be fitted: the high potential
region (HPR) slope obtained at low current density just after
the onset potential for a potential interval of 50 mV, and the
low potential region (LPR) slope obtained at high current
density, from the half-wave potential over a 90 mV range and
before the system enters the mass-transfer-limited region.
From HPR/LPR Tafel slopes, the exchange current density
(J0) was evaluated as the point where the y-intercept equals the
O2/H2O standard potential of 1.229 V vs RHE. Error bars
reported for the calculated parameters represent the mean
absolute deviation of at least two independent replicates.
2.6. X-ray Photoelectron Spectroscopy (XPS) Anal-

ysis. X-ray photoelectron spectroscopy (XPS) was performed
using an Omicron DAR 400 Al/Mg Kα non-monochromatized
X-ray source and a VG-CLAM2 electron spectrometer. The

samples were dispersed in ethanol to a 2 mg mL−1 content and
deposited onto a 20 nm Au-sputtered n-type silicon wafer
(111). The contaminated samples were prepared by dispersing
the FeBZIM in a DI water solution containing either 2.5 mM
Na2S or 250 mM Na2SO4, ultrasonicated for 30 min, and
stirred overnight. The suspension was then vacuum filtered and
washed with 50 mL of DI water to remove any remaining salt
traces, and the product was then collected and dried for 3 h at
70 °C. The Au 4f spectrum was collected as a reference, while
the C 1s, N 1s, O 1s, and S 2p spectra were collected for this
study.

3. EXPERIMENTAL DATA AND DISCUSSION
3.1. Electrochemical Analysis. The two classes of

electrocatalysts, PGM and PGM-free electrocatalysts, are
known to possess high performance in ORR electrocatalysis.
The nature of the underlying constituents has been introduced,
resulting in characteristic trends when operated in half-cell
tests at hydrodynamic conditions. In Figure S1, the linear
sweep voltammetry (LSV) at 1600 rpm are reported for both
electrocatalysts at the three pH values of interest (1, 7, and
13). The results are discussed in the Supporting Information,
giving details about the electrocatalytic performance. It is
known from the literature that PGM electrocatalysts have
superior activity compared to PGM-free electrocatalysts in
acidic pH, predominantly ascribable to stronger adsorption of
intermediates over the catalytic surface. Nevertheless, at the
increase of hydroxyl concentration, the differences between
PGM and PGM-free electrocatalysts are eventually leveled due
to the change in the ORR mechanism following the adsorption

Figure 1. LSV sigmoid at 5 mV s−1 and 1600 rpm between 0.10 and 1.00 V vs RHE in 0.1 M HClO4 at the variation of Na2S concentration from
0.05 mM up to 50 mM for (a) Pt40CB and (b) FeBZIM. Tafel analysis of E vs log10(Jk) obtained from the previous LSV sigmoid corrected for
mass transport, using identical criteria for slope evaluation, for (c) Pt40CB and (d) FeBZIM. Two slopes are identified: a high potential region
(HPR) after the onset and a low potential region (LPR) after the half-wave potential and before reaching the mass-transfer-limited region. An
uncontaminated electrocatalyst (HClO4 0.1 M, solid red lines), tests after washing (WASHED, light green lines), and stripping in O2 (STRIP O2,
dashed light green lines) are also reported.
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of OH−. From the data reported in Figure S1, it is possible to
extrapolate the three main electrochemical parameters: onset
potential (Eonset), half-wave potential (E1/2), and limiting
current density (Jlim). In addition, upon correcting LSVs for
mass transport and applying the Tafel analysis, is it possible to
obtain slopes in the unit of mV dec−1 from which the exchange
current density can be calculated at the thermodynamic
potential for the ORR (E° = 1.229 V vs RHE). The detailed
protocol for Tafel slope evaluation used in this text is described
in the Supporting Information (Determining a Standard
Protocol for Tafel Slope Evaluation section), while Table S3
lists a summary of the above-mentioned parameters extrapo-
lated from the LSVs.
3.2. Sulfide and Sulfate Contamination. The effect of S

p o i s o n i n g o n P t h a s a l r e a d y b e e n s t u d -
ied,60−62,68,70,73,77−80,92,94 especially in fuel cell applications,
reporting different reaction mechanisms.58 Sulfide and sulfate
species are known contaminants of Pt electrocatalysts. Sulfide
strongly interacts with Pt surfaces through chemisorption,
while sulfate is considered a minor contaminant, mainly acting
through strong physisorption. The sulfide poisoning involves S
adsorption over the metallic Pt surface and a reorganization of
crystallographic planes driven by the reduction in the system’s
surface free energy.62 In the case of H2S contamination, a
dissociative mechanism results in the surface adsorption of two
S species (S and S oxide) and hydrogen in a linear- or bridge-
bonded configuration on one or two atoms, respectively.58

However, the Pt + S system is susceptible to recovery via
electrochemical oxidation of adsorbed S upon cycling at
different potentials during operation. Nonetheless, the effect of
H2S retains minimum irreversibility due to active site
deactivation.58

The sulfide poisoning tests in an acidic environment (0.1 M
HClO4) for Pt40CB and FeBZIM are reported respectively in
Figure 1a,b. At that pH, the S-containing species are only H2S
(Figure S2). Peculiar behaviors observed during the tests on
Pt40CB are reported in Note S1, Supporting Information. As
the sulfide concentration increased, the poisoning effect on the
ORR differed for the two electrocatalysts. In the case of
Pt40CB, the impact of the contaminant is evident even at the
lowest concentration (see Note S1, Supporting Information),
resulting in rapid modification of the sigmoid shape and
increased overpotential limitations. Overall, the limiting
current density was strongly reduced while Eon and E1/2
shifted toward less positive values. In the first step (0.05
mM), the drop in performance for Pt40CB was 5.3% (Eon),
13.4% (E1/2), and 26% (Jlim), while for 0.1 mM, the catalytic
activity was heavily affected with a loss of 18.4, 31, and 52% in
Eon, E1/2, Jlim, respectively. At the maximum concentration (50
mM), the electrocatalyst lost 28, 36, and 68% of its original
activity.
By contrast, the poisoning effect on FeBZIM was more

gradual than on Pt40CB in the same concentration interval,
with a mixed kinetic-diffusion region broadening to the whole
potential range, hence shifting the mass-transfer-limited region
toward more negative potentials, ascribable to a kinetic
bottleneck over the system. A similar trend was already
observed in the case of nitrite poisoning at pH 7, forming the
nitrosyl adduct over Fe−Nx sites.

95 At the highest contaminant
concentration, the catalytic activity only decreased by 5.8%
(Eon), 15.2% (E1/2), and 12.9% (Jlim), corresponding to the first
contamination step of Pt40CB. For a better comprehension of
the poisoning effect on Pt40CB and FeBZIM, the variation
trends of the three main electrochemical parameters are
reported in Figure S3.

Figure 2. Exchange current density (J0) of HPR and LPR regions obtained using the protocol mentioned in the Supporting Information,
respectively, for Pt40CB (a, b) and FeBZIM (c, d).

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.2c05222
ACS Catal. 2023, 13, 2162−2175

2167

https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05222/suppl_file/cs2c05222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05222/suppl_file/cs2c05222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05222/suppl_file/cs2c05222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05222/suppl_file/cs2c05222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05222/suppl_file/cs2c05222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05222/suppl_file/cs2c05222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05222/suppl_file/cs2c05222_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c05222?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c05222?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c05222?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05222/suppl_file/cs2c05222_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c05222?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c05222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


After the last concentration step, the two electrocatalysts
underwent a washing and stripping procedure to assess the
recovery of the respective systems. Upon washing with DI
water at a high rotation speed (1600 rpm), no recovery was
observed for both materials, as expected from specifically
chemisorbed contaminants. On the contrary, the stripping
procedure resulted in an almost complete regeneration of
Pt40CB with Eon, E1/2, and Jlim, recovering 98, 94, and 96%,
respectively. As reported in the literature, Pt contamination can
be reversed by cycling the electrocatalyst to remove the
adsorbed sulfur atoms with no specific protocol since plane
reorganization is a matter of energy refurbishment.94,118

Differently, FeBZIM reported no activity recovery after
washing and stripping, with a slight further decrease in Jlim.
This behavior is eventually ascribable to stronger chemisorp-
tion energies. However, similar behavior and trends were
already observed for nitrite contamination at pH 7,95 but with
partial recovery of the original activity.
Applying the protocol for Tafel slope evaluation mentioned

in the previous paragraph, Tafel analysis of Pt40CB and
FeBZIM (Figure 1c,d, respectively) was performed, with
extrapolated parameters reported in Figures S4 and 2. As the
Na2S concentration increased, the HPR slope of Pt40CB
increased rapidly toward 120 mV dec−1 in the first two steps
(0.05 and 0.1 mM) and then stabilized around 110 mV dec−1

(Figure S4a). Regarding the LPR slope, in the first
concentration step, the slope increased to 170 mV dec−1 and
gradually decreased to the original value of 120 mV dec−1

(Figure S4b). The exchange current densities of Pt40CB for
HPR and LPR slopes (Figure 2a,b) started at 1.8 × 10−7 and
7.2 × 10−4 mA cm−2, respectively, and both varied. The
J0(HPR) increased dropwise by about 1 order of magnitude,
while J0(LPR) decreased abruptly by about 3 orders of
magnitude, approaching the value of J0(HPR).
Regarding FeBZIM, the HPR slope increased stepwise in the

whole concentration range, reaching a value of ca. 100 mV
dec−1 at the highest contaminant concentration (Figure S4c),
while the LPR slope gradually increased to reach 240 mV dec−1

at the same point (Figure S4d). In the case of J0 for HPR and
LPR slopes (Figure 2c,d), the values started respectively at 4.7
× 10−8 and 2.8 × 10−3 mA cm−2, and both increased. Similar to
Pt40CB, J0(HPR) increased by about 1 order of magnitude
with a surprising correspondence with the nitrite case at pH
7.95 In this case, J0(LPR) slightly increased, unlike Pt40CB and
the nitrite contamination. For both materials, the washing
procedure did not restore the original values, while the

stripping procedure allowed for a complete performance
recovery for Pt40CB but was ineffective for FeBZIM.
Regarding the number of transferred electrons (#e−), using

the Koutecky−Levich theory, it was possible to obtain
additional data. The variation of the ORR electron number
for Pt in the case of sulfur poisoning was already assessed in
another paper94 and will not be considered. For FeBZIM,
increasing the contaminant concentration (Figure S5), the
number of transferred electrons increased from about three to
more than four electrons, which is the most efficient path of
the ORR. This result confirms the findings already observed in
our previous paper95 concerning parallel reactions occurring
along with the ORR when the metallic centers are
contaminated with adducts.
The effect on ORR electrocatalysis of sulfate at pH 1 for

both Pt40CB and FeBZIM can be found in Figures S6−S8 of
the Supporting Information. However, even at high concen-
trations, the performances of both electrocatalysts are not
affected by chemisorption phenomena. As can be seen from
the trends reported, the unspecific adsorption over the active
sites is not correlated to the mentioned variations in the
electrochemical parameters, especially regarding the sigmoid
shape variations associated with the onset and half-wave
potential losses that are typical of a kinetic bottleneck. The
results of sulfate poisoning at pH 1 are thus meant as a
comparison for sulfide poisoning, showing the effect of
unspecific phenomena occurring over the active sites and
mainly due to the buildup of the contaminant at the increase of
concentration.
In addition, sulfate and sulfide contamination at pH 7 and

13 are instead reported in Figures S9 and S10. The S-
containing species in the electrolyte solutions are shown again
in Figure S2. The contamination in neutral and alkaline
environments is of secondary importance due to the
nonspecific adsorption of sulfate or the presence of different
sulfide-free species that do not affect FeBZIM. The data are
reported and meant as a comparison for the sulfide case in
both cases, indicative of no contamination.
3.3. Spectroscopic Analysis. The surface chemistry

resulting from the contamination of FeBZIM with S-containing
ions was further investigated using X-ray photoelectron
spectroscopy (XPS). Spectroscopic analysis is meant to bridge
the chemistry of the active surface area of the PGM-free
electrocatalyst with its electrocatalytic performance reported
above, explicitly identifying the adsorbed species. XPS was
performed on three different samples: pristine, sulfide-

Figure 3. C 1s spectra of pristine FeBZIM (a), FeBZIM contaminated with 2.5 mM of Na2S (b), and FeBZIM contaminated with 250 mM of
Na2SO4 (c).
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poisoned, and sulfate-poisoned FeBZIM, whose C 1s spectra
are shown respectively in Figure 3a−c. Additional spectra
concerning N 1s and S 2p lines are reported in Figures S11 and
S12, Supporting Information, while a summary of elemental
composition and chemical speciation is present in Tables S4
and S5. Due to the low iron content (about 0.2%), standard
laboratory equipment cannot perform satisfactory Fe 2p
spectra to be accurately fitted.
Since PGM-free electrocatalyst synthesis mainly relies on the

mechanical mixing and subsequent pyrolysis of precursors in a
controlled atmosphere, the resulting material is characterized
by various functionalities for both C and N atoms.22 Different
C moieties are identified in the energy range 284−294 eV,
particularly graphitic or sp2 carbon at 284.5 eV, sp3 carbon
(C*/CxOy) between ∼284.9 and 285.5 eV, and N-bonded
carbon ∼285.7−286.4 eV, partially overlapping. In addition,
three different oxidized species are also present, C−O, C�O,
and COOH, in the range 287−290 eV. A shake-up
contribution due to π-conjugation is also found. Regarding
nitrogen, seven different functionalities are found in the energy
range 396−404 eV: imine (397.6−397.9 eV), pyridinic N
(398.5−398.8 eV), Fe-coordinated N atoms (Nx−Fe, 399.5−
399.8 eV), graphitic and pyrrolic or protonated N (Ngr/N−H,
400.6−400.9 eV), graphitic and quaternary N (Ngr/N+,
401.5−402.5 eV), and two N oxides like pyridinic N+O−

(NOx, above 403 eV).44,117,119,120 Finally, S 2p spectra can
be fitted using four different contributions in the energy range
160−173 eV. At lower energies, sulfide and pyrite contribu-
tions have been identified (S2−/Fe−S2, 161.5−162.5
eV);104,121−123 in particular, segregated sulfur on top of
oxidized Fe has been identified at 161.7 eV.123 The
identification of chemical speciation in the 163−164 eV
interval is more complicated and is usually associated with the
carbon bond to sulfur in thiols and disulfides (C−S/C−S−
S).66,113,124−126 Elemental sulfur is identified at 164.1 eV.124

Above 165 eV, it is possible to find oxidized forms of sulfur,
like sulfite (SO3

2−, 165−166 eV).104,113,121,122 At the highest
binding energies, sulfate and iron sulfate contributions are
reported (SO4

2−, 168−169 eV).66,104,121,124
The presence of residual salts was tested by collecting the

Na 1s spectra over contaminated samples: no contributions
were present (data not shown); therefore, the S lines are all
ascribable to sulfur interacting with the electrocatalyst. The
contributions used to fit the spectra of the elements were
constrained to have the same linewidth, comprised between
1.1 and 1.2 eV, except for oxide species and shake-up features.
C 1s spectra of the three samples showed the typical

asymmetrical main structure of conductive graphitic materials
arising from the sp2-coordinated C�C contribution.127 The
second major contribution is ascribable to sp3 C bonded to N
or O, with a lower contribution of oxides. Upon contami-
nation, FeBZIM with sulfide resulted in a sensible broadening
of the full-width half-maximum (FWHM) of C 1s with respect
to pristine and sulfate samples (Figure 3b versus 3a,c). The
broadening, located in the energy range 284−287 eV, is
associated with the increase in the contribution of sp3 carbon,
eventually arising from additional oxidation of the carbon
matrix or from S interacting with C. Considering the defective
nature of the material, both hypotheses are plausible with
preferential sites at the edges of graphitic planes and/or in
defects within planes, where dangling bonds increase the excess
energy of the system.104,124 In addition, the shake-up
contribution is reduced according to the lower C�C

component. However, due to the C−S line (285.7 eV)123,128

being located between C*/CxOy and C−N, further discrim-
inating the chemical shifts is not possible. No broadening is
reported for sulfate-contaminated FeBZIM (Figure 3c), where
components are comparable to pristine FeBZIM, indicating a
specific effect of sulfide poisoning.
At the same time, the N 1s spectrum of FeBZIM (Figure

S11a) resulted in a significant contribution of protonated and
pyridinic nitrogen, followed by N coordinated to iron and
graphitic/quaternary species. Minor contributions from oxides
(one component) and imine are also present. Sulfur
contamination of FeBZIM modified the shape of N 1s, with
a sharpening of the spectrum and reduction of the shoulder at
398.5 eV associated with pyridinic N, again upon interaction
with sulfide, and the disappearance of the imine contribution
(Figure S11b). A general reduction in the oxidation of N is
also reported. Minimal or no effects on the same components
for the sulfate sample are reported, with an increase in the
oxide region (two contributions) (Figure S11b versus S11a,c).
Eventually, the interaction of sulfide species with the
carbonaceous electrocatalyst also passes through an exchange
phenomenon where S replaces pyridinic N, corroborating the
hypothesis of S bonding with C. Similar behavior was already
reported in the literature where H2S was employed during the
heat treatment of the synthesis process but to a greater
extent.113 The authors also suggested the possibility of sulfur
replacing the N species coordinated to Fe, resulting in
inhibition of the active sites, but the hypothesis seems not
plausible in this context.
Two different configurations of S 2p spectra of sulfur-

contaminated FeBZIM are reported (Figure S12). Sulfide-
contaminated FeBZIM is in agreement with the literature of
both S interacting with Fe and S/N co-doped metal and metal-
free PGM-free electrocatalysts.121−124,129 The analysis showed
a predominant contribution associated with S2−/Fe−S2 at
161.6 eV and a second component arising from sulfates, very
likely ascribable to the exposure of the sample to air. A third
minor component is located at 163.7 eV and is compatible
with the C−S/C−S−S region, confirming the above-
mentioned hypothesis of sulfur interacting with the carbona-
ceous components of FeBZIM (Figure S12a). Regarding the
sulfate sample, the impact of the anion over the surface
chemistry of the electrocatalyst is minimal, as shown in the
electrochemical section, and is predominantly due to
physisorption effects. The lower quality of the spectrum
correlates with the lower interaction and hence lower sulfur
content compared to sulfide (Table S4). The two major
contributions identified in the sulfide sample are now
comparable, with an absolute maximum of S2−/Fe−S2 and a
relative maximum of the SO4

2− component. Sulfite is also
present, differently than sulfide-contaminated FeBZIM, in-
dicative of a generally higher oxidation degree of the sample.
No component in the C−S/C−S−S region was identified
(Figure S12b).
From the XPS analysis as a whole, the sulfate contamination

of the PGM-free electrocatalyst is not relevant in terms of
surface chemistry modification of the electrocatalyst, with a
negligible effect over the active sites, hence matching with the
electrochemical section. On the contrary, sulfide ions can
interact with both Fe-containing active sites and carbonaceous
support. The iron contamination most probably occurs in axial
configuration, on top of Fe−Nx,

130 while the support
modification is at the expense of pending bonds in local
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disruption of the sp2 C structure. A probable concurring effect
is also present at the expense of pyridinic nitrogen.
Considering the difference in electronegativity between C
and N, and the lone pair located on N, C−N bonds have
delocalized charge density allowing a partial positive charge on
C and a partial negative charge on N (Cδ+−Nδ−), often
suggested as C−N active sites for the ORR.44,131,132 A
plausible hypothesis is the preferential interaction of S2− with
the positively charged C, corroborated by the increase in the
sp3 region of the C 1s spectrum of sulfide, eventually replacing
the N species.

4. OVERALL CONSIDERATIONS AND DISCUSSION
Observing the reported data as a whole, the trends of the
electrochemical parameters can be considered peculiar to the
different natures of the two electrocatalysts. Pt40CB is a
metallic nanoparticle-based material dispersed over a C sp2
support acting as a dual component structure. FeBZIM and
PGM-free electrocatalysts are composed of atomic metal-
containing (single metal atom) and metal-free sites (nitrogen
functionalities) embedded into the C sp2 matrix, which directly
impacts the catalytic activity. Pt40CB is exceptionally sensitive
to sulfide species, with catalytic properties deteriorating rapidly
at any pH in the first two steps of concentrations (0.05 and 0.1
mM, see also Figures S9a and S10a) and saturating for the
remaining steps. However, the contamination of Pt40CB is
reversible to a great extent for all pH values, indicative of the
metallic nature of the material, possessing ductility behavior.
FeBZIM, on the contrary, can be considered a tenacious
material, being poisoned only by the aggressive compound H2S
(pH 1), and the total decrease in performance is comparable to
the first step of Pt40CB. However, the recovery in electro-
catalytic activity is practically null. Since the difference in active
sites between them is trivial, with Pt possessing a vast amount
of only one kind of site, PGM-free electrocatalysts can
withstand contamination due to the presence of active sites
of different natures. Eventually, the effect of chemisorbed S
anions could be either a complete deactivation of the metal-
containing sites (hence secondary sites are the only ones not
affected) or partial deactivation of the sites. For Pt40CB, 0.1
mM H2S can be considered the point of complete saturation
and deactivation of the electrocatalyst, while FeBZIM can
withstand 500 times more.
Sulfate poisoning is not associated with chemisorption;

hence the impact on the electrocatalysis is negligible and could
be ascribable to physisorption effects, whose trends are
reported in Figures S6−S8.
Focusing on the acidic environment, the most interesting

condition for obvious technological considerations and the
only one impacting FeBZIM performance, the consequences of
sulfide on Pt surfaces at a pH where the ORR mechanism is
strictly surface dependent can be explained using the literature.
In this case, the fingerprint of H2S contamination is associated
with a change in the Tafel slope for both HPR and LPR
regions of Pt40CB converging toward the value of 120 mV
dec−1, typical of simple electron transfer according to the
Marcus theory. At low overpotential (HPR zone), the HPR
slope increased toward 120 mV dec−1 with two steps (0.05 and
0.1 mM) stabilizing afterward. At the same time, at high
overpotential (LPR zone), the LPR slope increased first to 180
mV dec−1 and then decreased back to the 120 mV dec−1 value
(Figure S4a,b).

Meanwhile, J0 from HPR increased rapidly in the same two
steps but then leveled to a value (around 8 × 10−7 mA cm−2)
higher than the starting point (about 1 × 10−7 mA cm−2).
Conversely, J0 from LPR decreased gradually from ∼10−3 mA
cm−2 down to ∼10−6 mA cm−2, not far from the stabilized
value of the HPR counterpart (to better visualize the trends,
please see Figure 2a,b). Ultimately, due to different regions of
overpotential, the two components of the ORR are leveled,
indicative of a situation where just one phenomenon seems to
be occurring. The trend reported for the HPR Tafel slope of
Pt40CB is indeed in agreement with the literature,80 where the
increase in the range 0.8−0.9 V from the 60 mV dec−1 to
higher values was associated with the oxidation of sulfur to
sulfates taking place in parallel with/over the oxygen reduction.
The event is thus either an S-involving reaction or the 2e−

ORR path due to the complete deactivation of Pt and the
residual effect of the support, as reported in the literature94 and
matching with the residual activity observed in the LSV.
When FeBZIM is contaminated at pH 1, H2S gradually

impacts the ORR at increased concentration. The HPR slope
increased toward the value of 100 mV dec−1. In contrast,
J0(HPR) increased by about one order of magnitude,
indicating a more facile reaction associated with the
chemisorption phenomenon and occurring in parallel with
the ORR, as seen from the increased number of transferred
electrons (Figure S5). Similar behavior was observed for nitrite
contamination at pH 7,95 leading to the chemisorption of the
nitrosyl ligand.96,114 However, during S poisoning, the LPR
slope also increased but diverged from the value of interest and
toward 240 mV dec−1. More importantly, J0(LPR) maintained
almost a stable value (around 10−3 mA cm−2) with just a slight
increase (above 1 mM) throughout the test (see Figure 2c,d).
The reported trend differentiates from both Pt40CB (drastic
decrease) and nitrite cases.
Regarding J0(LPR) of nitrite contamination at pH 7, which

was not assessed in our previous paper but is instead reported
herein in the Supporting Information, the value in the whole
concentration range increased of the same order of magnitude
as J0(HPR), as can be seen in Figure S13. Eventually, the
selective impact over the Fe−Nx coordination is translated to
the LPR region where secondary sites are untouched (but
functioning due to the lower potential). So far, the slight
increase of J0(LPR) of FeBZIM observed is hard to justify.
However, from XPS analysis, the poisoning was found to be

a chemisorption effect impacting the surface chemistry of
FeBZIM on both the metal-containing sites and the metal-free
moieties, with direct contamination of the support, but most
important affecting the nitrogen content of the material,
especially the pyridinic-N content. According to the
literature,133 the ORR on the PGM-free electrocatalyst at
high overpotential (herein LPR zone) has a proton-limited
RDS mechanism correlated with peroxide increase. On the
contrary, at low overpotential (herein HPR zone), the reaction
is proton-independent, and the limitations occurring as onset
losses can be ascribed to unspecified aspects.133 Hence, due to
the reported peroxide increase at high overpotential, where the
electrocatalyst should operate better since the higher polar-
ization, secondary NC sites must be predominantly responsible
for the ORR, known to operate with the 2e− path to
peroxide.134

Now, the low overpotential region (HPR zone) is easily
associable with the Fe−Nx contribution to the ORR through
the Fe(III)/Fe(II) redox couple.35,36 Thus, J0(HPR) variations
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throughout the contamination test could be ascribable to the
modifications of the Fe−Nx sites. Hence, the increase in
J0(HPR) is a marker of a chemisorption effect with secondary
reactions over Fe−Nx, as already reported in the nitrite case.
Similarly, considering the additional effects of sulfide on
support observed with the XPS analysis, the high overpotential
ranging from about the half-wave potential to the mass-
transport-limited region of LSV (LPR region), and considering
the assertion on RDS from the cited literature, it is possible to
associate the variation of J0(LPR) as the descriptor of the Fe−
Nx + NC sites upon chemisorption contamination.
The behavior observed for J0(LPR) of FeBZIM can thus be

explained using the H2S poisoning of Pt and its trends as a
reference, as done before with nitrite. Upon contamination of
Pt with the S-containing molecule, the ORR electrocatalytic
activity decreased drastically. The residual activity recorded,
due to the very low potentials required to start, can be
associated predominantly with the effect of the support, hence
the 2e− reaction observed in the literature.94,134 We can thus
infer that the trend observed for J0(LPR) of Pt40CB,
decreasing drastically and leveling with the J0(HPR), is the
result of the deactivation of primary metallic sites, and the
residual catalytic activity is the effect of (eventually
contaminated) support, due to the high overpotential applied
to operate. Thus, at an increasing contaminant concentration,
the impact on the J0(LPR) of Pt40CB is associated with the
remaining support contribution, running with a less efficient
ORR, and correlated to a decrease in the exchange current
density. Similarly, considering the interconnected nature of the
support with primary and secondary sites in PGM-free
electrocatalysts, the increase in J0(HPR) associated with the
formation of an electrochemically active adduct over the
primary sites of FeBZIM is transposed to the LPR region,
summing its contribution with the contribution of the support
and secondary sites to the ORR.
Eventually, the difference in the J0(LPR) of FeBZIM with

respect to the nitrite case (considered selective of the Fe−Nx
sites) and Pt is ascribable to a combination of concurring
phenomena occurring both on Fe−Nx and secondary NC sites
together, ending with a J0(LPR) combination of an increase
and a decrease in J0, respectively, for the former and the latter
sites upon contamination. The variation of the J0(LPR) can
thus be correlated to the effect of contamination over Fe−Nx +
NC sites as a whole.

5. CONCLUSIONS
Comparing the ORR behavior from acidic to alkaline of Pt/C
and PGM-free electrocatalysts resulted in well-known differ-
ences in catalytic activity, with Pt/C being more active in
acidic pH in terms of onset and half-wave potentials. To match
the performance of PGM-free electrocatalysts with Pt/C
electrocatalysts, specific protocols have been developed and
reported in the literature to evaluate the site density (SD) of
the materials and calculate the turnover frequency (TOF).
However, to the state of the art, no direct control over the
nature of the counted sites was possible by exploiting probing
molecules dissolved in the electrolyte solution. In this work,
the ORR activity of Pt/C and PGM-free electrocatalysts was
tested at pH 1, using H2S as a poisoning agent in
concentrations from 0.05 to 50 mM. The electrochemical
measurements carried out on PGM-free electrocatalysts
highlighted the changes in the ORR electrocatalytic activity
due to sulfide poisoning, and the XPS analysis revealed that

sulfide species interact with both metal-containing sites and
carbon support, resulting in a decrease in the pyridinic-N
content. When primary (Fe-containing) sites are contami-
nated, the ORR activity decreases. Still, the electron exchange
ability of the system increases after contamination, as indicated
by the increase of the transferred electrons number and the
exchange current density obtained from the first Tafel slope in
the high potential region, named J0(HPR), arising from
secondary reactions of the adduct. This finding was actually
recurrent as per the nitrite contamination of primary metal-
containing sites. Hence, an increase in J0(HPR) with the
contaminant’s concentration indicates chemisorption onto
Fe−Nx sites. In addition, the trend of J0(LPR) (low potential
region) upon contamination resulted as a combination of two
concurring phenomena leading to an increase correlated to
chemisorption onto primary sites and a decrease correlated to
the impact on support and secondary metal-free sites. Hence,
an increase in J0(LPR) can be associated with the poisoning of
both Fe−Nx + NC sites.
Based on these results, it was possible to identify J0 as a new

descriptor capable of discriminating what type of active sites
(primary and/or secondary sites) are poisoned in PGM-free
electrocatalysts by chemisorption effects. The descriptors
proposed can be considered a supporting tool to assist the
selection of the probing molecules for further studies of site
density evaluation.
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