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Fe-Ny-C electrocatalysts for the oxygen reduction reaction are typically fabricated via pyrolysis. However, the
pyrolysis process is poorly understood. Therefore, a systematic investigation was initiated to elucidate the effects
of the pyrolysis conditions (atmosphere and temperature) on the evolution of active sites starting from iron
phthalocyanine supported over carbon black. The atomic level dispersion of Fe-Ny is sustained up to 600 °C and
afterward, the growth of iron oxide nanoparticles is observed. Interestingly, the different X-ray absorption

spectroscopy fingerprints acquired during in-situ and ex-situ experiments indicated the bonding of oxygen as a
fifth ligand on the Fe sites when exposed to the open air. The ORR activities were analyzed in acidic and alkaline
media. The best electrocatalytic activity was observed for the electrocatalysts pyrolyzed at 600 °C. Above this
temperature, a reduction in the activity was observed. Surface-to-reactivity analysis was carried out identifying
the relationship between surface chemistry/morphology and electrocatalytic activity.

1. Introduction

Where unprecedented technological advancements are revolution-
izing the human standards of living, the ever-increasing global popula-
tion and industrial growth have brought a quandary for the
contemporary era in which the depletion of fossil fuels and climatic
dilemmas are flaring up several socio-economic crises. To mitigate such
a looming scenario, the ‘Hydrogen Economy’ with a mandate of intro-
ducing hydrogen as a green and sustainable energy vector provides a ray
of hope [1-4]. The most efficient way to produce hydrogen is via elec-
trochemical water electrolyzers by employing renewable energy sour-
ces; the Hy produced can be utilized afterward as a fuel in fuel cells (FCs)
to produce electricity. FCs with their unparalleled capacity to continu-
ously transform fuel into electricity without contributing to the global
carbon footprint can be installed in both stationary and mobile appli-
cations [5-8]. Tremendous scientific interest in FCs has been devoted
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but still, this technology has a critical bottleneck lying at the cathodic
side of the system executing the oxygen reduction reaction (ORR) with
sluggish kinetics and complicated pathways. The aforementioned issue
is often addressed by deploying platinum-group metals (PGMs)-based
ECs. This solution severely makes it difficult to sustain a wide diffusion
of the FC devices, accounting their rarity and economic cost of the
electrocatalysts they use. According to a recent estimation, PGM-based
ECs in PEMFC account for approximately 56% of the total cost of FC
stack, representingthe biggest obstacle in the mass-scale production of
FCs [9,10]. Consequently, the pursuit to develop sustainable PGM-free
ECs has acquired paramount importance to reach the marketization of
FCs. As a result of a plethora of scientific endeavors in this regard,
atomically dispersed metal-nitrogen-carbons (M-Nx-Cs) have been
emerging as a reliable substitute for PGMs [5,8,9,11-18]. Such M-Nx-Cs
can be fabricated using earth-abundant first-row transition metals (TMs)
where metallic atoms in coordination with nitrogen (TM-Ny with x = 2,
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3,4) and embedded in carbon matrix bio-mimics the ORR capability of
natural enzymes i.e. cytochrome-c-oxidase and hemoglobin [19,20].
This category of ECs shows important activity even more appreciated in
operations in alkaline media that have recently gained interest with the
development of stable anion exchange membranes (AEMs).

Different TMs i.e. Mn, Fe, Co, Ni, Cu, etc. have been exploited for the
development of single-atom TM-Ny-C-based ECs. However, Fe remains
as the TM of the choice owing to its suitable electronic structure and
thermodynamic interaction with oxygen that synergistically contribute
to the ORR and put Fe (having coordination with nitrogen) nearly at the
apex of the volcano plot while fulfilling the Sabatier’s principle [20-22].
Fe-Ny-Cs contain a multitude of active sites where atomically dispersed
Fe-Ny (x = 2,3,4) and pyridinic nitrogen are usually considered to be the
primary active site and secondary active site, respectively [10,23-27].
In fact, the former can ensure the tetra-electronic electro-reduction of
oxygen as the final product whereas pyridinic nitrogen acts as a sec-
ondary site for the stepwise reduction of the undesired intermediate into
the final product, which was previously generated as a result of
bi-electronic ORR [23]. Moreover, Wu et al. have recently exhibited that
when the Fe?*/Fe* ratio is optimal on the EC surface, an appreciable
kinetics of the ORR process can be achieved, particularly in alkaline
media [28]. A huge variety of iron salts, nitrogen sources, macro-organic
molecules and carbonaceous precursors can be utilized to develop
Fe-Ny-Cs. However, pyrolysis is considered the only reliable methodol-
ogy to induce favorable and robust active sites in Fe-Nx-Cs with atomic
level homogeneity [29,30]. Pyrolysis is a thermal treatment that takes
place in a controlled atmosphere without any involvement of oxygen.
Despite being the most commonly practiced methodology for EC fabri-
cation, pyrolysis itself is a poorly understood phenomenon that can be
regarded as a “Black Box” [31,32]. The core rule of materials engi-
neering discloses the fact that the process dictates the structure, which
ultimately influences the performance; therefore, a systematic study of
the pyrolysis process is crucial to enable the rational development of
efficient Fe-Ny-C ECs.

Not long ago, Li and co-researchers encouraged the scientific com-
munity to gain a profound understanding of the evolutionary pathway of
the single atom Fe(II)-N4 site in Fe-Ny-Cs during pyrolysis [33].
Employing in-situ X-ray absorption spectroscopy (XAS), they systemat-
ically observed the gaseous phase transformation of precursors into
particularly Fe(II)-N4 active moieties above 600 °C after passing through
different interim stages during pyrolysis. Moreover, while analyzing the
influence of pyrolysis conditions on the ORR performance of
cobalt-doped MOF-based carbon ECs, Cui et al. concluded that elec-
trocatalytic activity is closely dependent on the pyrolysis temperature
and applied heating ramp rate whereas dual-step pyrolysis can effec-
tively improve ORR activity [34]. By the same token, Huang et al.
initiated a systematic study to directly observe the chemical makeovers
and morphological development of Fe-Ny-Cs during the
pyrolysis-assisted transformation of nitrogen and carbon precursor
(Nicarbazin) mixed with iron salt and amorphous silica (templating
agent) by combining in-situ light synchrotron and ex-situ analytical
methods [31]. In the succeeding study, Chen and the group gave new
insight into the structural rearrangement taking place during the second
pyrolysis of the same Fe-Ny-C EC after the removal of the silica template
[32]. It was observed that the second pyrolysis results in the partial
restoration of an amorphous phase, together with the formation of
various nitrogen-carrying sites, eventually leading to the homogeneous
dispersion of Fe-Ny at the atomic level without the formation of nano-
particles. In addition to the second heat treatment, switching the py-
rolysis atmosphere can also influence the structural parameters of the
Fe-Nx-C EC. Furthermore, Santori et al. clarified that change in the py-
rolysis atmosphere not only affects the activity of the derived EC but also
impacts its operational durability which correspondingly shifts as the pH
of electrolytic media is altered [35]. Similarly, Zitolo and co-researchers
disclosed the fact that despite having apparently identical active moi-
eties, Fe-Ny-Cs pyrolyzed under different flowing atmospheres may have
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different ORR activities due to modification in the basicity of N-groups
that form during pyrolysis [36]. Moreover, in 2018, Kabir et al. studied
the synthesis and performance relationship among nitrogen-based
moieties present in the N-functionalized graphene towards ORR ki-
netics and reduction routes in acidic and alkaline conditions [37]. An
in-depth examination of surface chemistry revealed that pyrolysis tem-
perature decides the type and proportion of N-based moieties which
contrarily dictate the ORR in the varying electrolytic conditions. Like-
wise, Vallejos-Burgos and coworkers pyrolyzed different phthalocya-
nines (Pc) such as cobalt Pc, copper (Pc) and Pc without any metallic
substitution over the range of 550-1000 °C and analyzed the structural
modifications [38]. Their study uncovered that the metallic coordina-
tion enhances the thermal durability of the Pc configuration in an inert
atmosphere, however, in the oxidizing environment it causes gasifica-
tion even well before the decomposition temperature. Not long ago,
Oliveira reported the progress in the utilization of metal-Ny4 chelates for
ORR and then supported FePc over different carbon supports to fabricate
EC for alkaline media [39]. Although the use of Pcs is not new in the FCs
domain as Jasinski pioneered their employment for the cathode ECs in
1964 [40], their electrocatalytic activity is known to degrade over time
because of demetallation or unwanted oxidation by ORR intermediates i.
e. peroxides [41,42]. However, compositing the Pc molecules with
carbon and giving them a heat treatment is considered an effective
strategy to improve the working durability of the Pc-based ECs [41,43,
44].

Notwithstanding the important individual efforts to figure out the
effect of pyrolysis conditions on the structural evaluation of Fe-Ny-Cs, a
comprehensive understanding of pyrolysis is still missing. In addition to
Fe-free (carbon or nitrogen-based sites) and Fe-Ny, several other Fe-
based active sites are also formed at different stages of pyrolysis, influ-
encing the overall ORR activity in a complex, not-always predictable
way. The iron atom has many unoccupied d orbitals and therefore it
forms various sorts of coordinations, geometrical arrangements and in-
terfaces with nitrogen or neighboring atoms [23-25]. Such multitudi-
nous moieties demonstrate varying activities and robustness during the
ORR and therefore demand proper site engineering [45-47]. Previous
research is primarily focused on the role of metal-free site structures or
Fe-Nx-type moieties in ECs. Today, some process influences are still
unresolved. Importantly, the influence of pyrolysis conditions in the
nucleation, growth and transformation of such multitudinous active
moieties that could ultimately impact the parameters of the electro-
chemical performance of single atom Fe-Ny-Cs is unclear. Therefore, a
basic question arises: how can the surface chemistry and morphological
aspects be correlated with the evolution and specification of Fe-based
moieties in a broader spectrum? Such curiosities constitute a research
hotspot of utmost significance to gain an insightful and comprehensive
understanding of Fe-Nyx-Cs development via pyrolysis that would help
reveal the true connections among processing, structure, and perfor-
mance factors.

Taking note of the abovementioned considerations, we have selected
a simple and widely used precursor, Iron (II) phthalocyanine (FePc),
which was mixed with a conductive high surface area carbon matrix
(Ketjenblack EC-600JD). This mixture was subject to pyrolysis at
different temperatures (room temperature to 1000 °C) and atmospheres
(inert: Ar and slightly reducing: Ar/H; 95/5 wt%). FePc is considered a
model EC used for the ORR and resembles the shape of the heme B
contained within the hemoglobin, an important iron-containing oxygen-
transport protein that is present in red blood cells. XAS was used to
examine the variation of iron speciation during the pyrolysis processes
at different temperatures and atmospheres (in-situ). Importantly, a
similar set of samples was examined ex-situ using XAS, for comparison.
Several other microscopic and spectroscopic tools were also used to
analyze the samples (ex-situ). Notably, all the produced samples were
investigated electrochemically performing the ORR utilizing a rotating
ring disk electrode (RRDE). The variation of Fe coordination and its
evolution during pyrolysis identify the iron active site speciation
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distribution at different temperatures and atmospheres, allowing the
construction of structure-reactivity correlations. This work and meth-
odology provide a novel pathway to design superior-performing ECs by
identifying and selecting formulation strategies that facilitate optimal
active site configurations. As such, the in-situ characterization, in
conjunction with ex-situ surface microscopic and spectroscopic analysis
and electrocatalytic measurements is paramount to developing the next-
generation ORR ECs for sustainable energy production. We are confident
that this modus operandi can be easily translated into other electro-
chemical reactions and other types of single-atom or nanoparticle-
derived electrocatalysts.

2. Experimental
2.1. Samples fabrication

The experimental design was comprised of two different sets of
samples; the first set was pyrolyzed in the inert atmosphere of pure
argon (Ar) while the second was pyrolyzed in a slightly reducing at-
mosphere of 95 wt% argon balanced with 5 wt% hydrogen (Ar/Hj). The
fabrication route first involved a thorough mixing of commercially
available carbon black (Ketjenblack EC-600JD, KJB) and iron phthalo-
cyanine (FePc) in a definite proportion of 90 wt% and 10 wt%, corre-
spondingly. The precursors were homogenously mixed by subjecting
them to a high-energy ball-milling (EMAX, Retsch Gmbh, Germany) for
1 h at 400 rpm. The homogenized mixture (named as No HT) was then
poured into an alumina boat and transferred to a quartz tube, using an
atmosphere controlled flange system installed in a horizontal tube
furnace (Carbolite). The samples were subsequently pyrolyzed at a
desired target temperature (200, 300, 400, 500, 600, 700, 800, 900 and
1000 °C) for 1 h where the heating and cooling ramp rates were main-
tained at 300 °C h'! in a controlled atmosphere of either Ar or Ar/Ha.
Before starting the pyrolysis, the quartz tube was purged with the
respective gas for at least 30 min to ensure the removal of air from the
pyrolyzing system. The produced samples were labeled with respect to
their pyrolysis conditions as ‘Fe(Atmosphere) Temperature’. For
instance; the sample pyrolyzed at 200 under flowing Ar was given the
name ‘Fe(Ar)_200° while its counterpart pyrolyzed in an Ar/Hj envi-
ronment was called ‘Fe(Ar/H3)_200°.

2.2. Electrochemical analysis

ORR activities of the fabricated samples were analyzed through the
RRDE arrangement (Pine WaveVortex RDE system assembled with a
Pine bipotentiostat) as described in previous reports [48,49]. The
three-electrode system was set up by connecting a graphite rod, satu-
rated calomel electrode (SCE) and RRDE (E6R2 series) as a counter
electrode, reference electrode and working electrode, respectively,
where the working electrode was developed by depositing EC ink with
0.6 mg cm mass loading on the glassy carbon disk (with an area of
0.2376 cm?) of RRDE. To prepare the EC ink, 4.5 mg of EC was dispersed
in the solvent containing 985 uL isopropanol (Alfa Aesar) and 15 pL of
Nafion® D-520 (5 wt%, Alfa Aesar) and the suspension was sonicated for
10 min using probe sonicator followed by agitation in an ultrasonic bath
for the next 30 min at room temperature [50,51]. ORR activities were
examined in both acidic and alkaline conditions while using
oxygen-saturated 0.5 M HySO4 and 0.1 M KOH, separately, as working
electrolyte. The study presents all the potential values referenced ac-
cording to a reversible hydrogen electrode (RHE) using Eq. 1 as follows:

Erge = Esce  +0.0591 x pH + Egp (@]

Escg is the measured working potential versus SCE whereas Eg, is the
standard potential of SCE reference (0.241 V). Linear sweep voltam-
mograms (LSVs) at the scan rate of 5 mV st were obtained by main-
taining the potential window between — 0.1-1.2 V vs RHE while fixing
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the ring potential of RRDE at 1.2 V vs RHE. Prior to acquiring actual
LSVs, the EC was conditioned by applying multiple cyclic voltammetries
until a stable behavior was obtained. Finally, peroxide produced (%) and
the number of electrons transferred (n) during ORR were calculated by
observing the disk current (Ig;sk) and ring current (Igisk) as given in Eq. 2
and Eq. 3, respectively [52].

200 x ‘2

() = X
Liisi +IT‘

(2)

Peroxide

Al gisk

n= &)
Lige  +5¢

2.3. Advanced characterizations

X-ray diffraction (XRD, Rigaku Miniflex 600) was employed to reveal
the crystallographic features of the samples in the 2 6 range of 10-80°
whereas the structural integrity of the carbonaceous frameworks was
studied through Raman spectroscopical measurements (LabRam, Jobin
Yvon, France). He-Ne laser (A = 632.8 nm) was used to illuminate the
samples via microscope (BX40, Olympus, Japan) with an objective lens
of 50X ( numerical aperture of 0.60) while a silicon CCD (Sincerity,
Jobin Yvon, France) was used for the signal collection at 200 K.

To carry out CHNS elemental examination, Elementar Vario Micro-
cube Device was used in which the combustion tube and oxidation tube
were operating at 1100 °C and 850 °C, respectively.

HRTEM images were acquired using a Thermofisher Talos F200X G2
at an accelerating voltage of 200 kV using a high-speed CETA camera
operating at a camera resolution of 4096 x 4096 pixels without any
objective aperture. The High-Angle Annular Dark Field images were
acquired with a Panther annular STEM detector using a convergent
beam with an angle of 10.5 mrad and a camera length of 330 mm. The
EDX maps were taken with a Super X spectrometer equipped with four
30 mm? silicon drift detectors with a collection angle of 0.7 srad. Data
processing and arrangement have been performed with the Thermo-
fisher proprietary software VELOX.

XAS analyses have been performed at the beamline BM-08 LISA of
the European Synchrotron Radiation Facility (Grenoble) [53]. A fixed
exit double crystal monochromator cooled at Liquid Nitrogen and
equipped with Si (111) crystals was used for monochromating the beam
whereas a pair of Si mirrors were used for beam collimation and
focusing. The beam on the sample site was about 100 x 100 ym. Data
were collected in transmission mode using Nj-filled ion chambers (IC), a
reference foil was inserted after the second IC and its spectrum, read by a
third IC was used as an energy reference. For the thermal treatment, the
sample was inserted in a microtomo cell [54]. Data were collected at the
Iron K-edge (E =7112eV) to study its oxidation state, folding, and
evolution during the pyrolysis process. For this reason, four sets of
measurements have been performed. The samples have been analyzed in
two atmospheres: Ar and Ar\Hj, for each atmosphere in-situ and ex-situ
measurements have been performed. In-situ spectra have been collected
directly with the microtome cell, each 100 °C from room temperature
(RT) to 800 °C and at 850 °C, with a continuous scan of 120 s. This
upper temperature was limited by the heating element used within the
microtome cell. Ex-situ spectra have been collected in atmospheric
conditions (e.g. exposed directly to air), after heating and cooling the
sample in the desired atmosphere, in this case, the samples have been
heated in steps of 100 °C in the range RT-1000 as described in the
sample fabrication section. XANES and EXAFS spectra have been
analyzed using the Athena software (Demeter Package) [55].

X-ray photoelectron spectroscopy (XPS) was conducted on a Kratos
AXIS Supra spectrometer with a monochromatic Al Ka source. The high-
resolution spectra were obtained using a pass energy of 20 eV ata 0.1 eV
step size. CasaXPS software was used to analyze the XPS data. All spectra
were calibrated with respect to the sp? carbon at 284.5 eV. A Linear
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background was employed for the C 1 sand N 1 s spectra, while a Shirley
background was used for the Fe 2p spectra. The C 1 s spectra were fit
using an 80% Gaussian / 20% Lorentizan function and all other spectra
were fit with a 70% Gaussian / 30% Lorentzian function.

3. Results and discussion
3.1. Research design

Herein a methodical investigation has been produced to evaluate the
role of the pyrolysis conditions (specifically temperature and atmo-
sphere) on the formation, evolution and transformation of active sites
and their ultimate correlations with electrochemical performance. Since
the study primarily aimed to analyze the evolutionary pathway of Fe-
based moieties during pyrolysis, fine structures of the iron edge
through XAS were acquired in both in-situ (spectra acquisition during
pyrolysis) and ex-situ (spectra recorded on the samples already pyro-
lyzed in a tube furnace and exposed to the environment) settings. XAS is
an element-sensitive technique and provides a unique set of information
about the electronic structure, geometrical arrangements or local sym-
metries, bonding characteristics and coordination with neighboring
atoms of the particular element having a minute concentration in a
complex environment. Fine structures mainly consist of two regions (i)
X-ray absorption near-edge structure (XANES) and (ii) extended X-ray
absorption fine structure (EXAFS) can be obtained in a synchronized
way owing to the fast and real-time data acquisition capacity of XAS
(will be detailed discussed in the following sections). However, to sup-
port the findings of the XAS measurements, complementary ex-situ
characterization techniques were employed and the evolution of the
Fe-Ny-C EC during pyrolysis was deeply analyzed and correlated with
the performance aptitudes of the ECs produced at different temperatures
and atmospheres. Therefore, the investigational scheme was comprised
of two different types of samples: (i) Fe-Nx-Cs pyrolyzed in a completely
inert atmosphere of pure Ar (indicated by Fe(Ar)) and (ii) Fe-Nx-Cs py-
rolyzed in a slightly reducing atmosphere of 95 wt% Ar balanced with
5 wt% Hjy (Ar/Hy) (indicated by Fe(Ar/Hj)). For the ex-situ samples
fabrication, samples were collected by subjecting the initial mixture to a
higher temperature (in the steps of 100 °C) from 200 °C to 1000 °C. The
fabrication routes and experimental design are comprehensively dis-
cussed in the materials and method section.

3.2. Large-scale characterization

The bulk properties of the samples pyrolyzed in the ex-situ setting
were first analyzed soon after their fabrication. Therefore, X-ray
diffraction (XRD) patterns of both types of samples were obtained in the
20 range of 10-80° and presented in Fig. S1 (a & b). From the XRD
patterns of the samples pyrolyzed in the slightly reducing atmosphere
(Ar/Hy), two categorically broader peaks at 26 position of ca. 25° and
44° were indexed as (002) and (101) planes of carbon (labeled as ‘&),
respectively indicating defective and amorphous C [56,57]. At first
glance the absence of diffraction peaks corresponding to Fe-based spe-
cies may nullify the likelihood of their large-scale coalescence and
nanoclustering even at the highest pyrolysis temperature of 1000 °C,
apparently suggesting the atomic scale homogenous distribution of Fe in
the carbonaceous matrix [57-59] (see Fig. S1 (a)). Quite interestingly an
unalike drift was experienced in the crystallographic development of the
samples pyrolyzed in the pure Ar where the structural integrity of the
atomically dispersed Fe in defective carbon seemed to be sustained till
600 °C. However, the samples Fe(Ar)_800 and Fe(Ar)_1000 exhibited a
few tiny peaks (labeled as ‘qp’) corresponding to iron oxide (Fe3O4
consistent with the JCPDS# 00-003-0863) which suggests the coales-
cence and growth of Fe-based nanoparticles in an oxide form at the
higher temperatures. Yang et al. have also reported the restriction of
metallic nanoclusters formation till 600 °C during the pyrolysis of single
atom EC while temperature increments up to 800 °C can give rise to the
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formation of nanoclusters [60]. Similarly, through in-situ XRD mea-
surements, Huang et al. also experienced the possible formation of iron
carbide at higher temperatures (above 849 °C) [31]. Moreover, in our
previous work, we also noticed no oxide nanoparticle formation at
600 °C whereas an evidenced development of the metallic nanoparticles
was observed for the samples pyrolyzed at 900 °C [61]. To further
explore the carbon-based structure of the achieved ECs, Raman spectra
were acquired and presented in Fig. S1 (c). Though this technique does
not, generally, give interesting information related to the Fe-containing
active sites, the acquired spectra can be useful to characterize the
carbonaceous surroundings giving insightful information. The spectra
were comprised of characteristic ‘D’ and ‘G’ bands, located in the vi-
cinity of ca. 1330 cm™ and 1590 cm™, respectively. Clearly higher D
peaks in each EC specifies the greater density of the structural defects in
the carbon matrix. This observation is also consistent with the XRD
outcomes showing the dominance of defective and amorphous phase of
carbon. The intensity ratio of the D to G band (Ip/Ig) can be used as an
indicator for the estimation of defect density and degree of graphitiza-
tion. For all the ECs, Ip/Ig came out to be higher than unity i.e. typically
in the range of 1.41-1.51, which further endorses the higher degree of
graphitic imperfections and disorders in carbon. It is worth noting that
Ar pyrolyzed samples demonstrated relatively higher Ip/Ig (refer to
Fig. S1 ().

sp>-type pristine carbon is nearly inactive towards the surface
adsorption of Oy and its subsequent electrochemical reduction. Such
electro-neutrality of carbon can be interrupted by the doping of nitrogen
whose higher electronegativity helps in the chemisorption of O, on the
carbon and hence assist in enhancing the rate of ORR [62,63]. The
incorporation of nitrogen into the carbonaceous framework of Fe-Nx-Cs
is known for efficacious ORR performance in all the pH ranges i.e. acidic,
neutral and alkaline [23,37,48,64-66] where each pH of the electrolytic
media can give rise to a particular class of FCs. FePc being a co-source of
nitrogen and iron was used to functionalize the carbon during pyrolysis.
CHNS elemental analysis was carried out to quantify the proportion of
nitrogen present in the bulk EC obtained at a given pyrolysis tempera-
ture and the achieved outcomes of this analysis are charted in Table S1.
The trends of nitrogen doping for both series of ECs i.e. samples pyro-
lyzed in Ar and the samples pyrolyzed in Ar/H; are illustrated in Fig. S1
(d). It is noteworthy that as the pyrolysis temperature goes up the cor-
responding percentage of the doped nitrogen declines, where a drastic
slump can be seen after 600 °C in both cases. The inset of Fig. S1 (d)
further endorses this fact as the carbon-to-nitrogen ratio initially re-
mains steady however, as the pyrolysis temperature crosses the
threshold of 600 °C the ratio increases exponentially which may modify
the ORR kinetics and route followed during the activity.

3.3. Surface chemistry

As mentioned before, nitrogen doping can induce different types of
active moieties which may perform differently under varying electro-
lytic conditions. Therefore, the nature and fraction of different nitrogen-
based moieties were examined while benefiting from the surface sensi-
tivity of XPS. Importantly, as often the transition metal (TM) used is in
low percentage (below 1 wt%), the nitrogen spectrum is used to identify
“indirectly” the TM-N, moieties, additionally, the XPS is sensitive to just
a few nanometers of the surface, therefore, wrapping of iron species
within the carbon superficial layers may reduce the Fe signals [67,68].
The high-resolution N 1 s spectral signatures of the samples pyrolyzed at
different temperatures (from 200 to 1000 °C) under flowing Ar/Hj; are
provided in Fig. S2, whereas the N 1 s spectra correspond to the second
types of samples (pure Ar pyrolysis) are separately presented in the
Fig. S3. As areference, the XPS was also conducted on the non-pyrolyzed
mixture (referred to as ‘No HT). N 1 s signatures evolved primarily with
five different types of moieties i.e. pyridinic, Fe-Ny, pyrrolic, graphitic
and NOy, emerging at their typical binding energies (B.E) [23,65,
68-72]. Table S2 and Table S3 demonstrate the distribution of nitrogen
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and carbon-based species estimated by XPS examination of Ar/H, and
Ar pyrolyzed samples, respectively. The overall trends in the surface
chemistry can be divided into three main regions with respect to py-
rolysis temperature where major changes take place: (1) room temper-
ature to 400 °C, (2) 400-800 °C and (3) above 800 °C as categorically
displayed in Fig. 1. From Fig. 1(a), the relative evolution of Fe-Ny can be
appreciated. It is important to note that the series of the samples pyro-
lyzed in Ar/H; showed a positive relationship between the relative
proportion of Fe-Ny and pyrolysis temperature, however, in Ar pyro-
lyzed series initially Fe-Ny increased with temperature and reached its
maximum level at 500 °C (sample Fe(Ar) 500) and then started
declining where the lowest Fe-Ny was present in the Fe(Ar)_800 and Fe
(Ar)_900. This observation is relatable to the XRD outcomes of the Ar
pyrolyzed samples where Fe(Ar) 800 and Fe(Ar)_ 1000 indicated the
presence of iron-oxide-based nanoparticles. From the distribution of
pyridinic nitrogen displayed in Fig. 1(b), its content initially shot up
with temperature to 400 °C for both series of samples. However, in the
case of a reducing atmosphere, pyridinic nitrogen moieties came out to
be a maximum in the Fe(Ar/H3)_500 and then started diminishing as the
pyrolysis temperature increased but after 800 °C more pronounced
reduction was witnessed. While for the Ar pyrolyzed counterparts, the
highest fraction of pyridinic was obtained at 800 °C and then plum-
meted drastically. On the other hand, the least amount of pyrrolic ni-
trogen was witnessed in the range of 500-700 °C for both categories of
the ECs and afterward, it began to increase rapidly with temperature as
can be seen in Fig. 1(c). From Fig. 1(d), an opposing trend in the dis-
tribution of graphitic nitrogen can be seen between Ar and Ar/Hj
samples but in any case, the extent of graphitic nitrogen leaned upward
after 800 °C which is favorable due to the higher temperatures. Lastly,
the NOy (Fig. 1(e)) demonstrated negative drifts concerning the pyrol-
ysis temperature however, their proportion again increases at the higher
temperatures of 900-1000 °C. Fig. 1(f) displays the alteration in the
extent of sp>-type surface carbon at different pyrolysis temperatures
where a clear gain in sp? content can be seen in the ECs pyrolyzed above
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800 °C.

3.4. Morphological investigation

Next, the morphological progressions along with chemical trans-
formations in the pyrolyzed samples were visualized by means of high-
resolution transmission electron microscopy (HRTEM). HRTEM images
showed that both for pyrolysis in Ar/Hy and Ar the formation of Fe
nanoparticles starts between 500 and 600 °C (Fig. S4 & S5). Below this
threshold, only amorphous carbon and ruptured graphitic domains exist
without the presence of metallic nanoparticles. This fact can be further
confirmed by the micrographs reported in Fig. 2, where a comparison of
the high-magnification morphology of the as-developed samples is re-
ported. At 400 °C only the carbon framework with a typical mixture of
defective graphitic and amorphous domains is present, confirming the
atomic level dispersion of Fe-Ny species (Fig. 2(a & b)). On the other
hand, at 600 °C in Ar/H, the formation of nanoparticles consisting of
iron and oxygen can be easily seen. Remarkably, these nanoparticles had
a core-shell structure with an oxygen-depleted core and an oxygen-rich
shell. The HRTEM analysis clearly indicates a core-shell structure with
different crystalline features that may be ascribed to a magnetite core
with a FeyOj3 shell. Differently, the nanoparticles that emerged in the Ar
pyrolyzed samples i.e. Fe(Ar)_600 and Fe(Ar)_800 demonstrated a more
condensed structure without any shells (Fig. 2(d & f)). To further explore
the elemental distribution in the pyrolyzed samples, a scanning trans-
mission electron microscope (STEM) coupled with energy dispersive X-
ray (EDX) was performed, in order to acquire compositional maps,
enabling the better visualization of elemental distribution. The acquired
high-angle annular dark-field (HAADF) images along with the corre-
sponding EDX area maps for the samples pyrolyzed at 400 °C, 600 °C
and 800 °C under flowing Ar/H; and pure Ar are presented in Fig. 3. At
400 °C, the metallic coalescence and nanoparticle development seemed
to be restricted in both pyrolyzing environments. Both Fe(Ar/H3)_400
and Fe(Ar) 400 showed the homogenous distribution of iron and
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10/

10 nm

Fig. 2. HRTEM images of the Ar and Ar/H, pyrolyzed samples. HRTEM micrographs of Fe(Ar/H,)_400 (a), Fe(Ar)_400 (b), Fe(Ar/H,)_600 (c), Fe(Ar)_600 (d), Fe(Ar/

H,)_800 (e) and Fe(Ar)_800 (f).

nitrogen throughout the carbon framework. However, cube-like nano-
particles are evident in the samples pyrolyzed at 600 °C and 800 °C.
Interestingly, as the temperature increases also the size of nanoparticles
increases. It is pertinent to note that in general, the nanoparticles
evolved in pure Ar pyrolyzed samples have a larger size compared to
those developed in the Ar/H; counterpart. This might also explain why
the peaks of the iron oxide in the XRD patterns are evident in the Ar-only
sample (Fig. S1 (b) on XRD). The downward trend in Fe-Ny for Ar py-
rolyzed samples after 500 °C also suggests the enhanced diffusion of
atomic iron and accelerated coalescence and growth of nanoparticles.

3.5. X-ray absorption spectroscopy

XAS spectra for the speciation of Fe-based moieties during the
development of Fe-Nx-C under Ar or Ar/H; were recorded in both in-situ
and ex-situ settings. XANES and EXAFS spectra have been analyzed
using the Athena software (Demeter Package) [55,73]. The XANES
spectra are shown in Fig. 4, and the main features of FePc (1-5) are
highlighted on the top axes. In Fig. 4, XANES profiles of the FePc, on the
upper plots, the spectra collected on samples pyrolyzed in Ar/H, at-
mosphere (Fig. 4(a & b)), on the lower plot, the spectra collected on
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Fig. 3. HAADF-STEM and EDX mapping of the samples pyrolyzed under slightly reducing atmosphere (a) Fe(Ar/Hz)_400, (b) Fe(Ar/H,)_600 and (c) Fe(Ar/H2)_800.
Whereas corresponding HAADF-STEM and EDX mapping of Ar pyrolyzed samples are shown in (d) Fe(Ar)_400, (e) Fe(Ar)_600 and (f) Fe(Ar)_800.

samples pyrolyzed in Ar atmosphere (Fig. 4(c & d)). On the left, the data
collected ex-situ, on the right, the data collected in-situ. In the insets, the
region of the pre-peaks is highlighted. The first thing that can be
observed, independently from the environment and the analysis condi-
tion (in-situ or ex-situ) is that the spectra undergo a significant change
between 600 °C and 700 °C. Below these temperatures the spectrum
well-resemble the one of FePc, and only rearrangements in the molec-
ular structure take place; above, different phases start to form. To
observe the changes in the molecular structure below 600 °C, the
pre-peak evolution was studied, as it describes the changes in the co-
ordination, folding and symmetry of the central iron; after the formation
of the different phases, instead, a linear combination fitting (LCF) of the
XANES spectra and the analysis of the EXAFS allows to distinguish the
new different phases.

The in-situ and ex-situ measurements show very different behaviors
for the spectra below 600 °C, indeed in the case of the ex-situ mea-
surements, few changes occur in this temperature range both in the pre-
edge peak region (peaks 1, 2) and above the edge (peaks 3-5). As shown
by [74-771, peaks 3-4 are related to 1 s—4pz transitions while peak 5 is
related to 1 s—4px,y transition, even if in the ex-situ measurements their
intensity is stable, in the in-situ experiments, it can be observed that
their intensity changes, in particular peak 4 decreases, and the spectrum
collected at 600 °C mostly resembles the spectrum of microcrystalline
FePc [76]. Instead in the pre-edge region, not only the pre-peaks 1 and 2
are observed, but also a third pre-peak (A), which is less intense in the
in-situ spectra collected above 200 °C.

To evaluate the effects of temperature on the symmetry change, a
pre-peak fitting has been performed using Python (version 3.10) Imfit
(version 1.1.0) package [78,79]. The baseline has been fit with an atan
function, while the peaks have been fit with five pseudo-Voigt functions.
The fit has been performed in two steps: (I) a pre-fit of the background
and (II) a fit of the peaks with a background correction. The intensity of
each peak (calculated as the area underneath the peak) has then been
reported in Fig. 5).

As can be observed in the ex-situ measurements, not many changes
are visible, but a slight decrease of peak A and an increase of peak 2 are
detected as the temperature of pyrolysis increases. Instead, for the in-
situ measurements, it can observed that pre-peak A decreases and dis-
appears in the samples heated at 500 °C, while peak 2 increases signif-
icantly. Pre-peaks 1 and A are related to the dipole-forbidden quadruple-
allowed 1 s—3d transition, while pre-peak 2 is related to the 1 s—4pz
transition. A change of intensity in these two pre-peaks is related to the
change of geometry in the system, from Cy4, (tetragonal pyramidal) to
D4y (tetragonal) symmetry (and vice versa), most probably related to
the desorption (adsorption) of oxygen. As stated in [75,76], the increase
of temperature in the in-situ measurements shows the desorption of
oxygen and the change from a pyramidal to a planar geometry. In par-
allel, the small changes in the pre-peaks of the ex-situ measurements
suggest that after being exposed to air, oxygen is again adsorbed by the
FePc with the formation of (FePc)20. TM-N,-Cs are already known for
their biomimetic behavior similar to natural enzymes i.e. heme-copper
oxidase (cytochrome-c-oxidase and ubiquinol oxidase) or hemoglobin
[20]. TM-N-Cs precisely complement the architectural and functional
fidelities of such enzymes where the central metallic atom i.e. Fe has a
strong affinity for the binding of oxygen. In the hemoglobin, the heme Fe
(ID) is coordinated with four porphyrins (nitrogen-containing rings) li-
gands and when it interacts with oxygen, it instantaneously binds to it,
producing the octahedral Fe-complex. A similar scenario prevails during
the ex-situ measurements as the FePc-derived Fe-Nx-C ECs are exposed
to the room atmosphere after pyrolysis and the oxygen from the sur-
rounding tends to attach on the Fe sites as a fifth ligand which was not
observed during the in-situ measurements due to the controlled envi-
ronment and oxygen desorption due to temperature and absence of
oxygen in the surrounding atmosphere. This observed phenomenon is
interestingly fully in line with an established methodology to estimate
active-site density and turnover frequency of TM-N-Cs using CO cryo
adsorption in which EC is cleaned before CO sorption via thermal
annealing at 600 °C [80,81] because O3 is supposed to bind to Fe-Ny as
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the EC exposes to open environment [81,82].

The changes above 600 °C reflect the formation of new phases which
can be better described by observing the EXAFS spectra (Fig. S6 in the
SI) and their Fourier transform (Fig. 6). At lower temperatures, the main
peaks observed are those at 1.5 A due to the backscattering from the four
N atoms, at 2.6 A (backscattering from the eight pyrrole carbon atoms
bonded to nitrogen) and at 3.2 A (related to the backscattering from the
four bridge nitrogen atoms). The left tail of the 1.5 A peak may cover the
peak related to the Fe-O backscattering which is found at 1.2 A.

In the ex-situ measurements, the changes are nearly negligible until
700 °C. In the in-situ measurements, a decrease is observed in the peaks’
intensity; besides, it must be considered that the lattice vibration caused
by the increase in temperature increases the thermal disorder, which
smears out the EXAFS oscillation. The main changes are observed above
700 °C: in the ex-situ Ar/H; samples, an intense peak at 2.1 A and two
peaks at 4.1 A and 4.8 A appear, related to Fe-Fe bond in an FCC ge-
ometry (Austenite or y-Fe, Fig. S7 in the SI); in the sample pyrolyzed in
Ar atmosphere, the iron peaks are not present, but a wider band around
2.5-3 A, where lies Fe-Fe and Fe-O peaks of magnetite, can be observed.
This observation truly agrees with the XRD and HRTEM outcomes where

the samples pyrolyzed above 600 °C in the Ar atmosphere categorically
showed the growth of oxide nanoparticles.

The transformations occurring during the pyrolysis can be investi-
gated with the XANES LCF. As reference spectra, the spectra of
magnetite was employed, already found with XRD analyses, a-Fe, y-Fe
and FePc. The Pc reference employed for the in-situ measurements is the
one collected at 500 °C, as the oxygen desorption has to be considered,
while for the ex-situ measurements, the sample heated at 200 °C was
considered. The results of the LCF (see Figs. S8-9) are summarized in
Fig. 7. It is possible to clearly observe the decrease in the Pc percentage
and the formation of new phases during the pyrolysis. In the ex-situ
measurements, the presence of magnetite is higher, especially in those
pyrolyzed in Ar atmosphere and magnetite seems to be the principal
phase. In general, the BCC structure of iron (a-Fe) is more present in the
samples measured in-situ. However, considering that for those mea-
surements, the data were collected up to 850 °C, an overall increase of
metallic iron during the pyrolysis can be observed. Hence, it can be
inferred that at higher temperatures, particularly above 600 °C, the ECs
tend to break the single-atom configuration due to considerable
coalescence-assisted growth of metallic nanoparticles and this
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phenomenon might alter the electrocatalytic activity of the ORR.

3.6. ORR activity in acidic media

In the subsequent phase of the study, RRDE was used to probe the
electrocatalytic activity parameters. ORR activities of the developed ECs
under different pyrolysis circumstances were studied in acidic and
alkaline media to simulate their ultimate cathodic employment in
proton-exchange membrane fuel cells (PEMFCs) and anion-exchange
membrane fuel cells (AEMFCs), respectively. The RRDE outcomes in
acidic media (Oy-saturated 0.5 M HySOy4) are illustrated in Fig. 8 and
Fig. S10 (EC loading of 0.6 mg cm™2). From the linear sweep voltam-
mograms (LSVs) presented in panel (a) of Fig. 8, ORR kinetics launched
by the ECs can be appreciated. In the beginning, as the pyrolysis tem-
perature increased under both Ar and Ar/H; flow, separately, the LSVs
of the corresponding evolved ECs tended to shift towards the right side
where the most positive shifts were observed for Fe(Ar)_600 and Fe(Ar/
Hy)_600, indicating a relative decrease in the overpotentials. However,
ORR activities started declining for the ECs obtained above 600 °C as the
corresponding onset potentials (Eonset) and limiting current densities
(Jiimiting) Went on diminishing as a function of pyrolysis temperature.
The worst ORR kinetics were exhibited by the samples obtained above
900 °C (refer to Fig. S10(a)). The trends of Egpset and Eq /5 in the acidic
medium are additionally provided in Fig. S11(a), signifying an initial
upshift in the Eqgpger and E; /2 up to 600 °C followed by a drastic drop for
ECs acquired at and above 700 °C. Another interesting contrast also
prevails between the pyrolysis atmospheres where the samples fabri-
cated under pure Ar demonstrated considerably higher Jjmiting. Such a
trend of performance could be linked with the structure and surface
chemistry that evolved during the pyrolysis. As the pyrolysis tempera-
ture increases the proportion of Fe-Ny and pyridinic nitrogen sites in-
creases and reaches its maxima in the vicinity of 600 °C. Interestingly
initially pyrrolic and graphitic nitrogen also followed a negative trend
up to 600 °C and then increased as the temperature increased. Overall
both types of samples (series pyrolyzed in Ar or Ar/Hj,) displayed a
negative correlation with the pyrolysis temperature as illustrated in

Fig. S11 (b-c). Moreover, to figure out the reduction pathway of the O,
the ring current densities were collected and have been demonstrated in
Fig. 8(b) and Fig. S10 (b). The ring current densities increased as
overpotential proceeded, however, the trend after 800 °C changed
importantly. The ring current densities of Fe(Ar) 800 and Fe(Ar/Hy)
_800 increased initially and then dropped at the higher overpotential
values and such fashion was also observed for the samples fabricated at
900 and 1000 °C (Fig. S10 (b)). The ultimate upshot of the aforesaid
divergences can be visualized in the aptitudes of peroxide generation. Fe
(Ar)_600 and Fe(Ar/Hj) 400 exhibited the least peroxide production
throughout the potential window and gave the impression of a direct
tetra electronic electro-reduction with electron transformations (n) close
to 4 as can be seen in Fig. 8(c-d). However, samples fabricated at and
above 800 °C suggested a 2 x 2 e reduction route which means that the
peroxide produced at the lower overpotential would have reduced
stepwise at the secondary sites as the overpotential proceeded. The in-
sets of Fig. S11 (b-c) present the peroxide production capacities where
the Ar pyrolyzed ECs exhibited a clear positive relationship between
peroxide production and pyrolysis temperature.

3.7. ORR in alkaline media

It is well-known in the community that as the pH of the electrolytic
media shifts the reaction, the role of the active moieties also gets
modified which ultimately alters the overall reaction mechanism [48,
83-87]. Therefore, the ORR performance of the ECs achieved under
varying pyrolysis conditions was additionally monitored in an alkaline
medium (Os-saturated 0.1 M KOH) using RRDE in a similar arrange-
ment. From the LSVs provided in Fig. 9(a) and Fig. S12 (a), negative
tendencies in the ORR activities can be seen as the pyrolysis temperature
proceeds. The Eqpser and the Ej /5 calculated in the alkaline media for the
corresponding ECs came out to be significantly higher compared to the
values estimated under acidic conditions. According to Brocato et al.
within the acidic range of pH the rate-determining step is independent of
proton concentration whereas in alkaline conditions the first electron
transfer constitutes the rate-determining step and in addition, the
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peroxide intermediate forming in the alkaline medium is relatively
stable on the Fe?" sites, opposed to the intermediate forming in acidic
medium and hence to some extent augments the half-wave potential
[83]. With each increment in the pyrolysis temperature, the estimated
values of the Egpset and Ej /2 for the corresponding EC went on declining
(Fig. S13 (a)). The optimum Egpeer and Ej o were realized by the ECs
pyrolyzed between 600 and 700 °C in both atmospheres i.e. Ar and
Ar/H,, however, a prompt reduction in the Egpger and E; 5 was seen
afterward. Again, the samples pyrolyzed in Ar owing to their higher E; /o
and Jjimiting, performed slightly better than the ones pyrolyzed in Ar/Ha.
Temperature-dependent shrinkage of Jjimting Was more prominent in the
alkaline media. In parallel, the ring current densities (Fig. 9(b))
increased as the overpotential continued. Correspondingly, peroxide
production also increased with respect to the pyrolysis temperature,
where the samples fabricated in pure Ar atmosphere produced relatively
less peroxide. It is important to underline that the peroxide yield at
higher overpotentials was significantly increased after 600 °C, speci-
fying an absolute alteration in the reduction pathway also in an alkaline
medium. Fig. S13 (b-c), categorically illustrates the downward shift in
the Jjimiting With a definite upsurge in the peroxide production along the
progression of pyrolysis temperatures in both types of atmospheres.

3.8. Structure-to-property relationships

To affirm the relationship between the evolved structural features
and corresponding ORR activities, surface chemistry was first associated
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with performance descriptors through principal component analysis
(PCA) and the achieved biplots are presented in Fig. 10. PCA underlines
the correlations and anti-correlation among independent variables in
which multi-colinearities exist and through linear (or non-linear) com-
binations it compresses the data into the most important principal
components (PCs). Therefore, PCA has already been opportunely
applied to relate the performance to the structural attributes of the ORR
ECs derived at different stages of the fabrication pathways [64,70,88,
89]. The first PC demonstrates the maximum variance possible while the
second PC (orthogonally aligned) possesses the largest possible variance
[90,91]. The variables such as surface active species identified via XPS,
performance parameters recorded through RRDE and pyrolysis tem-
peratures that have greater relevancy are clustered as a group on the
biplot. From biplots in Fig. 10 (a-b) it can be seen that samples acquired
in the range of 500-700 °C both in Ar and Ar/Hj, are directly linked with
the ORR kinetic parameters i.e. Eqonset, E1/2 and Jimiting in the acidic
medium due to abundance of Fe-Ny and pyridinic nitrogen as they are
present in close vicinity of each other on the biplots. Similar correlations
were revealed when PCA was applied to Ar and Ar/Hj pyrolyzed sam-
ples for the alkaline medium as given in Fig. 10 (c-d). The peak ORR
performance for the ECs pyrolyzed in the temperature range of 600 °C in
both atmospheres has already been discussed in detail in the previous
sections that could be attributed to a suitable combination of the most
active moieties as revealed through HRTEM, XPS and XAS. Till 600 °C,
an excellent balance of optimal nitrogen amount (that drastically de-
creases afterward as shown by CHNS analysis), high Fe-Ny content, a
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good proportion of pyridinic nitrogen, limited pyrolytic and graphitic
nitrogen, defect-rich carbonaceous structure (relatively lower sp?) and
most importantly restriction in the coalescence and growth of Fe-based
oxide NPs prevail. However, the whole scenario extraordinarily changes
above 600 °C. It is well-known that Fe-Ny are the primary sites to carry
out tetra-electronic electro-reduction of oxygen [23,92,93] and a drop in
quantity of Fe-Ny at higher temperatures could be one of the major
reasons for the decay in the performance. Recently, Lu et al. also expe-
rienced the extraordinary performance of their multivalent hybrid EC
particularly due to a higher proportion of pyridinic and M-Nx active sites
[94]. Pyrrolic nitrogen is known to launch bi-electronic ORR, whereas
pyridinic nitrogen can reduce the generated peroxide into water and
complete the reaction in the second step [23,95,96]. Typically pyridinic
nitrogen and hydrogenated nitrogen functionalities such as pyrrolic are
predominately formed at the edges of the graphitic planes by
substituting the carbon atoms located at the edge and making the edge
defects electrochemically more active than the in-plane carbon atoms
[37,96]. The strong electron affinity of nitrogen present in such defects
makes the adjacent carbon more electropositive which facilitates the
adsorption of oxygen and intermediates during ORR and enhances the
reaction rates [37,97]. However, the carbon atoms next to the pyrrolic
nitrogen are relatively more electropositive than those present in the
surrounding of pyridinic nitrogen [63]. Quite captivatingly, between

11

500 and 700 °C (in both Ar and Ar/H,) the least amount of pyrrolic
nitrogen with higher pyridinic nitrogen and Fe-Ny content can syner-
gistically lead to the direct and complete O reduction in a four-electron
fashion. Moreover, the graphitic nitrogen could be another factor to
limit the ORR activity which was at a maximum in the ECs pyrolyzed
above 800 °C and showed the least Eqpget and Eq /5 in every situation.
Graphitic nitrogen is widely known to contribute to peroxide formation
during the ORR [64,93,98] as the positive charge of the graphitic ni-
trogen imparts a negative charge on the surrounding carbon through a
screening effect that hinders the adsorption of oxygen.

To extend the understanding of the origin of the activity of individual
relationships between surface chemistry and performance parameters
have been provided in supporting information (Fig. S14-17). However,
the pyridinic nitrogen seemed to have a marginal impact on the
enhancement of E; » of the Fe(Ar) series but pyridinic nitrogen made a
positive relationship with the peroxide production. Moreover, pyrrolic
and graphitic nitrogen became the cause of the subsequent reduction in
the E;,» where increments in the graphitic nitrogen content not only
diminished the Jjmiting but also led to peroxide enhancement. Interest-
ingly, NOx made beneficial correlations where Ej/2 and Jjimiting clearly
increased with an increase in the NOy proportion, while reducing the
extent of peroxide formation Fig. S14 (j-i). On the other hand, in the Fe
(Ar/Hy) samples, Fe-Ny did not show any direct relationship with the E,,
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2 and Jjimiting, While positively influencing the production of peroxide as
can be seen in the first three panels of Fig. S15. Here a bit of care is
needed, the performance parameters cannot be solely related to the
presence of Fe-Ny in the Fe(A/Hj) samples despite their proportional
increases with temperature. In fact, other peroxide-producing moieties
are also formed at higher pyrolysis temperatures. Remarkably, pyrrolic
nitrogen although slightly reducing the Jimiting clearly lowered the
peroxide production where the 2 x 2 ORR pathway may prevail Fig. S15
(h-i). Furthermore, graphitic nitrogen tended to lower the E;/; but
didn’t show any appreciable relationship with peroxide generation,
whereas NOy similarly increased the Jjmiting. While associating the
surface chemistry with the performance descriptors observed during the
ORR measurements in the alkaline medium, the Fe(Ar) series demon-
strated similar trends observed during the acidic measurements. Fig. S16
(a-c) revealed the positive relationship between Ej /2 or Jjimiting and Fe-
Ny where it also emerged as the obstructer of peroxide production.
Where pyridinic nitrogen opted the way of lowering Jjmiting, pyrrolic
nitrogen tended to increase it, while reducing the E;/5. Graphitic ni-
trogen again pushed the ORR activity towards a bi-electronic fashion by
diminishing the E; /2 and Jiimiting together with a drastic upsurge in the
peroxide production as the trends presented in Fig. S16 (g-i). Moreover,
NOy showed a positive relationship with kinetic parameters and a ten-
dency to lower the peroxides. The trends for the Ar/Hy pyrolyzed sam-
ples in the alkaline (Fig. S17) almost remain the same as they
demonstrated in the acidic medium.

The next most important factor controlling the ORR activity is the
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speciation of Fe-based moieties as revealed through HRTEM and XAS
analysis. Through XAS analysis, it was confirmed that till 600 °C Fe is
largely present as an atomically dispersed moiety while maintaining the
configuration of FePc (Fe-Ny4) but certainly also Fe-N3 and Fe-N» active
sites are present, however, it is impossible to discriminate these active
sites. The ex-situ measurements confirmed that oxygen is present and
bound with the central Fe atom forming the fifth ligand. However, Fe-Ny
is undoubtedly the most active inherent site of the single atom Fe-Ny-Cs
[99,100]. Therefore, enhanced kinetics of the ORR activity with direct
tetra-electronic reduction pathway was witnessed till 600 °C and after-
ward went on decaying. Xie et al. have recently confirmed the superior
ORR activity due to atomically dispersed Fe-Ny active sites which show
optimum adsorption and then reduction of oxygen [100]. Temperature
increments after 600 °C led to the coalescence and growth of iron oxide
nanoparticles. Through XRD and XAS, it was established that the
nanoparticles formed during pyrolysis under flowing Ar are Fe3O4
whereas the relatively smaller nanoparticles evolved in the Ar/H, have
core-shell-like structures as revealed through HRTEM analysis where the
shell seemed to be richer in oxygen. The effects of Fe3O4 co-presence in
the ECs with active sites of the type Fe-N,-C towards ORR have also been
studied in previous reports [96,101,102]. From the electrochemical
outcomes, the least activity was observed for the ECs pyrolyzed at higher
temperatures where the peroxide production was also enhanced signif-
icantly. However, in acidic media, the 2 x 2 reduction pathway can be
observed, where the peroxide yield was higher initially but at a larger
overpotential, it was reduced. Tylus and co-workers have undeniably
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Fig. 9. Alkaline ORR activity of samples pyrolyzed under different pyrolysis conditions, LSVs in 0.1 M KOH at 5 mVs™ (a), ring current densities (b), generation of

peroxide (c) and electron transfer trends (f).

elucidated that in alkaline media Fe-Ny are the prime sites for ORR,
however, in acidic conditions, Fe-based nanoparticles in close vicinity of
Fe-Ny act as a secondary site to the stepwise reduction of the produced
peroxide to water [66]. Nevertheless, a lower proportion of Fe-Ny and
the evolution of nanoparticles in the ECs pyrolyzed at higher tempera-
tures affect the ORR activity and pathway.

4. Conclusions

In a nutshell, a systematic approach was adopted to study the tem-
perature- and atmosphere-dependent developments of active site
structures in the Fe-Ny-C. Commercial electroconductive carbon black
(Ketjenblack EC-600JD) was functionalized with 10 wt% FePc during
the course of pyrolysis from room temperature to 1000 °C in two
different atmospheres i.e. inert atmosphere by pure Ar and slightly
reducing atmosphere of Ar/H,. Through a combination of advanced
microscopic and spectroscopic techniques the evolution, growth and
transformation of active moieties were elucidated and a structure-
property relationship was constructed by testing the ORR response of
the samples acquired at different temperatures and under different at-
mospheres using RRDE in acidic and alkaline media. The best per-
forming in terms of the highest Eqnset and direct tetra electronic
reduction pathway was observed with the Fe(Ar) 600 and Fe(Ar/Hs)
_600, in both media. Above this temperature not only the overpotentials
were significantly increased but also the reduction pathway was modi-
fied into a 2 x 2 fashion. Through XRD, HRTEM and XAS, it was
observed that till 600 °C an atomic level distribution of Fe in Fe-Ny co-
ordination is maintained and afterward oxide nanoparticles start
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emerging, where the growth of the nanoparticles was accelerated in the
Ar atmosphere. XRD and XAS confirmed the presence of Fe3O4 type
nanoparticles in the samples pyrolyzed above 600 °C under pure Ar,
while with the help of HRTEM a core-shell-like structure of Fe oxide
nanoparticles was visualized in Ar/H, pyrolyzed samples where the
shell was richer in oxygen content. Remarkably, XAS fine structures for
in-situ and ex-situ measurements showed interesting results indicating a
substantial structural modification due to the attachment of the oxygen
as a fifth ligand (pyramidal structure) as the ex-situ samples were
exposed to air after the pyrolysis. In-depth surface chemistry evaluation
through XPS also confirmed the best balance of nitrogen-based moieties
in the vicinity of 600 °C with the highest proportion of Fe-Ny and pyr-
idinic structures, lower content of pyrrolic and reduced content of
graphitic nitrogen. However, the individual response of the pyrolysis
atmosphere varies slightly. By developing a processing-structure-
performance relationship, it is confirmed that pyrolysis at 600 °C is
the optimum temperature to have the best ORR electrocatalytic activity
due to a favorable combination of surface chemistry, suitable morpho-
logical features and atomic level dispersion of Fe-Ny active sites with
restriction of nanoparticle coalescence and growth. While the pyrolysis
under flowing Ar produces a slightly improved outcome.
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