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I[ron nitrogen carbon (Fe—N-C) catalysts are among the most promising non-platinum group metal
catalysts for the oxygen reduction reaction (ORR). Their activity and stability are considerably influenced
by the structure of the C-support. New biochar materials offer native heteroatom doping, making them
a promising precursor for Fe—-N-C catalysts. In this study, we apply operando X-ray absorption
spectroscopy at the Fe K-edge to characterize the atomic Fe-based active sites of a commercial Fe—N-
C catalyst, a carbon black-based catalyst as well as a novel biomass-based Fe—N-C catalyst. We
compare the density and the potential-dependent nature of the FeN,-type active sites during operation.
Our results demonstrate that the novel biomass-based catalyst exhibits a higher active-site density
compared to commercial and carbon black-based Fe—N-C catalysts. Moreover, dynamic detection of

the Fe K-edge intensity during potential cycling reveals that their reversible iron redox potential is lower
Received 11th March 2024 d to that of tional catalysts. Evaluation of the Fe K-edge shift as well as of the extended
Accepted 12th April 2024 compared to that of conventional catalysts. Evaluation of the Fe K-edge shift as well as of the extende
X-ray absorption fine structure (EXAFS) suggests hetero-atom doping and iron under-coordination as

DOI: 10.1039/d45e00342) potential causes for the observed differences. These insights open the pathway to develop new
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Introduction

Transforming the energy supply towards renewable power
sources increases the demand for long-term and flexible energy
storage in regenerative fuels such as hydrogen. The slow
kinetics of the oxygen reduction reaction (ORR) limits the effi-
ciency of reconverting hydrogen in fuel cells to provide elec-
tricity." To make such systems available for a broad community,
cheap and abundant transition metal-based ORR-catalysts need
to be developed. One of the most promising classes of non-
platinum group metal catalysts are iron-nitrogen-carbon (Fe-
N-C) materials, most of whose active sites are Fe-N, moieties
incorporated in a graphitic carbon support.>® In general,
different coordination environments of iron species such as
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optimization strategies for Fe—N-C catalysts based on biomass support materials.

FeN,, FeN; and FeN, can be present. Specifically, FeN,-type
sites, in which iron is coordinated to four nitrogen neighbors
similar to the D,,-geometry of porphyrin, or FeN,.,-type sites, in
which a fifth ligand is coordinated perpendicular to the square
planar nitrogen ligands, are thought to be the most active sites.*
The different implementations of these sites within the gra-
phene support and consequent coordination geometries
determine their activity for the ORR.>” Material optimization is
focused on the enhancement of the intrinsic activity and
stability as well as the number of active sites within the catalyst
material. These properties are mainly influenced by the number
and type of functional groups implemented in the carbon
support used for synthesis. Thus, the choice of the support
material is crucial for the activity and durability of these
catalysts.>**° Recently, new biomass-derived support materials
have been investigated."*®* The high amount of functional
groups and heteroatoms present in biomass-based materials as
well as their high porosity promises to be beneficial for elec-
trocatalytic applications.” Moreover, in contrast to conven-
tional carbon materials made from fossil resources, biomass-
substrates are regrowing and thus more sustainable.'®"

In our previous studies we showed that the use of phos-
phoric acid activated rye straw or coconut shells as a carbon
support for Fe-N, sites results in Fe-N-C catalysts with high
nitrogen contents (~10 at%) and the presence of P-species (~2
at%)."® Thin-film analysis showed that the biomass-based Fe-
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N-C catalysts have comparable mass activities to a carbon
black-based Fe-N-C and a significantly higher stability against
carbon corrosion." The implementation of biomass-based Fe—
N-C catalysts and a carbon black-based Fe-N-C in a high
temperature proton exchange membrane fuel cell showed
lower performance compared to that of a commercial Fe-N-C
catalyst which was mainly attributed to non-optimized elec-
trode preparation and high hydrophilicity of the catalyst.*® To
date, the nature of the active centers in the novel biomass-
based Fe-N-C catalysts has not yet been studied and it
remains unclear whether the same active centers as on carbon
black based and commercial Fe-N-C catalysts are formed.
Therefore, a better understanding of the correlation
between the properties of the support material and the char-
acteristics of the active moieties is necessary for systematic
improvement.

In this contribution, we use operando X-ray absorption fine
structure (XAFS) to characterize three different Fe-N-C catalysts
based on biomass and conventional supports. Fe K-edge X-ray
absorption near-edge structure (XANES) spectra as well as the
Fourier transform of the EXAFS-region are used for finger-
printing to identify different iron-containing phases present in
the catalysts. The amount of iron based active sites is further
elucidated by a linear combination analysis of the Fe K-edge
XANES-spectra as well as the Fe K-edge change upon oxida-
tion. Moreover, operando cyclic voltammetry X-ray absorption at
fixed energies at the Fe K-edge is used to identify the iron-site
redox processes. Fitting the Fourier transform of the Fe K-
edge EXAFS-region enables determining more details about
the geometry of the active sites.

Materials and methods

Catalyst preparation

Details of the catalyst synthesis of the carbon black (Fe-N-
oxBP)- and phosphoric acid activated coconut shell-based (Fe-
N-aCoCo) catalysts can be found in our previous publication.'®
In brief, support-based catalyst synthesis was applied using
oxidized commercial Black Pearls® 2000 (Cabot) and phos-
phoric acid activated coconut shells.*® First, 100 mg of the
support were impregnated with 421 mg of cyanamide (Sigma
Aldrich) and 16.25 mg iron(u) acetate (Sigma Aldrich) in 4 mL
ethanol (Carl Roth) in a sonication bath. After drying the
impregnated carbon in a vacuum oven (16 h, 30 °C), a first
pyrolysis step at 900 °C (5 °C min ") was applied for 1 h under
nitrogen flow in a tube furnace. Next, an acid leaching step with
2 M H,S0, (Carl Roth) for 16 h at 90 °C was applied followed by
washing until a neutral pH was reached, drying and a second
pyrolysis similar to the first pyrolysis. Additionally, in this study
we included a commercial Fe-N-C catalyst (PMF-011904) from
Pajarito Powder (Fe-N-Comm). The catalyst powders were
doctor blade coated on a glassy carbon plate (Sigradur K,
thickness 100 pm, HTW GmbH) cell. For this, an ink consisting
of 50 mg catalyst powder, 166.6 mg of 2-propanol and 62.5 mg of
Nafion solution (20 wt% in lower aliphatic alcohols and water,
Sigma Aldrich) was used. Loadings in the range of 1.2-3.7 mg
cm? were reached.
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Operando XAS setup

The operando X-ray absorption spectroscopy measurements
were carried out at the KMC-3 beamline at the BESSY II
synchrotron radiation facility in Berlin, Germany, using the
CryoEXAFS experimental station.®® The samples were
measured in a home-designed cell, which implements the
catalyst-coated glassy carbon membranes as the working
electrode, an Ag/AgCl reference electrode (ItalSens) and a Pt-
wire (thermocouple quality, Sigma Aldrich) as the counter
electrode. The cell was filled with 0.1 M HCIlO, as the elec-
trolyte. The electrolyte was stirred and purged with oxygen gas
during the measurements in order to maintain oxygen satu-
ration. The electrode potential was controlled using a BioLogic
SP-300 potentiostat.

Operando XAS characterization

X-ray absorption near-edge structure (XANES) and extended X-
ray absorption fine-structure (EXAFS) were measured at the Fe
K-edge of the samples in fluorescence mode with a constant
electrode potential applied. Static experiments were carried
out at electrode potentials of 1.0, 0.8, 0.6, 0.4 and 0.2 V vs.
RHE, respectively, starting from the highest electrode poten-
tial. At least 5 individual spectra were recorded for each
potential and averaged in order to optimize counting statis-
tics. During operando cyclic voltammetry (OPCV) measure-
ments the incident photon energy was fixed at 7124 eV and the
fluorescence yield (FY) was recorded while sweeping the
potential between 1.2 V vs. RHE and 0.1 V vs. RHE with 10 mV
s '. The recorded FY-data were smoothed based on binomial
filtering and the derivative was computed using the Igor Pro
software.*

XANES and EXAFS data evaluation

The photon energy was calibrated based on the Fe K-edge
position of metallic Fe foil (7112 eV). The FY signal of the XA
spectra was divided by the intensity I, of the incoming X-ray
beam and normalized to an edge-height of 1. The Athena soft-
ware® was used for calculating the Fourier-transform of the
EXAFS-region (FT-EXAFS, FT(x(k))) of the XA spectra. Local
structure models were fitted to the EXAFS regions using the
Artemis software with FEFF 6 implemented.”® These models are
based on FeN,-type functional groups, which become reversibly
oxidized by chemisorption of oxygen at the Fe center. The Fe-O
bond length was assumed to be equal to the Fe-N bond length
and the coordination number of nitrogen in the reduced and
oxidized state was also assumed to be equal. The amplitude
reduction factor S,?> was assumed to be 1. The model thus
comprises seven free parameters: the average bond lengths of
the first shell in the oxidized and reduced state Roy and Rgeq, the
mean square radial displacements Sy and Sgeq Of the oxidized
and reduced state, the average coordination number of oxygen
N(Fe-O) as well as nitrogen N(Fe-N) within the first shell and
the photon energy shift E,. In the structure model, the nitrogen
ligands were optionally substituted by phosphorous, which has
been demonstrated to be present in Fe-N-aCoCo."®

This journal is © The Royal Society of Chemistry 2024
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Results and discussion

Three Fe-N-C catalysts were compared including Fe-N-C
catalysts based on oxidized black pearls and phosphoric acid
activated coconut shells as well as commercial Fe-N-C. All Fe-
N-C have similar bulk iron contents of around 1.3 wt%.>* An
electrochemical characterization of these catalysts can be found
in our previous publication.®

Iron-phase composition

As a first step the different iron-containing phases within the
samples were identified. Fig. 1A shows the near-edge region of
the Fe K-edge spectra of the catalysts in the oxidized state (solid
lines), i.e., with an electrode potential of +1.0 V vs. RHE applied,
in comparison with different reference spectra taken from the
literature (dashed lines). One observation is that the shape of
the XANES-region of Fe-N-aCoCo is distinctly different from
that of Fe-N-oxBP and Fe-N-Comm, whose spectra are quite
similar. The spectrum of Fe-N-aCoCo exhibits a pre-edge
feature at about 7112 eV, which can be attributed to the Fe 1s
— 3d transition. As this excitation is formally dipole-forbidden,
the intensity results from the weaker quadrupole transition, or
from hybridization of 3d and 4p states facilitating the partially
allowed Fe 1s — 3d4p transition. The latter can be caused by
deviation from a centrosymmetric coordination geometry like
Dyp.***® The feature at about 7112 eV was previously observed
for Fe™-porphyrin complexes>>*” and is also present in the two
reference spectra of Fe-N-C catalysts in Fig. 1A. The spectrum
reported by Jia et al.*” characterizes an Fe-N-C catalyst prepared
by pyrolyzing Fe-porphyrins mixed with black pearls, and the
spectrum reported by Fei et al®® characterizes an Fe-N-C
material prepared by implementing iron-nitrogen functional

A PreEdge White Line
T * T L T # ." T x T
El
S,
2
2
g —— Fe-N-Comm
£ i
," = = = Metallic Fe
K L === Fe,0;3
R il --- Fe-N-C Jiaetal.
o
L i L i 1 i L i L i
7110 7120 7130 7140 7150 7160

Photon Energy [eV]

View Article Online

Sustainable Energy & Fuels

groups into graphene frameworks. Both spectra can be modeled
by only FeN, species incorporated in a carbon matrix, and there
are no other iron phases present in the sample, as demon-
strated by the authors.”””® The spectral shape measured on Fe-
N-aCoCo is similar to both references, although some distinct
differences between the spectral shapes in the white-line region
are present in all three spectra. This suggests that the Fe-N-
aCoCo catalyst may also contain mainly FeN, species. The
different shapes of the spectra probably reflect the considerable
influence various types of distributions of FeN,-sites has on the
Fe K-edge XANES-region as demonstrated by Jia et al.””

The spectra of Fe-N-oxBP and Fe-N-Comm are quite distinct
from the Fe-N-C reference spectra by Jia et al. and Fei et al.
(Fig. 1A) and exhibit, in contrast to these spectra, a shoulder in
the rising edge at around 7115 eV. Such a shoulder is not
present in the spectra of iron oxides, but is characteristic for
metallic iron or iron carbide, as can be seen in Fig. 1A. A
shoulder at 7117 eV was previously found to be a fingerprint for
Fe''N, complexes in Dy, coordination.?*” As the spectra were
measured with oxidizing electrode potentials applied, the active
centers are in their oxidized Fe™N, state. Even active centers,
which are not in electrical or ionic contact, are expected to be
oxidized due to the presence of oxygen.*> Consequently, Fe"'N,-
species cannot account for the shoulder in the spectra of Fe-N-
oxBP and Fe-N-Comm. This shoulder can thus rather be
explained by a considerable amount of iron carbide or iron
being present in the catalysts, which is also in agreement with
the iron-rich, nitrogen-free domains found previously in the
TEM-EDX mappings of both materials.'®** The composition of
the catalysts can further be elucidated from the Fourier trans-
form of the EXAFS-region of the Fe K-edge spectra shown in
Fig. 1B. As demonstrated by the reference spectra of Fe-N-C by
Fei et al®® and hemoglobin, the first shell of Fe-N-aCoCo
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Fig.1 Fingerprinting at the Fe K-edge of the Fe—N-C catalysts in the oxidized state (1.0 V vs. RHE applied). (A) XANES-region of the Fe K-edge
with references of iron carbide? (FezC), metallic iron, iron oxides**(Fe,Os, FesO4, and FeO) and different Fe—N-C materials (from Fei et al.?® and
Jia et al.?). (B) Fourier transform of the EXAFS-region with references of iron carbide? (FesC), metallic iron, iron oxide® (Fe,O3) and an exemplary

Fe—N-C material from Fei et al.?® and glycated hemoglobin.!
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appears at the same distance as the Fe-N or Fe-O bond (Rge_ny0)
in oxidized Fe-N-C catalysts or iron porphyrins. This further
proves the main iron species in Fe-N-aCoCo to be FeN,-type
complexes. The smaller scattering contribution of the Fe-C
bond-distance (Rge_c) identified by Fei et al?® to the Fourier
transformed spectrum of Fe-N-aCoCo again indicates different
implementation types of the FeN,-sites within the carbon
material dominating the site-distributions of both catalysts. In
contrast, Fe-N-oxBP and Fe-N-Comm exhibit only a small
shoulder at Rgenjo, suggesting that bond-distances corre-
sponding to the Fe-N bond of FeN,-type species are not the
dominating contribution to the first coordination-shell of iron.
The maximum of the first coordination shell of Fe-N-oxBP and
Fe-N-Comm appears at about the same scattering distance as
the Fe-Fe bond (Rye_ge) in iron carbide or iron, which in turn is
an indication of the presence of such phases in these catalysts.
Furthermore, comparison with the reference spectrum of
hematite indicates that large contributions of iron oxide phases
can be excluded for all three catalysts since there are no
significant oxidic Fe-Fe scattering contributions in their Fourier
transformed EXAFS region.

The contribution of the prominent shoulder within the
spectra of iron carbide and iron, which is not present in the
spectra of the oxide phases or FeN,-type species, can be
exploited to quantitatively estimate the contributions of these
phases to the Fe K-edge spectra of the catalysts. Thus, to esti-
mate the different iron-phase contributions (Table 1), a linear
combination fitting analysis of the spectra within the near-edge
region between 7107 eV and 7133 eV was conducted.

Fe-N-aCoCo was only fitted with the Fe-N-C reference by Fei
et al.,”® because adding oxide-, nitride-, carbide- or iron refer-
ence spectra to the fit did not improve the less-ideal fitting-
result around the pre-edge and the white-line region
(Fig. S1Af). The apparent deviations between the spectrum of
Fe-N-aCoCo and the spectrum of the catalysts synthesized by
Fei et al. might be explained by a different distribution of
different FeN,-type sites being present in the two materials.
Adding hematite or magnetite reference spectra does not
improve the fitting result of all three catalysts. Thus, significant
contribution of the thermodynamically most stable iron oxides
can be excluded, which agrees with the absence of significant
iron oxide Fe-Fe scattering-contributions to the Fourier trans-
formed EXAFS region. Likewise including the FeN spectrum
reported by Tayal et al.®** as a reference component does not
improve the fitting results of all three materials. Consequently,
no significant amounts of electrochemically inactive®® iron
nitride species are present in the samples. Both the spectra of

Table 1 Summary of the relative contribution of considered model
components determined by linear combination fitting of the XANES
spectra of the Fe—N-C samples

FeN,C Fe;C Metallic Fe  Reduced x>
Fe-N-aCoCo 100 0 0 0.0011869
Fe-N-0xBP 20.3 £ 0.9 74.6 £ 2.7 5.1+24 0.0002187
Fe-N-Comm 30.5 £ 1.0 43.8 + 4.2 25.7 £ 2.8 0.0002577
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Fe-N-0xBP and Fe-N-Comm can best be fitted with the Fe-N-C
reference spectra by Fei et al,”® the iron carbide reference
spectra as well as the metallic iron reference spectra. The
resulting amounts of FeN,-type sites are about 20% of the iron
species in Fe-N-oxBP and about 30% of the iron species in Fe-
N-Comm. However, these quantitative results are influenced by
qualitative errors arising from the choice of reference spectra,
which is reflected in the fitting-deviations documented in Table
1. The weighted sum of squared deviations (reduced x?) is
higher by a factor of 5 for the fit of Fe-N-aCoCo compared to the
fit of Fe-N-0xBP and Fe-N-Comm. As already alluded to, the
variety of distributions of FeN,-type sites within differently
prepared Fe-N-C catalysts makes it difficult to find an ideal
fitting-reference for FeN,-species limiting the accuracy of the
quantitative result. As the discerning feature between the FeN,-
species and iron or iron carbides is the shoulder at 7115 eV, the
resulting amount of these species should be not too far off from
the actual value. Moreover, the structural boundaries between
iron and iron carbide are blurred, as carbon can get dissolved in
the iron phase. Iron carbides are thus polymorphous and the
cementite (Fe;C) reference spectrum used in the fits is only one
possible carbide phase.*®*” As the XANES regions of the
different iron carbides differ significantly depending on their
carbon content,*® the differentiation between iron and
cementite is only a very rough estimate. In fact, iron carbide
may be present in different compositions. Iron carbides as well
as metallic o- or y-iron have been previously identified in Fe-N-
C catalysts as a byproduct created during synthesis, which can
be present as particles covered by a graphitic shell.** While such
particles were reported to boost the ORR activity of Fe-N, sites
in alkaline media by decreasing the charge density on the Fe site
and increasing the binding energy to O,,* they are unstable and
inactive towards the ORR in acidic media.**”*>3**"*> The overall
iron content of all three catalysts was previously determined to
be 1.3 wt% based on ICPMS measurements.*® Due to the equal
iron content, the relative contributions of the different iron
species resulting from the linear combination fitting are a direct
measure of the respective site densities of these species.
Although the Fe-N-aCoCo catalyst shows the highest amount of
Fe-N; sites, the mass activity determined in our previous study
(1.64 A g at 0.8 V vs. RHE in 0.1 M HClO,)" is only slightly
higher compared to that of Fe-N-oxBP (1.34 A g~ ')'® and lower
compared to that of Fe-N-Comm (2.12 A g~ ').** This indicates
a different nature in terms of accessibility and activity (turnover
frequency, TOF) in the catalyst with Fe-N-Comm having
a smaller amount of more active FeN, sites compared to Fe-N-
aCoCo. This is in agreement with the findings of Primbs et al.
who reported highly active sites with low site density for
a similar type of Pajarito powder-based catalyst.**

Static potential dependent XANES

As a second step, to gain more evidence about the amount and
nature of the redox-active FeN,-type sites, the edge shift
observed during the operando-measurements was analyzed.
Fig. 2A shows the Fe K-edge XANES spectra of the Fe-N-C
catalysts measured in the oxidized and reduced state with

This journal is © The Royal Society of Chemistry 2024
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a potential of 1.0 V vs. RHE and 0.2 V vs. RHE applied, respec-
tively. From high to low applied potential, the Fe K-edges are
shifted to lower photon energies reflecting the decrease in the
Fe oxidation state. Fe-N-aCoCo exhibits the most distinct
potential dependent shift while the shift of the other two cata-
lysts is less pronounced. This is also visible in the difference
spectra (dashed lines in Fig. 2A), which reflect the spectral
change upon reduction. The latter is similar for Fe-N-oxBP and
Fe-N-Comm but larger and qualitatively different for Fe-N-
aCoCo. The qualitative difference is caused by the intensity of
the white-line, which grows upon reduction for Fe-N-oxBP and
Fe-N-Comm and decreases for Fe-N-aCoCo.

To quantitatively evaluate the potential-dependent edge
change, the edge position at the half-height of the edge jump
from the spectra measured on different electrode potentials was
determined. Fig. 2B shows the evaluated Fe K-edge positions
depending on the applied electrode potential. For all three
catalysts, there is no certain threshold redox potential. Instead,
the redox-process proceeds over almost the full potential range
probed, reflecting the variety of different redox-active species
present in the samples. As noticed before, the overall edge shift
of Fe-N-aCoCo between +1.0 V vs. RHE and +0.2 V vs. RHE is by
a factor of about 6 larger compared to the almost identical edge
shift of Fe-N-0xBP and Fe-N-Comm (see Table 2). In order to
better interpret the different edge shifts, it is useful to compare
them to values observed for similar, well-known compounds.
One example is the protein complex hemoglobin which
contains redox-active porphyrin-type FeN, centers. As indicated

View Article Online
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by the dashed lines in Fig. 2B, the redox-induced edge shift in
Fe-N-aCoCo is even larger compared to the Fe-edge shift
between deoxy- and oxy-hemoglobin reported by Wilson et al.**
The shift is determined by two influences: Firstly, by the
amount of redox-active iron species present in the sample
(compare with Table 1), and secondly, by the covalency of the
iron-oxygen bond formed upon oxidation.**** The larger edge
shift of Fe-N-aCoCo compared to hemoglobin, which comprises
100% of redox-active species, might thus be explained by more
ionic bonds being formed between the active centers and
oxygen adsorbates.***® Table 2 compares the edge shifts re-
ported in the literature for different Fe-N-C catalysts. All of the
Fe-N-C catalysts exhibit edge shifts, which are similar or
smaller compared to the edge-shift reported for hemoglobin
(AEp, = 2.8 eV). In contrast, the edge shift of iron oxides with
the oxidation state (AE,, = 5.5 eV) is larger compared to that of
hemoglobin, and larger compared to that of Fe-N-aCoCo (AEpy,
= 4.05 %+ 0.36). This suggests that the metal to ligand charge-
transfer effect and thus the covalency of the iron-oxygen bond
in Fe-N-aCoCo is smaller compared to those of iron oxides, but
larger compared to those of hemoglobin and other Fe-N-C
catalysts. As reported in our previous publications, Fe-N-aCoCo
contains about 10.6 at% of oxygen and 1.9 at% of phospho-
rous.”®* A smaller ligand-to-metal charge transfer effect
compared to that of other Fe-N-C catalysts or hemoglobin
could thus be explained by an electron withdrawing effect of the
large amount of oxygen species within the carbon matrix* of Fe-
N-aCoCo or by the incorporation of oxygen within FeN,Oj-type
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Fig. 2 Potential-dependence of the Fe K-edge of Fe—N-C catalysts. (A) Fe K-edge of Fe—N-C catalysts measured at oxidizing and reducing
electrode potentials. (B) Fe K-edge position of Fe—N-C catalysts determined by the half-height of the edge jump depending on the applied
electrode potential. The dashed lines indicate the Fe K-edge position of oxidized (oxy-Hb) and reduced (deoxy-Hb) hemoglobin according to

Wilson et al.**
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Table 2 Fe K-edge shifts AE,,;, between the oxidized and reduced state of Fe—~N-C catalysts. MOF: metal organic framework. TPP-800: Fe'-

tetraphenylporphyrin complex pyrolyzed at 800 °C

Oxidizable Fe percentage

Secondary
Material Preparation phases Source AEpy, Fe-N-aCoCo [%] Hemoglobin [%]
Hemoglobin — No Wilson et al.** 2.8 — —
TPP-800 Porphyrin pyrolysis No Jia et al.®” 2.8 — —
Fe-N-C MOF-based (No) Osmieri et al.” 2.7 — —
Fe-N-C MOF-based (No) Li et al.*® 2.7 — —
Fe-N-C MOF-based (No) Zitolo et al.*> 1.8 — —
Fe-N-C MOF-based (No) Santori et al.’’ 1.9 — —
Fe-oxides — No Gorlin et al.*® 5.5 — —
Fe-N-aCoCo Biomass-based (No) This work 4.05 + 0.36 100 143 £+ 13
Fe-N-oxBP Conv. support Yes This work 0.62 £ 0.20 15+5 21+7
Fe-N-Comm Commercial Yes This work 0.72 + 0.15 18+ 4 25+5

or phosphorous within FeN,P,type redox-active species.
Another explanation for the larger edge shift could be a lower
average oxidation state of iron caused by a part of the iron
species getting reduced to Fe’, as previously observed in Fe-O-C
catalysts for CO, reduction.*” However, this would be accom-
panied by a shape change of the rising edge according to the
shoulder at around 7115 eV being typical for metallic iron,
which is not observed (compare with Fig. 1 and 2).

The edge shift of Fe-N-oxBP and Fe-N-Comm is limited by
the amount of redox-active species, which is only about 20%
and 30%, respectively (see Table 1). In addition to the linear
combination analysis, the amount of redox-active species can
also be estimated from the edge shift upon reduction. For this,
the full edge shift of 100% of redox-active species present in the
sample was assumed to be either equal to the value of hemo-
globin (AE,, = 2.8 eV) or equal to the average value of Fe-N-
aCoCo (AEp, = 4.05 eV). The resulting amounts of redox-
active species being present in Fe-N-oxBP and Fe-N-Comm
are summarized in Table 2. For a full edge shift of AE,, =
2.8 eV, the determined values agree with the amount of FeN,-
sites obtained from linear combination analysis, while the
resulting amounts of redox-active species are lower compared to
the values obtained by linear combination fitting, if an edge
shift equal to Fe-N-aCoCo is assumed. Consequently, it is
consistent with the data that the edge-shifts of the Fe-N-oxBP
and Fe-N-Comm active centers are more similar to the edge
shift reported for hemoglobin or other Fe-N-C than the edge
shift observed for Fe-N-aCoCo. However, it cannot be fully ruled
out that a portion of the FeN, is not redox-active if some of these
sites are located within pores or cavities that are not exposed to
the electrolyte.*® Thus, it is possible that the amount of redox-
active species is not equal to the overall amount of FeN,-type
species. As this method determines only the redox-active
amount, it represents a lower limit for the total amount of
FeN,-type species. This may explain the tendentially lower
amount of FeN, estimated from the edge shift compared to the
value obtained by linear combination analysis.

More information on the nature of the active centers in Fe-
N-aCoCo can be gained from the shape of the reduced XANES
spectra (Fig. 2A). Jia et al. demonstrated that in the reduced
state feature I is expected to be larger compared to feature II

2314 | Sustainable Energy Fuels, 2024, 8, 2309-2320

marked in Fig. 24, if the probed FeN,-type species exhibit D,y
symmetry. With increasing distortion of the centrosymmetric
square planar geometry, the intensity of feature I decreases
relative to that of feature II.>” Accordingly, the geometry of the
FeN,-type species present in Fe-N-aCoCo clearly deviates (on
average) from the square planar symmetry, as feature I is
distinctly larger compared to feature II in the XANES spectrum.

Static potential dependent EXAFS

In order to further characterize the average local geometry of the
active centers, a local-structure model was fitted to the EXAFS
regions. This analysis was restrained to Fe-N-aCoCo, as in the
case of the other catalysts, the large contributions of iron or iron
carbide species superimpose with the contributions of the FeN,-
type species making a proper analysis impossible. Based on
a simple model, the first shell of the Fe FT-EXAFS of Fe-N-
aCoCo was fitted in the oxidized and reduced state simulta-
neously. As can be seen in Fig. S2,7 the intensity of the first shell
increases upon oxidation, which likely reflects additional
oxygen species being present in the first shell in the oxidized
state compared to the reduced state. Thus, the first shell in the
reduced state was assumed to consist solely of equal nitrogen
scattering paths, while in the oxidized state a scattering path for
the adsorbed oxygen species was added to the first shell. Further
details on the fitting model used for EXAFS data evaluation can
be found in the Materials section.

Fig. 3 shows the fitting-results for this model and results for
the fitted model parameters are summarized in Table S1.t The
good agreement between data and the model suggests that the
first shell may indeed be governed by nitrogen and oxygen
paths. The average bond distance is not significantly different
in the oxidized and reduced states (Rox = 2.02 £ 0.01 A and
Rred = 2.04 %+ 0.01 A). A very similar oxidation state dependent
average first-shell bond distance was also observed by Jia et al.
for Fe-porphyrin complexes mixed with black pearls and
pyrolyzed at 800 °C.>” The resulting oxygen coordination
number N(Fe-0) is 0.9 + 0.6 and thus close to one, which is in
agreement with one oxygen species adsorbing on each active
center on average in the oxidized state. The resulting nitrogen
coordination number N(Fe-N) is 3.1 + 0.5. Hence, the iron

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Modeling of the EXAFS-region of the Fe K-edge of Fe—N-aCoCo. (A) 0.2 V vs. RHE. (B) 1.0 V vs. RHE. To illustrate the fitting-model, an
exemplary Dy nearest neighbor nitrogen (green) coordination of iron (brown) is shown above, which is supplemented by an oxygen or

intermediate species (red) binding out of plane to the iron center.

centers might be slightly undercoordinated compared to ideal
FeN,-type sites indicating some FeN;- or FeN,-type moieties to
be incorporated in the catalyst, as previously suggested by
Asset et al.* The applied model does not account for Fe-C
scattering paths, which may overlap with the first N/O-shell, as
shown for the Fe-N-C material characterized by Fei et al. in
Fig. 1B. This may cause the observed deviations between the
model and the measured spectrum on the far side of the first
shell. However, adding different specific carbon paths deteri-
orates the fitting results. This suggests that a variety of
different implementations of the FeN,-type moieties contrib-
utes to the first shell, which makes it difficult to consider these
contributions in the fit. Despite the small deviations, the
result is in good agreement with the presence of FeN,-type
active sites (with x = 3.1 + 0.5), on which oxygen species
adsorbs upon oxidation. Moreover, due to the similar shape of
the oxygen and nitrogen next-nearest neighbor scattering
paths, the result is also consistent with the presence of oxygen
heteroatoms at FeN,O,-type sites. This may explain the smaller
average metal to ligand charge transfer effect concluded from
the larger edge shift compared to that of hemoglobin.
Furthermore, as the Fe-N-aCoCo catalyst contains about 1.9
at% of phosphorus, the EXAFS-fitting model was extended to
implement phosphorous next-nearest neighbors within FeN,-
P,-type moieties. For this, the phosphorous coordination
number and the Fe-P bond distance were added to the fitting
model. As shown in Fig. S3,} this model also leads to a satis-
fying fitting result. The resulting average Fe-N bond distance
is only slightly decreased (see Table S17), and the average Fe-P
bond distance of 2.34 + 0.02 A is in good agreement with the
value observed by Yuan et al. (2.35 & 0.02 A).*® However, the
small average coordination numbers of N(Fe-N) = 2.5 + 0.3
and N(Fe-P) = 0.3 + 0.1 suggest that the iron centers within

This journal is © The Royal Society of Chemistry 2024

FeN,P,-type moieties are, on average, highly undercoordinated
compared to ideal FeN,-type moieties.

Potentiodynamic XANES

As a fourth step, OPCV measurements were performed to
further evaluate the Fe redox transition with a higher resolution
in electrode potential. Hereby, the fluorescence-yield (FY)
intensity at a fixed photon energy of 7124 eV was recorded while
cycling the electrode potential between 1.2 V vs. RHE and 0.1 V
vs. RHE. The intensity obtained at this particular photon energy
increases upon reduction, as can be seen from the difference
spectra between oxidizing and reducing electrode potentials
shown in Fig. 2A. It is therefore a good measure for the overall
number of reduced species being present in the sample.

The observed FY-intensity changes from its minimum to its
maximum value within the wide potential range of +1.1 V vs.
RHE to +0.2 V vs. RHE (upper panel of Fig. 4). This agrees with
the results of the edge shift observed in the static potential
dependent XANES-measurements in the same potential range.
Hysteresis occurs between the FY-signal of the anodic and the
cathodic scan, which is influenced by the rate of the redox
transition relative to the chosen scan rate. Along with the FY-
intensity, the electrochemical current was measured during
potential cycling (lower panel of Fig. 4). The CV is dominated by
capacitive currents, faradaic currents resulting from the ORR as
well as carbon related redox currents such as from the
hydroquinone/quinone redox transition.>* The rather small
iron-related redox currents, which are coupled to catalytic
transitions through the ORR mechanism, are obscured by these
dominating contributions.>

To correlate the iron oxidation-state change with electro-
chemical currents, the negative potential-derivative of the FY-
intensity was determined (middle-panel of Fig. 4). As the FY-

Sustainable Energy Fuels, 2024, 8, 2309-2320 | 2315
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Fig. 4 OPCV of Fe-N-C catalysts. Normalized, smoothed FY at
7124 eV photon energy depending on the applied electrode potential
as well as the negative potential-derivative of the FY compared to the
electrode-current measured during OPCV. The electrolyte was purged
with oxygen during the measurement and a scan rate of 10 mV s~ was
used. The arrows indicate the scanning direction.

intensity at 7124 eV is proportional to the amount of reduced
iron species present in the sample, the negative potential-
derivative of the FY-intensity is a selective measure of the
iron-induced redox current.

The resulting curves exhibit distinct maxima in the anodic
and the cathodic potential scan, representing the iron redox
waves which are not detectable in the electrochemical
measurement. If the iron redox transition proceeding at the
FeN,-type sites is assumed to be reversible, its average equilib-
rium potential can approximately be located at the center
between the peak potentials of the corresponding anodic and
the cathodic redox waves identified in the negative potential-
derivative of the FY-intensity. This is indicated by the dashed
lines in Fig. 4. According to this evaluation, Fe-N-Comm
exhibits one well-defined but broad redox wave with an
average redox potential at about +0.59 V vs. RHE. In contrast,
the redox-processes occurring on the surface of Fe-N-oxBP are
more heterogeneous. At least two different average redox
potentials are observed at about +0.58 V vs. RHE and +0.34 V vs.
RHE. For Fe-N-aCoCo the average of the majority of redox
potentials can be identified at around +0.42 V vs. RHE, although
apparent undulating variations in the derivative probably
indicate small amounts of redox transitions occurring at
distinctly different redox potentials.

The redox potential of an active site is thought to be directly
related to the catalytic ORR activity scaling with the binding
strength of intermediates according to Sabatier's principle.”*”
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The binding energy of intermediates to the active sites
decreases as the redox potential increases. As redox potentials
below the onset of the ORR are assumed to be on the high-
energy side of the volcano plot, the observed ORR activity of
the FeN,-type active sites is expected to increase with the redox
potential within this regime.?” In other words, the ORR activity
increases as the redox transition involved in the ORR appears at
a lower overpotential. Current studies suggest that reduced
Fe"'N, sites are the starting point of the 4-step ORR-mechanism.
This active center becomes oxidized as it binds to molecular
oxygen. In the subsequent proton-coupled electron transfer
steps the oxygen decomposes, while the iron center passes
different oxidation states. In the last step, the Fe"'N, is regen-
erated, which is necessary for ongoing turnover.** This only
occurs at a high probability if the Fe-redox potential of the active
site is undercut. Therefore, based on the results obtained from
OPCYV, the reported trends in the electrochemical activity can be
understood as follows: about 25% to 30% of highly ORR-active
iron sites in Fe-N-Comm cause this catalyst to exhibit the
highest catalytic activity. About 100% of the less ORR-active iron
sites in Fe-N-aCoCo lead to a medium catalytic activity. About
15% to 20% of heterogeneous iron sites in Fe-N-oxBP are
partially highly ORR-active and partially exhibit very sluggish
ORR kinetics, resulting in the lowest catalytic activity of the
investigated materials.

To explain the different properties of the active sites in Fe-N-
aCoCo, three different scenarios can be suggested based on our
findings: firstly, FeN,-type moieties exhibit a distorted D,
symmetry and undercoordinated FeN,-type moieties are
responsible for ORR-activity. The binding strength to oxygen is
influenced by the undercoordination, a possible electron with-
drawing effect of the carbon basal plane being modified by
oxygen and phosphorus bound to the carbon species*** and the
magnitude of the distortion of the active sites modified by the
details of their implementation geometry.”” Secondly, the
oxygen binding properties of the FeN,type and under-
coordinated FeN,-type active sites are modified by heteroatoms
being coordinated to the iron species themselves, i.e. the
formation of FeN,Oy-type or FeN,P,-type sites. Specifically the
involvement of oxygen seems to be likely, as it could well explain
the modified ligand-to-metal charge transfer effect. Alterna-
tively, it may also be possible that the heteroatoms are bound to
the ligands to form e.g. NO-type ligands. Thirdly, different types
of complexes, like agglomerated Fe,N,-type sites might be
present, which exhibit modified adsorption properties and
decreased Fe-N coordination numbers compared to FeN,-type
sites.

Conclusion

Three different Fe-N-C catalysts were analyzed for their iron
sites and coordination environment including a commercial
Fe-N-C and two support-based Fe-N-C catalysts consisting of
black pearls and phosphoric acid activated coconut shells. The
biomass-based catalyst (Fe-N-aCoCo) is the only one in which
solely redox-active iron species were identified. Both other
catalysts contain around 70% to 80% of inactive iron- or iron

This journal is © The Royal Society of Chemistry 2024
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carbide phases. This underpins the potential of coconut-shell
based, nitrogen and heteroatom-rich biochar to reach higher
active-site densities compared to conventional substrates,
making it a promising precursor for future Fe-N-C catalysts.
However, the active sites of Fe-N-aCoCo exhibit a lower redox
potential and thus a higher binding energy to oxygen species
compared to the commercial (Fe-N-Comm) and the black pearl
based (Fe-N-oxBP) catalysts, which decreases the turnover
frequency of each site. The identified differences in the amount
and binding strength of the active sites lead to the following
trend in activity: Fe-N-Comm > Fe-N-aCoCo > Fe-N-oxBP.
Furthermore, our data are consistent with the oxidation-
induced edge shift of the iron active centers being similar to
edge shifts reported previously for other Fe-N-C materials or
hemoglobin. In contrast, the edge shift of the iron active centers
in Fe-N-aCoCo is unconventionally large and lies between that
of iron-nitrogen complexes like hemoglobin and iron oxides.
This indicates a lower ligand-to-metal charge transfer effect,
which is probably caused by heteroatom doping. Modeling the
EXAFS-region of the Fe K-edge suggests that undercoordinated
FeN,-type moieties (x <4) are present in Fe-N-aCoCo, which are
potentially modified by oxygen or phosphorous heteroatom
substitution.

Based on our exemplary study, it is possible to develop specific
strategies to improve Fe-N, incorporation in Fe-N-C catalysts. In
particular, further Fe-N-C development strategies should
consider the influence of heteroatom doping, e.g., with P-species.
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