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ABSTRACT: High-temperature proton exchange membrane fuel
cells (HT-PEMFCs) typically rely on platinum-based catalysts,
which require high loadings due to Pt deactivation by phosphates
from the phosphoric acid-doped membrane. As alternative catalysts
for the oxygen reduction reaction, metal−nitrogen-carbons (M−
N−Cs) are promising due to their high intrinsic activity and
tolerance to phosphates. However, low volumetric activity
compared to Pt nanoparticles on carbon blacks (Pt/C) and
insufficient stability limit their applicability. In order to enhance the
stability and activity of Fe−N−Cs, this study investigates the
incorporation of tin as a second metal, resulting in Fe−Sn−N−Cs,
prepared by a metal−organic framework (MOF)-based approach.
Stable and highly active catalysts with total mass activities of 8.2 A
g−1 (Fe−Sn−N−C (1:1)) and 19.3 A g−1 (Fe−Sn−N−C (1:0.3)) in 0.5 mol L−1 H3PO4, drastically exceeding those of the
commercial Fe−N−C catalyst PMF-014401 (Pajarito-Powder, 4.8 A g−1), are obtained by a synthesis without the need for
subsequent purification steps. A stress test under harsh conditions (0.6−1.0 VRHE, 10,000 cycles, O2-saturated electrolyte) ascertains
stability-enhancing effects of tin, highlighting an increase in stability in conjunction with the tin content. These results provide a
valuable contribution to the development of cost-effective HT-PEMFCs by significantly enhancing the catalytic activity of platinum
group metal-free catalysts.
KEYWORDS: PEM fuel cells, oxygen reduction reaction, non-PGM catalysts, metal organic frameworks, multimetallic catalysts, M−N−C,
rotating ring disc electrode

1. INTRODUCTION
In the search for renewable energy sources, the utilization of
green hydrogen in fuel cells offers promising avenues for power
generation in automotive, stationary, and portable applica-
tions.1 Therefore, fuel cells are viable candidates to drive the
energy transition and reduce dependency on fossil fuels.2

Proton exchange membrane fuel cells (PEMFCs) are a type of
fuel cell that employs a polymer membrane to mediate proton
exchange between the anode and cathode. In PEMFCs,
electrocatalysts facilitate the conversion of hydrogen and
oxygen into water, releasing electrical energy and heat in the
process.3 Low-temperature (LT)-PEMFCs, which are operated
at 60−80 °C, use hydrated gases to ensure optimum proton
conduction. However, the typical Pt-based catalysts of LT-
PEMFCs are susceptible to contamination with impurities,
including CO and H2S, which are present in reformed
hydrogen derived from natural gas or methanol.3−5 This
poisoning can be largely avoided in high-temperature (HT)-
PEMFCs by increasing the operating temperature to 120−180
°C. As a result, the utilization of reformate gases in volume-
critical applications is possible.6,7 Moreover, HT-PEMFCs

predict potential applications in the aviation industry, as they
allow highly efficient heat rejection compared to LT-PEMFCs.
Additionally, the necessity for humidity management is
negated, thereby eliminating the need for optimization of
pressure and humidity due to the fluctuations that occur
during flight.8−10 Despite their promising potential, the
widespread adoption of HT-PEMFCs faces critical challenges,
primarily associated with the catalysts used in the oxygen
reduction reaction (ORR) at the cathode, which play a key role
in the electrochemical conversion of hydrogen to electricity,
heat, and water. The development of efficient and cost-effective
ORR catalysts therefore has become a focal point of fuel cell
technology research. While platinum group metals (PGM)-
based catalysts have historically dominated the industry due to
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their high activity, they are hampered by factors such as limited
availability, high cost, and deactivation due to phosphate
adsorption from the phosphoric acid-doped membrane,
leading to increased demand for high loadings.11,12 In HT-
PEMFCs, the platinum loading per electrode is up to 1 mgPt
cm−2. In contrast, LT-PEMFCs allow for less than 0.3 mgPt
cm−2 per electrode.13−15

In response to these challenges, metal−nitrogen−carbon
(M−N−C) catalysts have emerged as a promising alternative
to PGM catalysts. These catalysts consist of a partially graphitic
carbon framework embedded with transition metal−nitrogen
(M−Nx) sites.16 M−N−C catalysts offer several advantages,
including resistance to phosphate poisoning, a common issue
encountered with Pt nanoparticles on carbon blacks (Pt/C).17

However, challenges persist with M−N−C catalysts, including
lower volumetric activities compared to Pt/Cs (at 0.8 VRHE
230 A cm−3 for Fe−N−Cs18 and 1300 A cm−3 for Pt/C19) and
inadequate stabilities (activity losses up to 47 % during the first
100 h of PEMFC operation), which undermine their practical
application.20−22 Overcoming these challenges is therefore
critical to unlock the full potential of M−N−C catalysts in
PEMFC.

Nevertheless, the preparation of M−N−Cs may prove to be
as challenging as their application, given the potential for
complications during the synthesis route, which is typically
complex and includes numerous steps.23 The metal−organic
framework (MOF)-based synthesis route has been established
due to its streamlined process, which eliminates any concern of
unwanted metallic particle formation.24−26 Furthermore, the
manufacturing process is not complicated by the use of acid
leaching or template removal, which are costly, potentially
unsafe, and therefore limit scalability.27 Imidazolate-MOFs
offer high nitrogen contents and, due to their porous nature,
provide a structured pore system with a large surface area,
making them ideal precursors for catalyst development.

Furthermore, the incorporation of a second metal could lead
to promising synergistic effects. Consequently, not only Pt-
alloys but also M−M−N−Cs have emerged as high-perform-
ance catalysts for ORR.28,29 Currently, Fe−Co−N−Cs, Fe−
Sn−N−Cs, Fe−Ni−N−Cs, and a number of other combina-

tions have been investigated yet.24,30,31 With M−M−N−Cs, a
distinction is made between bimetallic single atom catalysts
(SACs), where two distinct metals are incorporated but are not
in atomic vicinity to each other, and dual atom catalysts
(DACs), which are defined by the colocation of the metal
centers in close proximity.28,32 It is proposed that DACs
exhibit synergistic effects, such as an electronic effect between
the metals.32 Tin can either benefit the reaction by acting as a
redox-active participant or indirectly influence the electronic
environment of redox-active Fe sites. Nevertheless, despite the
absence of a direct bond in bimetallic SACs, beneficial effects
resulting from the presence of a second metal can still occur.
The group of Strasser achieved promising mass activities
(MAs) of up to 4.8 A g−1 (0.8 VRHE, 0.1 mol L−1 HClO4) with
a carbon support-based Fe−Sn−N−C. However, no evidence
of atomic proximity between Fe and Sn could be identified,
suggesting the formation of a bimetallic SAC with beneficial
effects of the Sn on the Fe incorporation, resulting in a higher
number of active Fe sites.31 Many of the prior studies on Fe−
M−N−Cs have predominantly concentrated on a single metal
ratio (typically 1:1), making it challenging to identify
trends.24,31 Moreover, the majority of these studies have
been conducted with 0.1 mol L−1 HClO4 or 0.5 mol L−1

H2SO4 as the electrolyte,24,31,33−35 whereas we have tested our
catalysts in 0.5 mol L−1 H3PO4, which more closely resembles
the conditions that would be found in an HT-PEMFC, which
has a much more distinct challenge with high Pt loadings than
the LT-PEM type. For comparison, the same tests were also
carried out in 0.1 mol L−1 HClO4.

Also, despite the crucial importance of catalyst stability in
ORR, it is notable that not all studies have employed an
accelerated stress test (AST), or that ASTs have been
conducted in a N2 atmosphere, which is claimed to be
unsuitable for accurately testing the stability for later
applications in fuel cells.31,35

With regard to the selection of the second metal, tin offers a
significant advantage in comparison to other metals, including
iron and cobalt, due to its inability to catalyze the production
of reactive oxygen species (ROS). This characteristic may

Figure 1. (a) Fe and Sn contents from ICP−MS, (b−e) transmission electron microscopy (TEM) images of the catalysts, (f) HR-TEM image of
the Fe−Sn−N−C (1:1), and (g−i) STEM/EDS mappings of Sn and Fe.
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enhance the stability of the material, as ROS accelerate catalyst
degradation.36

Herein, we report the synthesis of ZIF-8-based Fe and Sn-
containing catalysts in different ratios to investigate the
influence of metal ratios on catalytic activity and stability
toward ORR. We use a synthetic approach that avoids the need
for subsequent purification steps, thereby streamlining the
synthesis process. Furthermore, an AST under harsh
conditions (0.6−1.0 VRHE, 10,000 cycles, O2 saturated
electrolyte) is applied to evaluate the stability of the catalysts.
In order to gain a deeper understanding of the catalyst
structure and the complex degradation mechanism, a series of
physical analyses were conducted, which were complemented
by a comprehensive degradation analysis. This work highlights
not only the potential of ZIF-based catalysts for the ORR but
also the potential of second metal doping for ORR catalysis.

2. RESULTS AND DISCUSSION
2.1. Catalyst Morphology and Structure. Four catalysts

were investigated in this study: Sn−N−C, Fe−N−C, Fe−Sn−
N−C (1:1), and Fe−Sn−N−C (1:0.3). The nomenclature of
these catalysts is based on the actual metal weight ratios
determined by inductively coupled plasma mass spectrometry
(ICP−MS, Figure 1a and Supporting Information Table S1).
The selection criteria for the doping ratios (Fe/Sn) are
discussed in the Supporting Information.

The preparation of the catalysts involves doping ZIF-8 with
iron and tin salts followed by pyrolysis (Supporting
Information Figure S1). A pyrolysis temperature of 1000 °C

was determined to be optimal for the M−M−N−C synthesis
as a trade-off between activity and an acceptable residual
amount of ORR inactive zinc from the ZIF-8, as shown in the
Supporting Information in Table S2. The zinc content of the
catalyst was found to be within a range of 2.9−3.9 wt.% (from
ICP−MS) in the present study, which is lower than in other
ZIF-based catalysts,17,25 in particular without an acid leaching
step involved. Although the removal of zinc is desirable, given
that it is not ORR active, no additional treatment method is
known to reduce the zinc content further.17,37 It is possible
that the remaining zinc is present in a molecular structure,
which could result in an increase in the boiling point and,
consequently, only partial evaporation. A commercial Fe−N−
C catalyst (PMF-014401, Pajarito Powder), denoted as Fe−
N−CPMF, was used as a benchmark for comparative evaluation
to assess the structures and performances.

First, the metal contents in wt.% were determined by ICP−
MS (Figure 1a). The Fe−N−CPMF shows the lowest iron
content with 0.44 wt.%, while Fe−Sn−N−C (1:1) and Fe−
Sn−N−C (1:0.3) display slightly higher iron levels with 0.69
and 0.95 wt.%, respectively. Despite the same amount of iron
doping, as shown in Table S1, the iron contents of the catalysts
differ considerably. Since ZIF-8 is first doped with tin,
potential attachment sites could already be occupied, thus
limiting additional doping with iron. Tin contents are in
accordance with the applied doping amount with 3.05 wt.% for
Sn−N−C, 0.75 wt.% for Fe−Sn−N−C (1:1), and 0.27 wt.%
for Fe−Sn−N−C (1:0.3).

Figure 2. (a) Elemental composition of the catalysts determined from the high-resolution XP-spectra (Supporting Information Figures S4 and S5),
(b) percentages of nitrogen species and total N amount determined from the N 1s spectra, and (c) N 1s high-resolution XP-spectra of the catalysts
with peak fittings.
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Next, the morphology was analyzed by TEM, and the
elemental distribution was analyzed by energy dispersive X-ray
spectroscopy (EDS). The TEM images in Figure 1b−d and the
HR-TEM image in Figure 1f show that the distinctive
dodecahedral structure of ZIF-8, characterized by smooth
and sharp edges and the absence of visible pores or
irregularities (see Supporting Information Figure S2), has
been significantly deconstructed by pyrolysis. The pyrolysis
process at 1000 °C resulted in the partial evaporation of zinc
(boiling point of 907 °C38) from the structure, while the M−
Nx centers were incorporated into the resulting defects in the
carbon matrix. The morphology has undergone a significant
change, appearing more porous, and a heterogeneous, coarse-
meshed carbon structure has formed. Nevertheless, after
pyrolysis, the basic dodecahedral shape is still recognizable.
The carbon matrix is more extensively decomposed in
materials with a lower Sn content, indicating that tin increases
the structural stability. Furthermore, no unwanted metallic
clusters were observed, which was also confirmed by powder
X-ray diffraction (PXRD, Supporting Information Figure S3)
and EDS (Figure 1g−i). The absence of metal agglomerates is
a favorable characteristic since inactive metal clusters have
been reported with other synthesis methods for bimetallic M−
M−N−Cs, both for ZIF-based and carrier-based synthesis
approaches.33,39 The morphology of the commercial Fe−N−
CPMF (Figure 1e,i) differs from the ZIF-based catalysts, which
can be attributed to the different synthesis method. In
particular, the pore structure of the carbon material is more
heterogeneous in the commercial catalyst.

For further analysis of the elemental composition, a survey
spectrum and high-resolution spectra of Fe, Sn, N, C, Zn, and
O were recorded by X-ray photoelectron spectroscopy (XPS)
(see Supporting Information Figures S4 and S5). The data was
subjected to fitting; however, this was not performed on the
Fe2P spectrum due to the insufficient Fe content, which
precluded an appropriate fit. The expected peak positions of
the configurations of iron were indicated by lines in Figure
S5b. The elemental composition as seen in Figure 2a displays
carbon to be the largest fraction in all catalysts, with contents
of about 74 at.% for the ZIF-based catalyst and around 90 at.%
for the Fe−N−CPMF. Aside from small Zn residues (1.3−1.5 at.
%) in the ZIF-based samples, significantly higher portions of N
species (12−19 at.%) compared to Fe−N−CPMF (7 at.%) are
found.

The catalysts in this study show significantly higher N
amounts compared to literature values, which are mostly
around 5 at.%.31,39−42 Due to the high N content in the
prepared catalysts, a higher number of M−Nx centers and N
functionalities can be expected, which can increase the activity
for ORR. However, the exact type of N functionalities is
important since the 4-electron-based ORR mechanism in
acidic electrolyte occurs only via M−Nx centers.43 In the
presence of primarily metal-free N functionalities like pyridinic,
pyrrolic, or graphitic nitrogen, the selectivity toward the 4-
electron pathway decreases, and more unwanted hydrogen
peroxide is formed.44 For identification of the N species, the
high-resolution N 1s spectra are shown in Figure 2c with
corresponding ratios of species in Figure 2b. The fitting was
performed with four N species constant, according to
comparable components from the literature.16,45−47 The four
peaks correspond to pyridinic (398.5 eV), pyrrolic (400.3 eV),
graphitic (401.1 eV), and oxidic nitrogen (403.5 eV).

The fractions of pyridinic and pyrrolic N species, which
include the incorporated M−Nx sites, are 35−43 % and 12−14
%, respectively, in the ZIF-based catalysts, while proportions of
30 % and 25 % were found in Fe−N−CPMF. Although pyridinic
FeN4(C10) and pyrrolic FeN4(C12) functionalities are initially
similarly active for the ORR, inactive iron oxide cluster
formation from FeN4(C12) functionalities during operation in
the PEMFC has been observed in the literature.48

Furthermore, metal-free pyridinic functionalities are preferred
over the pyrrolic ones, as they are capable of further reducing
the formed H2O2 to H2O.49 However, it should also be noted
that the remaining zinc can form pyridinic nitrogen
compounds, which could increase the amount of this type of
nitrogen while being inactive.17 In all catalysts, oxidic nitrogen
(4.7−7.7 %), which is inactive for the ORR,50 has the lowest
proportion of total nitrogen species.

The character of the structural components forming the
active sites was investigated by 57Fe−Mössbauer spectroscopy
(Figure 3 and Supporting Information Figure S6) at room

temperature. To provide a substantiated conclusion, the
analogous prepared Fe−N−C was measured for comparison
to the Fe−Sn−N−Cs. The low metal amounts (see Figure 1)
resulted in a low signal-to-noise ratio, which made it
challenging to draw a well-founded conclusion regarding the
SAC or DAC character of the catalysts. Two doublets (D1 and
D2) were used for the fittings (Figure 3, Supporting
Information Figure S6 and Table S3).51−55 The presence of
D1, attributed to low-spin Fe(II)−N4 sites, is reported to be
highly active in the ORR,51,53,55 with ratios of 44 % and 46 %
for Fe−N−C and Fe−Sn−N−C (1:1) and 10 % for Fe−Sn−
N−C (1:0.3), respectively, providing a good basis for high
activity. High proportions of D2, assigned to high-spin Fe(II)−
N4 sites, were also detected in all catalysts, with similar ratios
for Fe−N−C and Fe−Sn−N−C (1:1) of 57 % and 54 %,
respectively, and a high ratio of 90 % for Fe−Sn−N−C (1:0.3)
(Supporting Information Table S3). The D2 Fe(II)−N4 sites
are proposed to enhance the catalytic activity,56 indicating a
particularly high activity for Fe−Sn−N−C (1:0.3). Moreover,
in agreement with the XRD and TEM results, no metallic iron
was detected.

Given that the isomer shifts and quadrupole splittings are in
similar ranges for Fe−N−C and the Fe−Sn−N−Cs (Figure 3),
indicating comparable coordination environments, and that

Figure 3. 57Fe−Mössbauer spectra of the ZIF-based catalysts
measured at room temperature with fits of D1 and D2.
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there is no significant difference between the Mössbauer
parameters and those reported in the literature, it can be
assumed that there is no direct binding of Fe and Sn.
Nevertheless, the possibility of a certain proximity of the metal
centers, which could result in beneficial effects induced by Sn,
cannot be excluded. In order to enhance the quality of the
Mössbauer data, it is advised that future measurements should
be conducted at low temperatures for a sufficiently extended
duration and with a larger quantity of sample, in an effort to
more accurately capture the complexity of the iron sites.

The prepared catalysts are characterized by the absence of
metallic agglomerates and the presence of atomically dispersed
metals, indicating that these metallic components are
integrated into the catalyst structure at an atomic level.28,31

In addition, they contain high levels of pyridinic and pyrrolic
nitrogen and high levels of ORR active iron species, which are
indicative of high activity and performance.

2.2. Electrochemical ORR Activity and Stability in
Acidic Electrolyte. For the evaluation of ORR activity,
selectivity, and stability in acidic electrolytes, rotating ring disc
electrode (RRDE) measurements were performed at room
temperature. The choice of phosphoric acid as an electrolyte is
based on its role in the HT-PEMFC application later.
Moreover, given the vulnerability of Pt/C due to phosphate
poisoning, it is necessary to assess the tolerance of the M−N−
C catalysts against phosphates.

First, the MAs for the ORR in 0.5 mol L−1 H3PO4 at 0.8
VRHE were determined (Figure 4). In addition to the Sn−N−C
and the two Fe−Sn−N−Cs, the analogous synthesized Fe−
N−C was measured as well as the commercial catalysts from
Pajarito Powder and Tanaka, Fe−N−CPMF and Pt/CTanaka, for

comparison. In the ORR curves (Figure 4a), there are notable
differences between the diffusion-limited areas visible, which
appear to be approximately between 0.0 and 0.4 VRHE. The
current values decrease in the following order: Sn−N−C >
Fe−N−C > Fe−Sn−N−C (1:1) > Fe−Sn−N−C (1:0.3) >
Fe−N−CPMF > Pt/CTanaka. This may be attributed to the
presence of more active sites, higher electrochemical surface
areas, and also the nature of these sites. Additionally, the
morphology of the catalyst inks may have an impact, as larger
particle sizes were observed to correlate with less negative
values for the limited current.57,58 The sizes of the ZIF particles
were found to be within the same range for the catalysts (Ø
200−300 nm); however, there is a possibility of a discrepancy
in ink dispersion, resulting in variations in surface roughness
on the disc.

The MA values were extracted from the ORR curves at 0.8
VRHE (Figure 4a,b). Fe−Sn−N−C (1:1) and (1:0.3) exhibited
the highest MAs of 8.2 and 19.3 A g−1, respectively. These
values are significantly higher than that of the commercial Fe−
N−CPMF (4.8 A g−1) and other state-of-the-art M−N−Cs
reported in the literature (see also Supporting Information
Table S4).31,34 The notably high MA of Fe−Sn−N−C (1:0.3)
is unequaled for PGM-free catalysts. The MA of this catalyst
surpasses the MA of the commercial Pt/CTanaka in 0.5 mol L−1

H3PO4 (17.8 A g−1) at 0.8 VRHE (MA of Pt/C at 0.9 VRHE see
Table S4 in Supporting Information). Sn−N−C exhibits the
lowest MA (0.6 A g−1), followed by Fe−N−C (1.8 A g−1).
This indicates that tin, when considered independently as the
Sn−Nx site, is not notably active for catalyzing the oxygen
reduction. However, it has a significant impact on the activity
when it is combined with iron, as evidenced by the substantial
increase in activity.

To exclude that different iron and total metal contents
influence the activity trend, the MA was normalized to the
metal content and to the iron content determined by ICP−MS
(Supporting Information Figure S8 and Table S4). This
normalization indicates a comparable trend of activity among
the MOF-based catalysts examined in this study, with the Fe−
Sn−N−C (1:0.3) catalyst demonstrating the highest MA
normalized to Fe and metal content. Consequently, enhanced
activity cannot be attributed merely to comparatively higher
iron contents.

As observed in the cyclic voltammograms (Supporting
Information Figure S7), the bimetallic Fe−Sn−N−C catalysts
exhibit a higher double layer capacitance in comparison with
the other catalysts examined. This may indicate increased
porosity or enhanced wettability with the electrolyte,
potentially enhancing the accessibility of active sites. An
increased double-layer capacity does not invariably correspond
with an increased number of electrochemically active sites or
enhanced mass activity. This is evidenced by the significantly
higher activity observed for the Fe−Sn−N−C (1:0.3)
compared to the Fe−Sn−N−C (1:1), despite exhibiting
equivalent capacitive currents. Large surface areas present in
M−N−C materials predominantly stem from carbon moieties
that contribute to the double-layer capacitance, independent of
directly affecting ORR activity.55

Second, the selectivity toward the 4-electron ORR
mechanism was investigated. Therefore, the hydrogen peroxide
yield during the RRDE measurements was determined from
the ring currents at 0.2 and 0.7 VRHE (Figure 5a,b). Fe−Sn−
N−C (1:1) and (1:0.3) exhibited the lowest hydrogen
peroxide yields at 0.2 VRHE with values of 5.8 %H2O2 and 5.9

Figure 4. (a) Anodic scans of the ORR polarization curves at 1600
rpm (O2 saturated 0.5 mol L−1 H3PO4, 400 μgcatalyst cm−2) with a scan
rate of 5 mV s−1 with indicated standard deviation of 3 measurements
and (b) MAs determined from ORR curves at 0.8 VRHE before and
after the AST with indicated standard deviation.
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%H2O2, respectively. Fe−N−C and Sn−N−C reached higher
peroxide yields with values of 8.3 %H2O2 and 9.1 %H2O2. The
commercial Fe−N−CPMF showed the highest peroxide yield of
10.1 %H2O2 (Figure 5b). At higher potentials (0.7 VRHE), the
H2O2 yields are decreased for the Fe−Sn−N−Cs with 4.4
%H2O2 and 2.9 %H2O2 for Fe−Sn−N−C (1:1) and Fe−Sn−N−
C (1:0.3). This trend is in accordance with other Fe−Sn−N−
C catalysts from the literature.31 Also, lower peroxide yields at
0.7 VRHE are measured for Fe−N−C with 3.6 %H2O2. The yield
for Fe−N−CPMF at 0.7 VRHE is found to be at a comparable
level of 9.7 %H2O2, falling within the range of deviation. In
contrast, Sn−N−C exhibits an increase in yield at higher
potentials to 12.6 %H2O2.

In summary, the Fe−Sn−N−Cs display much lower
peroxide yields than the Fe−N−Cs and the Sn−N−C. This
suggests efficient 4-electron pathways for ORR for these novel
catalysts and minimal undesirable 2-electron pathways, which
typically result in the formation of hydrogen peroxide.59,60 A
low H2O2 yield indicates the successful incorporation of the
M−Nx centers and a low proportion of metal-free N
functionalities. Similarly, high peroxide yields can have a
disadvantageous effect on the stability of catalysts, as carbon
decomposition and the associated degradation of active sites is
triggered by H2O2.17,50 There is no trend between the nitrogen
content or nitrogen type and selectivity, although overall
peroxide yields are low, so the trend could be suppressed, as
even small measurement deviations can have an influence.

Next, an AST under harsh conditions was applied to assess
the stability for all catalysts. The AST employs square wave
cycling of the potential. This involves 10,000 sweeps between
0.6 and 1.0 VRHE over 3 s intervals in an oxygen-saturated
electrolyte. With this potential range, the formation of ROS
should be provoked, which can cause the demetalation of

metal−nitrogen sites and, to a lesser extent, corrosion of the
carbon support structure.61

In addition to the high MA and good selectivity of the Fe−
Sn−N−C (1:1), a remarkable stability is also demonstrated
with an MA reduction of only −38 %, similar to the
commercial Fe−N−CPMF (−35 %) after AST, indicating a
low degradation of the active sites (Figure 4b and Supporting
Information Figure S7). This observation emphasizes the
assumption that tin may exert a stability-enhancing effect on
our Fe−N−Cs, in addition to an activity-enhancing effect. This
effect could be achieved by an electronic effect of Sn on the Fe
sites or by a direct influence of Sn on the reaction. However,
the latter is less plausible given that monometallic Sn−N−C
does not exhibit high activity and is unlikely to be directly
involved in the reaction. However, the reduction of the tin
content for the Fe−Sn−N−C (1:0.3), which resulted in an
exceptionally high activity, also led to a lower stability, with a
−71 % MA loss after AST. It is, albeit, noteworthy that even
after subjecting the Fe−Sn−N−C (1:0.3) to a stress test, its
MA exceeds the initial activity of the commercial Fe−N−CPMF
by 27 %. The lower MA loss of Fe−N−C (−37 %), compared
to the high MA loss of Fe−Sn−N−C (1:0.3), can be
associated with the lower initial activity, indicating that a
smaller number of active sites could be degraded.

In addition to the measurement in phosphoric acid, RRDE
tests were also carried out in commonly used diluted perchloric
acid (Supporting Information Figure S8) to have an
appropriate comparison with the recent literature. The MA
in 0.1 mol L−1 HClO4 of the Fe−Sn−N−C (1:1) with 5.1 A
g−1 is still surpassing the activity of Fe−N−CPMF with 1.8 A g−1

and also the activity of current state of the art M−N−Cs and
recent Fe−Sn−N−C catalysts from other synthesis approaches
(1.2 and 4.8 A g−1), as shown in the Supporting Information
Table S4.31,34,42,46

The stability of the Fe−N−CPMF in HClO4 is higher with a
−7 % MA loss after the AST compared to the measurements in
H3PO4. Thus, the Fe−N−CPMF catalyst is more affected by
phosphoric acid than Fe−Sn−N−C (1:1), which has similar
mass loss independent of the electrolyte. It may be reasonably
deduced that the preliminary activity of Fe−N−CPMF is
promoted by the phosphoric acid electrolyte, as previously
discussed in the literature for Fe−N−Cs.62 Holst-Olesen et al.
propose the selective adsorption of phosphates to one site of
the M−Nx centers, which may promote activity on the other
side due to electronic effects.62 A detailed discussion of current
catalysts and the effect of the electrolytes is given in the
Supporting Information. Table S4 shows that the prepared
ZIF-based Fe−Sn−N−C catalysts exhibit remarkably high MA
in the phosphoric acid electrolyte, even exceeding most
platinum-containing catalysts in terms of total catalyst mass.
Due to the low metal contents of Fe−Sn−N−C (1:1) and Fe−
Sn−N−C (1:0.3) of 1.4 and 1.2 wt.%, respectively, the MA
related to the metal content (at 0.8 VRHE in 0.5 mol L−1

H3PO4: Fe−Sn−N−C (1:1) 0.57 A g−1
metal and Fe−Sn−N−C

(1:0.3) 1.60 A g−1
metal) are also in the upper range of platinum-

free catalysts (Supporting Information Figure S8 and Table
S4). As an addition to the comprehensive RRDE study, a first
HT-PEM single cell measurement with the most active Fe−
Sn−N−C catalyst was performed (Supporting Information
Figure S10). This test showed a peak power density of 53 mW
cm−2, which is lower compared to the MEA with commercial
Fe−N−CPMF (106 mW cm−2), but within the range of other
newly developed M−N−C catalysts (CoFe−N−SiOCa:26 50

Figure 5. (a) Ring current densities during ORR measurements and
(b) peroxide yields determined at 0.2 and 0.7 VRHE from the ring
current densities before and after the AST.
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mW cm−2 and Fe−N-ox-BP:63 67 mW cm−2). As shown in
Supporting Information (Figure S10), It is evident that there is
a necessity for electrode fabrication, including ink composition,
e.g., binder content and solvent, as well as the coating
procedure, to maximize the activity of the catalyst in HT-
PEMFC.63−65

2.3. Physical Analyses before and after AST. For a
more detailed analysis of catalyst degradation, Sn−N−C, Fe−
Sn−N−C (1:1), and Fe−N−CPMF were selected for additional
grazing incident XRD (GIXRD) and XPS measurements
(Supporting Information Figure S9). The catalyst layers were
characterized directly on the glassy carbon (GC) disc of RRDE
before and after AST. The GIXRD results (Supporting
Information Figure S9a) showed no significant changes in
the crystal structure of the catalysts after AST. This suggests
that this AST does not cause severe formation of ORR-inactive
metallic particles, which is essential to maintain active catalytic
sites.

The XPS analysis (Figure 6 and Supporting Information
Figure S9b−d) focused on changes in the oxidation states and
bonding environments of nitrogen because of interfering
signals from the ionomer (NafionTM) with respect to carbon,
oxygen, and an energy loss signal from fluorine, which affected
the iron spectra. Detailed peak fitting, analogous to the catalyst
powder fittings, showed changes in the types of nitrogen bonds
present in the catalysts (Figures 6 and S9c). A decrease in
pyridinic and pyrrolic nitrogen species with overall losses from
−32 % for the Sn−N−C, −21 % for Fe−Sn−N−C (1:1), and
−11 % for Fe−N−CPMF are detected. This reduction is
significant, as these nitrogen configurations are crucial for
catalytic activity when forming an M−Nx site, therefore
indicating a loss of active centers. Interestingly, the Fe−N−
CPMF catalyst showed only small changes in nitrogen species,
indicating a different degradation behavior compared to that of
MOF-based catalysts (Figures 6 and S9c). The loss of pyridinic
nitrogen is higher in the Fe−Sn−N−C with −38 % than in the
Sn−N−C with −15 % (Figure 6b in blue). On the other hand,
the degradation of pyrrolic nitrogen is higher in the Sn−N−C
with a decrease of 50 % than in the Fe−Sn−N−C with a
reduction of only 4 % (Figure 6b in green). The differences in
N species loss of pyridinic and pyrrolic nitrogen suggest that
the incorporation in the catalytic structure is different in the
two catalysts. Furthermore, an examination of the Sn 3d high-
resolution XP spectra (Supporting Information Figure 9d)
revealed no significant differences, suggesting that the

character of the tin species remains unchanged, and there is
no substantial loss of tin.

While the analyzed physical structure of the catalysts
remained intact, as evidenced by the GIXRD results, the
chemical changes observed by XPS indicate that the active sites
are vulnerable to operational conditions. It can be concluded
that the loss of activity due to the AST is likely attributed to
the loss of active sites. However, the absence of metallic
particles and the lack of significant loss of tin observed in the
XPS data suggest that these active sites may not have been M−
Nx sites. This assumption is further fortified by the enhanced
selectivity of the Fe−Sn−N−C catalysts after the AST, thereby
indicating that a higher proportion of metal-free pyridinic and
pyrrolic sites are lost.

3. CONCLUSIONS
The activity, stability, and selectivity of ZIF-based Fe−Sn−N−
Cs toward the ORR in acidic medium in comparison to
monometallic Sn−N−C and Fe−N−Cs were investigated in
this study. ZIF-8-based catalysts were prepared in different
metal ratios, obtaining the catalysts Sn−N−C, Fe−N−C, Fe−
Sn−N−C (1:1), and Fe−Sn−N−C (1:0.3). Via physical
characterization in comparison to the commercial Fe−N−
CPMF, the success of the synthesis was confirmed. The nitrogen
content in the synthesized catalysts (14−20 at.%), which
predominantly contain ORR-active nitrogen species (pyridinic,
pyrrolic, and graphitic), is significantly higher than that of the
commercial Fe−N−CPMF (7 at.%).

The catalysts exhibit high reproducibility with respect to the
electrochemical measurements in 0.5 mol L−1 H3PO4 and
differ in terms of the ORR performance, with the MA (at 0.8
VRHE) of Fe−Sn−N−C (1:1) reaching 8.2 A g−1, clearly
exceeding Fe−N−CPMF with 4.8 A g−1. In contrast, the Sn−
N−C and Fe−N−C have relatively low MA at 0.6 and 1.8 A
g−1, respectively. By reducing the tin content, Fe−Sn−N−C
(1:0.3) was obtained and yielded an extraordinarily high MA of
19.3 A g−1 at 0.8 VRHE. Similarly, Fe−Sn−N−C (1:1) exhibits
an MA of 5.1 A g−1 in commonly used 0.1 mol L−1 HClO4,
which is unparalleled by current state-of-the-art M−N−Cs.

The application of a harsh AST resulted in the
determination of good stability in H3PO4 (MA loss of −38
%) for Fe−Sn−N−C (1:1), which was comparable to that of
Fe−N−CPMF. The reduction in tin content led to a loss of
stability in the Fe−Sn−N−C (1:0.3), resulting in an MA loss
of −71 % after the AST. However, the still very high activity of
5.6 A g−1 after the AST is remarkable. Although the DAC

Figure 6. (a) N 1s high-resolution XP spectra of the catalyst layers with peak fitting and (b) determined loss of proportions of N-species (pyridinic
and pyrrolic) before and after the AST.
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character of the catalysts could not be confirmed, the beneficial
effect of the Sn is undoubtedly present, as evidenced by the
markedly high activities observed even with relatively low
amounts of tin. It was proposed that tin may act as a structural
promoter for iron, thereby improving the performance. The
hypothesis is based on two potential assumptions. The first
posits direct involvement of tin in the redox reaction. The
second, and potentially more plausible, assumption assumes an
electronic effect of the tin on the Fe sites, despite the presumed
lack of a direct neighborhood between the two elements.
These interactions have the potential to influence chemical
reaction pathways, thereby opening avenues for enhancing the
material efficiency. Additionally, it has been demonstrated that
the metal ratio of 1:1, which has been a popular choice in the
literature, may not necessarily represent the optimal catalyst, as
even low levels of Sn have been shown to significantly enhance
the activity.

Degradation analyses by GIXRD and XPS demonstrated a
reduction in pyridinic and pyrrolic bound nitrogen in the
catalysts, indicating the depletion of active sites. Given that no
distinct formation of metallic particles or loss of metal was
observed, it can be assumed that there has been a loss of
nonmetallic nitrogen sites. This is evidenced by the high
activity of Fe−Sn−N−C (1:1) after AST.

In response to the promising activity and selectivity of these
Fe−Sn−N−C catalysts, further systematic investigations of the
Fe/Sn ratio are planned. Also, further physical (i.e., XAS and
119Sn−Mössbauer) and electrochemical analysis of the
catalysts, to gain a deeper understanding of their structural
characteristics, the nature of the metal sites present, and the
correlation between iron and tin, is pursued. Moreover,
subsequent steps will entail efforts to optimize the electrodes
for HT-PEMFC testing.

4. MATERIALS AND METHODS
4.1. Catalyst Preparation. For ZIF-8 synthesis, zinc(II)-

nitrate hexahydrate (2.232 g, 7.50 mmol, 1 equiv, Carl Roth,
≥99 %) was added to 100 mL of methanol (Carl Roth, ≥99 %,
p.a.) in a round-bottom flask and stirred for 15 min. Then, 2-
methylimidazole (2.464 g, 30.01 mmol, 4 eq, Sigma-Aldrich,
p.a.) was weighed in a glovebox under a N2 atmosphere and
dissolved in 100 mL methanol under an air atmosphere. The
solution was added to the zinc(II)nitrate solution with stirring,
and a white precipitate formed after a few minutes. The
mixture was stirred for at least 6 h at room temperature in a
sealed round-bottom flask, followed by centrifugation to obtain
the white precipitate, three washing steps with 30 mL of
methanol, and drying in a vacuum.

For tin doping, a tin solution in methanol was prepared (tin
acetate, 50 mg mL−1, Sigma-Aldrich, p.a.) and, according to
Table S1, dropped to the ZIF-8 (500 mg in 10 mL methanol)
in an ultrasonic bath at room temperature, followed by 2 h of
sonication. The Sn-doped ZIF-8 was centrifuged and dried in a
vacuum oven at 40 °C.

For the preparation of the Fe−Sn−N−Cs, a second doping
with an iron solution (iron chloride, 50 mg mL−1, Sigma-
Aldrich, p.a.) was carried out. 500 mg of Sn-doped ZIF-8 were
dispersed in 10 mL of methanol, treated for 30 min in an
ultrasonic bath, and doped with 250 μL of the Fe solution.
After ultrasonic treatment for 2 h, centrifugation, and drying in
a vacuum oven, a light-yellow powder was obtained.

Subsequently, the doped ZIF-8 was weighed into ceramic
boats and treated in a tube furnace with a ceramic tube

(RHTC 80-230/15, Nabertherm) with a heating rate of 5 K
min−1 to 1000 °C under a nitrogen flow (100 L h−1). The
temperature was maintained for 2 h before cooling to room
temperature at 5 K min−1.

4.2. Physical Characterization. 4.2.1. Elemental Anal-
ysis by ICP−MS. ICP−MS was used to quantitatively analyze
the iron and tin content of the samples (Table S1). Catalyst (5
mg) was weighed into a Teflon insert, and 3.45 mL of
concentrated HCl (Carl Roth, Supra, 35 %) and 1.56 mL of
concentrated HNO3 (Carl Roth, Supra, 69 %) were added.
The insert was then sealed with a lid and placed in a 250 mL
stainless steel autoclave. The autoclave was closed with a
torque wrench (25 Nm) and stored for 18 h at 220 °C in an
oven, followed by cooling to room temperature. The obtained
solution was diluted to 150 mL with HNO3 (2 vol.%) and then
measured via ICP−MS. Samples were analyzed using an
iCapQ instrument (Thermo Fisher). An internal scandium
standard (1000 mg L−1, Carl Roth) and corresponding iron or
tin (Carl Roth) were used for calibration, with concentrations
of 0.5, 5, 50, 100, 200, 300, and 500 μg L−1. A correlation
coefficient of at least 0.999 was ensured for calibration.
4.2.2. TEM. For TEM measurements, 1 mg of catalyst was

dispersed in 1 mL of ethanol (Carl Roth, p.a.) and treated in
an ultrasonic bath for 10 min. Five μL of the dispersion was
dropped onto a copper mesh with polyvinyl formal film (200
mesh, Plano) and dried for 5 min. ZEISS EM 900N TEM with
a tungsten cathode and an accelerating voltage of 80 kV was
used. For HR-TEM and STEM/EDS analysis, a Jeol JEM2100
F with an acceleration voltage of 200 kV was used. For the
STEM/EDS Oxford INCA Energy TEM250 EDS system with
an XMAX80 silicon drift detector was used, and EDS mapping
was performed with a magnification of 200,000, recording
approximately 1,000,000 pulses.
4.2.3. PXRD. Powder diffractograms were measured on an

Empyrean Series 2 diffractometer (PANanalytical) in Bragg−
Brentano geometry and under Cu Κα radiation. The catalysts
(10 mg) were dispersed in 0.5 mL of 2-propanol (Carl Roth)
in an ultrasonic bath for 15 min and then dropped onto a zero-
background silica holder. A scan range between 5° and 70° was
measured at a voltage of 40 kV and a current of 40 mA. For
data evaluation, HighScore Plus software (PANanalytical) was
used.
4.2.4. XPS. For XPS analyses, an ESCALAB 250Xi (Thermo

Fisher) was used with monochromatic Al- Κα radiation and a
beam diameter of 650 μm. Three survey scans were recorded,
using a transit energy of 100 eV, a dwell time of 20 ms, and a
step size of 1 eV. Furthermore, high-resolution spectra for the
elements C (1s, 3 scans), O (1s, 5 scans), N (1s, 10 scans), Fe
(2p, 10 scans), Sn (3d, 10 scans), and Zn (2p, 3 scans) were
recorded. A transit energy of 20 eV, a dwell time of 50 ms, and
a step size of 0.02 eV were used. The Avantage software
(Thermo Fisher) was used with a smart background and
Gauss-Lorentz line shape for peak fitting.
4.2.5. 57Fe Mössbauer. The Mössbauer measurements were

conducted in transmission geometry with a custom-made
miniaturized Mössbauer spectrometer (MIMOS II). A Co-57/
Rh source was utilized, with measurements recorded at 14.4
keV. Data analysis was conducted using Recoil software
(Rancourt and Ping, 2003). The velocity scale and isomer shift
were calibrated with α-Fe (iron foil with 2.14 % Fe-57, 20 μm,
99.85 % purity).

4.3. Electrochemical Analysis. The electrochemical
characterization was carried out using an RRDE with a GC
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disk (0.2472 cm2) and a platinum ring (0.1859 cm2) with a
collector efficiency of 37 % (AFE7R9GCPT, Pine Research
Instrumentation). First, the RRDE was polished with 1.00 and
0.05 μm aluminum oxide abrasive suspension (MicroPolish,
BUEHLER) for 5 min each, and subsequently ultrasonicated in
2-propanol, followed by water for 5 min. For the catalyst ink, 6
mg of the catalyst, 561.6 μL of ultrapure water, and 126 μL of
2-propanol were mixed and treated for 15 min in an ultrasonic
bath. Subsequently, 76.2 μL of a Nafion solution (5 wt.% in
aliphatic alcohols, Sigma-Aldrich) was added, and the ink was
further mixed in a sonication bath for 5 min and for 4 min
treated via horn sonification (amplitude 10 %, 30 s on, 30 s
off). Then, 12.6 μL of the ink were dropped onto the GC disc
and dried for 5 min at 60 °C to obtain a final catalyst loading
of 400 μg cm−2. In order to compare the MA, also a Tanaka
Pt/C catalyst (TEC10E40E, 40 wt.% Pt on high surface area
carbon) was assessed.

A GC rod (Redox.me) was used as the counter electrode
and a reversible hydrogen electrode (HydroFlex, Gaskatel) as
the reference electrode. The electrodes were separated from
the working electrode by glass frites. Measurements were
carried out in 0.5 mol L−1 H3PO4 (Carl Roth, p.a.) or 0.1 mol
L−1 HClO4 (Merck, p.a.) as electrolyte in a glass cell.
PGSTAT204 potentiostat (Metrohm Autolab) and NOVA
2.1 software were used. For the initial characterization, the
electrolyte was saturated with O2 for 15 min, followed by three
CVs at a rotation of 1600 rpm between 0.05 and 1.05 VRHE
with 5 mV s−1 and a constant ring potential of 1.2 VRHE. The
second and third anodic scans were averaged for the
evaluation. Three CVs without rotation were subsequently
recorded with the same parameters in a N2-saturated
electrolyte for background correction. Next, impedance
spectroscopy at 0.3 V with an amplitude of 10 mV and a
frequency range of 100 kHz to 0.1 Hz for the correction of the
potentials by the electrolyte resistance. To complete the initial
characterization, five CVs in the potential range of 0.05−1.00
VRHE at 50 mV s−1 were recorded. To provoke degradation of
the metal sites, the electrolyte was saturated with O2 for the
AST, and the potential was cycled 10,000 times between 0.6
and 1.0 VRHE.66 The subsequent final characterization was
performed in a manner analogous to the initial character-
ization. For each catalyst, three independent measurements
were made and averaged.

The MA was calculated from the ORR polarization curves
using the current density at 0.8 VRHE, the average of the
diffusion-limited current density jlim in the diffusion-limited
area (0.1 and 0.4 VRHE), and the catalyst loading (mcatalyst) of
400 μg cm−2 in eq 1.

=
×

×
j j

j j
MA m0.8V lim

lim 0.8V
catalyst

1

(1)

The H2O2 yield was calculated according to eq 2, with a ring
collection efficiency N = 37 % given by the manufacturer and
the background corrected disc potential (jdisc).

=
+

×
×

j
H O yield 100

j

N
j

N

2 2

2

disc

ring

ring

(2)

4.4. Degradation Analysis. In order to investigate the
degradation caused by the AST, physical analyses were carried
out before and after. To measure the catalyst layer,
exchangeable RRDEs were used (AFE6R1PT, Pine Research

Instrumentation) with a GC disk (0.1963 cm2) and a platinum
ring (0.1100 cm2) with a collector efficiency of 26 %. The
electrode and catalyst ink were prepared, as described for the
electrochemical measurement, and coated with 2 × 12.6 μL for
clearer results (total loading of 0.8 mg cm−2). The coated disc
was analyzed by XPS and GIXRD before and after AST in 0.5
mol L−1 H3PO4 (Carl Roth, p.a.).
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