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Abstract The development of highly active and stable
non-noble metal catalysts (NNMC) for the oxygen reduction
reaction (ORR) in proton exchange membrane fuel cells
(PEM-FC) becomes of importance in order to enable cost
reduction. In this work, we discuss the structural composition
as derived from Fe-57 Mößbauer spectroscopy and X-ray dif-
fraction, catalytic performance determined by a rotating (ring)
disk electrode (RRDE) technique and stability evaluation of
our Fe–N–C catalysts prepared by an intermediate acid
leaching (IAL). The advantage of this IAL is given by a high
density of active sites within the catalyst, as even without
sulphur addition, an iron carbide formation and related disin-
tegration of active sites are inhibited. In addition, our acceler-
ated stress tests illustrate better stability of the sulphur-free
IAL catalyst in comparison to the sulphur-added one.

Keywords Non-noble metal catalysts (NNMC) . Fe–N–C .

ORR . PEM-FC . Accelerated stress tests (ASTs) .Mößbauer
spectroscopy

Introduction

For a sustainable society, fossil fuels have to be stepwise re-
placed by renewable energy sources. While for the stationary
energy supply, several good solutions are available, additional
research is needed for automotive propulsion. The application
of proton exchange membrane fuel cells (PEM-FC) for the
conversion of chemical energy stored in hydrogen and oxygen
to electric energy is a promising solution, and recent
years have seen great advances in the commercial sector.
However, for long-term and mass application, the amount of
precious metal used in PEM-FC has to be reduced to be com-
petitive with commercial combustion engines [1]. Non-noble
metal catalysts hold the promise of being able to completely
avoid precious metals in PEM-FC. As in standard PEM-FCs,
the largest quantity of precious metal is required to catalyze
the oxygen reduction; current research concentrates on this
reaction. In order to be applicable, a new catalyst has to be
cheap in costs and has to reach high volumetric catalytic ac-
tivity in order to replace platinum-based catalysts. In recent
years, the number of publications on Me-N-C catalysts, espe-
cially iron-based ones, has significantly increased. Based on
different spectroscopic techniques, the general understanding
on the active site structure [2–15] and additional factors af-
fecting the oxygen reduction reaction (ORR) activity [5,
16–20] has become clearer. As a result, there are currently
several preparation approaches that enable ORR activities that
are close to the D.O.E. target value [9, 21–24]. Catalysts pre-
pared by the oxalate-supported pyrolysis of porphyrins reach
outstanding ORR activity in rotating disk electrode (RDE)
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experiments and very good performance during PEM-FC ap-
plication [25]. To our knowledge, it was the first preparation
approach to yield Me–N–C catalysts without the utilization of
a carbon black [26]. Therefore, higher densities of active sites
and related current densities can be yielded as demonstrated
for today’s most active Fe–N–C catalysts [9, 22, 27].

In order to optimize the ORR activity, sulphur was added to
the precursor mixture [28, 29]. However, a possible drawback
of this approach might be sulphur poisoning, a phenomenon
known for Pt/C catalysts [30]. Furthermore, the carbon mor-
phology of the catalysts prepared by the oxalate-supported
pyrolysis under sulphur addition is highly amorphous, which
seems to contradict a good oxidative stability in PEM-FC
tests. In our recent work [29], we have shown that during
the synthesis of Fe–N–C catalysts, the formation of iron car-
bide (at 550–600 °C) is accompanied by the decomposition of
FeN4 centres (expressed by the release of HCN fragments in
TG-MS, compared also Fig. 1), consequently limiting the
ORR activity. There are two strategies to avoid the active site
destruction: first, addition of sulphur to the precursor mixture
prior to the heat treatment step [2, 28, 31] and, second,
performing an intermediate acid leaching (IAL) [29]. Our pre-
vious approach was related to the addition of sulphur to the
porphyrin + iron oxalate mixtures. With this strategy, one can
gain one order of magnitude higher kinetic current densities in
comparison to the sulphur-free catalysts. The drawbacks are
(i) the presence of sulphur residuals in the catalyst (as possible
poison during PEM-FC application), (ii) the in situ formation
of a highly amorphous carbon and (iii) the fact that sulphur
addition is only applicable for preparation temperatures up to
800 °C. Above this temperature, sulphur addition cannot
prevent the iron carbide formation as indicated by ther-
modynamic calculations (see Fig. S1) and confirmed by
previous results obtained from high-temperature X-ray dif-
fraction (HT-XRD).

Our alternative (improved) approach, namely performing
an IAL after a pre-heat treatment to 500 °C, prevents all these
drawbacks, as the approach is applicable also to precursors
without any sulphur. In this work, we present a detailed struc-
tural analysis of these catalysts.

In addition to this, so far, all non-noble metal catalysts
(NNMC) fail in terms of long-term stability. In this respect,
long-termmeasurements in PEM-FC [32] or accelerated stress
tests (ASTs) in aqueous electrolyte [10, 33–36] are helpful for
a better understanding.

For the application of ORR catalysts in PEM-FC, they have
to fulfil requirements with respect to the standard operation
conditions in a Blow-potential window^ (U<1.0 V) and a
Bhigh-potential window ,̂ respectively. As shown by Reiser
et al. [37], during start-up and shutdown, oxygen can penetrate
the anode catalyst layer, with the consequence of oxygen re-
duction in those regions of the anode. In order to equilibrate
this significant potential change on the anode, also the cathode
potential will increase to a value of 1.3–1.7 V. Hence, high
potential excursion up to 1.5 V (reversible hydrogen electrode
(RHE)) can take place in a PEM-FC system during the start-up
and shutdown of the membrane electrode assembly (MEA).
Given a standard oxidation potential of ca. 0.207 V for carbon,
the potential window applied during this AST can significant-
ly accelerate the carbon corrosion as demonstrated for Pt/C
catalysts [35]. The impact of carbon corrosion on MEA sys-
tems is severe and can lead to a significant performance loss.
In the case of Pt/C catalysts, carbon corrosion can induce
agglomeration, sintering and loss of surface area within the
catalyst layer and, thus, a thinning of it [37, 38].While the first
two degradation modes are specific of supported catalysts, the
last phenomenon can indeed be fatal for Fe–N–C catalyst [32].
Here, the surface area correlates well with ORR activity as the
active sites are either integrated in the graphene layers or
bridging adjacent graphene edges [7, 9, 17]. Hence, carbon

Fig. 1 Preparation scheme for
the oxalate-supported pyrolysis in
order to reach the BStandard
catalysts^ (route indicated by grey
arrows) and the adapted route to
yield the IAL intermediates and
IAL catalysts via intermediate
acid leaching synthesis (yellow
arrows)
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corrosion will consequently lead to a disintegration of active
sites. Indeed, in a recent report by Goellner et al., a carbon loss
due to corrosion of <20% let to an activity decay of 90% [10].
Moreover, for the investigated catalyst, the activation energy
for carbon oxidation was determined to be EA=38 kJ mol−1.
Consequently, when applied at 80 °C, a 14-fold higher carbon
corrosion is expected compared to room temperature [10].
Own post-mortem analysis of MEAs equipped with Fe–N–C
cathode layers and subjected to an oxidizing treatment in
PEM-FC showed a decrease of the catalyst layer mass by
66 %. This was due to carbon oxidation (major part) and
leaching of iron sites (minor), whereas the change of iron
content correlated well with the change in metal content
[32]. Ferrandon et al. investigated the so far most stable
Fe–N–C catalysts by post-mortem and in situ X-ray absorp-
tion near edge spectroscopy (XANES) measurements [39].
While the catalysts performed stable over 200 h of
potentiostatic operation at 0.4 V in PEM-FC, they found a
significant change in iron concentration (−84 %) and iron
coordination. This large loss in iron concentration without
significant impact on ORR activity is due to a high concen-
tration of inorganic iron sites in the particular catalyst. The
simultaneous observation of stable performance and signifi-
cant loss of iron was interpreted by the authors with a balance
of the deactivation of active sites and re-utilization of active
sites that were previously hidden in the bulk [39].

In order to test the ability of the two catalysts used in this
work to withstand such high potential excursion, we adopt an
AST treatment given by the Fuel Cell Conference, Japan
(FCCJ), that simulates the potential excursion felt by the cath-
ode during start-up and shutdown [40].

In addition to this, the performance of the catalysts under
standard operation conditions was tested (<1.0 V), AST_Run.
These results will be addressed in the second part of the paper;
the first is directed to the structural characterization of the
catalysts prepared by IAL.

Experimental part

Catalyst synthesis

The synthesis protocol of standard catalysts and IAL catalysts
is visualized in Fig. 1. The preparation of the standard catalyst
was similar to the route described elsewhere [29]. Shortly,
defined amounts of 1.3 mmol FeTMPPCl and 28.6 mmol iron
oxalate dihydrate (without and with sulphur (1.2 mmol S8))
were heated continuously up to 800 °C in inert gas atmo-
sphere. After cooling down, the obtained product was acid-
leached in 1MHCl for 1 h, filtrated and rinsed with water, and
the catalyst powder was dried overnight.

The IAL catalysts were prepared by a multi-step synthesis
approach. The same precursor mixtures as for the standard

catalysts were heated up to 500 °C in inert gas, followed by
the IAL in 1 MHCl for 1 h. After filtration, rinsing with water
and drying the IAL intermediates were subjected again to a
heat treatment, this time up to 800 °C, and after cooling down
to room temperature (RT), the Pyrolysis Product 2 was again
subjected to an acid leaching in 1 M HCl for 1 h. After filtra-
tion, rinsing with water and drying the IAL catalysts were
obtained.

It should be pointed out that the molar ratio of FeTMPPCl
to iron oxalate dihydrate (and sulphur in the case of the +S
catalyst) was similar for IAL catalysts and standard catalysts.
Most of the characterization described in this work was made
on the final IAL catalysts; in some cases, measurements of the
IAL intermediates or Pyrolysis Product 2 were added, too.

Characterization

Electrochemistry The conditions for measuring the ORR ac-
tivity and selectivity (BCharacterization of the intermediate
acid leaching catalysts^ section) of IAL catalysts and IAL
intermediates were different compared to those applied in
BStability in accelerated stress test^ section evaluating the
stability of the IAL catalysts.

For measuring the ORR activity and selectivity
(BCharacterization of the intermediate acid leaching catalysts^
section), a catalyst loading of 0.13 mg cm−2 with a Nafion to
catalyst ratio of 2:5 was placed onto the glassy carbon disc
(A=0.1963 cm2) of a rotating (ring) disk electrode (RRDE)
with a platinum ring. The experiments were carried out at RT
in a three-electrode system with a platinum wire as counter
electrode and Hg/Hg2SO4/0.5MH2SO4 as reference electrode
(0.68 V vs. RHE). In the first step, the working electrode was
cycled in a potential range of 1.0 to 0.0 V with a scan rate of
50 mV s−1 in nitrogen-saturated 0.5 M H2SO4. Typically,
15–20 scans were required until a steady state was reached. In
the cyclic voltammetry (CV) diagrams of Fig. 2a, always the
last scans out of this line are displayed. The platinum ring was
activated by continuous cycling in a potential range of 0.0 to
1.65 Vuntil a steady state was reached. Previous to the RRDE
experiments, the electrolyte was purged with oxygen and the
open circuit potential (OCP) was measured. The experiments
were performed with a sweep rate of 5 mV s−1 in oxygen-
saturated electrolyte at 200, 400, 576, 729 and 900 rpm (in
this sequence), and the ring electrode was kept at 1.4 V.
During the measurement, oxygen was only passed over the
surface of the electrolyte. Tafel plots have been calculated by
the Levich approach. The relative formation of hydrogen per-
oxide was determined with a collection efficiency of 0.22.

For measuring the stability of IAL catalysts (BStability in
accelerated stress test^ section), experiments were performed
in a three-electrode arrangement with a glassy carbon counter
electrode, an Ag/AgCl reference electrode and a glassy carbon
disc with the catalyst as working electrode. Here, the catalyst
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loading was 0.5 mg cm−2 and the Nafion to catalyst ratio 1:4.
Previous to the stability evaluation under two accelerated
stress test (AST) conditions (see Table 1), cyclic voltammo-
grams were obtained with a sweep rate of 100 mV s−1. These
two protocols were utilized to mimic the performance of the
catalyst under run conditions (AST_Run) and during start-up
and shutdown conditions (AST_SSC).

The ORR activity was determined from RDE obtained
with 1600 rpm and a sweep rate of 10 mV s−1 in
oxygen-saturated 0.5 M H2SO4. The evaluation of the
activity decay includes similar measurements of ORR
activity after a specified number of cycles in AST and
the performance of an additional cyclic voltammogram in
nitrogen-saturated electrolyte with 100 mV s−1. This is
required to follow changes in the capacity and redox
behaviour of the catalysts due to the AST protocol. For
the evaluation of the activity decay, either the time of
cycling, number of cycles or relative change of potential
can be used. This ΔU value is given as a product of
the potential range and the number of half-cycles. Potentials
are always given in reference to the standard hydrogen elec-
trode (RHE).

Mößbauer spectroscopy Mößbauer measurements were
made to characterize the iron compounds within each
IAL catalyst. The spectra were recorded at RT with a
CMCA-550 (Wissel) equipped with a constant electron-
ic drive system with triangular reference wave form
(Halder Electronics). A Co-57/Rh source was used,
and velocity scale and isomer shift δiso were calibrated
with natural iron (α-Fe foil, 25 μm thick, 99.99 %
purity). Assignment of iron species was made by a
comparison of the Mößbauer parameters to literature
data.

X-ray diffraction For the identification of crystalline phases,
XRD measurements of IAL intermediates and IAL catalysts
were carried out employing a Bruker diffractometer D8
Advance in Bragg-Brentano Θ-2Θ geometry using Cu Kα

radiation (λ=1.54 Å) and a silicon disc as sample holder.
Samples were rotated during the measurements. Spectra
were recorded in a range of 15°<2Θ<60°. The mea-
sured diffractograms were analyzed using the database
of the Joint Committee on Powder Diffraction Standards
(JCPDS).

Fig. 2 Cyclic voltammetry (a),
Tafel plots (b) and hydrogen
peroxide formation (c) of IAL
catalysts and IAL intermediates in
0.5 M H2SO4 measured with a
catalyst loading of 0.13 mg cm−2.
Tafel plots were obtained by using
currents corrected for mass
transport using the Levich
approach; details are given in the
BExperimental part^ section

Table 1 Summary of the
conditions for the AST_Run and
AST_SSC protocol

AST_Run AST_SSC

Conditions 0.0–1.0 V,

300 mV s−1
0.0–1.5 V,

500 mV s−1

Initial activity 0 cycles (t=0.0 h,ΔU=0 V) 0 cycles (t=0.0 h, ΔU=0 V)

Evaluation of activity decay 270 cycles (t=0.5 h, ΔU=540 V) 500 cycles (t=0.28 h, ΔU=500 V)

810 cycles (t=1.5 h, ΔU=1620 V) 2000 cycles (t=1.11 h, ΔU=2000 V)

2430 cycles (t=4.5 h, ΔU=4860 V) 5000 cycles (t=2.78 h, ΔU=5000 V)

Evaluation of the activity decay always includes the measurement of a cyclic voltammogram and a RDE
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Raman spectroscopy For the micro-Raman measurements,
the catalysts were dispersed in Milli-Q water, and then, a drop
was placed on a cleaned glass coverslip on an Olympus IX71
microscope, and the samples were left to dry before measur-
ing. For the measurement of degraded catalysts, after
AST_SSC, the catalyst layer was scraped off the glassy car-
bon (GC) tip and 100 μL of Milli-Q water was added to re-
disperse the catalyst following the same procedure as given
above. A 514-nm CWArgon Ion laser (CVI Melles Griot 35
MAP431-200) was aligned into the microscope. Two narrow-
band-pass filters centred at 510 and 514 nm (Semrock FF02-
510/20-25 and FF01-514/3-25) were used to spectrally clean
the laser source. The laser light was reflected in the micro-
scope on a 70/30 beam splitter (XF122 from Omega Filters)
towards a ×100 1.3 NA immersion oil objective (Olympus U
plan FL N) that focused the laser on the sample and collected
the Raman signal. The power of the laser focused into a
diffraction-limited spot at the sample was 17 μW (ca.
34 kW cm−2). Two 514-nm-long pass filters (Semrock
LP02-514RE-25 and LP02-514RU-25) were used to block
the 514-nm laser light in the detection path. The Raman
spectrum was recorded by using a PI Acton SpectraPro
SP-2356 polychromator (600 g mm−1 blazed at 500 nm)
and a PI Acton SPEC-10:100B/LN eXcelon Spectroscopy
Systemwith a back-illuminatedCCD chip (1340×100 pixels).
X-axis calibration of the spectra was performed after the
measurements using a toluene Raman spectrum and a
Neon pencil calibration lamp (ORIEL instruments,
6032 neon lamp). For better comparison of the spectra,
the intensity was normalized to the D-band maximum
after background subtraction with a linear function (y=ax+b).
Spikes in the spectrum due to cosmic rays were removed
manually.

In addition, for IAL intermediates, Pyrolysis Products 2
and IAL catalysts, the iron contents were determined by neu-
tron activation analysis (NAA) at the Helmholtz Center in
Berlin by D. Alber and her co-workers; these values are sum-
marized in Table 2 and compared to the standard catalysts and
the calculated iron contents in the precursor and Pyrolysis
Products 1.

Results and discussion

Characterization of the intermediate acid leaching
catalysts

In the first step, the electrochemical performance of the IAL
intermediates and IAL catalysts is compared. In Fig. 2, typical
cyclo-voltammograms, the Tafel plots and the relative content
of hydrogen peroxide during RRDE experiment are compared
for the differently prepared samples. In general, the sulphur-
free IAL preparation leads to a higher double-layer capacity
and better electronic conductivity in comparison to the IAL
preparation with sulphur addition.

The reduced electronic conductivity of the IAL intermedi-
ate (+S) and the IAL catalyst (+S) leads to a tilted shape of the
CV curves. In contrast, the IAL catalyst (−S) depicts a nearly
ideal electronic behaviour. A redox peak at 0.65 V can be
assigned to the Fe3+/Fe23+ or quinone/hydroquinone [25,
41]. For non-pyrolyzed macrocycles, the potential at which
this redox peak appears correlates with the catalytic perfor-
mance of the macrocycles [42–44]. However, the appearance
of the redox peak is no precondition for high ORR, since both
IAL catalysts reach a similar high activity (Fig. 2b), but only
for the sulphur-free IAL catalyst, a redox peak is observed in
the CV. The kinetic current densities of both IAL catalysts are
a factor of four higher in comparison to the IAL intermediates.
Also, the selectivity is improved by continuing the heat treat-
ment process to 800 °C with subsequent acid leaching. In
general, it is enhanced by 33 %. This factor is similar for both
preparation strategies, i.e. with or without sulphur.
Interestingly, 33 % equals the removal of 33 % of iron for
the same catalysts, as compared to Table 2. This might be an
indication that most of the hydrogen peroxide formation is not
related to the most active FeN4 sites but to inorganic iron
species (magnetite, iron carbide) that are capable of an indirect
reduction of oxygen to hydrogen peroxide but reveal a limited
stability in acidic conditions [45, 46]. In an alternative expla-
nation mode, one could assume that the ORR mechanism on
the FeN4 sites is changed going from 500 to 800 °C. However,
our own results for carbon-supported iron-porphyrin-based

Table 2 Concentration of iron
(wt%) in the different samples
investigated in this work

In Prec.a Standard Pyrolysis
Prod. 1b

IAL intermediate Pyrolysis
Prod. 2

IAL catalyst

Without sulphur 26.8 8.9 57.6 24.6 32.0 15.8

With sulphur 25.6 3.0 56.9 8.6 11.7 5.4

a Values are calculated from the precursor composition
b Estimated values are calculated from the precursor composition and the relative mass remaining after a heat
treatment to 500 °C (as determined from thermogravimetric measurements). Due to a subsequent oxidation of the
iron after contact to air, the real iron content might be a little smaller. For example, for the standard catalyst based
on similar estimation, one would obtain an iron content of 77.6 wt% while the as-measured content by NAAwas
65.6 wt% due to subsequent oxidation
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catalysts illustrated that, basically, the turnover frequency is
changed by the variation of the pyrolysis temperature [6].
Measurements on hydrogen peroxide formation gave similar
values for catalysts prepared at ≥600 °C (500 °C was not
investigated) [47]. Hence, we assume that the change in selec-
tivity observed in this work is more likely due to the removal
of inorganic iron species. Indeed, our structural characteriza-
tion by Mößbauer spectroscopy and X-ray diffraction con-
firms the presence of these particles predominantly in the
IAL intermediates.

It should be noted that the catalyst loading for the selectiv-
ity measurements was relatively low in this work. For several
non-precious metal catalysts, it was shown that the achieved
hydrogen peroxide formation strongly depended on the cata-
lyst loading [28, 48–50]. Compared to these NPMCmeasured
with similar loadings, our values are either similar or smaller.

Figure 3 presents the Mößbauer spectra of the IAL inter-
mediates and the IAL catalysts. Table 3 summarizes the aver-
age Mößbauer parameters and the assignment to iron species
(please note: we did not perform Mößbauer spectroscopy on
the Pyrolysis Products 1 (i.e. after heat treatment to 500 °C
without acid leaching). Due to the chosen precursor composi-
tion and the decomposition processes taking place up to
500 °C, these Pyrolysis Products 1 contain nearly about
60 wt% iron (compare Table 2) due to the large quantity of
iron oxalate in the precursor mixture. Hence, it can be as-
sumed that its decomposition products will also dominate
the Mößbauer spectra. Also, in HT-XRD, basically, the crys-
tallographic changes related to the iron oxalate, but not for the
porphyrin, were observable [29]. In that work, basically,
wuestite and magnetite were detected in situ at 500 °C.)

In the first step, the spectra of the sulphur-free IAL ap-
proach are discussed. The intermediate is dominated by two
sextets. Sextets 1A and 1B are both related to iron sites in the

magnetite structure [51]. The higher magnetic field is related
to the ferric iron in a tetrahedral environment (site 1A), with an
isomer shift of δiso=0.31 mm s−1. The iron in site 1B is in
octahedral coordination with oxygen and hosts both Fe2+

and Fe3+ ions. Due to a fast hopping process, the subspectra
of each ion cannot be resolved at RT. Consequently, the iso-
mer shift value is an average between Fe3+ high spin and Fe2+

high spin (δiso=0.66 mm s−1). The observation of the magne-
tite compound is not unexpected, as our HT-XRD showed that
magnetite forms at about 500 °C [29]. Formed at high tem-
perature, it is difficult to remove magnetite by acid leaching
[52], which explains the presence of this species even after the
IAL.

The doublets in this spectrum are both assigned to FeN4

sites that differ in their local environments. The green doublet
D1 is well known from several porphyrin-based catalysts [2,
3, 6, 8] and alternative preparation approaches [4, 7, 9, 12, 32].
In a previous work, it was identified as the ORR-active sites in
Fe–N–C catalysts. It is a FeN4 site with Fe2+ in the low-spin
state. The second doublet D2 has similar Mößbauer parame-
ters as iron phthalocyanine (FePc). For carbon-supported
FePc,Melendres found twoMößbauer doublets [53]: one with
the typical signature of crystalline FePc (where the large
quadrupole splitting is induced by the interaction of the
metal centre with nitrogen atoms from the FePc mole-
cules on top and below in axial direction) and a second
one with Mößbauer parameters similar to our D1 site.
Melendres interpreted the appearance of this doublet
with the formation of a surface-attached FeIIN4 site.
The Mößbauer parameters are different to the crystalline
FePc, as instead of the interaction with two nitrogen
atoms (from the FePc molecules on top and below), these
FePc molecules lie flat on the graphene sheets of the utilized
carbon support.

Fig. 3 Mößbauer spectra of the
IAL intermediates (a, c) and IAL
catalysts (b, d). Measurements
were performed at RT with a
calibration with respect to α-Fe.
The colour code is equal to
Table 2, where the Mößbauer
parameters and the assignment to
iron species are summarized
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Upon continuing the heat treatment (RT to 800 °C) with
subsequent acid leaching, the Mößbauer signature of the cor-
responding IAL catalyst (−S) changes in comparison to its
IAL intermediate. No magnetite is found anymore. This
was, in general, also expected because also the standard cata-
lyst (−S) does not contain any magnetite when prepared at
800 °C. Continuing the heat treatment to 800 °C, magnetite
reacts further to iron carbide (sext 3) induced by the reducing
environment provided by carbon. Besides the small iron car-
bide fraction, there are two doublets (D4A, B) that can be
assigned to iron nitride or hematite nanoparticles [51]. That
means that this catalyst contains exclusively the D1-related
FeN4 sites. Hence, this confirms our previous observation that
only this particular site drives the ORR activity in porphyrin-
based catalysts [6, 8, 54].

Let us now discuss the differences and similarities towards
the catalysts prepared with sulphur. As expected, also the
sulphur-containing IAL intermediate contains the ORR-
active FeN4 site assigned to D1, the D2 doublet (FePc) and
significant contributions of magnetite (sext 1A and 1B). In
addition, a small fraction of α-Fe is found (sext 2 in the spec-
tra). Also, the formation of alpha-iron is in accordance with
our previous HT-XRD study [29].

Table 3 Summary of the average Mößbauer parameters and absorption areas of the IAL intermediates and IAL catalysts

The label (f) denotes fixed values during the fitting process. The colour code is similar to Fig. 3

Fig. 4 X-ray diffraction measurements of the IAL intermediates and IAL
catalysts as well as the Pyrolysis Products 2. The JCPDS data of
magnetite (triangles, 19-0629), iron carbide (squares, 23-1113), troilite
(circles, JCPDS 11-0151) and graphite (diamond, JCPDS 8-0415) are
given
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If the heat treatment is continued to 800 °C with sub-
sequent acid leaching (IAL catalyst), the Mößbauer spec-
trum resembles that of the standard catalyst prepared un-
der sulphur addition. In this case, however, there are some
small sextet contributions related to iron carbide and
alpha-iron [51].

Due to the dominance of Mößbauer signals attributed to
inorganic iron species, we did not determine the content of
iron assigned to each species. This would require similar
Debye-Waller factors of all components. Usually, inorganic
iron species reveal a higher recoil-free fraction (expressed in
the Debye-Waller factor) in comparison to FeN4 sites.
However, with respect to Goellner et al. [10], we would like
to point out that although it is dominating the Mößbauer spec-
tra, the overall content of iron in these inorganic species might
not be as pronounced. This is also supported by the X-ray
diffractograms given in Fig. 4.

Our X-ray diffractograms (Fig. 4a–c) confirm the pres-
ence of crystalline iron phases in the IAL intermediates
and Pyrolysis Products 2. Some diffractograms show the
reflex from the Si substrate at 2Θ=33°. After the final
heat treatment plus acid leaching, only the sulphur-free
IAL catalyst depicts some very low-pronounced reflexes
assigned to iron carbide (Fig. 4c). The final IAL catalyst
(+S) exhibits an X-ray amorphous behaviour. Hence,
while the Mößbauer spectra clearly show the presence of
sextets, these were not identified by XRD. Obviously, the
content of these Fe3C particles is low so that they do not
contribute significantly to the diffractogram. Furthermore,
while there is a broad reflex at 2Θ=26° for the IAL cat-
alyst (−S), this is even broadened for the IAL catalyst (+
S) and shifted to smaller 2Θ values, indicating a larger
distance of the graphene planes due to smaller van der
Waals interaction. For the sulphur-containing IAL

Fig. 5 Results of the AST_Run
measurements with respect to
changes in RDE curves (a, b),
cyclo-voltammograms (c, d) and
Tafel plots (e, f) for the sulphur-
free (left side) and sulphur-added

(right side) IAL catalysts (–/–
start, –/– 270, –/– 810, - -/- -
2430 cycles)
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intermediate and Pyrolysis Product 2, there is a well-
pronounced reflex at 2Θ=23° that we were not able to
assign.

Stability in accelerated stress tests

In the next step, we evaluated the stability of the IAL catalysts.
Two different test protocols were applied. The first one
mimics the standard operation conditions in PEM-FC, referred
to as AST_Run. The second protocol is applied to evaluate the
stability of the catalysts under start-up and shutdown condi-
tions of PEM-FC. This AST protocol will be referred to as
AST_SSC (start-stop conditions). For both AST protocols, the
catalyst’s performances are tested at the beginning and some
specific cycle numbers at the end of the AST protocol by RDE
measurements (1600 rpm) (compare Table 1 in the
BExperimental part^ section). In Figs. 5 and 6, the results of
the AST_Run and AST_SSC measurements are summarized,

respectively. Figures 5a, b and 6a, b display the RDE mea-
surements, Figs. 5c, d and 6c, d the cyclo-voltammograms and
Figs. 5e, f and 6e, f the Tafel plots after specific cycle numbers
as given in the figure captions. The results of both AST pro-
tocols are directly compared in Fig. 7 as a function of delta U
(see “Experimental part” section) which turns out to be a bet-
ter parameter for the comparison than cycle number or time of
measurement.

Simulating the potential changes during standard FC oper-
ation (Fig. 5) leads to a fast initial decay of ORR activity by
15–20 % within the first 30 min of testing (delta U=540 V)
for both IAL catalysts. In the subsequent cycling, the decay is
more pronounced for the IAL catalyst prepared under sulphur
addition (down to 60 % of initial activity) compared to the
sulphur-free one (down to 70 % of initial activity). For the
sulphur-free IAL catalyst, the diffusion limiting current is only
changed within the first 30min of operation and stays constant
afterwards. In contrast, the current plateau that is reached for

Fig. 6 Results of the AST_SSC
measurements with respect to
changes in RDE curves (a, b),
cyclo-voltammograms (c, d) and
Tafel plots (e, f) for the sulphur-
free (left side) and sulphur-added

(right side) IAL catalysts (–/–
start, –/– 500, –/– 2000, - -/- -
5000 cycles)
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the sulphur-added IAL catalyst is decreased by a factor of two
from the initial RDE curve to the final one. Based on the
relation that the diffusion limiting current density jDiff~ne,
the number of transferred electrons, this could indicate a
change in selectivity by a factor of 2—in other words, chang-
ing from a predominating four-electron reduction to a two-
electron reduction to hydrogen peroxide. Another possible
explanation would be a partial removal of the catalyst layer
from the RDE. In this case, however, one would also expect a
decrease in the capacity current in Fig. 5d which is not ob-
served. In addition, the cyclic voltammograms can be used to
identify changes in the surface structure of the carbon.
Applying this AST_Run protocol does not lead to a significant
change for any of both catalysts. This is also expected, as
usually up to 1.1 V, the carbon oxidation is kinetically hin-
dered if no particles are present to accelerate this reaction [35,
55].

How do these results compare to that obtained for the
AST_SSC protocol, shown in Fig. 6? Interestingly, for both
IAL catalysts, the changes in the diffusion limiting current
densities are not as pronounced as for the AST_Run protocol.
With increasing cycle number, the Tafel slope (Butler-Volmer
behaviour) decreases. The reason for this behaviour might be
a decrease of either the exchange current density jo and/or the
transfer coefficient α. The Tafel plots in Fig. 6e, f indicate

both. In addition, the applied high potential range leads to
the formation of surface groups as can be noted from the
increase in capacity in Fig. 6c, d. For AST_SSC, the decrease
in current density over time is most pronounced for the
sulphur-added IAL catalyst. Five thousand cycles are suffi-
cient to decrease the ORR activity to about 30 % of its initial
value.

For an easy comparison of ORR activity and decrease over
delta U, the mass-related kinetic current densities at 0.75 Vare
given in Fig. 7a, whereas the relative changes in current den-
sities at 0.75 V are compared in Fig. 7b.

It is interesting to note that the sulphur-free IAL catalyst
performs more stable in comparison to the sulphur-added IAL
catalyst under both conditions. The sulphur-added IAL cata-
lyst decays much faster in the high-potential window that
mimics the start-up and shutdown conditions of FC operation
(AST_SSC). The reason for this might be a lower definition of
the carbon as expressed by a less pronounced carbon reflex in

Fig. 7 a Change of the mass-related kinetic current density at 0.75 Vand
b relative change of kinetic current density as a function of delta U
applied to the catalysts during the two different AST protocols
(compare Table 1)

Fig. 8 Raman spectra of the IAL catalysts before and after AST_SSC for
the sulphur-free (a) and sulphur-added (b) catalyst. To obtain the spectra,
the individual spectra of four different areas (catalyst flakes) were
background subtracted, added and normalized to the intensity of the D
band. The individual spectra are shown in the supporting information
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the X-ray diffractograms (Fig. 4c). In order to verify this in
more details, we performed micro-Raman spectroscopy on the
as-prepared catalysts and after AST_SSC. The comparison of
the averaged and normalized spectra is given in Fig. 8.

The spectra are typical for highly amorphous carbons
with a nearly equal ratio of G band (at 1575 cm−1) to D
band (at 1350 cm−1) and a large amorphous contribution
expressed in the intensity between D band and G band
(D3 band at ca. 1500 cm−1) [20, 56]. Besides these bands,
a small shoulder at 1750 cm−1 is seen for the sulphur-free
IAL catalyst after AST_SSC. A similar shoulder was
found for Vulcan and Pt/Vulcan catalyst after oxidizing
treatment under the same AST conditions [35]. In relation
to the paper by Hiramitsu et al., we assign this peak to the
formation of carbonyl groups on the surface of the carbon
[57]. Locally resolved Raman spectra of single flakes (see
supporting information) reveal that small changes of the
catalyst before and after AST_SSC can be due to inhomo-
geneity and have to be interpreted with care. On the other
hand, also the electrochemical measurements give an in-
tegral result of a large number of individual flakes.
Interestingly, based on four points, it seems that the pris-
tine sulphur-free IAL catalyst is less homogeneous than
the sulphur-added IAL catalyst. In none of the spectra, a
significant change in the D band to G band ratio is ob-
served upon AST_SSC. In contrast, a formation of the
shoulder at 1750 cm−1 and a decrease of the D3 band
are observed for the sulphur-free and sulphur-added IAL
catalyst, respectively, in the integral measurements shown
in Fig. 8. It can therefore be postulated that the observed
performance degradation of the catalysts is not dominated
by the same degradation scheme for sulphur-free and
sulphur-added IAL-catalysts. More detailed studies will
be required in order to work out the dominating degrada-
tion modes.

Conclusion

In conclusion, our results illustrate that the utilization of
an IAL can be used to prevent active site destruction dur-
ing catalyst formation, as similar high ORR activity can
be gained as previously achieved by the addition of sul-
phur. In its current form, both IAL catalysts still contain
fractions of inorganic iron species. However, we believe
that with a further optimization of the preparation process,
these fractions can be eliminated. In addition, it is expect-
ed that the activity can be enhanced by some subsequent
heat treatments in either inert or reactive gas atmosphere
[2, 8, 9, 25, 54]. Our AST stability results demonstrate a
significant smaller activity loss for the sulphur-free IAL
catalyst compared to the sulphur-added one under both
operation conditions.
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