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Effect of iron-carbide formation on the number of
o active sites in Fe—N-C catalysts for the oxygen
S e crem A2t 2 raduction reaction in acidic mediat

Ulrike I. Kramm,*®® Iris Herrmann-Geppert,® Sebastian Fiechter,? Gerald Zehl,?
Ivo Zizak,® Iris Dorbandt,® Dieter SchmeiRer® and Peter Bogdanoff?

In this work Fe—N—-C catalysts were prepared by the oxalate-supported pyrolysis of FeTMPPCl or H,TMPP
either in the presence or absence of sulfur. The well-known enhancing effect of sulfur-addition on the
oxygen reduction activity was confirmed for these porphyrin precursors. The pyrolysis process was
monitored in situ by high-temperature X-ray diffraction under synchrotron radiation (HT-XRD) and
thermogravimetry coupled with mass-spectroscopy (TG-MS). It was found that the beneficial effect of
sulfur could be attributed to the prevention of iron-carbide formation during the heat-treatment
process. In the case of pyrolysis of the sulfur-free precursors an excessive iron-carbide formation leads
to disintegration of FeN4-centers, hence limiting the number of ORR active sites on the final catalyst.
Physical characterization of the catalysts by bulk elemental analysis, X-ray diffraction (XRD), Raman and
57Fe MoRbauer spectroscopy confirmed the outcome from HT-XRD and TG-MS. It could be shown that
the avoidance of carbide formation during pyrolysis represents a promising way to enhance the density
of ORR active sites on those catalysts. This can be done either by sulfur-addition or the performance of
an intermediate acid leaching. As iron carbide is often found as a by-product in the preparation of Fe—
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supported platinum (Pt/C) or its alloys. While platinum is an
excellent catalyst for the hydrogen oxidation reaction (HOR) it

Introduction

For automotive application the utilization of Polymer-Electro-
lyte-Membrane Fuel Cells (PEM-FC) as power sources is one of
the most promising techniques especially in sparsely populated
areas of e.g. North America. State-of-the-art catalysts are carbon-
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T Electronic supplementary information (ESI) available: Detailed discussion of
the pyrolysis process of the FeTMPPCI + iron-oxalate-dihydrate precursors with
and without sulfur by TG-MS and selected diffractograms of HT-XRD
measurements; physical characterization of the H,/Fe + S and H,/Fe — S
catalysts (by XRD, Raman spectroscopy and Mofibauer spectroscopy); table
summarizing the Mof3bauer parameters and assignments to iron species of all
standard catalysts; TEM images of the Fe/Fe — S catalyst; RDE measurements
with 200, 400, and 900 rpm of all standard catalysts. Comparison of the effect
of second heat-treatment in either N, or NHj;, respectively, on the ORR activity
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reveals only a sluggish performance for the oxygen reduction
reaction (ORR). Therefore, most of the platinum in today's fuel
cells is used for the cathode, in order to get the reaction run.

However, for economic reasons catalyst costs have to be
reduced as they contribute 33% to the overall costs of a FC
stack.! The most effective would be the replacement of platinum
by cheap non-noble metal catalysts (NNMCs). The most prom-
ising alternatives are the so-called Fe-N-C catalysts. Recent
results demonstrate that these catalysts can indeed compete
against platinum in terms of ORR activity, while their long-term
performance has to be improved.**

The oxalate-supported pyrolysis has proven to be quite
effective in the preparation of Me-N-C catalysts.”'® Especially
in terms of active site density this technique is beneficial as no
additional carbon support is required.® In previous work we
demonstrated that (i) different oxalates® and (ii) different
porphyrins can be utilized in this preparation.’®'* The achiev-
able activity depends on the optimized combination of both.
The two most important steps in improving the ORR activity of
these catalysts were the findings that much higher current
densities are reached when sulfur is added to the precursor
mixture of porphyrin plus iron oxalate”* and that a second
heat-treatment can drastically enhance the ORR activity.>*'*
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The performance of this second heat-treatment in different
gas atmospheres enabled the preparation of catalysts with
different ORR activities and various concentrations of iron
species as determined by *’Fe M&fibauer spectroscopy.® This
approach enabled a direct correlation between one specific
FeN,-center and the ORR activity. In a recent publication we
have shown that the turn-over frequency related to this active
site depends on the electron density on the iron center.”® It can
be tuned for instance by a change of the pyrolysis temperature.

Regarding the amount of sulfur to be added, the ratio of
sulfur to iron has to be optimized as undersized ratios might not
enable optimal improvement while an oversized sulfur quantity
will cause the formation of FeS, (x > 1) type phases with poor
solubility in acidic medium.™ For example, although acid-
leached at boiling temperature, the so called PANI-Fe-C cata-
lysts exhibit large concentrations of Fe;S, which can be
explained by the reaction of ammonium peroxidisulfate (APS)
residuals (from the polymerization step) with the iron source.’> A
beneficial effect of sulfur on the ORR activity of Me-N-C catalysts
was also described by Contamin et al. and Hatchard et al.**"”

Catalysts prepared by the oxalate-supported pyrolysis under
sulfur-addition exhibited the best performance in RDE experi-
ments in a cross-laboratory comparison of different institutes
worldwide.*® In this publication the activity was enhanced by a
multi-step preparation. After the first heat-treatment in inert
gas followed by acid-leaching, a second heat-treatment in
forming gas with subsequent acid-leaching and a third heat-
treatment in CO, were applied.*®

The catalysts discussed in this work were also prepared by
the oxalate-supported pyrolysis, but characterized just after the
first heat-treatment plus acid-leaching. This is because the
focus of this work was not to beat all previous results with
respect to ORR activity, but to elucidate the reason for the
different performance of catalysts prepared by this technique
with and without sulfur-addition to the precursor mixture.

Experimental
I. Preparation of Fe-N-C catalysts

Precursor preparation (£S). In order to prepare a sulfur-free
precursor, 1.3 mmol FeTMPPCI (TriPorTech, 95% purity) was
mixed with 28.6 mmol iron-oxalate dihydrate (Riedel de Héen)
in a mortar until a homogeneous precursor mixture was
obtained. To prepare a sulfur-containing precursor 1.2 mmol
sulfur (Sg) were ground previously before mixing with the
oxalate and FeTMPPCI. This molar ratio of sulfur to metal was
previously found to give the best results in terms of activity
improvement and removal of inorganic metal species.™*

These precursors were used for the preparation of the stan-
dard catalysts and the catalysts with intermediate acid leaching.
In addition, to elucidate the processes involved in catalyst
formation, small quantities of these mixtures were used for the
in situ investigation of the heat treatment process (HT-XRD and
TG-MS measurements).

Preparation of the standard catalysts (+S). Each precursor
was filled in a quartz boat, placed in a quartz glass tube and
heated from room temperature to 800 °C. The heating rate was 7.5
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°C min~ . At 450 °C the samples were held for 10 min before they
were heated to 800 °C and held at this temperature for 45 min. The
complete heat treatment process was performed in a nitrogen
atmosphere. After quenching to room temperature (RT), the
samples were transferred into 1 M hydrochloric acid and stirred
for at least 1 h in an ultrasonic bath. The catalysts were filtered
and washed with distilled water until the filtrate exhibited a pH
value of 5. The obtained black catalyst powders were dried at 80
°C. The final catalysts prepared by the pyrolysis of FeTMPPCl and
iron-oxalate dihydrate without or with sulfur-addition will be
addressed “Fe/Fe — S” and “Fe/Fe + S”, respectively.

In a similar way catalysts were prepared by the oxalate-supported
pyrolysis of H,TMPP, utilizing the same molar ratios as given
above. These catalysts are labelled “H,/Fe — S” and “H,/Fe + S”.

Preparation of the reference catalysts (Fe/KB600). The elec-
trochemical behavior of the prepared catalysts was compared to
that of an impregnation catalyst. The detailed preparation is
described by Koslowski et al. (ref. 8). In short, FeTMPPCI was
impregnated on Ketjen Black 600 and subjected to a heating
process with 800 °C as the end temperature (5 °C min~") fol-
lowed by a subsequent acid leaching similar to that of the
catalysts prepared by the standard preparation technique. This
catalyst is labelled as “Fe/KB600”.

Preparation of catalysts with intermediate acid leaching
(£S). In order to verify the findings related to the role of iron-
carbide formation during the preparation process, the standard
preparation was modified. The precursor mixtures remained
the same as for the standard catalysts, but treatment in an
acidic solution as an intermediate step was added.

Each precursor was filled in a quartz boat, placed in a quartz
glass tube and heated from room temperature to 500 °C (30
min) in a first step. After cooling down the samples were acid-
leached in 1 M HCI, similar to the procedure described above.
After drying the intermediates, these were filled again into
quartz boats and heated from room temperature to 800 °C, at
which the temperature was maintained for 30 min. After cooling
down to room temperature (RT), again the samples were acid-
leached. Both heat-treatment steps were performed in a
nitrogen atmosphere with a heating rate of 7.5 °C min™ . As the
main difference in comparison to the standard preparation is
the intermediate acid leaching, these catalysts are labelled as
“Fe/Fe — S + IAL” and “Fe/Fe + S + IAL”.

II. In situ characterization of the pyrolysis process

In situ high-temperature X-ray diffraction measurements
(HT-XRD). In order to analyse the solid products that are formed
during the heating process, in situ X-ray diffraction measurements
were performed at the BESSY Il beam line KMC-2 using a stainless-
steel reaction chamber with Kapton® windows at the beam entry
and exit slits. The precursor samples were placed on an electric
graphite heater encapsulated in pyrolytic boron nitride (pBN)
from Tectra GmbH. This newly developed reaction chamber is
shown in Fig. 1 and allows measurements under constant Ar gas
flow at reduced pressures in a temperature range from RT to 800
°C applying a heating rate of 7.5 K min~ . A two dimensional
detector array (HiStar - Bruker AXS) was used to record the spectra.

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Reaction chamber for high-temperature X-ray diffraction
measurements as performed at the KMC-2 beamline at BESSY II.

The detector, sample and synchrotron-radiation beam
were aligned to meet the Bragg-Brentano geometry. To
simulate the heating process, measurements were carried out
under a constant Ar flow of 200 ml min~' at a reduced
pressure of p = 400 mbar. X-ray source synchrotron radiation
with an energy of 8.731 keV was applied. Calibration of the
system was performed using an alumina standard. Because of
the reduced pressure, the precursor samples were pelletized
(@: 10 mm) before placing onto the pBN heating table.

For easier comparison to the X-ray diffractograms of the
standard catalysts, the 26-values of the XRD peak positions
measured with different X-ray sources were referred and
compared with those taken at the wavelength of a Cu Ka X-ray
tube as shown in Fig. 2c and d and S2.}

2
2Theta (Egeem=8731 V) / *

without S 650°C

30 35 40 a5 30 35 40 as
2Theta (Cu K,) 2Theta (CuK,)

Fig. 2 HT-XRD measurements of the FeTMPPCL + iron oxalate dihy-
drate precursor mixture with sulfur (a and c) and without sulfur (b and
d). Dark blue color denotes low intensity regions and the continuous
change to red color indicates an increase of the signal intensity. In (c)
and (d) the X-ray diffractograms as obtained at 545 °C and 650 °C are
shown. Diffraction patterns can be assigned to troilite FeS (O), wustite
FeO (@), alpha iron (0), magnetite (A), and cohenite FesC (m).
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Fig. 3 X-ray diffraction (a), Raman measurements (b) and MoéRbauer
spectra of the final Fe/Fe — S and Fe/Fe + S catalysts after pyrolysis up
to 800 °C followed by a subsequent acid leaching are given. Diffrac-
tion patterns can be assigned to cohenite FezC () and graphite (m). The
MoéRbauer parameters and assignment to iron species are summarized
in Table S2 in the ESI.}

Thermogravimetry coupled with mass-spectroscopy (TG-
MS). Thermogravimetric measurements were carried out at the
Institut fiir Kristallzichtung (IKZ) using a NETZSCH Simulta-
neous Thermal Analyzer STA 409C coupled with a quadrupole
mass spectrometer via a skimmer. The measurements were
performed in an Al,0O; sample crucible under continuous flow

of helium with a heating rate of 7.5 K min .

III. Characterization of the final catalysts

Electrochemical characterization. Catalyst inks have been
prepared by suspending 2 mg of catalyst in 400 ul of a 1:1
water-ethanol mixture containing 0.2% Nafion. 5 pl of this
suspension were dropped onto a 0.1963 cm?® glassy carbon
disk (RDE) obtaining a catalyst load of 0.13 mg cm 2. The
experiments were carried out at room temperature in a three-
electrode-system with a platinum wire as the counter electrode
and Hg/Hg,S0,/0.5 M H,S0, as the reference electrode (0.68 V
vs. SHE).

Prior to the determination of the oxygen reduction current
the working electrode with our catalyst was cycled in a potential
range from 1.0 V to 0.0 V with a scan rate of 50 mV s~ ' in
nitrogen-saturated 0.5 M H,SO,. Typically 15-20 scans were
required until a steady state was reached. In the CV diagrams of
Fig. 4a and 5a always the last scans out of this line are displayed.
Previous to the RDE experiments, the electrolyte was purged
with oxygen and the open circuit potential (OCP) was measured.
RDE experiments were performed with a sweep rate of 5 mv s~
in an oxygen-saturated electrolyte at 200, 400, 576, 729 and 900
rpm (in this sequence). During the measurement, oxygen was
only passed over the surface of the electrolyte. Tafel plots have
been calculated by the Levich approach. All potentials are given
in reference to the standard hydrogen electrode (SHE).

J. Mater. Chem. A, 2014, 2, 2663-2670 | 2665


http://dx.doi.org/10.1039/c3ta13821f

Published on 04 December 2013. Downloaded by Access provided by HZG Library on 05/01/2015 11:51:51.

Journal of Materials Chemistry A

a) 02 T ) 0 s g
L oF —— Fe/KB600 ]
F S —4— FelFe+S ]
r + =0=H,/Fe+S
- 2F —4— Fe/Fe-S
- -®-H,/Fe-S
. 1k e
[ - 8 3
& 00( ‘o of E
§ L T B 1
s . 1
= L r 1
[ 01 |- <
e E
[ *r ]
02 at .
L 2
ot voteeatventena] goelos e vt o1, \%
0.0 0.2 04 0.6 0.8 1.0 0.70 0.7 0.80 0.85

U (SHE)/V U (SHE)/V

Fig. 4 Cyclic voltammograms (a) and Tafel plots (b) of the catalysts
prepared without and with sulfur in the precursor mixtures.

Elemental analysis. In order to determine the elemental
composition of the catalysts neutron activation analysis (NAA)
and combustion analysis were made to determine the iron
contents and the mass-related contents of carbon, nitrogen,
sulfur and hydrogen, respectively.

X-ray diffraction. For the identification of crystalline phases,
XRD measurements of all standard catalysts were carried out
employing a Bruker diffractometer D8 Advance in Bragg-Bren-
tano #-20 coupling using Cu Ko radiation (A = 1.54 A) and a
silicon disk as the sample holder. Samples were rotated during
the measurements. Spectra were recorded in a range of 15° <260
< 60°. The measured diffractograms were analyzed using the
database of the Joint Committee on Powder Diffraction Stan-
dards (JCPDS).

Raman spectroscopy. To characterize the carbon structure,
Raman measurements were performed in a range from 1750 to
800 cm ™' using a He/Ne laser for the excitation. The catalyst
powders were suspended in water and small amounts of these
suspensions were dropped onto glass substrates and left to dry.
By this treatment flat films of the catalyst powders were
obtained on which the laser beam was focused with the help of
an optical microscope (Olympus BX). In order to separate
Raman and Rayleigh scattering a notch filter and a mono-
chromator were utilized. Raman bands were detected with a
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Fig. 5 Cyclic voltammograms of the catalysts prepared by the
oxalate-supported pyrolysis of FeTMPPCl with intermediate acid
leaching (+IAL) (a) and comparison of the Tafel plots of the catalysts
obtained by the standard method and the modified preparation route.
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CCD camera. For each sample measurements were performed
in two different sample areas and the sum spectra were
analyzed. Following the semi-empirical equation by Tuinstra
and Konig,* the graphene layer extensions were calculated:

La = ID-peak/IG-peak x 4.4 nm

7Fe Mof3bauer spectroscopy. Mofibauer measurements were
made to characterize the iron compounds within each standard
catalyst. The spectra were recorded at room temperature with a
CMCA-550 (Wissel) equipped with a constant electronic drive
system with a triangular reference waveform (Halder Elec-
tronics). A ®’Co/Rh-source was used, and the velocity scale and
isomer shift d;5, were calibrated with natural iron (a-Fe-foil,
25 pm thick, 99.99% purity). An assignment of the iron species
was made by a comparison of the Mof3bauer parameters to
literature data.

Results
I. Analysis of the pyrolysis process

In order to investigate the pyrolysis process thermogravimetry
coupled with mass-spectroscopy (TG-MS) and high-temperature
X-ray diffractometry (HT-XRD) were performed for the
FeTMPPCI + iron oxalate dihydrate precursor with and without
sulfur-addition. In our previous work, TG-MS measurements of
different CoTMPP-oxalate precursors have been already
described.®” Therefore, only the major differences induced by
the addition of sulfur are summarized here, while in the ESIt
the TG-MS results are discussed in detail, see Fig. S1.}

First of all, for both precursors the pyrolysis process can be
divided into four sections separated from each other by the
release of characteristic gas species. Up to 500 °C the ther-
mogravimetric curves appeared to be quite similar. However,

(i) above 500 °C the third (and final) decomposition step was
shifted from 550 °C (as obtained for the sulfur-free precursor) to
750 °C for the sulfur-added precursor (see the TG-part of
Fig. S17).

(ii) Due to sulfur-addition, a strong release of gaseous sulfur
species detected as positively charged fragments in the mass
spectrometer were found in the temperature range from 300 to
700 °C (m/z = 64 in Fig. S11).

(iii) The mass-fragments related to the decomposition of
MeN,-centers (HCN, N,) showed a single peak for the sulfur-
containing precursor (450-520 °C), whereas an additional
decomposition peak was observed between 550 and 650 °C for
the sulfur-free precursor (m/z = 27, 28 in Fig. S1t).

The in situ HT-XRD measurements shown in Fig. 2 approve
that these differences are basically due to the formation of
different intermediates during the heating process. Fig. 2a and
b show the overview of the measurements obtained at temper-
atures between RT and 800 °C for both precursors. The four
different temperature ranges are indicated by roman letters.
Note that, caused by a thermal-induced expansion of the crys-
talline phases at higher temperatures the reflections are shifted
to smaller 26-angles. In the ESI (Fig. S21) the extracted

This journal is © The Royal Society of Chemistry 2014
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diffractograms are given for several temperatures that are
representative for the heating processes (usually before and
after a main decomposition step).

Due to the high amount of iron oxalate dihydrate in the
precursor mixture compared to the quantity of porphyrin,
the diffractogram of the starting material (RT) is dominated by
the diffraction reflections of the oxalate. In agreement with the
TG-MS measurements the HT-XRD measurements are similar
up to a heat-treatment temperature of 500 °C. Going from the
temperature regime I to II (150 °C-200 °C) the iron-oxalate
dihydrate releases its crystal water and the characteristic
diffraction patterns of iron oxalate are found at 7 > 200 °C. In
agreement with the thermogravimetric measurements iron
oxalate starts to decompose at ca. 400 °C and forms iron-oxide
phases (wiistite and magnetite) which can be identified by the
diffraction patterns at 435 °C and even more pronounced at
545 °C (see Fig. 2c and d). From previous investigations it is
known that in the range from 400 to 450 °C also the carbon-
ization of the porphyrin precursor is initiated.>”*" In the
temperature range 545 °C to 650 °C the reduction of the oxides
begins initiated by the in situ formed carbon. This temperature
range seems the most important one related to the changes
observed for both final catalysts. Therefore, the XRD diffracto-
grams of both precursors are given after heating to 545 and
650 °C in Fig. 2¢ and d, respectively.

For the sulfur-free precursor (Fig. 2d), at 650 °C the forma-
tion of iron carbide (cohenite) as a reaction product became
dominant caused by the reduction of iron oxides formed in the
temperature region before.

3FeO + C — Fe;C + 3/20,

It is important to note that this is the same temperature
range where the additional release of HCN (545 °C-650 °C) was
found (compare main difference (iii)) in TG-MS as discussed
above. Between 680 °C and 800 °C the intensity ratio of the
cohenite reflections varies indicating a change in crystal
structure.*

In contrast to the precursor mixture without sulfur, the
carbide formation in the sulfur-containing precursor is inhibi-
ted, as can be seen in Fig. 2c. The main phases found in the
diffractograms are troilite (FeS) and wiistite (FeO). Apparently,
sulfur reacts with the iron compounds to form iron sulfide and
suppresses the formation of iron carbide. We will come back to
this observation in the discussion part.

In a standard preparation route, the so gained pyrolysis
products were conditioned in a subsequent acid leaching (1 h
under ultrasonic treatment in 1 M HCI at 25 °C) in order to
remove inactive by-products.

II. Influence of the sulfur-addition on the structural
composition of the final catalysts

The X-ray diffractograms, Raman and Mof$bauer spectroscopic
measurements of the final conditioned catalysts (after pyrolysis
(800 °C), acid leaching and washing, compare with the Experi-
mental section) are given in Fig. 3 for the FeTMPPCl-related

This journal is © The Royal Society of Chemistry 2014
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catalysts. In the ESI, Fig. S3,7 the physical characterizations of
the H,/Fe & S catalysts are shown.

From XRD and Moéf3bauer measurements of the Fe/Fe — S
and H,/Fe — S catalysts, graphite, elemental iron and cohenite
can be identified. Apparently, without sulfur-addition the
formed iron by-products are hardly accessible during the acid
leaching. As can be seen in Fig. S4t for the Fe/Fe — S catalysts
these particles are covered by some graphene layers that protect
them against the acid attack.

In accord with the XRD data the Raman measurements
(Fig. 3b and S3b¥) visualize a higher degree of graphitization of
the sulfur-free catalysts (Fe/Fe — S and H,/Fe — S) as indicated
by the higher intensity and smaller full-width at half-maximum
of the G-band (and D-band) in comparison to the sulfur-con-
taining catalysts (Fe/Fe + S and H,/Fe + S). The extensions of the
graphene-layers, as calculated from the ratio of D-to-G-peak
intensities, are higher for the sulfur-containing catalysts. The
diffractograms of the sulfur-added catalysts exhibit predomi-
nantly X-ray amorphous behaviour indicating the good solu-
bility of all crystalline iron phases (basically troilite) in acid that
were formed until the end of the heat treatment step.

In Table 1 the results of the chemical composition from
bulk-elemental analysis of the catalysts and their [N]/[Fe] ratios
are summarized. In agreement with the XRD results the sulfur-
free preparation results in a high amount of residual iron
whereas the preparation approaches with sulfur lead to low iron
concentrations. In contrast, the amount of nitrogen is drasti-
cally lower for the sulfur-free catalysts compared to the sulfur-
added ones although it was the same in all precursor mixtures
(only the porphyrin worked as the nitrogen source).

It is important to note that indicated by a ratio of [N]/[Fe] > 4
the overall iron could be present in FeN,-centers for both sulfur-
added catalysts. From Mofibauer spectroscopy it can be
deduced that there is a small contribution of super-
paramagnetic iron (yellow singlet), which means that iron is not
exclusively present in FeN,-centers. In contrast, the number of
FeN,-centers in the sulfur-free catalysts is limited by their low
nitrogen concentrations. In the best case, only one third of the
number of active sites compared to the sulfur-containing cata-
lysts have been formed.

III. Effect of sulfur on the electrochemical performance of
the final catalysts

Fig. 4 gives the cyclic voltammograms (a) and kinetic current
density calculated from Levich analysis (b) as a function of the

Table 1 Summary of the atomic concentrations calculated from NAA
and combustion analysis. The mass-related concentration of oxygen
was first calculated assuming it as the difference to 100 wt%. The error
is <10% for all elements except hydrogen (error bar 10—-20%)

at% Fe N C H S (6] Ratio N/Fe

Fe/Fe + S 0.66 3.57 70.62 11.89 094 1231 54
H,/Fe + S 0.66 4.11 75.85 6.30 1.84 11.24 6.2
Fe/Fe —S 1.95 0.91 84.4 691 0.16 3.95 0.5
H,/Fe —S 171 1.17 78.5 9.23 0.13 9.28 0.7
Fe/KB600  0.22 1.28 92.67 2.1 0.17 3.52 5.8
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applied potential for both sample series (Fe/Fe & S and H,/Fe +
S). It can easily be recognized that the capacity is larger for both
sulfur-added catalysts in comparison to the sulfur-free prepa-
rations. Furthermore, induced by sulfur-addition more than a
10 fold higher kinetic current density was reached and the onset
potential (defined as U at —0.05 mA cm ™2, see Fig. S57 for RDE
measurements) was shifted from 0.69 V to 0.79 V and from
0.71 V to 0.79 V, respectively, for the Fe/Fe and H,/Fe catalysts.

As a reference, the electrochemical data of Fe/KB600
prepared at the same heat treatment temperature are addi-
tionally shown in Fig. 4 (see the Experimental part for details of
its preparation). The kinetic current density of this catalyst
(which is free of sulfur) is from the same order of magnitude as
the sulfur-added catalysts. For that reason, the high activities of
Fe/Fe + S and H,/Fe + S catalysts are not due to the sulfur-
addition but the addition of sulfur prevents a negative effect
that appears without it. (Please note: the catalysts prepared by
the oxalate-supported pyrolysis can easily be enhanced by
subsequent heat-treatment steps to achieve current densities of
9 mA cm ™ (at 0.8 V).'® However, second heat treatment of the
reference catalyst in either an N, or NH; atmosphere led only to
a factor of 1.5 higher current densities, compare with Fig. S6.1)

To further support this argument, the results of bulk-
elemental analysis of this reference catalyst are added in Table
1. As iron and nitrogen (from the porphyrin) are only present on
the surface of the carbon support the overall concentrations of
both elements are smaller compared to the other catalysts. The
ratio [N]/[Fe], however, is similar to both catalysts prepared by
adding sulfur to the precursor mixture.

Discussion

I. Role of sulfur during the pyrolysis process

We have seen that on the one hand similar to the CoTMPP-
based system also for the oxalate-supported pyrolysis in the
presence of FeTMPPCI or H,TMPP an improved performance
can be recognized when the precursors are prepared with
sulfur-addition. On the other hand, the comparison to the
impregnation catalyst Fe/KB600 prepared by impregnation of a
carbon black indicates that the higher catalytic activities of Fe/
Fe + S and H,/Fe + S are not related to an improving effect by the
addition of sulfur.

It is well-known that iron catalyses the formation of graphite
during high-temperature treatments.”® In a first step, an amor-
phous carbon is dissolved in iron or iron-carbide particles.
When the solvent gets supersaturated or is quenched, this
carbon is precipitated as graphite.** The iron is understood as a
transport medium whereas the change in free energy from
disordered carbon to graphitic carbon is the driving force.*
Hence, it can be concluded that the neighboured carbon planes
(with the integrated catalytic FeN,-centers) are somehow
captured by the iron particles that are formed as the final
product of the iron oxalate decomposition under a reducing
atmosphere (because of the carbon from the porphyrins).

When sulfur is added to the precursor mixture sulfur
adsorbs on the iron particles (and iron sulfide is formed during
the heat-treatment). Consequently, the agent responsible for
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the graphitization cannot be formed so that the graphite
forming process is inhibited, as described in the literature.” As
a consequence a larger number of catalytic sites remain intact.
As no continuous release of HCN-fragments appears (related to
the decomposition of active sites) the main FeN,-decomposi-
tion must be assigned to the formation process of iron carbide
itself. Since troilite reveals good solubility in HCI this inactive
by-product can easily be removed by the final acid leaching.*

II. Effect of sulfur on the ORR activity

Related to the results in Table 1 and the discussion of the
pyrolysis process it can be concluded that without sulfur-addi-
tion a higher amount of active sites (FeN,) are destroyed during
the initial iron-carbide formation leading to a smaller ORR
current density.

However, comparing the Mof3bauer results and the results
from bulk-elemental analysis in Table 1 of sulfur-free and
sulfur-added catalysts, it becomes clear that the increase in
kinetic current density is much higher than the increase in the
number of active FeN,-centers. A direct contribution of sulfur in
gaining ORR activity can be excluded as the second heat treat-
ment of the Fe/Fe + S catalysts in ammonia or forming gas leads
to complete removal of sulfur without having a negative effect
on the ORR activity. Three different effects might cause the
disproportionate increase of kinetic current density:

(1) The formation of iron sulfide in the pyrolysis of the
sulfur-added samples leads to an amorphous carbon (see XRD
in Fig. 3 and S37) that enables a higher electrochemical active
surface area (Fig. 4a). Hence, a larger number of FeN,-centers
might be accessible during ORR.

(2) The higher doping of the carbon with nitrogen-hetero-
atoms (estimated from Table 1) could promote the oxygen
reduction reaction and enable a higher turn-over frequency
(TOF) of the sulfur-added catalysts, as suggested by theoretical
calculations and heat-treated carbon-supported FeTMPPCl-
based catalysts."**”

(3) The larger graphene-layer extensions could enable an
improved electronic environment that allows a faster ORR
(higher TOF).*

III. Avoidance of carbide-formation by performing an
intermediate acid leaching

From Fig. 2 and S17 it is clear that iron-carbide formation and
the disintegration of active sites take place at temperatures
>550 °C if an excess of iron is present in the precursor mixture.
Therefore, an alternative preparation route to prevent the
decomposition of FeN,-centers induced by iron-carbide forma-
tion should be the interruption of the pyrolysis process after
reaching the temperature of 500 °C (see the Experimental part
for the details of this preparation).

The performance of an intermediate acid leaching after
quenching of the sample from 500 °C to RT for the removal of
excess iron should enable minimizing carbide formation in the
further consecutive heat treatment process. We tried this vari-
ation of the standard oxalate-supported pyrolysis of FeTMPPCl
(catalysts have the addition of IAL (intermediate acid leaching)
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to their label). As can be seen from the electrochemical data in
Fig. 5, these catalysts exhibit indeed a similar catalytic perfor-
mance compared with the sulfur-containing standard catalyst.
Therefore, the interruption of the pyrolysis process with an IAL
also allows obtaining similar high current densities to catalysts
prepared under sulfur-addition.

With a view to the literature and the structural character-
ization of Fe-N-C catalysts discussed in those studies, it
becomes clear that most of the catalysts (especially when
prepared at higher temperatures) are characterized by the
presence of iron carbide.**** Hence, we believe that (i) with
the optimized addition of sulfur to the precursor mixture in the
preparation processes or (ii) by performing an intermediate acid
leaching several catalysts can be enhanced in terms of
concentration of active sites and ORR activity.

As sulfur residuals could work as poison during the FC run,
especially this second approach might be of interest for the
preparation of well-performing catalysts.

Conclusions

The oxalate-supported pyrolysis of FeTMPPCl or H,TMPP
enables the preparation of highly active ORR catalysts. On the
basis of in situ high-temperature X-ray diffraction (HT-XRD) and
thermogravimetry coupled with mass-spectroscopy (TG-MS) the
reasons for the better performance of sulfur-added catalysts
were elucidated. The sulfur has no beneficial effect by itself, but
it prevents iron-carbide formation during the heating process.
As shown by the combination of HT-XRD and TG-MS, the
formation of iron carbide causes disintegration of FeN,-centers
that are known to be responsible for the ORR activity of these
Fe-N-C catalysts. Structural characterization of the final cata-
lysts confirms the much lower concentration of FeN,-centers in
the catalysts prepared without sulfur-addition.

On the basis of the performed characterization two options
for the enhancement of active site densities of Fe-N-C catalysts
can be derived:

(1) Addition of sulfur to the precursor mixture.

(2) Performance of an intermediate acid leaching to remove
excess iron.

As iron carbide is often found as a by-product in the prepa-
ration of Fe-N-C-catalysts via different approaches we believe
that our results have a large impact on the optimization of active
site densities (and thus performance) of these catalysts.
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