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A common problem associated with FeNC catalysts is their poor stability dominated by the carbon oxidation
reaction (COR). In this work, the feasibility of stabilizing FeNC catalysts with small quantities of Ir was
explored. With iridium being present, instead of COR the oxygen evolution reaction should be favored.
The impact on structure and morphology was investigated by °’Fe Mdssbauer spectroscopy, X-ray
photoelectron spectroscopy, Raman spectroscopy and transmission electron microscopy. The catalytic
activity and durability for the oxygen reduction reaction was evaluated by rotating ring disc electrode
experiments and accelerated stress tests mimicking the start-up and shutdown cycle (SSC) conditions,
respectively. For selected samples the stability was analysed for SSCs in proton exchange membrane fuel
cells. Moreover, the faradaic efficiency towards oxygen evolution reaction vs. COR was determined and
the resistance towards COR analysed by in situ Raman spectroscopy. The results indicate indeed
a suppression of the COR; however, specifically for fuel cell applications, further optimization is necessary.

Introduction

The world faces an increasing demand of energy in the sectors
transportation, building and industry. At the same time,
greenhouse gas emissions, specifically the CO, release must be
reduced to huge extent." Regarding the transportation sector,
the proton exchange membrane fuel cell (PEM-FC) may find
application in passenger cars, bus transport, light- and heavy-
duty vehicles. In PEM-FCs, platinum-based catalysts accelerate
the electrochemical reactions. However, the cost of the
platinum-based technology so far impedes broader fuel cell
electric vehicle (FCEV) commercialization.> Besides, platinum
(Pt) is characterized by volatile production volumes, scarcity
and geopolitically criticality. Pt catalyses the hydrogen oxidation
reaction (HOR) in an excellent way. However, with respect to
commercialization, the high quantities that are especially
important for the cathodic oxygen reduction reaction (ORR)
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strongly limit the integration of FCEV in the market. They are
usually fabricated in form of nanoparticles which are dispersed
on a high surface area carbon support (Pt/C).?

As an alternative to Pt, non-precious metal catalysts (NPMCs)
have been researched extensively because using non-critical
elements helps to cut materials costs and to avoid precious
metal price fluctuations. Iron-nitrogen-carbon (FeNC) catalysts
belong to the class of carbon-based NPMCs and show a prom-
ising activity for the ORR in acidic media.*® They are also of
interest for the ORR in alkaline environment as e.g. of relevance
for alkaline fuel cells or metal air batteries,” the hydrogen
evolution reaction'®** or CO, reduction reaction.**** This work
focusses on their utilization as ORR catalyst for acidic condi-
tions, as in PEM-FC. Besides the activity, the stability (potential
holds) and durability (potential cycling) are of great importance.
Four main degradation mechanisms have been identified for
FeNC: (1) micropore flooding; (2) protonation followed by anion
adsorption of co-catalytic moieties; (3) demetallation and (4) the
carbon oxidation reaction (COR).>**+*7

The reverse-current decay mechanism is a process which is
relevant during the start-up and shutdown of a PEM-FC, for
example between automotive drive cycles. Why is it called
reverse current mode? Under usual condition the electron
transport is from anode (HOR) to cathode (ORR). Between
automotive drive cycles, air penetrates the anodic compartment
and gets trapped in the porous catalyst layer. As Pt/C catalysts
are capable to catalyse both HOR and ORR, in such regions the
ORR can proceed. While maintaining the potential difference

This journal is © The Royal Society of Chemistry 2022
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between anode and cathode, the system searches for a counter
reaction (oxidation) that can occur on the cathodic site. Thus,
during this degradation the current flow is reversed.'®' Under
these conditions, potentials of 1.5 V can easily occur at the
cathode. In consequence, to address related catalyst degrada-
tion phenomena, stress tests mimicking these conditions
between automotive drive cycles are summarized as start-up
and shutdown cycle (SSC) conditions. Severe performance los-
ses have been observed especially after accelerated stress tests
(ASTs) mimicking the SSC.>**' The main activity loss is explicitly
attributed to COR."?* Thermodynamically the COR has a stan-
dard potential of 0.2 Vg for direct oxidation, but the kinetic
hindrance shifts the potential up to 0.9-1.0 Viyyg.”* Using more
stable carbon allotropes to implement FeN, centres is one
possible strategy to shift the onset for COR, while the imple-
mentation in PEM-FC is difficult.®® By applying differential
electrochemical mass spectrometry (DEMS) studies, Choi et al."”
observed CO, evolution from MNC catalysts starting at 0.9 Vgyg.
The electrochemical burn-off of the carbon support affects the
performance by changing the electrical conductivity and
hydrophilicity of the catalyst layer.'* Besides, for FeNC catalysts
the oxidation of the carbon support leads to the destruction of
the hosted FeN, sites which is detrimental to the ORR
activity."*** The loss of iron content upon high voltage polari-
zation is a descriptor for the decay of mass activity in PEM-FC."*
Based on this insight, strategies need to be developed to over-
come the degradation.

Another important factor is to minimize Fe leaching from
spectator species e.g. by an advanced acid treatment.'”>*?¢

Improving the carbon structure in terms of graphitization
enhances its stability towards COR but goes hand in hand with
a trade-off in lower yield of active FeN, sites and BET surface
area.’

Thus, a stabilization strategy is desired that enables to keep
the benefits of high surface area and site density in the prepa-
ration of today's most active FeNC catalysts. Therefore, in this
work an approach has been adapted which is known to work for
Pt/C ORR catalysts. Crowtz et al.>” showed that the addition of Ir
or Ru OER catalysts led to improved stability of a Pt/C catalyst
during 1400 SSC/load/idle pulses in form of subsequent
constant current (0.942 mA cm ™ %) and potential (0.65 and 0.95
Vrue) holds in rotating disc electrode (RDE) experiments. The
stabilization during 1.6 V potential holds for 30 min in PEM-FC
was observed by Oh et al.*® for Pt/C catalysts with 1-5 wt% IrO,
added. Similar observations were made by Atanasoski et al.*®
and Cullen et al* for Ir and Ru additions (note: under SSC
conditions both will transform to Ru and Ir oxides).

Motivated by these findings, the aim of this study was to
evaluate the suitability of small amount iridium (Ir) modified
cathode catalysts in order to enhance the durability at high
electrode potentials. While the modification of MNC with small
amounts of platinum is described in different works,*"** to the
best of our knowledge there are so far no reports on Ir/FeNC
catalysts.

Furthermore, different methods for combining iridium and
the FeNC material were tested. Structural characterization was
done by *’Fe Mossbauer spectroscopy, X-ray photoelectron
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spectroscopy (XPS), nitrogen sorption measurements, trans-
mission electron microscopy (TEM) and energy-dispersive X-ray
spectroscopy (EDS) as well as neutron activation analysis (NAA)
to follow the impact on morphology and iron/iridium
speciation.

In order to mimic the SSC on a laboratory scale, rotating ring
disc electrode (RRDE) experiments employing an accelerated
stress test (AST) protocol were conducted and evaluated for
a reference FeNC catalyst and the modifications. The degrada-
tion of the catalyst in acidic media was investigated by in situ
Raman spectroscopy as a technique which provides information
about the changes of defective carbon structures due to COR. In
addition, PEM-FC measurements adopting the SSC protocol
were performed for selected samples and enable conclusions on
the impact of application conditions RRDE vs. PEM-FC.

Results and discussion

Influence of different iridium modifications on morphology
and surface area

In order to obtain iridium modified FeNC catalysts three
different approaches as schematically illustrated in Fig. 1a were
investigated: (1) direct addition of iridium in the precursor
mixture (Pyro), (2) galvanic displacement of (inactive) iron by
iridilum during the first acid leaching (GD) and (3) post-
preparation addition of independently prepared iridium nano-
particles (Ref-x% Ir). In this case, a variation of the iridium
loading on the FeNC (Ref) was performed (intended loadings of
1 wt%, 2 wt% and 4 wt%). The iridium nanoparticles were
prepared by a polyol approach, as described previously.*® The
adsorption and desorption isotherms can be found in the ESI,
Fig. S1.1 As indicated by the BET surface area values in Fig. 1b
all catalysts had surface areas between 520 and 666 m* g~ .
Based on this, an Ir/C reference catalyst was prepared using
KetjenBlack 300 as carbon support (BET =~ 800 m* g~ ).

In order to compare homogeneity of the iridium distribution
on the FeNC catalyst, transmission electron microscopy (TEM)
images were recorded (Fig. 2), additional overview images can
be found in the ESI, Fig. S2 and S3.1 The FeNC reference catalyst
labelled with ‘Ref’ exhibits a carbon pore structure qualitatively
corresponding to a mesoporous material. This observation is in
line with the BET results. As intended by the applied purifica-
tion treatment,* no inorganic particles can be detected.

Moreover, no graphitized regions could be observed but
loosely jointed graphene layers. The FeNC reference catalyst
seems therefore relative pure in composition, by means of
absent inorganic particles, and exhibits an amorphous, porous
carbon structure. The related EDS analysis is summarized in
ESI, Table S1f confirmed the existence of all precursor
elements, carbon, nitrogen, oxygen, sulfur and chlorine from
the acid leaching. The calculated elemental ratio N : Fe was 4.4.
This would enable for all iron ions to have a nominal fourfold
coordination to nitrogen (Fe-N,).

For the GD catalyst no inorganic particles, neither from iron-
based species nor iridium were found. The porous carbon
structure is comparable to the reference catalyst with a slightly
more developed pore network. For our sample, it is generally
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[ 1% acid leaching (2M HCl, 1 hin US-bath)
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2" pyrolysis (800 °C, N./H., 30 min) ]

[ 2" acid leaching (2M HCI, 1 h in US-bath + night) ]
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Fig. 1 (a) Scheme of the different preparation routes to obtain the
FeNC reference catalyst (Ref) as well as the iridium modified catalysts
and an Ir/C catalyst, (b) influence of the different modification
procedures on the BET surface area of the catalysts.

assumed that during galvanic displacement metallic iron that is
formed during the pyrolysis®** gets oxidized by IrCl;, with the
consequence of Ir** reduction and Ir° deposition on the catalyst.
Although during acid leaching so much iridium was present
that in total 2 wt% of iridium could have been deposited, no
distinct Ir peaks could be detected in the EDS spectra. No
particles were visible in TEM. Nevertheless, it will be shown

Fig. 2 TEM images of the FeNC catalyst Ref as well as the iridium
modified FeNC catalysts and Ir/C.
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later that indeed a small quantity of iridium can be found in the
catalyst. Also the Pyro sample exhibits amorphous carbon with
high degree of porosity similar to the GD sample. In contrast,
this sample clearly displays the formation of about 5 nm-large
nanoparticles which are randomly distributed over the cata-
lyst together with some agglomerates of 20 nm.

The images of the Ref-1% Ir catalyst confirm the precipita-
tion of Ir NPs on the FeNC catalyst. This sample is composed of
regions with aggregated NPs and parts were almost no particles
were deposited. The situation is similar for Ref-4% Ir. The
dispersion of particles is still inhomogeneous. The manner of
inhomogeneous deposition raises the question of preferential
locating on special sites, e.g. defects or heteroatoms, or
mechanical dispersion as origin of the irregularities. In case of
the former the NPs located at defects could also take effect on
the very same during accelerated stress tests (AST). The depo-
sition of 2 nm Pt NPs on carbon blacks demonstrated
a preferred deposition at surface defects and heteroatoms.** For
the 1% Ir/C reference system the dispersion of nanoparticles is
improved compared to the post preparation modified catalysts,
this might be an effect of larger surface area or more homoge-
neously distributed anchor points (e.g. defects).

The amounts of iridium and iron (only for the reference
sample) were determined by NAA. Ir is one of the most chemi-
cally stable metals. It does not dissolve in aqua regia and
elaborate digestion procedures are necessary.*® Based on this,
indirect methods that pre-require dissolution of the catalyst,
tend to underestimate the content. NAA enables a non-
destructive determination of Ir and Fe,*” and is thus favored.
The iron content of Ref was 2.59 wt% and was within the error
margin compared to previous values.” The iridium reference
sample Ir/C contained 0.38 wt% Ir, that was much less
compared to the intended 1 wt%. Similarly, also for Ref-2% Ir
and Ref-4% Ir the measured values were much smaller with
0.61 wt% and 1.27 wt% Ir, respectively. The comparison of these
three samples illustrates that the yield of precipitate during
polyol synthesis of the NP was much smaller than intended
(compare Experimental section).

The Ir value of 0.74 wt% obtained for the Pyro sample was
slightly larger compared to the nominal value, considering
typical yields and the initial Ir amount in the precursor.”® The
smallest Ir value was found for GD with only 0.11 wt%. If all
iridium would have been deposited on the catalyst during
galvanic displacement, a maximum of 2 wt% would have been
possible. This illustrates, that only a partial fraction was inte-
grated. Independent of the low amounts of iridium it is clear
that the achieved Ir loadings were typically much less than
intended with GD <Ir/C < Ref-2% Ir < Pyro, Ref-4% Ir. As shown
later, the trend is almost similar in XPS.

Raman spectra were recorded to identify the carbon
morphology and to estimate the ratio of ordered and disordered
carbon. For each catalyst, spectra were recorded at different
spots and averaged spectra are shown in ESI Fig. S4.1 Fig. S57
provides the fits of these spectra for all catalysts. The spectra
were deconvoluted using five Voigt profiles with varying Lor-
entzian and Gaussian contributions. The main features of the
obtained Raman spectra in Fig. S5t are broad D- and G-bands at

This journal is © The Royal Society of Chemistry 2022
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around 1340 cm ™ and 1593 cm ™, respectively, as expected for
amorphous sp>-bound carbons.?® They are matching the char-
acteristics of FeNC catalysts.”>*>** The Raman bands are related
to scattering at graphene layers doped with heteroatoms and
layers including defective structures. Although metallic Fe is
known to catalyze graphitization during pyrolysis,* the spectra
suggest a highly amorphous and defective carbonaceous
material with graphene as the structural unit. For the present
synthesis route the addition of sulfur in combination with
a pyrolysis temperature of 800 °C yielded highly amorphous
carbon.” The bands in Fig. S57 are originating from different
vibrations and defective modes: the G-band arises from in-plane
C-C bond stretching E,, modes, that can be visualized as
vibration of the sub-lattices of graphene against each
other.****> The D-band is attributed to the A, breathing mode
near the K point allowed at crystallite boundaries.’®** The D,-
band is assigned to a modulated E,, mode near the I" point of
boundary graphite layers.**** Thus, while the G-band is associ-
ated with interior graphite layers, the D,-band is associated with
surface layers of graphene. The D;-band is assigned to organic
functionalities and fragments in amorphous carbons but also to
interstitial defects and interstitial heteroatoms between the
layers or structural units.”>** The D,-band as shoulder of the D-
band is related to mixed sp”>~sp® bonds, polyene structures and
general organic compounds.***® It may arise from hydrocarbons
or aliphatic moieties linked to the carbon layers.*

For all catalysts the relative areas associated with the bands
(normalized to the G-band area) are similar within the error
margin confirming that the iridium modification had no
significant impact on the carbon morphology.

Impact of iridium modification on the catalytic activity

In the following it will be discussed to what extent the addition of
iridium can affect the electrochemical characteristics. Fig. 3a
provides cyclic voltammograms (CVs) in N, saturated electrolyte
after reaching steady state conditions. The FeNC reference catalyst
shows the highest double layer capacitance, and a well-pronounced
redox peak at ~0.62 V. In a previous work, for a similar preparation,
this redox peak was assigned to quinone/hydro-quinone (Q/HQ) on
the basis of pH-dependent CV measurements.” Therefore, we
assume a similar origin, here. The redox peak is also present in the
CVs of all other samples, although it is less pronounced. While the
capacitance of Ref-2% Ir was almost similar to Ref, all other samples
reached significantly lower capacitance. The Pyro catalyst was the
only sample that exhibited clearly pronounced hydrogen adsorption
and desorption peaks within the CV. This is surprising considering
the fact, that Ref-4% Ir contained almost the double amount of
iridium. The last named sample was prepared by a polyol synthesis,
based on this, a first hypothesis could be that the capping agents
still block the surface of the catalyst. However, after deposition an
intensive cleaning was performed. Together with the initial poten-
tial cycling prior to these CVs a clean surface can be assumed. As
also a similar capacitance compared to the other samples was
reached, we do not assume that the capping agents account for the
missing Hags/Haes regions. Further origins could be found in the
different sizes of nanoparticles or a much better electronic

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Cyclic voltammetry of the different catalysts in N, saturated

0.1 M H,SO,4, (b) RDE measurements in O, saturated electrolyte at
1500 rpm, (c) test for oxidative current density in the SSC potential
range and (d) relative formation of hydrogen peroxide, determined
from the RRDE measurement at 1500 rpm. All measurements per-
formed with a catalyst loading of 0.13 mg cm™2 and a sweep rate of
10 mV s~ For reasons of comparison CV and RDE of a commercial Pt/
C catalyst are added to (a) and (b), concrete measurement conditions
are given in Kubler et al.®

interaction of Ir with carbon in case of Pyro. From these two
options, we assume that the improved interaction with the carbon
support in case of Pyro is more likely at the origin of the observed
Hags/Haes in this sample.

In Fig. 3b the RDE measurements in O, saturated electrolyte
are shown. Induced by iridium addition the half-wave potential
Ey), shifted to less positive values, indicating lower catalytic
activity towards the ORR. In the ESI, Fig. S67 the electro-
chemical measurements on Ir/C are given for comparison. In
the CV, the hydrogen adsorption and desorption currents are
visible again. Related to the ORR, the onset of Ir/C was far below
0.5 V. Nonetheless, as it contributes only marginally to the
overall composition of the catalyst (in terms of weight
percentage) no pronounced effect on the activity has been ex-
pected for the modified catalysts. In order to elucidate possible
origins of the lowering in ORR activity, structural characteriza-
tion, as discussed below, was performed. For reasons of
comparison in Fig. 3a and b the CV and RDE measurement of
a 60% Pt/C is added, as taken from Kiibler et al.**

Fig. 3c provides information on the oxidation capability
(oxygen evolution reaction (OER) and carbon oxidation reaction
(COR)) of the catalysts in the start-up and shutdown cycle (SSC)
condition applied during accelerated stress tests (ASTs), as
discussed below. In Fig. 3d the selectivity towards hydrogen
peroxide formation during ORR is given. Please note, that these
measurements were made at a comparatively small loading in
relation to most published data on FeNC catalysts. Due to the
possibility of a 2 x 2 electron reduction with peroxide as the
intermediate, measurements at high loading underestimate the
true peroxide formation.**** As peroxide formation can lead to
a further oxidation of the carbon support or might attack the
active sites,** peroxide formation was tracked during activity
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measurements and between the ASTs (see below). The peroxide
formation was largest for the FeNC reference catalyst Ref with
approx. 8% H,0, and decreased for the post preparation
modified samples, while it was lowest for the Pyro sample at
a level <5% H,0,. For reasons of comparison, the often as
benchmarking catalyst considered “Feqs” by Jaouen's group
produces 20% H,0, at a similar loading.**

Insights into iron signature and electronic state of iridium

In order to characterize iridium on the surface of the catalyst, X-
ray photoelectron spectroscopy (XPS) was performed of the
iridium modified catalysts. In Fig. 4 the Ir 4f, C 1s and N 1s
finescan regions are given (see ESI Fig. S71 for survey scans
and N 1s and C 1s fine scan regions of Ref as well as Fig. S8+ for
all Fe 2p fine scan regions). Table 1 summarizes the near-
surface elemental composition in atomic percentage, Table
S21 summarizes iridium and iron contents in wt% as well as
a rough estimate of the ratios of Ir** to Ir’. The iron content was
similar for all samples.

Considering the Ir 4f XP spectra in Fig. 4a mixed metallic and
oxidized Ir phases are detected for the Ir NP modifications Ref-
1% Ir, and Ref-4% Ir with 33-43% of oxidic Ir. Similar to NAA,
the near-surface iridium loading obtained from XPS was lower
than the nominal intended amounts, however, the trends are
the same for both techniques.

The Ir 4f narrow scan in Fig. 4a of the GD catalyst shows
a high signal-to-noise ratio. The higher binding energy position
might indicate a higher degree of oxidation as compared to Ref-
x% Ir (see the dashed lines as indicator of the main contribu-
tion of Ref-x% Ir). Even though not as pronounced, also the Pyro
sample exhibits a shift to higher binding energies. Thus, while
the metallic state seems more favorable for the Ir NP synthe-
sized by the polyol method, GD and Pyro seem to favor higher
oxidic Ir contributions.

Fig. 4b shows the C 1s XPS narrow spectra with speciation
assighment. The main component is sp®> bonded carbon

a) Ref1-Ir1% spectra — fit b) Ref1-| Ir1% C) Ref1- Ir1% FM
J Pi- P|
Relf1-lr2° ' Ref1-lr2%J\ Refm
S S e S
@ |Reft-Ir49 (\U Ref1-Ird4% © Ref1 Ir4%
% I AT] g 2
< <
o 1 L I k) ko)
[ E £ %
1 1 L 1 1
B Pyro _J\ Pymjﬂ
1 1 1
66 64 62 60 292 288 284 410 405 400 395
BE/ eV BE | eV BE eV

Fig. 4 X-ray photoelectron spectroscopy (a) Ir 4f, (b) C 1s and (c) N 1s
finescan regions for all catalysts modified with iridium. The dashed
lines in (a) represent the position for Ir°.
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Table 1 Surface near elemental composition of the Ir modified FeNC
catalysts in at% as extracted from XPS (the abbreviation n.d. refers to
not determined)

In at% Fe Ir N (6] C S Cl

Ref 0.27 — 4.05 5.41 88.90 0.53 n.d.
Ref-Ir 1% 0.25 0.03 4.58 3.89 90.02 0.60 0.62
Ref-Ir 2% 0.31 0.04 4.37 4.28 89.72 0.50 0.78
Ref-Ir 4% 0.31 0.12 4.14 4.01 90.23 0.80 0.39
GD 0.25 0.01 3.87 5.90 88.58 0.35 1.02
Pyro 0.37 0.06 4.69 4.66 88.32 1.10 0.79

corresponding to graphene layers. However, besides sp® (61-69%)
significant amounts of sp® (13-16%) within the carbon are present
as well. The nitrogen bound carbon C-N is not distinguishable
from C-O and C-OH with conventional XPS. The combined portion
of C-O/N/OH accounts for 7-9% within the carbon C 1s signal. For
all samples the N/Fe ratio from XPS was > 4.

It is interesting to note, that the GD sample has the lowest
nitrogen content. While the iridium chloride addition during
the acid leaching was supposed to enhance the removal of iron
with simultaneous deposition of Ir, it was not assumed that the
nitrogen content will be affected on the basis of previous results
in which we compared non-leached and acid leached samples.*
This could indicate that the processes during acid-leaching
were possibly changed by the presence of iridium chloride.

XPS narrow scans are discussed in the following to elucidate the
nitrogen chemical states in detail. The main species in all spectra is
Npyig With area ratios of 24-31% within the N 1s peak. Further-
more, the Nyeny With 13-18% and Npyyy With 17-20% can also
contribute to the ORR activity. Jaouen et al.*® reported comparable
shares of nitrogen species for another catalyst obtained from the
oxalate supported pyrolysis of porphyrins with 17% for Nysen, 34%
for Npyrig and 15% for Npyr) within the N 1s peak. Kramm et al.>®
observed the development of Npyriq and Npyo after pyrolysis at
800 °C and a subsequent acid leaching and assigned them to dis-
torted FeN,-centers besides the Nyen. Recently, Marschall-Roth
et al. observed a shift of the metal nitrogen binding peak to
more positive values for the pyridinic in comparison to the pyrrolic
nitrogen coordination, for their Fe(phen,N,) complex.® In conse-
quence, the overall region up to ~402 eV could be associated with
different forms of FeN, moieties.

The iron speciation of the catalysts was evaluated by
applying >’Fe Mdssbauer spectroscopy (Fig. 5). All spectra are of
equal appearance and were fitted assuming the same three
doublet sites, which can be assigned to different FeN, envi-
ronments.*” Nevertheless an overlay of inorganic clusters or
nanoparticles cannot be ruled out as contributions to the
doublets by RT measurements.”” The Mossbauer parameters
together with the assignment to iron species are provided in the
ESI, Table S3.1 Fig. 5f compares the relative absorption areas of
the catalysts. While a similar composition was expected for the
reference catalyst and the two post pyrolysis modified catalysts,
it was unclear to what extent GD and Pyro might be affected by
the presence of iridium during the acid leaching, respectively,
pyrolysis step. Neither during pyrolysis nor during acid

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Mossbauer spectra of the catalysts as indicated (a) Ref, (b)
Ref+1% Ir, (c) GD, (d) Ref+4% Ir, (e) Pyro and (f) comparison of the
relative absorption areas for the different catalysts.

leaching, the addition of iridium had a significant impact on
the relative absorption areas of the doublets.

In order to track possible changes of the Mossbauer
parameters, Fig. 6a compares isomer shift and quadrupole
splitting of all the doublets of the five catalysts. The quadrupole
splitting AEq is a measure of the electric field gradient at the
iron nucleus. In case of D1 only marginal changes were
observable except for Ref-4% Ir which had a larger quadrupole
splitting. For D2 there was a slight decrease of AEq what might
indicate a brief variation of stacking of the FeN, moieties in the
graphene sheets, in similarity to variations observed for a- and
B-iron phthalocyanine.*®

The isomer shift ;4 is related to the electron density on the
iron center and therefore of particular interest in the view on
catalysis.* For D2 and D3 the isomer shift is highest for Ref and
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Fig. 6 (a) Comparison of the Mdssbauer parameters of the three

doublets for the different catalysts in quadrupole splitting vs. isomer
shift plotting. With dashed lines the isomer shift values of the FeNC
reference catalyst Ref are highlighted, in (b) the relation between the
balance point of the Mdssbauer spectra (as average measure of
electron density on all iron species) and the amount of iridium is given.
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decreases for all iridium modified catalysts. The presence of
a new iron species, e.g. in form of an iridium - iron system can
lead to a change of the isomer shift.®* Mdf3bauer et al®
observed an increase in isomer shift by increasing Ir content
that was attributed to an increase in electron density for
metallic Fe-Ir samples. Based on the preparation conditions,
however, we do not expect the formation of any iron iridium
bimetallic components. Such a bimetallic component would
then also be expected to contribute with a new iron signature in
the Mossbauer spectra.

As a consequence, it can be assumed that the interaction of
iridium with FeN, moieties with the carbon matrix either
directly or indirectly causes slight electronic variations on the
iron signatures. (Please note: as direct interaction we contem-
plate the presence of iridium in close vicinity to the FeN,
centers and as indirect one can consider an interaction with the
carbon black which in turn affects the properties of FeN, sites).
Indeed, support effects are well known in catalysis specifically
also for molecular sites.*"** Thus, the question arises how bulk-
like the character of nanoparticles must be to inducing similar
kind of interaction as a support?

Being aware of the limitations of RT Mossbauer spectroscopy
specifically for this group of catalysts; however, the parameters of
the individual doublets should be considered carefully as iron and
iron oxide clusters or nanoparticles could possibly overlay (partic-
ularly with D1).” Based on this, in Fig. 6b the balance point as
measure of the average electronic state of iron is plotted as a func-
tion of the iridium content from XPS. For doublet sites the balance
points are identical to their respective isomer shifts. In order to
determine the balance point of the overall spectra, the integrated
absorption area was determined and the balance point equals the
velocity where half of the area is obtained.

Moreover, possible correlation attempts between the
Méssbauer balance point or the balance point in N 1s and Ir° as
well as correlation graphs for individual sites can be found in
the ESI, Fig. S9.+

There was a trend of decreasing isomer shift with increasing
iridium content. As the trend was opposite to the observations
made by Mof3bauer et al.*® two aspects should be noted: the type
of interaction is different in nature. Induced by Ir modification,
herein a decrease of the isomer shift and increase in electron
density was found, while at the same time with respect to Fig. 3b
a decrease of E,,, was observed.

The GD sample is falling out of trend. A possible origin could
be a much smaller size of iridium particles in this catalyst. The
impact of iridium modification on the iron signatures in FeNC
catalysts is certainly an aspect of great interest for future work
as it seems connected to the ORR activity. But identifying the
origin of it requires so much additional characterization that it
goes beyond the scope of this work.

Influence of iridium addition on the degradation of FeNC
catalysts in accelerated stress tests mimicking the start-up
and shutdown conditions

For the purpose of investigating the degradation and durability
of FeNC catalysts, ASTs in a RRDE setup were performed. The
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Fig.7 Comparison of beginning of test and end of test (+10k cycles in
SSC range, dashed line) electrochemical data of all investigated cata-
lysts. (a) Cyclic voltammetry in N, saturated 0.1 M H,SO,, (b) RDE
measurements in O, saturated electrolyte at 1500 rpm, (c) test for
oxidative current density in the SSC potential range and (d) relative
formation of hydrogen peroxide, determined from the RRDE
measurement at 1500 rpm. All measurements performed with a cata-
lyst loading of 0.13 mg cm™2 and a sweep rate of 10 mV s™2,

experimental conditions were selected such that they mimic the
SSC conditions that can appear in a proton exchange membrane
fuel cell (PEM-FC) during automotive applications (see experi-
mental part for details). After a specific number of cycles, CV
and RRDE were performed and at the end of the test, again CV,
RRDE and the oxidative current in the 1.0-1.5 V potential range
were recorded. Fig. 7 compares the Beginning of Test (BoT) and
End of Test (EoT) electrochemical data. In the ESIT the changes
over the number of SSC cycles are shown for all samples with
respect to CVs in N,, RDE, and H,0, (Fig. S10-S127).

During the SSC cycles, new pores can be formed if the carbon
oxidation reaction (COR) is the dominating current contributor.
An increase in capacitance is caused by an increased accessible
surface area in course of the formation of new pores or utili-
zation of existing surface area (e.g. by enhanced wetting).?
Pseudo capacitive redox groups (Q/HQ) are created by partial
oxidation of surface carbon.

Kumar et al.** observed for SSCs at 80 °C of metal-NC cata-
lysts an initial increase in capacitance but after excessive cycling
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Fig. 8 (a) Change in capacitance and relative change in capacitance as
a function of the number of SSC cycles applied to the catalysts. Values
extracted from CV measurements in N, saturated 0.1 M H,SO4.
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the capacitance was declining as newly formed pores could not
compensate for the loss of carbon as CO,/CO.*” For a more
systematic discussion of the changes, in Fig. 8a the capacitance
is plotted as a function of cycle number, Fig. 8b gives the relative
change in capacitance.

Similar to Kumar et al.,”® Fig. 8a depicts an increase in
capacitance as visible for the first 0.5-1k cycles with a decline
after completing 10k cycles.

Exploring the relative changes in capacitance in Fig. 8b, the
subsequent addition of Ir NP to the FeNC causes a l