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Abstract: Fundamental understanding of non-precious metal
catalysts for the oxygen reduction reaction (ORR) is the nub
for the successful replacement of noble Pt in fuel cells and,
therefore, of central importance for a technological break-
through. Herein, the degradation mechanisms of a model high-
performance Fe-N-C catalyst have been studied with online
inductively coupled plasma mass spectrometry (ICP-MS) and
differential electrochemical mass spectroscopy (DEMS) cou-
pled to a modified scanning flow cell (SFC) system. We
demonstrate that Fe leaching from iron particles occurs at low
potential (< 0.7 V) without a direct adverse effect on the ORR
activity, while carbon oxidation occurs at high potential
(>0.9V) with a destruction of active sites such as FeN,C,
species. Operando techniques combined with identical loca-
tion-scanning transmission electron spectroscopy (IL-STEM)
identify that the latter mechanism leads to a major ORR
activity decay, depending on the upper potential limit and
electrolyte temperature. Stable operando potential windows
and operational strategies are suggested for avoiding degrada-
tion of Fe-N-C catalysts in acidic medium.

P olymer electrolyte membrane fuel cells (PEMFCs) are
considered as attractive and efficient energy-conversion
devices for mobile and stationary applications. At the core
of the PEMFC technology, catalysts are essential components
especially for overcoming the high activation barrier of the
ORR. Today, pure or alloyed Pt is the most efficient class of
ORR catalysts. Because of its high costs and scarcity,
however, great efforts have recently been made to develop
efficient non-precious metal catalysts. State-of-the-art Fe-N-
C catalysts prepared by heat treatment of iron, nitrogen, and
carbon precursors have now demonstrated substantial ORR
activity in acidic environment.?

For a successful market introduction, besides activity also
stability will be of great importance in order to meet the
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industry requirements. In the case of Pt/C catalysts, several
studies have elucidated the degradation paths,'" indicating
a complex convolution of mechanisms affecting both Pt
nanoparticles and the electron-conductive support, especially
at high potential.”! Compared to the large body of funda-
mental studies on the degradation of Pt-based catalysts, the
instability of Fe-N-C catalysts has hitherto been much less
investigated.”! For porphyrin-derived Fe-N-C catalysts, deme-
talation of the Fe-based moieties was previously discussed as
an origin of the performance degradation.”! More recently, it
has been proposed that carbon corrosion plays a critical role
on the integrity of FeN,C, moieties, as evidenced by
post mortem Mdssbauer spectroscopy.’! Further improve-
ment in the detailed understanding of the degradation
mechanisms for Fe-N-C catalysts, in particular by using
in situ approaches, is pivotal for the successful design of the
next generation of Fe-N-C catalysts for PEMFCs. Therefore,
we have investigated in the present work the mechanisms of
activity loss of a high-performance Fe-N-C catalyst at various
temperatures and potential ranges. Electrochemical tech-
niques have been coupled with advanced online and operando
analytical techniques in order to simultaneously investigate
Fe leaching and carbon corrosion (see Figure S1 in the
Supporting Information).

The Fe-N-C catalyst was synthesized using the sacrificial
metal-organic framework approach from a catalyst precursor
composed of Fe™ acetate, 1,10-phenanthroline, and a Zn"
zeolitic imidazolate framework (ZIF-8) in a 1:20:80 mass
ratio.[ In short, the catalyst precursor was obtained from dry
milling of the separate precursors with subsequent heat
treatment at 1050°C in Ar (see Methods in the Supporting
Information). As revealed by *’Fe Mdssbauer spectroscopy,
this catalyst comprises a majority of FeN, moieties (91 % of
the spectral area of Fe) along with minor amounts (9% of the
spectral area of Fe) of metallic Fe (Figure S2 and Table S1).
Additional physico-chemical and structural characterizations
of the Fe-N-C catalyst are found in Figure S3.

The sensitivity of the catalyst to temperature and certain
operational potential ranges is shown in Figure 1 by the
change in ORR activity following 2000 and 5000 potential
cycles with a rotating disk electrode (RDE) at 900 rpm
rotation speed. The initial ORR activity is measured after
a short break-in of 20 cycles from 0.0 to 1.0 V. Potentials are
noted with respect to a reversible hydrogen electrode (RHE)
scale. According to the range of potential cycling (low: 0.1-
0.4V, middle: 0.6-0.9V, or high: 1.2-1.5V) and to the
electrolyte temperature (20, 50, or 70°C), the experiments
are classified into nine conditions. The initial ORR activities,
described in first approximation by their half-wave potential
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Figure 1. Decay of the ORR activity following potential cycling. The
ORR activity in O,-saturated 0.1 M HCIO, was measured before (solid
lines) and after either 2000 potential cycles (dashed lines) or 5000
cycles (dotted lines). The cycling potential range was 0.1-0.4 V (a—c),
0.6-0.9 V (d—f), or 1.2-1.5 V (g—i). The cycling was performed at 20,
50, or 70°C (first, second, and third column, respectively).

(Ey,) are 0.74, 0.75, and 0.78 V at 20, 50, and 70°C,
respectively. When cycling in the low-potential range, the
E,, value remains almost unchanged even after 5000 potential
cycles, regardless of the electrolyte temperature (Figure 1a—
c¢). However, ORR activity loss is observed following 5000
cycles at positively shifted potential ranges. The activity decay
(AE,,) after 5000 cycles at the middle-potential range
amounts to —16, —25, and —26 mV at 20, 50, and 70°C,
respectively. Even more dramatic activity decays are
observed after high-potential range cycling, with AE,,
values of —99, —216, and —562 mV after 5000 cycles at 20,
50, and 70°C, respectively. Hence, these results unambigu-
ously indicate that the ORR activity decay intensifies with
a positively shifted potential range and particularly, when
combined with an elevated temperature. The small changes of
activities at a high current density region after cycling in the
low and middle potential range (Figure 1a—f) may moreover
simply be attributed to reduced O, permeability in the
catalytic film. Reduced O, permeability may be an outcome
of iron cation contamination of the Nafion ionomer, an effect
previously reported for a range of cations on the Pt/Nafion
interface.[!

While this activity decay behavior is not unexpected, the
underlying physico-chemical mechanism requires further
investigations for clarification. Among the various hypothe-
sized deactivation paths for Fe-N-C catalysts,””* demetalation
of the active FeN,C, moieties and electrochemical carbon
oxidation have been suggested previously. In order to
quantify the demetalation of Fe-N-C and resolve whether it
is a consequence of carbon oxidation or an independent
phenomenon, a central question bearing practical implica-
tions for further development, we used a modified SFC
connected to online ICP-MS. The real-time ICP-MS signal for
the Fe mass being released per mass of catalyst, recorded
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Figure 2. In situ observation of Fe demetalation and carbon oxidation.
a) Online SFC/ICP-MS results. The Fe dissolution was recorded at
20°C during a cyclic voltammogram with 1 mVs™' scan rate and
during a stepwise chronoamperometry experiment with a 0.1V step
size. b) Cyclic voltammogram of the Fe-N-C catalyst measured at

50 mVs ' scan rate at various temperatures. c) Online SFC/DEMS
results. The DEMS signals were collected during a stepwise chronoam-
perometry experiment between 0 and 1.5 V at 50°C. All the experi-
ments were performed in a de-aerated 0.1 M HCIO, electrolyte.

either under linear or staircase cyclic voltammetry (CV), is
shown in Figure 2 a. Surprisingly, while scanning the potential
Fe ions start being released from Fe-N-C at about 0.8 V, and
the release rate reaches a maximum at 0.4 V. No Fe signal is
detected above 0.8 V.

For a non-pyrolyzed Fe—phthalocyanine, it was previously
suggested that ferric phthalocyanine could undergo demeta-
lation because of the smaller ionic radius of Fe*" compared to
that of Fe**.’! Considering the redox potential of ionic Fe
(E°ke243. =0.77 Vgug; SHE =standard hydrogen electrode),
our results of enhanced iron release at low potential rather
suggest that the demetalation process of the Fe-N-C catalysts
observed at low potential proceeds from a ferrous species.
The Pourbaix diagram of iron indicates that the solid hydroxy
oxide Fe™O(OH) species is stable down to a pH of about 1.2
at potentials above 0.77 V. At low pH, the stable species
at E < 0.77 Vg is the solvated Fe*" cation. These thermody-
namic considerations strongly suggest that surface-oxidized
metallic iron or iron carbide particles present in the catalyst
are responsible for the leaching of Fe observed at low
potential (Figure 2a). The fact that this mechanism of iron
leaching results in no ORR activity decay is coherent with the
generally accepted view that these iron crystalline structures
are inactive or poorly active towards ORR in acid medium,
relatively to the ORR activity of FeN,C, moieties.”) Fe-N-C
catalysts claimed to comprise solely Fe-based particles and to
be free of FeN,C, moieties have hitherto shown restricted
ORR activity and poor stability in PEMFCs,'” with the
exception of a recent report from Mukerjee’s group.'!! In that
report, the high ORR activity observed after NH; pyrolysis is
attributed to N groups that are activated by sub-surface Fe-
based crystalline structures. Also, a possible role of Fe-based

Angew. Chem. Int. Ed. 2015, 54, 12753 -12757


http://www.angewandte.org

particles towards the selectivity of the ORR (242 electron
mechanism) cannot be completely discarded at this stage.
Finally, note that although the results indicate that the release
of Fe ions below 0.8 V does not result in a decay of the ORR
activity (Figure 1, 1st row), Fe dissolution still remains
a crucial issue since it can cause undesired effects on the
membrane—electrode assembly (MEA) of a PEMFC system,
such as partial exchange of protons in the ionomer of the
cathode layer and production of radical oxygen species upon
reaction with H,0,.[12

Beside direct demetalation of components of the Fe-N-C
catalyst, indirect demetalation might occur by a carbon
oxidation mechanism, particularly at a more positive poten-
tial range. Namely, CV studies on the Fe-N-C catalyst in a de-
aerated electrolyte show high oxidation currents at high
potentials. The oxidation current increases with temperature
(Figure 2b), which correlates well with the increased loss of
ORR activity after the cycling at high temperature (Figure 1,
3rd row). To elucidate the origin of the oxidation currents on
the Fe-N-C catalyst, online DEMS analysis combined with the
SFC system was carried out under chronoamperometric
conditions (Figure 2¢; CV results of DEMS can be found in
Figure S4).°1 The DEMS signal reveals increasing CO,
(m/z =44) and CO (m/z=28) evolution at high potentials.
This demonstrates that both oxidation reactions, C +2 H,0 —
CO,+4H"+4e” and C+H,0—CO+2H*+2e", occur in
the high-potential region, and that carbon oxidation is a major
degradation path when Fe-N-C is polarized at high potential.
As can be seen in Figure 2c¢, the onset potentials of carbon
oxidation to CO, and CO were about 0.9 and 1.2V,
respectively. Considering the thermodynamic potentials (i.e.
0.207 V for CO, evolution and 0.518 V for CO), these
reactions do not occur until an overpotential of at least
+0.7V is reached. This kinetic stability of carbon at
intermediate potentials explains the absence of performance
loss after 5000 potential cycles in the low-potential region as
well as increased degradation after 5000 potential cycles in
the middle- and high-potential regions.

The consequences of carbon oxidation because of high-
potential cycling on the structure of Fe-N-C catalyst have
been further investigated by means of IL-STEM and IL-
energy dispersive X-ray (EDX) spectroscopy analysis.'¥ The
results reveal considerable changes of the morphology of the
catalytic particles in Fe-N-C. Figure 3a and b show dark-field
micrographs of an isolated Fe-N-C particle, initially and after
5000 potential cycles in the high-potential range at a temper-
ature of 50°C. The pristine Fe-N-C particle has a width and
height of 537 and 410 nm, respectively. After the potential
cycling, thin carbon protrusions located at edges of the Fe-N-
C particle disappear, as indicated by the elliptic circles in
Figure 3 a, and the particle dimensions are reduced to 456 and
391 nm, respectively. This corresponds to a 2D shrinkage of 5—
15%, representing an even higher volumetric shrinkage. The
weaker contrast of the image after the high-potential cycling
might be interpreted either as decreased cluster thickness
and/or decreased carbon-wall thickness. However, for the
exact measurement of this effect other techniques may be
more reliable (i.e. TEM-tomography), as different image
settings might affect a true comparison. Nevertheless, the
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Figure 3. Morphology and composition change of a single Fe-N-C
particle. Dark-field IL-STEM micrographs a) before and b) after 5000
cycles performed between 1.2 and 1.5 V at 50°C in a 0.1m HCIO,
electrolyte. c) Carbon signal in IL-EDX line profiles (scale

bar=250 nm) and d) Fe and N contents before and after high-
potential cycling, obtained from IL-EDX data. Acceleration voltage of
the electron beam was 200 kV. e) Correlation between the rates of Fe
leaching and carbon oxidation at 20°C (Fe dissolution and DEMS
signals were taken from Figure S5).

identical location energy-dispersive X-ray spectroscopy (IL-
EDX) line profiles of carbon yield consistently lower signal
intensities, supporting the hypothesis of thinned Fe-N-C walls
after high-potential cycling (Figure 3¢).

The EDX study also shows that the Fe and N contents in
the pristine Fe-N-C particle are 2.1 and 9.2 at %, respectively
(Figure 3d). The ratio decreases to 1.7 and 7.8 at% after
cycling, indicating that carbon corrosion occurring during
high-potential cycling also leads to leaching of the elements
involved in the structures of the active moieties in Fe-N-C.["!
The loss of Fe in parallel to carbon oxidation is also supported
by the detection of Fe signals from the SFC/ICP-MS at
potentials above 0.9 V (Figure S5). The intensity of the Fe
dissolution signal obtained from the SFC/ICP-MS data is in
fact directly proportional to the rate of carbon oxidation
obtained from the SFC/DEMS data (Figure 3¢). Fe dissolu-
tion in the high-potential range is thus for the first time
demonstrated to be qualitatively and quantitatively caused by
carbon oxidation. Clearly, this Fe dissolution mechanism at
high potential is different from the one at low potentials, as it
directly impacts the ORR-active moieties and causes a dra-
matic drop in ORR activity at 7> 50°C (Figure 1).

Overall, the use of these online techniques has helped us
to significantly increase the understanding of the electro-
chemical degradation paths of Fe-N-C catalysts. In particular,
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the direct correlation between carbon oxidation/Fe leaching
and ORR activity decay at high electrochemical potential is
demonstrated for the first time. However, studies performed
in liquid electrolyte and on catalysts operating at very low
current density cannot predict all degradation mechanisms
occurring in a PEMFC system operating at medium to high
current densities. For example, the electrochemical stability of
the present Fe-N-C catalyst observed at low to medium
potential in liquid electrolyte (Figure 1, 1st and 2nd rows)
does not result in a fully stable PEMFC cathode. Indeed,
PEMFC stability tests with Fe-N-C cathode catalysts have
hitherto exhibited substantial current density losses of about
2mAcm2h™! at 0.4-0.5V under Hy/O,™ or 1-17 mVh™!
under galvanostatic conditions (40400 uVh™' even on the
highly stable Fe-N-C catalysts),'®! while Pt/C shows lower
degradation rates of typically 2-10 uVh='.[7]

Considering this, secondary effects might become domi-
nating in the regular operation range of the PEMFC, that is,
below 1.0 V. For instance, while Fe ions dissolving at low
electrochemical potential in the liquid electrolyte did not
significantly affect the ORR activity per se, they might
indirectly lead to the degradation of the catalyst and/or of the
Nafion ionomer in a PEMFC system. Dissolved Fe cations
can be captured within the Nafion ionomer and/or membrane,
resulting in a decreased proton conductivity. More detrimen-
tal is the catalytic formation of radical oxygen species by Fe**
in the presence of minute amounts of H,O, produced during
the ORR.*™

Taking into account both, direct and indirect degradation
effects, we suggest that, ideally, only a limited cathode
potential range from approximately 0.7 to 0.9 V should be
applied for stable operations of the Fe-N-C catalysts
(Scheme 1). Since, in practice, cathode potentials below
0.7 V must be used in order to produce sufficient electric
power, the synthesis of Fe-N-C catalysts totally free of
reduced metal, metal carbide or metal oxide particles is
paramount. This would result in a decreased Fe leaching (or
no Fe leaching) at low potential, which is a first requisite for
long-term stability in the PEMFC. Alternatively, controlled
leaching of such unstable Fe structures before MEA fabrica-
tion might be envisaged. For example, a substantial amount of
unstable Fe-based structures could be eliminated during the
initial activation period (Figure S6). The second degradation
path, namely carbon oxidation, could be mitigated under
appropriate PEMFC operational conditions, particularly by
avoiding excessive high polarization. Moreover, a decrement
in temperature, especially during start-up/shutdown proce-
dures,™ would significantly reduce the carbon oxidation rate
during such events.

In conclusion, degradation mechanisms of the Fe-N-C
catalyst were studied using an SFC coupled with ICP-MS and
DEMS. We have demonstrated that demetalation of Fe
species and carbon oxidation occur at low (< 0.7 V) and high
(>0.9 V) potentials, respectively. Fe demetalation from Fe-
based crystalline structures does not directly lead to ORR
activity decay, even though it can potentially cause damage to
the PEMFC systems. In contrast, oxidation of the carbon-
based material to CO, and CO, which is significantly
accelerated with increasing temperatures and applied poten-
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Scheme 1. Scheme describing the deactivation paths of Fe-N-C for
different electrochemical potential windows. Blue bars on the honey-
comb structures indicate nitrogen atoms doped on the carbon surface.
Yellow, red, and white spheres indicate Fe, O, and H atoms, respec-
tively.

tials, directly leads to the destruction of the carbon surface,
and indirectly leads to the destruction of active sites. As
a consequence, only a very limited potential window from 0.7
to 0.9 V can be suggested for prolonged operation of this class
of catalysts in a first approximation. An extension of this
operational window is however possible, and some guidelines
for optimization of catalyst design and PEMFC operation
based on the insights of these initial results are provided.
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