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We have investigated the durability of a platinum group metal (PGM-)free Fe—-N-C catalyst in which the Fe sites are atomically
dispersed (AD), and found it to be quite stable in standard accelerated stress test (AST) cycles normally used for low-PGM
catalysts: a square wave with 0.6 V lower potential limit (LPL)—0.95 V upper potential limit (UPL) with 3-s holds at UPL and
LPL in H,/Nj, at 1.5 atm, 80 °C and 100% RH. Considering the metrics normally employed to characterize the durability of the
low-PGM catalysts after 30,000 AST cycles, this PGM-free catalyst lost <50% catalyst activity, <50% Hy/air performance at
0.8V, and 40 mV at 1.5 A cm™2. However, it is less stable in Hy/air, losing ~50% catalyst activity after just 7.5 h of polarization
measurements (load cycles). In combined cycles, the majority of the loss in catalyst activity occurred during the load cycles in
Hp/air rather than AST cycles in H,/N,. We have concluded that, unlike low-PGM catalysts that lose electrochemically active
surface area (ECSA) through potential cycling-induced processes, (AD)Fe-N—C catalysts degrade by processes associated with the
presence of oxygen.
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0 avallable sites There is heightened interest in developing platinum group metal
el formation factor (PGM)-free oxygen reduction reaction (ORR) catalysts for polymer
C concentration electrolyte fuel cells for automotive applications.'™ Carbon-based
E cell voltage materials doped with N and 3d transition metals (such as Fe, Co and
E l*jarflc.iay constant Mn), denoted as Me—N-C, have shown promise as PGM-free ORR
ir, limiting current density catalysts.*”" Recently, an Me-N—C catalyst derived from iron,
M molecular weight polyaniline, cyanamide, and zinc, denoted CM-PANI-Fe-C(Zn),
R gas constant or resis- has achieved 36 mA cm 2 current density (33 mA cm™> mean)

tance ) measured at 0.90 V (iR-corrected) in a fuel cell operated in H,—O,
R sheet resistance at 1.5atm, 80 °C and 100% RH.® This catalyst activity is
T temperature, 7, = 353 K approaching the target current density of 44mAcm 2 at 0.9V,
1) thlcknes§ _ which is derived from the U.S. Department of Energy’s ORR mass
o cor}duct.lwty activity and loading targets for Pt-based cathode catalyst layers of
g . active sites 440 mA mgpt’1 and 0.1 mg cm 2 Pt loalding.9 It was obtained in an
Subscripts electrode prepared without hot pressing, at high ionomer to catalyst
c catthe ratio (55 wt.% ionomer in the electrode), and using a high catalyst
e glectrlc loading of 6.8 mg cm™ 128 The catalyst activity, however, degrades
f ionomer film very quickly, declining by 10% after two polarization cycles in
m mass transfer H,/O, between open circuit voltage (OCV) and 0.60 V and by 44%
p pore after three polarization cycles in Hy/O, between OCV and 0.20 V.®
S catalyst surface Another approach of synthesizing an Fe-N-C catalyst involves

heat treating a bimetallic (Fe, Zn) metal organic framework (MOF)

to produce the atomically dispersed (AD)Fe-N-C catalyst.'*™'
*Electrochemical Society Member. High-angle annular dark-field scalélrllisng transmission electron micro-
“E-mail: x.wang@anl.gov scopy (HAADF-STEM) confirms:®
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a) The presence of (AD) Fe atoms coordinated by N atoms,
(AD)Fe-N,, embedded in a graphitic C plane,

b) The presence of Fe as single atoms if the (AD)Fe-N-C catalyst
has <1.5 at% Fe vs Zn in the precursor. With an increase in the
doped Fe content in the precursor, the transition from atomically
dispersed Fe sites to Fe clusters was observed,

c¢) Appearance of small Fe clusters at >1.5 at% Fe content, and

d) Growth of Fe clusters if the Fe content is raised above 2.5 at%.

Rotating disk electrode (RDE) studies indicate that the ORR activity
correlates with (AD)Fe sites, with the Fe clusters acting as spectator sites,
and that the activity does not increase even if the Fe content is raised
above 1.5 at%.*'> Recently it has been shown that silica templating can
enable higher densities of atomically-dispersed Fe centers.'®

Previous work has shown that although the (AD)Fe—N—C catalyst
has a lower fuel cell performance than the (CM + PANI)-Fe—C(Zn)
catalyst, it is more stable and therefore more suitable for conducting
kinetic and transport studies.'""'” However, the durability of PGM-
free catalysts in an operating PEMFC is still poor when compared to
its low-PGM counterparts.” With limited investigations, debate
surrounding the degradation mechanism for PGM-free electrocata-
lyst based electrodes is still ongoing.'®2°

The purpose of this work is to investigate the durability of the
(AD)Fe—-N—C catalyst, but more specifically to:

* Establish a baseline for PGM-free catalyst durability,
Develop a fundamental understanding of the underlying
degradation mechanisms of PGM-free catalysts and electrodes
to help formulate protocols for testing performance and
durability,

® Develop a modeling framework for characterizing voltage
breakdown and electrode degradation,

Characterize loss in catalyst activity during accelerated stress
tests (AST),

Measure and analyze loss in cell performance during AST,
Characterize the effect of aging on O, transport resistance,
Explore the effect of aging on ionomer and membrane
resistance, and

Measure and characterize the stability of the catalyst and the
electrode structure and morphology.

Experimental

As discussed in related works,'” the (AD)Fe-N-C catalyst was
synthesized from an Fe-containing Zn-based zeolitic imidazolate frame-
work (Fe-ZIF) precursor. Briefly, 2-methylimidazole, Zn(NO3),-6H,0,
and FeSO4-7H,0 were dissolved in H,O at room temperature, followed
by stirring for about 5 h. The precipitate formed during the process was
then filtered and dried at 50 °C under vacuum. Finally, the precipitate
was pyrolyzed in a tube furnace at 1100 °C for one hour under N,
atmosphere to obtain the (AD)Fe-N-C catalyst. Several MEAs were
fabricated using a gas diffusion electrode (GDE) with 0.2 mgcm™2 Pt
loading as the anode. The GDE was hot pressed on a Nafion® 211
membrane and subsequently hand-painted with a (AD)Fe-N—C catalyst
ink to achieve a cathode catalyst loading of ~4 mg cm 2. This method
was also previously described.”!

For the purpose of this study, four identical MEAs were
assembled into 5-cm® hardware with al4 parallel straight-channel
flow field.> A piece of SGL 29BC GDL was used on the cathode
side of the MEA without hot pressing. Cell 1 was used to understand
the potential dependence of ORR activity. As described in an earlier
publication17 and listed in Table I, 11 polarization curves (VI),
referred to as LC1, were taken in H,/O, to determine:

a) The catalyst activity, defined as areal current density (mA cm™?)
at 0.9 V IR-corrected cell voltage (VIR) in H,/O, at 1.5 atm,
80 °C, 100% RH,

b) The Tafel slope from the high-current density data, i.e., low
potentials where available sites § ~ 1, and

c¢) The ORR kinetic constants for reaction order with respect to
P(0O,), and temperature and RH dependence.

While these parameters were previously extracted in a published
work,'! in this effort we establish a baseline for PGM-free catalyst
durability. Specifically, these data show that measurable degradation
has occurred during the 6-h exposure to H,/O,.

Cell 2 was used to understand ORR kinetics and O, transport
resistance in H/air. Table I lists the conditions under which
15 polarization curves were obtained for different P, T, X(O,),
and RH (referred to as LC2). The data for this cell were also
analyzed previously;'” here, we re-analyze the data to determine the
extent of degradation that occurred during the 7.5-h exposure to
Ho/air at various cell voltages.

Cell 3 was subjected to an AST consisting of 30,000 square-wave
cathode potential cycles with 0.60 V LPL and 0.95 V UPL and 3-s
hold times, in humidified (100% RH) H, anode gas and N, cathode
gas. The cell degradation was characterized by measuring single
polarization curves at “standard” conditions (H/air, 1.5 atm, 80 °C,
and 100% RH), obtaining cyclic voltammetry (CV) traces, and
acquiring electrochemical impedance spectroscopy (EIS) data in
Hy/N, after 0, 1 k, 5 k, 10 k, 20 k, and 30 k AST cycles. The CVs
were recorded between 0.0 and 1.0V vs the anode potential at
20 mV s_', 80 °C and 100% RH. Each CV takes about 100 s, but
5 CVs were taken to ensure the repeatability. The total time for the
CV measurement is 500 s. EIS data was acquired in the 100 kHz and
0.1 Hz frequency range at 0.2 V vs the anode potential, with 3 mV
AC amplitude. Each electrochemical impedance spectroscopy (EIS)
takes about 205 s. Both CV and EIS were measured under H,/N,
(anode/cathode flows at 100 cc min~') using a Gamry potentiostat
(Model Reference 3000).

The electrode performance degradation was characterized more
fully by subjecting Cell 4 to 30,000 AST cycles with extensive intra-
cycle polarization curve and EIS measurements (15 short VI curves,
see Table I) after 0, 10 k, 20 k, and 30 k AST cycles. Before and
after each set of polarization curve measurements, an additional
Hy/air VI curve was acquired under the “standard” conditions as a
control.

Load polarization curves LC1, LC2, and LC3 refer to detailed
polarization measurements at intervals of 25mV from OCV to
0.65V, 50mV from 0.65V to 0.4V, and 100 mV from 04V to
0.1V, for a total of 22 data points requiring ~30 min per VI curve.
Load curve LC4 was adopted to minimize cell degradation during
polarization measurements by limiting the number of data points to 6
per VI and collecting data at OCV, 0.85V, 0.6V, 0.3V, 0.2V and
0.1 V. The flow rates were fixed at 1.5 slpm H, on the anode and 3.3
slpm O, or air on the cathode. These high anode or cathode flow
rates were used to ensure a uniform concentration distribution within
the cell, i.e., differential cell conditions, with reactant stoichiometry
>10 at high current densities.

The activity of the (AD)Fe-N-C ORR catalyst was investigated
using Cell 1 and Cell 2 data.'” Cell 3 and Cell 4 data are reported for
the durability evaluation on (AD)Fe-N-C catalyst under ASTs.? The
purpose of this paper is to quantify voltage breakdowns, determine
active sites (activity) loss, and derive mass transport resistance in the
catalyst layer under AST cycles through modeling work.

Similar to what was previously reported, the cathode catalyst
layer composition of as-prepared MEAs and post-30,000 AST cycles
were measured using energy dispersive X-rag spectroscopy (EDS) to
evaluate changes induced by the ASTs.”* Changes in the Fe
coordination with incorporation of the catalyst into an MEA, AST
cycling in an MEA with nitrogen on the cathode, and after load
cycling in an MEA with air on the cathode were characterized by
acquiring Fe K-edge X-ray absorption spectra (XAS) for these
samples and by comparing the spectra of relevant Fe standards. The
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Table I. Summary of tests conducted on Cells 1-4.

Cell AST Cycles Duration (h) Load Cycles

Cell 1 0 6 LCl at 0

Cell 2 0 7.5 LC2 at0

Cell 3 30 k 8.5 LC3at0, 1k 5k, 10k, 20k, and 30 k
Cell 4 30 k 16.5 LC4 at 0, 10 k, 20 k, and 30 k

LC1 VI in H,/O, at 3P (1, 1.5, 2 atm), 4 T (60 °C, 70 °C, 80 °C, 95 °C), and 4 RH (30%, 50%, 75%, 100%)

LC2 VIat3P, 4T, 4 X(0y) 2%, 5%, 10%, 21%), and 4 RH

LC3 VI at Ref. P, T, X(O,), and RH (1.5 atm, 80 °C, air, 100%RH)

LC4 Short VI at 3P, 4T, 4 X(O,), and 4 RH

XAS data were acquired at beam lines 10-ID and 10-BM of the
Materials Research Collaborative Access Team (MR-CAT) at the
Advanced Photon Source (APS) at Argonne National Laboratory
(ANL). X-ray absorption near edge (XANES) spectra and extended
X-ray absorption fine structure (EXAFS) spectra were acquired at
room temperature in fluorescence mode, from 6950 eV to 7600 eV,
using an argon gas ionization chamber with a Mn filter and Soller
slits in the Stern-Heald geometry. The second derivative of the
XANES spectrum of an Fe foil, located downstream of the sample,
was used to calibrate the Fe K-edge energy to 7110.75eV. Data
reduction and analysis were performed with the Athena software
package.>® Three spectra were acquired for each sample and
averaged using the merge function of the Athena software. The
background-subtracted, normalized EXAFS data were Fourier trans-
formed over 3 to 10 A™" in the k’-weighted spectra.

Changes in the electrode structure were characterized by
acquiring X-ray radiographs of fresh and LC or AST cycled
electrodes using the Xradia nano XCT-S100 TXM at beam line
32-ID-C of the APS. With 0.5s exposure time, 1080 projection
images were recorded over 180° rotations and reconstructed into a
3D image sequence with 20-nm voxel. Samples were scanned in the
absorption contrast modes to resolves the overall morphology of the
secondary pores and the solid material (a mixture of catalyst,
ionomer and pores below resolution), and in the absorption contrast
mode to obtain an intensity map of the high electron density
materials within the sample (i.e., ionomer ion-exchanged with
CsH).®

Results and Discussion

Ionomer stability.—We used the transmission line model in
ZView with 100 repeat units to determine the sheet resistance of the
PGM-free porous electrode (R,) and the membrane resistance (R{')
from the potentiostatic impedance data obtained for Cell 3 in Hy/N,
at 0.2 V.%° The measured sheet resistance is the sum of the resistance
from 100 proton transfer resistors. Ry is the overall proton conduc-
tion resistance in the cathode, Ry, = ¢./0f. Here o} is the effective
proton conductivity with ionomer volume fraction and connectivity
effect. Ry is the total DC resistance from the membrane, GDLs,
and component interfaces, including the metal plate-GDL, GDL-
electrode, and electrode-membrane. In the EIS data curve in H,/N,,
straight vertical lines at low frequencies, expected as a result of
purely capacitive systems, are generally not observed due to the
nature of catalyst (Fe) Fe*™Fe®™ transition. A non-infinite kinetic
resistance Ry is obtained from the equivalent circuit fitting of a fuel
cell in Hy/N,. ! Figure 1 presents the derived R, of 350 mQ-cm? at
BOT and 200 mQ-cm? after AST cycles at 80 °C and 100% RH and
indicates the following:

® R, is much larger than the sheet resistance (about 30 m$-cm?),
typically measured in low loaded PGM electrodes,”

* R, is much larger than RY' (about 45 mQ-cm?), typical value for
cells with Nafion® 211 membranes, and

® Although the ionomer appears to condition over the first 1 k
potential cycles, as inferred from ~40% decrease in R, it is

400
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Figure 1. Electrode sheet resistance determined from ZView analysis of
H,/N, impedance at 0.425 V. The data exhibits no evidence of ionomer
degradation or electrode rearrangement causing R, to increase.

relatively stable over the subsequent 29 k cycles, suggesting
that there is little or no ionomer degradation or rearrangement
during the AST in H,/N, (at least for the bulk electrode). This
observation is consistent with the nano-CT data presented later
and the STEM images previously presented.”

Catalyst stability during the H,/N, AST.—Figure 2a presents the
measured degradation in Cell 3 after 30 k AST potential cycles
(0.6—0.95 V square wave) with limited intra-test characterization.
The polarization data in Hy/air at the reference conditions indicates
voltage losses of only 5, 15, and 30 mV after 10 k, 20 k and 30 k
cycles, respectively. We conclude that, although the (AD)Fe-N-C
catalyst has low initial activity, it is relatively stable when under-
going potential cycling in Hp/N,. Since the voltage losses are nearly
independent of current density, one can surmise that the observed
performance degradation in Fig. 2a is mainly due to the loss in
catalyst activity. This observation is supported by Fig. 2b, which
shows the increase in overpotential (A7) for a given number of
cycles relative to 1 k cycles (to account for initial ionomer
conditioning).

An = n —n(lk)

For the purpose of this discussion, we exclude the resistive voltage
drops in membrane (iR{) and electrode (iR$) by defining 7 as:

n=Ey — (E+ iR + iR$) [1]

From the distribution reaction model, R§ can be calculated as a
function of current density i and sheet resistance.'” At low current
densities, RS is about of 1/3rd of R,. By this definition, 7 only
includes the overpotentials for ORR kinetics (177) and O, transport

(nm ) *
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Figure 2. Cell-3 degradation with 0.6-0.95 V potential cycles in H,/N,,
6 s/cycle. After 30 k cycles, the polarization data taken in Hy/air under
differential cell conditions indicate <30-mV voltage drop for current
densities up to 1.7 A cm™2 (a) Cell 3 degradation with potential cycling;
(b) Voltage loss as function of current density after 10 k, 20 k, and 30 k
cycles.

n=mn,, +n [2]

An = An, + AnS (3]

As an extension of our previous work,'” we represent 7 in terms of
io, the exchange current density, available sites 6, the fraction of the
active sites that conduct ORR as limited by potential-dependent
Fe**/Fe*™ transition, and RT/.F, a group of variables collectively
related to the Tafel slope. We introduce a new durability-related
variable ¥, as the fraction of active sites in the fresh electrode that
remain after aging. The variable ¥ equals 1 in a fresh electrode and
progressively becomes less than 1 as the catalyst ages and loses
active sites.

acF .
i = ig0UeRT s [4a]
, LHSF(L,L)
ig = iorP32 ePle—De R\T T, [4b]
ngF
1/0 = 1 + e gy EeEon) [4c]

Most kinetic parameters derived from the fitting of all Cell 3 and
Cell 4 polarization curve data are very similar to those derived from
Cell 1 and Cell 2 data, including v = 0.415, § = 1.775, and
AH¢ = 37.4kJImol "."7 The symmetry factor o is slightly higher,

1.0
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I . " L " " L

0.0

0.0 0.5 1.0 1.5
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Figure 3. Cell-4 degradation with 0.6-0.95 V potential cycles in Ho/N, and
load cycles after O k, 10 k, 20 k and 30 k potential cycles. A load cycle
consists of 15 short polarization curves at different P, T, X(O,) and RH (see
text for details). Compared to data in Fig. 2, imposition of load cycles has
caused >100-mV additional voltage drop at 1.4 A cm ™2 after 30 k potential
cycles.

0.35, for Cells 3 and 4 than for Cells 1 and 2, 0.314. Following our
earlier work,” we derived the redox potential (Egg) and the effective
transfer number (ng) for Fe*™—Fe*" transition from Cell 1 data as
757mV and 0.442, respectively. At a given current density, it
follows that

c_ RT (A0 Ay
Ay = ozCF( b w) 5]

The above equation shows that for a given current density, Az’ does

not explicitly depend on current density, i. Furthermore, Fig. 2b
indicates that the measured A is close to being independent of
current density when i > 0.4 A cm™2, leading us to conclude that
Anf is primarily responsible for the measured Az. The CV traces
indicate minor or no changes in the potential range of the Fe
oxidation state transition and somewhat minor changes in the
intensity of the redox peaks, suggesting that the available sites 0
as a function of cathode potential may not be impacted by AST or
LC cycles. The A6/6 can be calculated as about 2%, 3%, and 5% for
voltage drops of 5mV, 15mV, and 30 mV, respectively, with
respect to the BOT cell voltage of 600 mV. Then, the decrease in
active sites At after aging can be calculated as 7.5%, 15%, and 40%
for voltage drops of 5mV, 15mV, and 30 mV, respectively, from
Eq. 5. Based on the full polarization curve data in Fig. 2a and
through the detailed cell overpotential breakdown model described
by Eq. 6, it is estimated that the active site density decreased by
15%, 25% and 35% after 10 k, 20 k and 30 k AST cycles in Hy/N,,
respectively. This difference in active site loss calculated by these
two methods arises from the difference in current density utilized,
catalgfst activity (AV) calculated at low current densities (i < 0.4 A
cm °) vs the latter calculation utilizing high current densities
(i > 0.4 A cm™?) as well. The measured performance loss is caused
by multiple factors, including sheet resistance in cathode electrodes,
active site loss, and the change in mass transfer resistance related to
micro-pores and ionomer thin films.

Catalyst stability in H,/Air load cycles.—Figure 3 presents the
effect of extensive intra-cycle characterization on degradation in
Cell 4 subjected to AST cycles in H,/N,. Here, intra-cycle
characterization included load cycles conducted after 0, 10 k, 20 k
and 30 k AST cycles and consisted of 15 short polarization curves
for 3 pressures (1, 1.5, 2 and 2.5 atm), 4 temperatures (60 °C, 70 °C,
80 °C and 95 °C), 4 O, mole fractions (2%, 5%, 10% and 21%), and
4 RHs (30%, 50%, 75% and 100%), as shown in Table I. Comparing
Figs. 2a and 3, a significantly greater performance degradation is
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Figure 4. Degradation in catalyst activity (a) after potential cycles (AST),
load cycles (LC), and combined AST and LC. The degradations after AST
and LC are comparable (a), but the degradation occurs primarily during LC if
the cell is subjected to combined AST and LC. The CV (b) indicates small
changes after 10 k potential cycles and less prominent oxidation peak.
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Figure 5. Loss in active sites assuming a linear relationship between catalyst
activity and active site density. Exposure conditions: load cycles in H,/O, for
cell 1; load cycles in Hp/air for Cell 2; AST cycles in Cell 3; and combined
AST and load cycles in Cell 4.

observed with the imposition of load cycles. For example, after 30 k
AST cycles, the voltage loss at 1.4 A cm ™2 is increased by about
100 mV (135 vs 35) with the increased number of load cycles.

A kinetic model was used to track and compare the effects of
different operating conditions on degradation of catalyst activity,

defined as cell current density at 0.9 V (IR-corrected cell voltage) in
H,/O, at 1.5 atm, 80 °C and 100% RH. Figure 4a (Cell 3) shows
~50% loss in catalyst activity in Cell 3 after 30 k AST cycles in
H,/N,, approaching the DOE target for low-PGM catalysts of 40%.
However, the BOT catalyst activity is much lower than the
44 mA cm™? target for PGM-free catalysts. Consistent with the
polarization curve data, the activity loss is quite linear after the first
1 k cycles.

Figure 4a (Cell 2) shows similarly modeled activity loss (~50%)
after only 15 polarization curves in Ho/air for Cell 2 at BOT (7.5 h)
for different pressures, temperatures, O, mole fractions, and RH.

Figure 4a (Cell 4) also includes the catalyst activity losses in Cell
4 subjected to 30 k AST cycles in Hy/N, together with the load
cycles (LC) in Hy/air. The model indicates that in combined AST
and load cycles, catalyst activity losses occur primarily during the
intra-AST load cycles: 8.6 to 4.8 mA cmfz, 45t02.7mAcm -, 2.7
to 1.8 mA cm 2, and 1.9 to 1.3 mA cm ™2 during the load cycles after
0k, 10k, 20 k and 30 k AST cycles, respectively. Less than 3.5% of
the total activity loss occurred during 30 k AST cycles. These
conclusions confirm and provide additional insights compared to
what was reported in a previous work.>

The CV traces in Fig. 4b for Cell 4 under AST and load cycles
are not remarkable and show that the oxidation peaks become less
prominent after 10 k AST cycles. The BOT CV curve is downshifted
compared to the other curves. This may be related to the presence of
some residual oxygen adsorbed on the catalyst surface at BOT. We
believe longer time for nitrogen purging before the CV measurement
at BOT may help remove the residual oxygen. Figure 4b shows that
the “shape” of the CV (electrode capacitance), as well as the
potential of the redox peak does not vary along the test.

Figure 5 presents the loss of active sites after AST and load
cycles as calculated from the ORR kinetic model using the Hy/air
polarization data at low current densities for Cells 2, 3 and 4 and the
H,/O, polarization data for Cell 1. Here, the loss of active sites is
assumed to be the loss of catalyst activity. The activity loss rate as a
function of exposure time is:

a) fastest in Cell 1 exposed to the highest potentials in Hy/O,,
b) slowest in Cell 3 subjected to catalyst AST in H,/N,, and
c) intermediate for Cells 2 and 4 exposed to Hy/air.

We summarize the results in Figs. 3—-5 by offering the following
conclusions:

¢ Unlike low-PGM catalysts, potential cycling in H,/N, does not
significantly accelerate the degradation rate of the PGM-free
catalyst investigated in this work nor does it represent the
underlying mechanism by which the catalyst degrades,

® Faster degradation in Hy/air load cycles than in Hp/N, ASTs
suggests that O, may be involved in the degradation of the
PGM-free catalyst, possibly through the formation of highly
oxidizing radicals (e.g. ‘OH) by reaction of H,O, (an inter-
mediate or sub-product in ORR) with Fe.'8!1%27=2°

Aqueous tests in rotating ring disc electrode (RRDE) have
confirmed the formation of H,O, with the (AD)Fe-N-C PGM-free
catalyst and other related classes of Fe-based catalysts'*>°
RDE AST studies in oxygen-saturated acidic aqueous electrolyte
have also implicated peroxide attack in both loss of Fe from the
active sites and a decrease in the turnover frequency of remaining
active sites.”” As reported elsewhere, high resolution STEM and
associated EDS analysis of exposed PGM-free electrode specimens
from Cells 2, 3, and 4 shows Fe depletion that directly correlates
with the loss of active sites shown in Fig. 5.2 The indication is that
the degradation of catalyst activity is due to Fe dissolution at
operating cell potentials in Hy/air rather than some structural
changes in ionomer or ionomer/catalyst interactions. This is con-
firmed by experimental observations in both MEA and liquid
electrolyte reported in recent works.>*?**"*!=3% Density functional
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Figure 6. Fourier transform (not phase corrected) of Fe K-edge EXAFS data
for (AD)Fe-N-C catalyst powder, as-fabricated MEA, MEA AST cycled in
nitrogen, MEA tested in air, Fe(III)-N, (Fe(III) pc tetrasulfonate), Fe(IIl)
oxide, and Fe(IIl) sulfate standards.
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Figure 7. (a) Cell 4 VIs in load cycles at BOT; (b) Oxygen transport
resistance at limiting current in aged electrode. The dashed line is a model fit
to extract the transport resistances in the secondary pores, ionomer, and
primary pores.

theory calculations have indicated that Fe-N, ORR active sites can
be thermodynamically stable in acidic environments.*®*” However,
the recent calculations of Holby et al. have shown that oxygenated
ligands and radical attack of stabilizing ligands can decrease the
thermodynamic stability of Fe-N, against Fe dissolution.’” The
Fe-N, sites may demetallize or dissolve within micropores filled
with liquid water or in contact with ionomer. Under LC condition,
peroxide generation may facilitate the loss of active sites and liquid

water flux may enhance iron movement, causing more ORR active
sites loss.

The Fourier transform of the EXAFS results of Fig. 6 show that
with load cycling in nitrogen, the Fe coordination in the (AD)
Fe—N—-C catalyst in the MEA becomes more like that of the ferric
sulfate standard than like the Fe—N, standard and cycling in air
forms more of the Fe sulfate-like species. This observation provides
evidence that a portion of the Fe dissolves, remains in the cathode
catalyst layer, and coordinates with the sulfonate groups in the
ionomer. These findings are unlike the results of Kumar et al.,?’ who
found iron oxide nanoparticles (identified by XRD) after RDE AST
cycling (0.6 to 1.0V) in 80 °C oxygen-saturated electrolyte. By
analogy with the RDE results, Kumar et al. also assumed the
nanoparticles found in the cathode catalyst layer of an MEA AST-
cycled with oxygen on the cathode were also iron oxide.

In light of the above conclusions and findings, we suggest that
potential cycling in Hy/air should be considered as an AST for PGM-
free electrodes.”®

O; transport in aged PGM-free electrode.—As an extension of
the methodology outlined in our previous work,'” we estimate the O,
transport overpotential, 7,,, in aged electrode from the Hy/air
polarization curves at high current densities, using the following
equation:

N = Ev — (E + iRG + iR} — 7 (6]

where the Nernst potential (Ey) and the kinetic overpotential (1)) are
calculated using Eq. 4 and P(O,) in the gas channel (sz). Thus, 7,,
accounts for the decrease in Ey and the increase in 7 caused by the
difference in sz and P(O,) at the catalyst surface (Py,). We identify
iy as the limiting current density at which 7,, is sufficiently high
(100-200 mV) such that it is nearly independent of the actual choice
of 7,, at i;. We determine the O, transport resistance in the cell (R,,)
at limiting current density (Cp, = 0) using the following equation:

(7]

m

4F (Co, — C§))

L

and represent R,, as sum of O, transport resistances in the gas
channel (R,), gas diffusion layer (R;), and cathode catalyst layer
(Rcy‘):

R, = R, + Ry + Ry (8]

We assumed that a) R, + R, is proportional to pressure, b) R is
independent of pressure, ¢) the GDL and gas channel have remained
stable, and d) only the cathode electrode has degraded with aging.
With these assumptions, we used R, derived from the BOT high-
current density polarization data at 1.5, 2 and 2.5 atm to determine
R, + R; as ~0.8 cm s~! for the reference conditions in Fig. 7a.
Knowing R, + R, we determined R from R,, at BOT and after
10 k, 20 k, and 30 k cycles in Cells 2, 3, and 4 at the reference
conditions. Figure 7b presents the derived R as a function of the
active sites estimated from the low current density data in Fig. 5. A
“0” on the x axis refers to the limiting hypothetical state of complete
loss of activity whereas “100%” refers to the initial activity of fresh
catalyst at BOT. The trend pointing to R, decreasing from BOT
(100% on the x axis) to 40% loss in active sites may be indicative of
the uncertainty in determining the O, transport resistance in PGM-
free electrodes using polarization data that is dominated by ORR
kinetic losses. Additionally, this trend may reflect continuing
break-in of the electrode ionomer and improved utilization of electro-
catalyst active sites, as has been observed while examining non-Fickian
transport resistance in low-PGM electrodes.®® Nevertheless, Fig. 7b
shows that R in the thick PGM-free catalyst electrode is of the same
order as that observed for 0rder-0f-ma§nitude thinner low-PGM
electrodes at approximately 0.5-1s cm ™'
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We wish to understand the breakdown of R in terms of the O,
transport resistances in electrode pores (R.) and across the ionomer
film to the catalyst sites (Ry). To this end, we invoke a series-parallel
model for O, transport across a porous electrode (thickness, 6., and

effective O, diffusivity in pores, Défz ) with distributed reaction sites

(BET surface area, A.). It can be shown that Ry at the limiting
current density (Cg, = 0), is given by the following equation.' %"

Ry = X com () 9]
5
where
g = R [10]
Ry
Re= % — Ry + Ry = Z[ 2 4 & (1]
Déjz T DKn DOZ

d, [8RT
D, = 2 |2~ 12
K 3\ i [12]

-1
Do, = [Z % ] [13]

j D02j

In the above equation &/7 is the formation factor, Dy, is the pressure-
independent O, Knudsen diffusivity, and Dy, is the pressure-
dependent molecular diffusivity of O, in the gas mixture that is
related to the binary diffusivity of O, in Ny, O,, and H,O with X; as
mole fractions. Star et al. have developed a method of measuring the
formation factor and the effective pore size (d,) for PGM-free
catalyst electrodes.*® This method uses a thin platinum-black layer
deposited on membrane as an electrochemical sensor and H, probe
gas. Their measurements for an electrode with a commercial
Fe-N-C catalyst (PMF-11904, 10 nm pore size, Pajarito Power,
LLC), 30-45 wt% ionomer content and 4 mg cm ™~ catalyst loading
indicate ¢/7 between 0.09 and 0.27 and 6.5nm pore size for
calculating Dg,. They also determined R, + R, of 0.53 s/cm/atm
for 21% O, in saturated air at 80 °C, in close agreement with our
modeled values for the same flow field, GDL, and differential cell
setup.*0~*

Assuming a formation factor, /7, of 0.18 and 6.5 nm pore size,
we used Egs. 9—-13 to calculate the O, transport resistance in the
electrode (Ry as the portion of R, that, along with Rg,, is
independent of the operating pressure.

Two limits of Eq. 9 are of particular interest. Consider first the
limit, R > R, that applies to low-PGM electrodes. In this limit
R = Ry, and the transport resistance is mainly due to O, diffusion
across the ionomer film around the catalyst particles. Consider next
the limit, R. > Ry for which Ry = ,/R.Ry. The conditions of

Fig. 7b correspond to R, = 2.04scm™" and R,=03s cm™! in the
fresh electrode, so that R. > Ry but not >Ry, meaning that the full
Eq. 9 must be used for estimating R~ We conclude that the transport
resistance in the thick PGM-free electrode is determined by both O,
diffusion in the electrode macropores and O, diffusion across the
ionomer film around the catalyst particles and also that R.s < R...

We note that R, is larger for the thicker PGM-free electrode but
Ry is larger for the low-PGM electrode, perhaps because Ry is not
only related to the ionomer film thickness but also Pt roughness. At
this point, we do not have a fundamental understanding of the
relationship between Ry and ionomer film thickness or distribution of
atomically dispersed active sites in the low-PGM electrode.

A least-square fit analysis of R.in Fig. 7b using Eq. 9 shows that
the effect of aging on R can be represented by the following

equation.
Rf2

R = Ry + 14

A ATy el
where

Rpp = 0.26 scm™! [15]

R.

/2~ 0.0315scm™! [16]

We may interpret Ry in Eq. 14 as the resistance due to O, transport
in the micropores present inside an agglomerate and within the
porous catalyst particles, and Rpn/¢)L A, as the transport resistance
due to O, diffusion across the ionomer film. According to Eqgs. 9
and 14-16, a 75% loss in active sites in the atomically-dispersed
catalyst layer causes a 50% increase in Ry and a ~30% increase in
R Under the same conditions for a low-PGM electrode with
3-5 nm catalyst particles, we would expect a 75% loss in ECSA to
quadruple Rcf.22’43 The following is a brief comparison of the
derived O, transport resistance in PGM-free and low-PGM elec-
trodes (0.1 mg em 2 Pt loading).

¢ Comparable R s at BOT

¢ Larger R, because of much thicker electrode

® Smaller Ry

* Slower degradation of Ry and R.s with aging but more work
needed to confirm and understand this result.

® Underlying uncertainty in deriving Rrand R from polarization
data in which the cell voltage at high current density is limited
by slow ORR kinetics rather than O, transport.

Stability of electrode structure.—Section views of the recon-
structed phase (top) and absorption (bottom) contrast nano-CT
images from the electrode samples (fresh, Cells 3, and 4) are
presented in Fig. 8. The dark color in these phase contrast images
shows the pore space while the gray color-map corresponds to the
X-ray attenuation from the solid material in the electrodes. Figure 8
(top) shows that this set of PGM-free electrodes is composed of
various sizes and shapes of distinct porous catalyst aggregates/
agglomerates (1-6 ym). These catalyst agglomerates consist of the
catalyst, ionomer, and primary pore space, some of which are large
enough to be captured within the X-ray tomography spatial resolu-
tion. We also see that the catalyst agglomerates are distinctively
separated by large secondary pores, 0.1-2 pm in size.

The phase contrast data in Fig. 8 indicates that after 30 k cycles in
N, morphologies of electrode samples from Cells 3 and 4 are quite
similar to that of the fresh sample. Similar agglomerate structures are
prevalent in both fresh and aged samples. In addition, the secondary
pores appear to keep their initial forms after cycling in N, as there is
no evidence of collapsed pores or extreme reduction in pore sizes or
porosity compared to the fresh sample.

The red to bright yellow color-map seen in the absorption images
in Fig. 8 (bottom) corresponds to intensity from the Cs*-exchanged
sulfonate groups in ionomer. High intensity is shown by the bright
yellow color and indicates presence of thick (i.e., large amounts)
ionomer films while the darker shades of red color show gradually
lower amount of ionomer and the black color corresponds to no
ionomer. Looking at both phase and absorption contrast images,
these electrodes indicate different types of ionomer distribution with
respect to the agglomerates. Poor penetration of ionomer into
agglomerates with surface accumulation (shown by the bright yellow
on the outer surface of agglomerates), uniformly distributed ionomer
in the whole volume of agglomerates (uniform darker tones of red in
all agglomerate volume), and streaks of ionomer distributed in the
agglomerates are evident. All three types of ionomer distribution
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Figure 8. Section views of phase contrast images showing the presence of some large agglomerates (top) and corresponding absorption contrast images showing

ionomer distribution and accumulation on some agglomerates (bottom).

seem to be present in both the fresh and aged samples which
indicates that the ionomer structure was not significantly altered by
AST cycling in N, (as resolved by the X-ray tomography).

For quantitative analysis of the samples, the phase contrast data is
segmented into pore and solid domains as illustrated in Fig. 9 (top:
solid in gray color and pores are transparent). Supporting the
observations from the raw 2-D section images in Fig. 8, the 3-D
volume renderings of the segmented data shows that the large
agglomerates are prevalent and distinctly separated by large pores in
all the fresh and aged samples. Based on the diameter of the largest
sphere that can be inscribed in each solid/pore voxel in the
segmented images, we calculated the pore and solid size/thickness
distributions as shown in Fig. 9 (bottom). The solid size reported
here should not be confused with the agglomerate size (i.e., an
agglomerate has pores and many spheres are inscribed into an
agglomerate). Figure 9 indicates that the fresh sample has slightly
larger solid sizes in comparison to aged samples. The mean solid
sizes and standard deviations are, respectively, 1005 nm and 413 nm
for fresh sample, 888 nm and 378 nm for Cell 3 sample, and 857 nm
and 371 nm for the Cell 4 sample. Figure 9 also shows that the fresh
and aged samples have very similar pore size distribution with the
mean and standard deviations respectively as following: 621 nm and
289 nm for fresh sample, 590 nm and 258 nm for the Cell 3 sample,
587 nm and 271 nm for the Cell 4 sample. It should be noted that
extensive AST cycling (30,000 cycles) in Hy/Air has been observed
to cause pore size and porosity reduction of approximately 10% and
a substantial change in the solid size distribution. It has also been
noted that the pores between large particles in the cycled sample get
filled by smaller particles.>

Performance losses in aged PGM-free electrode.—We have
used the aforementioned models and data to quantify the sources of
the observed voltage degradation in the aged PGM-free electrode.
Figure 10 shows the breakdown of the modeled overpotentials at
BOT, after 5 k AST cycles resulting in 25% loss of active sites, after
30 k AST cycles resulting in 50% loss in active sites, and after 30 k

cycles combined with load cycles that result in 85% loss in active
sites. The simulation results were obtained by assuming a constant
RS of 45mQ-cm?, a constant R, of 200 mQ-cm’, and R, varying
with number of active sites, as in Fig. 7b. Figure 10 indicates that:

a) 1 is the largest source of voltage loss due to the sluggish ORR
kinetics,

b) iR§ > iR/ because of the thick electrode structure, and that

c) 7, becomes comparable to iR} and iR§ at current densities
higher than 1 A cm™> It can be noted that Anf accounts for
almost all the voltage degradation for current densities up to 1 A
cm ™2 and at <50% loss in active sites; An?, as discussed earlier,
is independent of the current density. At current densities higher
than 1.25 A cm ™2 and at >50% loss in active sites, An,, begins
to account for a portion of the modeled voltage degradation.
Table II shows this clearly by listing the overpotentials at
1.5A cm™2 for 0%-85% loss in active sites from the model
result showing in Fig. 10.

Conclusions

We have investigated the durability of a PGM-free (AD)Fe-N-C
catalyst in standard AST cycles normally used for low-PGM
catalysts and during load cycles and have reached the following
conclusions:

® Considering the metrics normally employed to characterize the
durability of low-PGM catalysts after 30,000 AST cycles in
H,/N,, this PGM-free catalyst is quite stable, losing <50%
catalyst activity, <50% performance at 0.8 V, and 40 mV at
1.5 A cm™? in Hy/Air performance. The observed degradation
in performance on AST cycles is consistent with the loss in
active sites: 15%, 25% and 35% after 10 k, 20 k and 30 k AST
cycles, respectively.

® The PGM-free catalyst is less stable in Hy/air, losing ~50%
catalyst activity after just 7.5 h of polarization curve measurements
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Table II. Breakdown of overpotentials at 1.5 A cm™ during AST cycles in Cells 3 and 4.

1.5A cm™2 Active Sites E (mV) iR$ (mV) iRG (mV) n; (mV) Ny (MV)
BOT 100% 258 68 82 639 121
AST (5 k) 75% 230 68 82 669 121
AST (30 k) 50% 194 68 83 708 121
AST (30 k) + LC 15% 25 68 82 810 183

(load cycles). In combined cycles, the majority of the loss in
catalyst activity occurred during the load cycles in Hy/air rather
than during the AST cycles in Hy/N,. We conclude that: a) unlike
low-PGM catalysts that are susceptible to instability and ECSA
loss by Ostwald ripening and coalescence/sintering growth
mechanisms, potential is not the main driver for performance
degradation in (AD)Fe-N-C catalysts; b) the loss of active sites
due to attack by Fe-catalyzed formation of peroxide may be
responsible for the observed accelerated degradation in Hy/air load
cycles, in agreement with recent RDE studies;” and c) future
protocols for characterizing the stability of Fe-N-C catalysts
should consider potential cycling in Hy/air.?

The initial indication is that the O, transport resistance (R.) in
the thick PGM-free electrode is not much different than R s in
an order-of-magnitude thinner low-PGM electrode. The data
also suggest that 75% loss in active sites causes ~30% increase
in Ry in the (AD)Fe-N-C catalyst layer. Under the same
conditions for a low-PGM catalyst with 3—-5 nm particle size,
we would expect a 75% loss in ECSA to quadruple R
Consistent with the above conclusion concerning the small
increase in R with aging and within the modeling uncertain-
ties, R. > Ry for the 100 ym thick PGM-free electrode, R is
controlled by both R, and Ry, and R, has remained stable during
the AST and load cycles. More work is needed to understand
the relationship between Ry and the mechanism of O, transport
to the atomically dispersed active sites.

® Nano-CT images of the fresh and aged samples indicate AST
cycling and limited load cycling cause a small decrease in solid
sizes and little to no change in pore size and ionomer spatial
distributions, supporting the above conclusion that the elec-
trode structure remained stable.

Our analysis indicates that 7 is the largest source of voltage
loss at all current densities due to the sluggish ORR kinetics,
and iR§ > iR/y because of the thick electrode structure. The
cell voltage at reference conditions degrades by 40 mV at
1.5 A cm™? after 30 k AST cycles, almost entirely due to Anf
caused by 50% loss in active sites, and by ~205 mV under
combined AST and load cycles, caused by 85% loss in active
sites resulting in 146 mV An{ and 60 mV Ap,.
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