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ABSTRACT: The alkaline operating environment of anion-
exchange membrane (AEM) fuel cells (AEMFCs) makes it
possible to employ a wide variety of catalysts, including platinum
group metals (PGMs) as well as PGM-free materials. However,
little is understood about radical formation during AEMFC
operation with different catalysts and their implications. In this
investigation, we utilized spin-trapping and electron-paramagnetic
resonance measurements to measure and identify the radicals
produced on selected PGM and PGM-free oxygen-reduction
reaction catalysts. To the best of our knowledge, this is an original
study exploring radical formation on different classes of catalysts in de 3 ; s DMPO-H
operando AEMFCs. This work highlights an unexplored radical :
degradation mechanism in AEMFCs and calls for innovative
strategies in designing radical attack-resistant AEMs.

KEYWORDS: Anion-Exchange Membrane Fuel Cells (AEMFC), EPR spin trapping, radical reactions, radical-induced degradation,
oxygen reduction reaction (ORR)

H INTRODUCTION electrode and DMPO-H on the anode electrode. Therefore,

Anion-exchange membrane fuel cells (AEMECs) are regarded evaluating the potential of PGM and in particular PGM-free
- T electrodes to generate radicals during the operation of
as a promising fuel cell technology because of their significant o
: . AEMECs has crucial importance.
potential to replace the current expensive proton-exchange

membrane fuel cell (PEMFC).'~* Recently, AEMFCs achieved Ip this stu.dy, we report f.or the first time on the formatlo_n o
oAl . S radicals during the operation of AEMFCs based on various
remarkable power densities” ~ with high voltage efficiencies,

lected PGM and PGM-f; talysts b do elect
which makes the technology a serious contender for matured selecte an ree cata’ysts by operando electron

o . ) paramagnetic resonance (EPR). We focus on the cathode
PEMEFCs. Additionally, AEMFCs provide the opportunity to 1 : : :
i ) §ls electrode where the electrochemical oxygen reduction reaction
incorporate platinum group metal (PGM)-free catalysts

(ORR) takes place and reactive oxygen species may be formed.

into the electrodes, as well as a greater variety of low-cost We specifically employed Pd, Ag, PdAg, and (MnCo),0, as
1 . 4 i )

pol?rmers for use as .membranes. In spite of these beneﬁt.s, cathode catalysts to investigate the potential of oxygen radicals

major challenges still need to be addressed before this formed in different classes of catalysts. These catalysts are

technology can be utilized in practical applicatio}nﬁ ;Ié'he most chosen as they have relatively high activities as cathodes in
pressing is the long-term stability of the AEMFC™ ™° and the AEMECs,"'~">"°7! and they are significantly different.

use of completely PGM-free electrodes.'*">"”

In a recent review of the various aspects of AEMFC B EXPERIMENTAL SECTION
durability, Mustain et al. summarized that further compre-
hension of the anion-exchange membrane (AEM), electrode
materials, anion-exchange ionomer, catalyst layer optimization,
and water management is crucial in order to meet the
durability target set by the U.S. DOE."* However, they have
not discussed the mechanism of radical formation and how it Received:  November 28, 2022
affects the AEMFCs’ durability. Very recently, we have shown Revised:  January 31, 2023
for the first time the formation and presence of stable radicals Published: February 7, 2023
during operando AEMFCs."'® During the operation of Pt-based
AEMECs, we have reported S,5-dimethyl-1-pyrroline N-oxide
(DMPO)-OOH and DMPO-OH radicals on the cathode

CCMs were prepared for use in operando EPR measurements
with Pd that was obtained from Sigma-Aldrich, Ag from
Nanogap, and PdAg purchased from NanoShel. Also, the

© 2023 The Authors. Published b
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Figure 1. Experimental (black solid line) and simulated (green dashed line) EPR spectra of DMPO-OOH adducts formed during the operation of
AEMFCs using various cathode catalysts: Pd (A), Ag (B), PdAg (C), and (MnCo),;0, (D).

(MnCo);0, spinel catalyst was synthesized as described
elsewhere.”” Further details are given in the Materials i (p 2)
and Experimental Methods i and ii (Figure S1, p 3) sections as
well as active area loadings of the CCMs in Table S1 of the
Supporting Information (SI).

EPR measurements were carried out at room temperature
using a Bruker ELEXYS ES00 spectrometer, equipped with a
super-high-sensitivity Bruker ER 4122 SHQE cavity operating
at 9.7 GHz and 100 kHz magnetic field modulation. EPR
spectra were simulated using SimEPR32 software.”” Before
commencing the operando experiments, a pure liquid DMPO
spin trap (0.5 yL, Enzo) was deposited on the cathode side
using an automatic micropipette. The CCMs (see Table S1)
were then placed inside a fuel cell (5 mm in diameter),'®**
with two platinum wires used as current collectors. The cell
was run under closed circuit voltage (CCV) conditions,
connected serially to the Velleman DVM898 digital voltmeter
with an internal resistance > 100 M, used for monitoring the
cell voltage, which varied between 0.2 and 0.5 V depending on
the exact anode/cathode catalyst combination. The cell was
fed with 2—5 sccm/min of pure hydrogen and oxygen
(AirProducts, NS.0).

To gain an insight into the ORR performance of the
investigated catalysts, the rotating ring-disk electrode (RRDE)
technique and AEMFC testing methods were used. For the
RRDE tests, catalytic inks were prepared by sonicating
catalysts with 2-propanol and Nafion solution, followed by
dropcasting the inks onto S mm glassy carbon (GC) disc
electrode. For the AEMFC tests, cathode catalyst slurries were
deposited directly onto gas diffusion layers to prepare gas
diffusion electrodes (GDEs), which were then combined with
PtRu-based anode GDEs and FAA-3-5-rf AEMs to produce
membrane-electrode assemblies (MEAs). The tests were
carried out with H,—O, feeding gases. Further details on
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these tests are given in the SI (section Experimental Methods v
and vi, Figures S2—S6, and Tables S2 and S3).

B RESULTS AND DISCUSSION

The X-ray powder diffraction investigation of the (MnCo);0,
sample confirms the formation of a nanosized oxide of the
spinel structure, with a size of 6.2 nm as calculated from the
Scherrer formula (Figure S1).>> The onset potential, Ey ., of
the spinel catalyst was 0.82 V vs the reversible hydrogen
electrode (RHE), and the average number of exchanged
electrons, n, was equal to 3.87 as determined by RRDE. In the
case of metallic catalysts, E ., and n were in the range of
0.88—0.89 V and 3.85—3.98, respectively (details are given in
the SI, Figure S2, and Table S2). First, the AEMFC
performance of the MEA with the Pt-based cathode was
evaluated, as shown in Figure S3, indicating adequate
membrane efficiency in terms of cell polarization. Similarly,
the PGM-free Ag (Figure S4) and (MnCo);0, (Figure SS)
and ultralow PGM PdAg (Figure S6) cathode catalysts were
evaluated in AEMFCs to corroborate the performance they
displayed in the RRDE experiments.

Operando measurements were performed with an AEMFC
inserted into a resonator of an EPR spectrometer, and the
formation of radicals was monitored by the spin trapping
technique using a DMPO spin trap, which bonds to short-
living, reactive radicals forming a stable, detectable adduct. The
operando experiments allow for the investigation of the
reactions at the catalyst surface, the involvement of the
radicals, and all species transport phenomena through the
AEM, which are not possible in ex situ studies. Placing the spin
trap directly onto the cathode allowed us to study radical
formation on the cathode side.'® These experiments (see SI,
section Experimental Methods viii, p 10) evidenced that
DMPO diffused across the FAA-3-20-rf AEM in 25 min as

https://doi.org/10.1021/acscatal.2c05843
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shown in Table S4, so we limited our observations to 15 min,
regardless of the observed slow diffusion of DMPO. In this
study, we investigated only the cathode side since oxygen
radicals are most expected to attack the membrane®®*” and
carbon support, leading to their deterioration.”® The
experimental (black solid line) and simulated (green dashed
line) EPR spectra recorded just after starting the AEMFC EPR
operation and DMPO applied on cathode sides are given in
Figure 1 for all of the investigated cathode catalysts. The EPR
spectra of spin adducts exhibit hyperfine splitting (HFS) from
"N (nuclear spin I = 1, splitting the signal into three lines) and
two 'H (I = 1/2, splitting the signal into two lines) nuclei, one
present in the spin trap molecule (Hy) and the second one
originated from hydroperoxyl radical (H,), Figure 2A. The

A) B)
HC 0—o0_ HC H,
Heo N TH R e N H,
o o

Figure 2. Structure of DMPO spin trap adducts with peroxide radicals
(A) and hydrogen radicals (B).

scheme of the splitting for the DMPO-OOH adducts is
presented in Figure S7A, and reference EPR spectra of the
DMPO adducts formed in the AEMFC utilizing the FAA-3-20-
rf I{lsembrane covered with the Pt catalyst are given in Figure
Ss.

Registered spectra differ in signal-to-noise ratio; however, all
spectra simulations revealed spectral parameters (collected in
Table 1) typical for a *OOH radical adduct (Figure
2A)."**°73! To the best of our knowledge, this is the first
time that radicals were measured and detected using different
ORR catalysts in operando AEMFCs. Both PGM and PGM-
free catalysts show the formation of a *OOH radical adduct,

Table 1. EPR Spectral Parameters of DMPO Adducts
Detected during Experiments

hyperfine splittings

catalyst adduct Ax Any Ay, g

Pd (Figure DMPO-OOH 13.1 11.1 2.4 2.0052
1A)

Ag (Figure DMPO-OOH 13.7 114 1.1 2.0052
1B)

PdAg (Figure ~ DMPO-OOH 133 10.8 1.1 2.0061
1C)

(MnCo);0, DMPO-OOH 13.7 114 0.91 2.0057
(Figure 1D)

(MnCo);0, DMPO-OOH 13.7 113 091  2.0058
(Figure 3A)

(MnCo),0, DMPO-OOH 13.6 113 0.91 2.0058
(Figure 3B)  pMPO-7OOH  13.5 113 091  2.0058

Ao =
4.6

PdAg (Figure ~ DMPO-OOH 12.8 11.7 2.4 2.0059
4A)

PdAg (Figure ~ DMPO-OOH 12.5 112 2.3 2.0061
4B) DMPO-H 146 203 (HB), 2.0059

20.0 (Hp,)

PdAg (Figure ~ DMPO-H 152 203 (HB), 2.0057
SA) 20.3 (Hp,)

Pt (Figure 5B) DMPO-H 18.5 207 (HB), 2.0054

20.7 (Hp,)
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which may suggest that in the alkaline medium of AEMFCs,
radicals are always generated regardless of which ORR catalysts
are used.

In a recent study, Meyerstein’~ suggests that many oxidizing
agents might oxidize DMPO to form DMPO®*, which in
aqueous media yields DMPO-OH.” To investigate if the
DMPO-OOH adducts were detected due to spin trapping of
the radicals formed on the catalyst surface, and not because of
the DMPO oxidation by transition metals, additional experi-
ments were performed employing the (MnCo);0, catalyst as a
model system. After degassing the spinel sample in a vacuum at
300 °C, a DMPO spin trap was added. No EPR signals were
present in the spectra of the evacuated spinel after the addition
of DMPO (Figure S9). The signals appeared only after
exposing the catalyst to oxygen at a pressure of 150 Torr. HFS
constants and g-factor values indicate that the registered
spectra originate from the DMPO-OOH adduct (Figure 3A).
To further confirm the origin of *OOH radicals, a similar
experiment was performed, this time using oxygen gas enriched

A) (Mnc0)304+1602

—exp. | '
----sim.

I I I ] 1
3470 3490 3510 3530 3550
Magnetic field | G

B) (MnCo);0,+70,/*°0,
v : vy
—exp. | ; '
----sim.
I I ] I 1
3470 3490 3510 3530 3550
Magnetic field | G

Figure 3. Experimental (black solid line) and simulated (green dashed
line) EPR spectra of DMPO-OOH adducts formed while the
(MnCo);0, catalyst was exposed to 150 Torr of 'O, (A) and 10
Torr of 70% 70,/30% '°0, (B).

https://doi.org/10.1021/acscatal.2c05843
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in an 7O isotope. Registered spectra are shown in Figure 3B,
exhibiting additional lines in comparison to the spectrum
obtained with 'O (Figure 3A). Extra signals are due to HFS
coming from 7O atoms with I = 5/2 and A, equal to 4.6 G,
and the outermost lines are marked by the arrows. This result
clearly indicates that the hydroperoxide radicals are generated
from gaseous oxygen interacting with the catalyst and that the
registered EPR signal is not due to spin trap oxidation by a
metal redox pair.

The spectra recorded on the AEMFC cathode side at the
start and after 15 min of operation are shown in Figure 4A,B.

of the EPR spectrum. We postulate that the appearance of
hydrogen radicals is due to the permeation of hydrogen
through the AEM, followed by its subsequent activation on the
cathode catalyst.””

To confirm these ideas, two sets of experiments were
performed. First, the possibility of hydrogen activation to *H
radicals on PdAg was examined. The DMPO spin trap was
placed on the catalyst layer and exposed directly to hydrogen
flow in the AEMFC. In such a case, the typical EPR signal for
DMPO-H adducts was observed, indicating that the PdAg
catalyst can produce hydrogen radicals (Figure SA). In the

A) Start of AEMFC operation

T T T 1
3480 3495 3510 3525 3540

Magnetic field | G

|
3450 3465

Figure 4. Experimental (black solid line) and simulated (green dashed
line) EPR spectra of DMPO spin trap adducts recorded on the
cathode side of the AEMFC using the PdAg alloy as a cathode catalyst
at the beginning (A) and after 15 min of FC operation (B).
Component spectra of B are marked as orange and violet lines.

A) PdAg exposed to hydrogen flow

— exp. ,’
-==-8im.

I I ] ] ] | 1
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[
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Figure S. Experimental (black solid line) and simulated (green dashed
line) EPR spectra of DMPO spin trap adducts recorded on the PdAg
alloy exposed to hydrogen flow (A) and on the Pt covered with
DMPO after diffusion of H, through the membrane (B).

After that time of CCV operation of the AEMFC employing
the PdAg cathode catalyst, the gradual appearance of an EPR
signal originating from the adduct of the DMPO trap with *H
radicals was observed. The signal is due to HFS induced by
two hydrogen nuclei interacting with the unpaired electron
(Figure 2B, the splitting scheme is given in Figure S7B). In
Figure 4B, two component spectra are used for the simulation
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second test, the membrane was covered with the platinum
catalyst only on one side, and the spin trap was placed on the
catalyst layer. Then, the hydrogen was applied on the side
without Pt and DMPO. After 2—5 min, the EPR signal from
DMPO-H adducts appeared. Since catalysts were not present
on the hydrogen side, we conclude that the H, can diffuse
through the membrane (Figure SB and Table S4).

https://doi.org/10.1021/acscatal.2c05843
ACS Catal. 2023, 13, 27442750
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Knowing that in the alkaline medium of AEMFCs we may
expect *H and *OOH radicals to be formed at the cathode
during the operation is crucial. The formation of these radicals
during AEMFC operation may have significant implications for
the understanding of cell degradation. While the mechanisms
of AEM degradation by OH™ are well-established,”" radical-
induced degradation remains largely unknown. They are,
however, suspected of playing a crucial role in the degradation
of cationic moieties of the AEMs.***’

Therefore, radical scavenging strategies to mitigate AEM
degradation are a potential way to address this challenge.”> ™’
We intend to address this issue in future studies by modifying
the catalyst with radical scavenger materials and performing
similar EPR measurements to examine the radical formation
and comparing those without radical scavenger materials.”® For
example, for the cathode ORR, we plan to synthesize the
MnCoO, catalyst with CeO,, while the anode HOR catalyst
will have TiO,-decorated Pt and CeO,-decorated Pd.

B CONCLUSIONS

We have investigated the formation of radicals on different
classes of platinum group metal (PGM) and PGM-free oxygen
reduction reaction (ORR) catalysts in operando AEMFCs. The
results presented in this study indicate that radicals are formed
during cell operation regardless of the type of catalysts used,
suggesting that the formation of the radicals during the alkaline
ORR is a general phenomenon and does not depend on the
catalysts’ nature. Additionally, the experiment with 7O
enriched gas proved that *OOH radicals are created from
the gaseous oxygen interacting with the spinel catalysts and not
by oxidation of the spin trap by metal cations. It was also
shown that hydrogen crossover can cause the formation of *H
radicals at the AEMFC cathode. The formation of *H and
*OOH radicals at the cathode during the AEMFC operation is
crucial for the understanding of cell degradation. These
findings suggest that it is necessary to develop new catalysts
containing radical scavenging additives as well as novel anion-
exchange membranes able to withstand radical attack. Thus, in
our future studies, we plan to investigate the efficacy of radical
scavenging materials such as CeO, and TiO,, as well as the
effect of operating conditions on the formation of the radicals
by varying the relative humidity, temperature, type of AEM,
and catalyst supports.
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