Downloaded viaNATL RENEWABLE ENERGY LABORATORY on December 1, 2022 at 18:35:00 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Ho®

Role of H;0- Radical in the Degradation of Fuel Cell Proton-
Exchange Membranes

Hai Long,* Clara Larson, Frank Coms, Bryan Pivovar, Gregg Dahlke, and Michael Yandrasits

Cite This: ACS Phys. Chem Au 2022, 2, 527-534 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
Membrane durability in proton-exchange membrane fuel cells (PEMFCs) is _ 99 0

one of the major obstacles limiting its applications, especially in heavy-duty vehicles. m ae )

Membrane degradation reactions are thought to be attacks by radicals such as hydroxyl o DY %

(HO®) or hydrogen atom (H®) generated during fuel cell operation. For the H® case, ]

computational modeling results have suggested that the reaction between H® and the sulfonic
group should be the dominant degradation pathway. However, experimental work implies
that the tertiary fluorine (+-F) attack is the dominant H°® reaction pathway, apparently
contradicting the theoretical prediction. Based on previous experimental evidence on isotopic
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substitution, we postulate that the hydronium radical (H;0®) might be present in PEMFCs. .
Our ab initio modeling indicates that this radical can be stabilized by the sulfonic anion on “HO .
the polymer side chain. With the assistance of explicit water, the polymer side chain can W -

undergo a conformational change, leading to a greatly reduced barrier for the ¢-F degradation

reaction. Thus, our H;O® hypothesis is able to explain not only the previous isotopic

substitution experiment but also why the t-F degradation reaction is a highly plausible H* degradation mechanism for proton-
exchange membranes. To our knowledge, this is the first suggestion that H;O° radicals could be present in electrochemical devices
with both experimental and theoretical support.

proton-exchange membrane fuel cell, membrane degradation, hydronium radical, radical reaction mechanism,
ab initio modeling, ion-radical interaction

membrane, but also mechanical failure, leading to more gas

Although perfluorosulfonic acid (PFSA)-based proton-ex- crossing and further degrad.ation.l’z ) ) ]
change membrane fuel cells (PEMFCs) have long been the The membrane degradation mechanisms in PEMFCs are still
most widely used fuel cell (FC) type, membrane durability is still not completely understood. In general, the degradation
a major obstacle that limits these FCs’ applications, especially in reactions are t}lzought to be attacks by radicals generated during
heavy-duty vehicles.' “Figure 1 shows the three most widely FC operation. " The presence of radicals has been confirmed by
many different experimental techniques. Direct 1dent1ﬁcat10n of
F F F “in situ” radicals has been reported by Schlick et al.” using a
—C(CF) —C(CF,)i ~C(CF) spin-trapping electron spin resonance technique with §,5-
0 0 0 dimethylpyrroline N-oxide (DMPO) as a spin trap. DMPO
CF, CF, CF, then reacts with radicals and forms the adduct product via the
F~C—CFy CF, C|F2 following reaction
0 CF, S0,
(I:Fz ?Fz >OiH +R = >O(
CF, SOy R AN
S0y X cl)
Figure 1. Structures of Chemours Nafion, 3M, and Solvay Aquivion
PFSA ionomers. Atoms in red are the tertiary fluorine (£F).
used commercial PFSA ionomers in PEMFCs. The proton- August 8, 2022
exchange membrane (PEM) serves as the gas separator as well as September 27, 2022 Wy,
the proton (H*) conductor, in that the sulfonic groups of PFSA September 29, 2022 R
only allow cations (mainly H*) to transport across the October 18, 2022 Bl
membrane. The degradation of PEMs results in not only the

loss of sulfonic groups, which reduces the conductivity of the
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Adduct products of DMPO/OH, DMPO/OOH, and
DMPO/H have been obtained from the spin trap under
different conditions, indicating the possible presence of hydroxyl
(HO*), hydroperoxyl (HOO*®), and hydrogen (H®) radicals.

Our recent experimental work has suggested that the PFSA
polymer chain end unzipping by reactions between ending
carboxylate groups and radicals appears to be the dominant
degradation mechanism at an open-circuit voltage.® However,
because modern PFSA ionomers are already treated to convert
the backbone ending into stable —CF; groups, those ending
carboxylate groups may be generated from chain cleavage as a
result of radical attack reactions on the polymer backbones and
side chain. Density functional theory (DFT) calculations from
previous reports, as well as in this work, show that these radicals
can attack via different reaction pathways.”~"> The following
degradation reactions are found to have relatively lower
degradation barriers (AE?) and could be the candidates for
the dominant degradation pathway for backbone and side chain
degradation:'*"”

t-C-F + H* = t-C* + HF ()
—~CESO; + OH® = —CF; + HSO, ()
—~CESO; + H® = —CF; + HSO; (4)

In Reaction 2 (Rxn 2), the t-C is the tertiary carbon (Figure 1)
that links with the polymer side chain. Table 1 summarizes AE*

Table 1. AE” Values in kcal/mol for Rxns 2—4, Computed
Using Different Ab Initio Methods”

Row Methods Rxn2 Rxn3 Rxn 4
1 B3LYP/6-311++G(2d,p)/PCM 23.1 22.1 N/AY
2 ®B97XD/6-311++G(2d,2p)/PCM 321 27.8 23.5
3 B3LYP/6-311G**/C-PCM 22.9 - b
4 B3LYP/6-311++G(2d,p)/PCM 23.6 23.0 13.9
5 ®B97XD/6-311++G(2d,p)/PCM 31.8 262 223
6 M062X/6-311++G(2d,p)/SMD 316 27.3 228
7 B97D3/6-311++G(2d,p)/PCM 226 112 115
8 MP2/6-311++G(2d,p)/PCM 39.3 35.1 27.0

“Rows 1, 2, and 3 are from Yu et al,,'’ Zhao et al,,'* and Bajaj et al,'®
respectively, and the other rows are from our calculations. Please note
that due to the differences in the model compound and whether the
zero-point vibrational energy correction (ZPVE) was included, there
are small energy differences between literature values and our values,
even for the same method. For rows 4—8, no ZPVE is included, and
the model compound used is 1 (Fi%ure 2) due to the high
computational cost of MP2 calculations. ““N/A”: No transition state
(TS) is found; “-”: not computed.

values computed using different ab initio methods from previous
reports and this work. These data indicate that Rxn 4 has the
lowest AE* among Rxn 2, 3, and 4. Indeed, the AE? of Rxn 4 is
almost consistently ~10 kcal/mol lower than that of Rxn 2 for all
DFT methods, and 4~9 kcal/mol lower than that of Rxn 3 for all
DFT methods except the method listed in Row 6 of Table 1. In
order to check whether this was caused by the limitations of
DFT methods, we also performed MP2 (second order Moller—
Plesset perturbation theory)'® calculations and still obtained a
similar result (Row 8 in Table 1). These results suggest that Rxn
4 should be the dominant H* degradation pathway and would
lead to a large amount of sulfur content in the degradation
product. Although implicit solvation models such as PCM
(polarizable continuum model)'” and SMD (solvation model
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based on density)'® are used for the AE* values reported in
Table 1, we also performed vacuum calculations, and the results
still indicated that Rxn 4 should be the dominant pathway.
However, very few sulfur compounds are observed exper-
imentally durin% degradation, contradicting the theoretical
prediction.”"*~*" This led us to consider the possibility that
there might be a hidden radical in PEMFCs that could react with
fluorine atoms but escape from the spin trap.

Another interesting result from the DMPO spin-trap
experiment is the presence of DMPO/H adduct in experiments
with D, at the anode, with 32% DMPO/D and 68% DMPO/H
under close circuit voltage condition before FC operation, and
35 versus 65%, respectively, after 120 min of FC operation.’
Thus, the H/D ratio is roughly 2:1, and the H isotope must
come from water molecules. This leads us to postulate that there
might be a hydronium radical (H;0®) present in PEMFCs
formed by H® reacting with a H,0O, and it would then react with
DMPO as follows

DMPO + H,0° = DMPO/H + H,0 (s)

The produced H,O cannot be detected in experiments, which
leads to the very same adduct product of H®. However, when D,
is introduced at the anode, DH,O* might be produced, either by
the direct reaction between D, and H,O or by a two-step
reaction mechanism in which a D°® is generated first and then
reacts with H,O. When this DH,0° reacts with DMPO
according to Rxn §, it can donate one hydrogen atom to
DMPO from either two H atoms or one D atom. As a result, it
would have a ~2/3 probability of producing DMPO/H and a 1/
3 probability of producing DMPO/D. Hence, this H;O*
hypothesis neatly explains the DMPO spin-trap experimental
observations.

The existence of H;O® was proposed more than 50 years
ago”” and has since been a subject of ab initio modeling.”*™>
However, the experimental evidence of this radical is still highly
limited.”’ ™" Due to the highly complicated electrochemical
environment in FCs, it would be nearly impossible to observe
this radical directly in FCs, other than via the isotope
substitution method as reported by Schlick et al.® Here, we
use ab initio modeling to investigate the properties of this radical
when interacting with sulfonic anions and its role in PFSA
membrane degradation.

We first performed a benchmarking study to search for
optimal ab initio methods that balance the accuracy and
computation speed because in the later stages of this study, we
perform ab initio calculations with more than 200 electrons.
Here, we use the H;0°...(H,0); cluster (model compound 2 in
Figure 2) as the model system.””*° Its smaller size enables us to
perform CCSD (coupled-cluster singles-and-doubles)*” level of
calculations with the aug-cc-pVTZ basis set, the result of which
is used as the benchmark. We also performed calculations with
MP2 and four different DFT methods. The formation energies
AE under vacuum for 2 using different ab initio methods and
basis sets then can be computed based on

H,0* + 3H,0 = H,0°--(H,0);, (6)

The results are presented in Table 2. Compared with the
CCSD benchmark, we conclude that MP2 and @wB97XD
methods have higher accuracy, and the basis set only has a
small impact on the calculation result. Therefore, we chose the
®B97XD method and the 6-311++G(2d,p) basis set to be used
in the following stages due to the faster computational speed
than the MP2 method.

https://doi.org/10.1021/acsphyschemau.2c00037
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Figure 2. Model compounds used in this manuscript and their ground-
state structures, optimized using wB97XD/6-311++G(2d,p) under
vacuum. The “--” in panel 2 means that this cluster is formed by
hydrogen bonds. The structures presented in this manuscript were all
generated using VMD?" with the color scheme: C: Cyan; H: White; O:
Red; F: Ochre; and S: Yellow. The distances between atoms shown in
this manuscript are all in angstroms.

Table 2. Reaction Energy (AE) Values in kcal/mol for Rxn 6
Calculated Using Different Ab Initio Methods and Basis Sets
under Vacuum

Basis Sets
Methods 6-311++G(2d,p) aug-cc-pVDZ aug-cc-pVIZ
B3LYP 6.8 74 6.6
wB97XD 14.3 15.0 13.2
M062X 9.5 9.9 8.9
B97D3 7.7 8.0 6.9
MP2 16.9 17.2 15.6
CCSD 16.0 16.0 14.1

In the next sections, we will discuss the H® reacting with one
water (H,O) molecule or a small water cluster associated with
the sulfonic anion group (SO;”) of PFSA. The model
compound 3 (Figure 2) used in the following steps represents
one 3M ionomer side chain with a three-carbon backbone. The
ground-state structure is shown in Figure 2 with a near-straight
side chain. All calculations in the following sections are done
under vacuum.

H?® can attack the +-F atom of 3 according to Rxn 2, or it can
attack one of O atoms in SO;~ according to Rxn 4. For Rxn 2,
AE” = 31.5kcal/mol. The TS structure for this reaction is shown
in Figure SIA, and the intrinsic reaction coordinate (IRC)
calculation result is shown in Movie S1. For Rxn 4, AE” = 16.9
kcal/mol, and the TS structure is shown in Figure S1B. Thus,
Rxn 4 is the preferred pathway when there is no H,O.

Although H*® can react with H,0 and form H;0°®, H;O® is not an
energy-favorable compound because Rxn 7 has a AE value of
19.3 kcal/mol and a AE” value of 21.1 kcal/mol.
H,0 + H* = H,;0° (7)
However, the SO;~ group of 3 can form a stable intermediate
state with H;O® under vacuum via a reaction between H® and an
H, O molecule associating with SO;~ (Figure 3):

—CESO; H,0 + H® = —CE,;S0;---H,0° (8)
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Figure 3. Optimized structures of 3 interacting with one H;O® under
vacuum.

For Rxn 8, AE = 10.7 kcal/mol and AE” = 12.7 kcal/mol,
indicating that SO;~ can provide 19.3—10.7 = 8.6 kcal/mol
stabilization for H;O°.

We also found that the widely used PCM solvation model
cannot produce any stable interaction structures for SO;~ and
H;0°. During the geometry optimization, H;O°® will automati-
cally decompose into H,O and H* (Figure S2). Therefore, in
this manuscript, we only perform vacuum calculations with one
or more explicit water molecules, instead of using solvation
models. Indeed, this vacuum calculation directly simulates dry
conditions during FC operation, under which PEM degradation
is found to be more significant. When one explicit water
molecule is included, the ratio of water molecules to SO;~
groups (4) is 1 and roughly corresponds to 10~20% relative
humidity (RH), and including three explicit water molecules
corresponds to A = 3 and 35~40% RH.””’

H?® can attack the t-F atom of 3 with the presence of one water
molecule according to Rxn 9

t-C-F + H,0 + H* = +-C* + HF + H,0 (9)

Here, we assume that the side chain remains in a near-straight
conformation, as in the structure of 3 in Figure 2. IRC
calculation shows that H® first reacts with H,O and then one of
H atoms from H,O attacks the t-F, meaning that the H,O in Rxn
9 acts as a catalyst (Movie S2). In the TS, an H;0°® structure is
formed (Figure 4). The overall AE? is 30.2 kcal/mol, which is
1.3 kcal/mol lower than that of Rxn 2, due to the fact that the
H,;0° can provide some solvation for the TS.

As SO;™ can stabilize H;0°, one H;0® associated with SO;~
may attack the t-F with lower AE”. For such an attack, the side
chain must undergo a conformational change so that SO;~
moves closer to the t-F (Figure S and IRC Movie S3)

—CESO;--H,0" + ¢-C-F

= —CESO;---H,0 + t-C* + HF (10)

https://doi.org/10.1021/acsphyschemau.2c00037
ACS Phys. Chem Au 2022, 2, 527—-534
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Figure 4. TS structures of Rxn 9 for model compound 3.

Figure S. TS structures of Rxn 10 for model compound 3.

The Mulliken spin for the TS structure in Figure S is shown in
Figure S3, indicating that the spin is mostly located on the H;O".
For Rxn 10, AE” = 10.4 kcal/mol, which is 0.5 kcal/mol smaller
than that of Rxn 9. Because of the stabilization from SO;, by
combining Rxn 8 and Rxn 10, we have

—CESO;--H,0 + H® + t-C-F
= —CESO;--H,0 + t-C* + HF (11)

The overall AE* = 10.4 + 10.7 = 21.1 kcal/ mol, significantly
lower than that of Rxn 2 (31.5 kcal/mol) or Rxn 9 (30.2 kcal/
mol) by 9~10 kcal/mol, which is close to the stabilization
energy (8.6 kcal/mol) provided by the —CF,SO;™..H,;0°
interaction, suggesting that the lower TS barrier in Rxn 11 is
mostly coming from the ion-radical stabilization effect. This
H,0° stabilized by SO;™ is also able to attack the secondary and
primary F atoms (Figure S4); however, we found their AE*
values to be 32.7 and 33.5 kcal/mol, respectively, much higher
than that of t-F.

H;0° can also attack an O atom of SO;~ (Figure SS)

—CE,S0;---H,0" = —CF} + HSOj; ... H,0 (12)

Its AE* = 9.8 kcal/mol. By combining Rxn 8 with Rxn 13, we
have

—CESO;--H,0 + H® = —CF} + HSO;-~H,0  (13)

Then, the overall AE* = 10.7 + 9.8 = 20.5 kcal/mol.

The AE? values are summarized in Table 3. For the H*
reaction with one H,0O, the attack at SO~ still has the lowest
overall AE* (Rxn 13). However, with the H,O acting as a
catalyst and the stabilization provided by SO;~, AE” of the t-F
attack is reduced significantly and gets closer to that of the H*
attacking at SO;™.

When an H°® reacts with one of the two H,O molecules
associated with SO;™ and forms an SO; ™+ H;0°®---H, O cluster
(the optimized interacting structure is shown in Figure S6A),
AE for this reaction is 8.1 kcal/mol, and AE” = 10.5 kcal/mol. If
the side chain undergoes a conformational change, allowing the
associated H;O* to attack the t-F (Figure 6), AE* = 10.9 kcal/
mol, leading to an overall AE” = 8.1 +10.9 = 19.0 kcal/mol for
Rxn 14.

—CESO;--2H,0 + H® + t-C-F
= —CESO;---2H,0 + t-C* + HF (14)

If H;O® attacks an O atom of SO;~ (Rxn 185, the TS structure
is shown in Figure S6B), AE” = 12.3 keal/mol, resulting in an
overall AE” = 8.1 + 12.3 = 20.4 kcal/mol.

—CESO;-2H,0 + H® = —CF} + HSO;--2H,0  (15)

Table 3. Summary for AE” Values in kcal/mol for Reactions of Model Compound 3 Computed Using the ®B97XD Method and

the 6-311++G(2d,p) Basis Set under Vacuum*

A Reactions AE? TS Structures

0 ) t-C-F + H* = +-C* + HF 315 Figure S1A
(4) —CF,$0;™ + H* = —CF,’ + HSO;~ 16.9 Figure S1B

1 ©) t-C-F + H,O + H* = +-C* + HF + H,0 30.2 Figure 4
(11) —CF,80;--H,0 + H* + t-C-F = —CF,S0;™~H,0 + t-C* + HF 21.1 Figure S
(13) —CF,80,7H,0 + H* = —CF,* + HSO; *~H,0 20.5 Figure S5

2 (14) —CF,$0;7+2H,0 + H* + t-C-F = —CF,80;"...2H,0 + t-C* + HF 19.0 Figure 6
(15) —CF,80;™+2H,0 + H* = —CF,* + HSO;™-2H,0 20.4 Figure S6B

3 (16) —CF,80,73H,0 + H* + t-C-F = —CF,S0;*+3H,0 + t-C* + HF 21.0 Figure 7
(17) —CF,805™---3H,0 + H* = —CF,* + HSO,;™+--3H,0 24.9 Figure S7C

“The rows in bold are the preferred pathways for scenarios with different numbers of H,O molecules.
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Figure 6. TS structures of Rxn 14 for model compound 3.

In this scenario, the preferred pathway with the lowest
reaction barrier is the t-F degradation pathway.

When an H® reacts with one of the three H,O molecules
associated with the SO5;~ and forms an SO;™--H;0°---2H,0
cluster (the optimized interacting structure is shown in Figure
S7A), AE for this reaction is 10.9 kcal/mol and AE* = 12.6 kcal/
mol. This AE is slightly higher than the two-water scenario due
to the cage-like structure formed by the three H,O molecules
around SO;~ (Figure S7B), which stabilizes the reactant more
and makes the AE” higher. If the side chain undergoes a
conformational change, allowing the associated H;O° to attack
the t-F (Figure 7), AE? = 10.1 keal/mol, leading to an overall
AE* = 10.9 + 10.1 = 21.0 kcal/mol for Rxn 16.

—CESO;-:3H,0 + H® + t-C-F
= —CESO; ...3H,0 + t-C* 4+ HF (16)

If Hy0* attacks an O atom of SO;~ (Rxn 17, the TS structure
is shown in Figure S7C), AE* = 14.0 kcal/mol, resulting in an
overall AE” = 10.9 + 14.0 = 24.9 kcal/mol.

—CE,S0;--3H,0 + H® = —CF} + HSO;--3H,0  (17)

Figure 7. TS structures of Rxn 16 for model compound 3.
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In this scenario, the preferred pathway with the lowest
reaction barrier is still the t-F degradation pathway.

We have tried scenarios with more water molecules; however,
because water molecules are not covalently bonded to PESA, TS
geometry optimization with so many loosely bonded water
molecules failed to converge. Nevertheless, based on the above
four scenarios, we can confidently conclude that the formation
of H;0°® around SO, can lead to greatly reduced AE” for the t-F
attack. In this mechanism, the water molecules around SO;™ not
only provide solvation for the charged group but also act as a
catalyst. In general, the t-F attack barrier decreases with more
explicit water molecules, and the SO;™ attack barrier increases,
making the former the preferred H® degradation pathway at
higher humidity (Figure 8). Our H;O® hypothesis can explain
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Figure 8. AE” values for t-F and SO, attacking reactions at different 4.

not only previous isotopic substitution experiments® but also
why the t-F degradation reaction is a highly plausible H®
degradation mechanism for PEMs.**' To our knowledge, this
is the first suggestion that H;O® could be present in
electrochemical devices with both experimental and theoretical
support. The H;O® may be directly generated from the
hydrogen oxidation reaction (HOR), which could provide
insights into the HOR mechanism as well. In addition, because
perfluoroalkyl substances are widely detected in surface water
and are notoriously difficult to break down, this work could also
shed light on perfluoroalkyl removal in radical-based water
treatment.”*

Two key discoveries of this work are (i) H;O® stabilization by
anions and (ii) the importance of the side chain conformational
change. While we have proposed a plausible and thermodynami-
cally sound reaction mechanism invoking the interaction of H*/
H,0°® with PFSA ionomers, we should also note that Rxn 7 and 8
both indicate that H;0O® is not an energy-favorable compound.
Therefore, it is not the lowest energy structure when H*®
interacting with water clusters.”> One unanswered question in
this manuscript is how H;O® could be a stable radical and
detected experimentally. We have performed some preliminary
calculations showing that H;O*® could become energy favorable
when interacting with multiple SO;™ anions and explicit water
molecules, which will be the topic of our future report.

In addition, we also recognize that the proposed reaction
pathway is likely to be kinetically challenged in the presence of
O, found in an operating fuel cell. H* is known to react with O,
at a diffusion-controlled rate to form the benign HOO®.***’
Thus, in the presence of O,, H® or H;0° would be quenched via
this fast reaction. On the other hand, the HO® radical can be
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formed by decomposing of H,O, on the fuel cell electrodes and
will attack to the PFSA by Rxn 3. Its AE* is around 22 kcal/mol
for vacuum calculation at the @B97XD/6-311++G(2d,p) level
(please note that the values reported in Table 2 are computed
with implicit solvation models). In addition, Yamaguchi et al.
also reported that the HO® attack barriers at the ether O will be
reduced to ~20 kcal/mol, also comparable to our barriers for H*
or Hy0* attack.'* Therefore, considering the similarity of H*
and HO?® reaction barriers and the availability of H* or H;0°, at
this stage we still cannot conclude which reaction would be the
dominant degradation pathway. Nevertheless, it would be
expected that ions such as SO;~, H*, and OH™ (in alkaline
exchange membrane) might have similar stabilization or
destabilization effect on H®, HO®, and HOO*® radicals, leading
to enhanced or reduced membrane degradation barriers. This
has mostly been neglected in previous computational modeling
efforts for PESA degradation. We are currently performing more
DFT calculations to investigate whether interactions between
HO?® and ions would lead to significantly reduced degradation
reaction barriers.

The side chain conformational change can bring H;O* closer
to the t-F atom and facilitate the degradation reaction. This
conformational change has also been neglected in previous
modeling efforts. However, during the preparation of this
manuscript, Yamaguchi et al. also reported that a similar HO®
interaction with SO;™ as well as a conformational change of side
chain can greatly reduce the reaction barrier for the HO® attack
in PFSA."* Thus, we believe that the interaction between SO,~
and radicals caused by the side chain conformational change
should also be the focus in future PFSA degradation studies. In
this manuscript, we did not model Nafion and Solvay ionomers.
However, we believe that Nafion may undergo a similar
conformational change, and the Solvay ionomer may not need
significant conformational change for the interaction between
SO;~ and +F due to its shorter side chain (Figure 1). Based on
this conformational change hypothesis, it is possible to enhance
the degradation barrier by introducing steric interference in the
TS structure via chemical substitutions, allowing for the design
of PEMs with more durability. In addition, this work, as well as
Yamaguchi et al’s work,'* only considered intramonomer
interactions between the reaction site and SO5™ of its own side
chain. In PEMs, it is also possible to have intermonomer or even
intermolecular interactions for an H;0° associated with the
SO;™ to attack any t-F nearby, which could be another future
research direction.

Finally, from this work as well as our preliminary result for
other radical/ion interactions, we have found that TS structures
and energies obtained from vacuum calculations with explicit
water molecules are dramatically different with those from
implicit solvation model calculations. It is possible that either the
current implicit solvation model may not perform well on radical
reactions, or the implicit solvation model only corresponds to a
fully solvated scenario in the bulk water.

We used Gaussian 16C (G16C)*® to optimize the reactants, products,
and TS structures. Every TS structure reported in this manuscript has
been confirmed to have only one large imaginary frequency (Table S1).
For a given reaction, AE or AE” values were obtained by comparing the
total energy of the ground states of reactants with the total energy of the
ground states of products or the energy of the T’ state, respectively. No
symmetry and dispersion correction were used during calculations.
We did not include the ZPVE in the computed energies in this
manuscript for the following reasons. First, for higher level calculations
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such as CCSD and/or calculations with a larger basis set, the
computational expense for extra ZPVE calculations is extremely high.
Second, in some cases, the TS energy will be lower than the reactants’
energy when ZPVE is included. For example, AE and AE” values
without ZPVE for Rxn 7 are 19.3 and 21.1 kcal/mol, respectively.
However, when the ZPVE correction is added, they become 21.7 and
21.6 kcal/mol, respectively. Although introducing a scaling factor for
ZPVE might solve this problem, it is beyond the scope of this
manuscript.*® Finally, and the most importantly, we performed limited
ZPVE calculations for some key reactions and found that including the
ZPVE correction did not alter the relative energy barrier height for
different reaction pathways, meaning that the inclusion of ZPVE would
have no impact on our discussion or conclusions.

We also did not include the basis set superposition error (BSSE)
correction in the computed energies. As shown in Table 2, the basis set
only has a small impact on the calculation result, especially for DFT
methods. BSSE calculations for Rxn 8 with the wB97XD/6-311+
+G(2d,p) method resulted in a BSSE correction energy of only 0.05
kcal/mol.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00037.

Ground state and TS structures for select reactions (PDF)
IRC calculation S1 (MP4)
IRC calculation S2 (MP4)
IRC calculation S3 (MP4)

Hai Long — Computational Science Center, National Renewable
Energy Laboratory, Golden, Colorado 80401, United States;
orcid.org/0000-0002-5281-4570; Email: Hailong@

nrel.gov

Clara Larson — Computational Science Center, National
Renewable Energy Laboratory, Golden, Colorado 80401,
United States

Frank Coms — Global Fuel Cell Business, General Motors
Company, Pontiac, Michigan 48340, United States

Bryan Pivovar — Chemical and Materials Science Center,
National Renewable Energy Laboratory, Golden, Colorado
80401, United States

Gregg Dahlke — 3M Advanced Materials Division Laboratory,
Saint Paul, Minnesota 55144-1000, United States

Michael Yandrasits — 3M Corporate Research Materials
Laboratory, Saint Paul, Minnesota 55144-1000, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsphyschemau.2c00037

CRediT: Hai Long conceptualization (lead), writing-original
draft (lead); Clara Larson data curation (supporting); Frank D.
Coms conceptualization (supporting); Bryan S. Pivovar
conceptualization (supporting); Gregg Dahlke conceptualiza-
tion (supporting); Michael Yandrasits conceptualization
(supporting), funding acquisition (lead).

The authors declare no competing financial interest.

https://doi.org/10.1021/acsphyschemau.2c00037
ACS Phys. Chem Au 2022, 2, 527—-534


https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.2c00037/suppl_file/pg2c00037_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00037?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.2c00037/suppl_file/pg2c00037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.2c00037/suppl_file/pg2c00037_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.2c00037/suppl_file/pg2c00037_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.2c00037/suppl_file/pg2c00037_si_004.mp4
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hai+Long"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5281-4570
https://orcid.org/0000-0002-5281-4570
mailto:Hai.long@nrel.gov
mailto:Hai.long@nrel.gov
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Clara+Larson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frank+Coms"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bryan+Pivovar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gregg+Dahlke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Yandrasits"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00037?ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.2c00037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

This work was supported by the Department of Energy (DOE)
grant DE-EE0009244 and was authored in part by the National
Renewable Energy Laboratory (NREL), operated by Alliance
for Sustainable Energy, LLC, for the U.S. Department of Energy
under Contract no. DE-AC36-08G028308. Funding provided
by the DOE Office of Energy Efficiency and Renewable Energy
(EERE) Hydrogen and Fuel Cell Technologies Office. The
research was performed using computational resources spon-
sored by the EERE and located at NREL. The views expressed in
the article do not necessarily represent the views of the DOE or
the U.S. Government. The U.S. Government retains, and the
publisher, by accepting the article for publication, acknowledges
that the U.S. Government retains a nonexclusive, paid-up,
irrevocable, worldwide license to publish or reproduce the
published form of this work, or allow others to do so, for U.S.
Government purposes. We thank April Long for her
contribution in artwork design.

BSSE  basis set superposition error

CCSD  coupled-cluster singles and doubles

DMPO 5,5-dimethylpyrroline N-oxide

DFT  density functional theory

FC fuel cell

IRC intrinsic reaction coordinate

HOR  hydrogen oxidation reaction

MP2  second order Moller—Plesset perturbation theory
PCM  polarizable continuum model

PEM  proton-exchange membrane

PESA  perfluorosulfonic acid

RH relative humidity

SMD  solvation model based on density

TS transition state

t-F tertiary fluorine

ZPVE  zero-point vibrational energy correction
AE*  reaction barrier

A the ratio of water molecules to SO;™ groups
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