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Chemical Stability via Radical Decomposition Using Silicotungstic
Acid Moieties for Polymer Electrolyte Fuel Cells
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Chemical degradation of perfluorinated sulfonic acid membranes, such as Nafion, via radical attack, represents one of the current
challenges of fuel cell durability. Here we report on a recent breakthrough in chemical durability that has been achieved through
using covalently attached heteropoly acid (HPA) moieties as both the proton conducting acid and the radical decomposition catalyst.
Exceptional chemical durability is reported for a thin (25 pm) film in an accelerated stress test that eventually had an open circuit
voltage decay rate of 520 |V h™!, which was shown to be a result of the formation of an electrical short after thinning due to
mechanical stresses. A mechanism is proposed using density functional theory in which the W atoms in the HPA reversibly change
oxidation state from W(VI) to W(V) while decomposing radical species. Using rate constants found in the literature and realistic
concentrations of scavenging species, it is hypothesized that the rate of radical decomposition can be >35x faster for HPA containing
membranes than it is for Ce doped films. It is concluded that covalently tethered HPA should be considered as a next generation
chemical stabilization strategy for polymer electrolyte fuel cells.
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Fuel cells are energy conversion devices that have the potential
to power fuel cell electric vehicles, representing a cleaner and more
sustainable alternative to internal combustion engines.' Fuel cell tech-
nology is being released on a limited basis in vehicles and has had
success in materials handling, a niche market where fuel cells have
many advantages.>® For the wide spread adoption of fuel cell tech-
nology, performance and durability need to improve while cost is
reduced. Use of thinner membranes reduces ohmic losses, simplifies
water management, and saves material cost, but these benefits come
at the detriment of membrane durability.*

Two main membrane degradation mechanisms have been iden-
tified, chemical and mechanical, and there is an expected interplay
between the two mechanisms that is still not fully understood.>”’
Mechanical degradation derives from cycling humidity. Polymer
electrolytes have a water sorption isotherm (and subsequent volume
change) that is highly dependent on relative humidity and when
subjected to humidity cycling, swelling and subsequent mechanical
stress causes membrane degradation. While there is potential for
improvement in the mechanical durability of membranes, addition
of expanded polytetrafluoroethylene (ePTFE) is seen as a sufficient
solution, as the perfluorosulfonic acid polymer (PFSA)/ePTFE com-
posites have reduced in-plane swelling, improved mechanics, and are
more resistant to electrical shorts.® Currently, the chemical stability
of PFSA is not sufficient. Chemical degradation occurs via radical
attack throughout the catalyst layers and the membrane, where the
radical species in the membrane are the result of hydrogen peroxide
decomposition.”!® The *OH radicals are responsible for unzipping
polymer chains through reaction with carboxylic acid end groups
where *H radicals are potentially responsible for the slower, but more
detrimental main chain cleavage.'"° It is worth noting that when O, is
present, rapid, diffusion controlled reaction with *H will form *OOH
and the lifetime of *H has been approximated to be on the order of
10 ns.'? The *OOH radical, though present, has been shown to be
much less reactive.'>’ Membranes produced from PFSA polymers,
treated with elemental fluorine, and doped with Ce** and Mn?* are
the state of the art materials, but two main drawbacks to using Ce*
or Mn** as a radical scavenger exist. First, is the displacement of
mobile protons and the second limitation is the migration of the
radical scavenging species.!>!> It has recently been reported that
the pre-commercial, perfluorosulfonyl imide acid polymer (PFIA)
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material being developed at 3M suffers from similar chemical
degradation in open circuit voltage (OCV) tests, but the mechanism
is more complex due to the longer, multi-acid side chain with more
potential sites for radical attack.'® Hydrocarbon membranes react
more readily with radical species and thus require a better mitigation
strategy than is currently available for practical levels of durability,
but some hydrocarbon materials with very low oxygen crossover are
able to achieve respectable OCV decay rates.!”!8

Heteropoly acids (HPAs), a subclass of polyoxometalates, are an-
other class of radical scavenging molecules.® Several types of HPAs
have demonstrated the ability to improve membrane chemical stability
through polymer blends, but they still suffer from migration and only
result in marginal gains.'®* A method of covalent bonding HPAs
to carbon in the catalyst layer has also shown some improvements
in chemical stability, but chemical degradation mitigation within the
membrane is needed.”’?> Our group has developed two membrane
platforms with HPAs covalently attached and immobilized within a
polymer membrane, serving as the proton conducting acid.>*>° More
recently, the outstanding chemical stability of one of these platforms
has been demonstrated,?® however, the stability demonstrated in this
study was criticized for using rather thick, 80 jum membranes in sub-
scale fuel cells.

In this study a 50 cm? fuel cell was fabricated using a thin, 25 um
membrane with covalently attached silicotungstic acid, which was
subjected to an accelerated stress test for chemical degradation and dis-
played an OCV decay rate of 520 WV h~!. To the authors knowledge,
this is the first reported fuel cell of a larger practical area containing a
hybrid HPA film and represents a significant step toward demonstrat-
ing this technology on a commercially relevant scale. The resulting
data was analyzed to show the loss in OCV is mainly due to an electri-
cal short and not increased reactant gas crossover. This study further
analyzes the chemical stability observed in these membranes and pro-
poses a mechanism for radical decomposition. A reaction mechanism
is proposed utilizing reactions found in literature as well as density
functional theory (DFT) calculations. The main conclusion from this
work is that covalently attached HPAs could be more efficient radical
scavengers with less susceptibility to migration, accumulation, and
leaching when compared to the use of Ce(III) cations.

Materials and Methods

Synthesis.—The silicotungstic acid (HSiW) functionalized
poly(vinylidene fluoride-co-hexafluoropropylene) (PolyHPA)
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membrane was synthesized as previously reported and contained
70 wt% KsSiW,;039.%° The membrane was cast from solution in N,
N dimethylacetamide on a Kapton liner, dried at room temperature,
and annealed under 4000 psi at 160°C for 5 min. The film was
subsequently removed from the Kapton liner through immersion in
water and ion-exchanged via soaking in 1M H,SO, three times. The
film was then rinsed with water until the pH was >6.0. The resulting
film was 25 pwm thick.

Fuel cell fabrication.—A 50 cm? square fuel cell was fabricated
using Johnson Matthey ELE0162 gas diffusion electrodes (GDEs)
with a geometric platinum loading of 0.35 mg Pt cm™? for both the
anode and cathode. Two Teflon gaskets and a polyethylene sub gasket
were used. The cell was assembled with a two-channel anode and a
three-channel cathode graphite flow field in fuel cell hardware and
the bolts were torqued to 10 ft-1b. To avoid membrane fracture, the
membrane electrode assembly did not undergo a thermal adhesion
step under pressure.

Fuel cell testing.—The membrane was broken in at 80°C, satu-
rated inlet gases, and 0.4 V for 30 min prior to collection of an IV
curve under the same conditions. The cell was then ramped to 90°C
and 30%RH and nitrogen was supplied to the cathode. Linear sweep
voltammetry (LSV) was performed with a scan rate of 0.1 mV s~!
from OCV to 0.5 V. Next an accelerated stress test (AST), was per-
formed as follow: air was supplied to the cathode and high frequency
resistance (HFR) was collected at 0.6 V. After the HFR measurement,
the cell was held at OCV for 20-72 h. After the OCV hold, the LSV
and HFR measurements were repeated, followed by the next OCV
hold. This process was repeated until the duration of the OCV hold
was an accumulated 500 h.

Density functional theory calculations.—The DFT calculations
were performed using the M062X level of theory with LANLDZ basis
sets, as implemented by the Gaussian09 software package using an
extra fine grid.?’~> First, the SiW,04~* anion was optimized, start-
ing with the experimentally determined crystal structure.’® Next, the
structures for SiW12040H_4 ([SiW12040_4]-H) and SiW120400H_4
([SiW1,04*]-OH) were optimized through adding an H and an OH,
respectively, to a terminal oxygen of the optimized SiW,04,~* anion.
The multiplicity of both [SiW,04~*]-H and [SiW,04,~*]-OH was
m = 2. For enthalpic and geometric comparison, *H, *OH, *OOH, H,,
H,0, and H,0; structures were optimized using M062X/ LANLDZ.
A frequency calculation for all of the structures resulted in only posi-
tive, real frequencies indicating that all structures were a local energy
minimum.

Results and Discussion

Open circuit voltage (OCV) hold accelerated stressed test (AST)
results.—A recent study has highlighted the chemical stability of a
polymer electrolyte containing HPA moieties of the Keggin structure,
see structure of PolyHPA in Figure 1.2° This current study further
investigates this chemical stability using films of a more practically
relevant thickness and area and proposes a mechanism for radical de-
composition viareactions between the Keggin ions and radical species.

A 25 pm film of PolyHPA was used for the fuel cell testing.
The performance of the 50 cm? fuel cell was first tested in a Hy/O,
environment at 80°C using saturated inlet gases, see data in Figure 2.
The HFR was much greater than previously observed, as the electrodes
were not hot pressed on to the film to avoid fracturing the membrane,
and can also be attributed to unoptimized interfaces between the GDEs
and the membrane, as the GDEs use Nafion as the ionomer and the
membrane is solely PolyHPA. The HFR under these conditions was
ca. 200 mQ cm?, which is high for a 25 wm film. An HFR value of ca.
54 mQ cm? was previously achieved for a fuel cell fabricated from a
48 wm film of this same material and with the same electrodes.?®

Once the initial fuel cell performance data was collected, an OCV
hold AST was initiated to test the chemical degradation of the fuel cell.
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Figure 1. Structure of silicotungstic acid functionalized poly(vinylidene
fluoride-co-hexafluoropropylene) (PolyHPA) reproduced with permission
from the Royal Society of Chemistry from Ref. 26.

The voltage decay over time can be seen in Figure 3. The Department
of Energy (DOE) target for a 500 h OCV hold is <20% voltage loss
and <15 mA cm™2 of H, crossover. The target of <20% voltage loss
was not achieved as the voltage loss was 26.5% with a decay rate
of 520 wV h~', but the hydrogen crossover metric of <15 mA cm™2
was achieved (total current density at 0.4 V was ca. 10 mA cm™2).
It is important to remind the reader that no Ce or Mn have been
added to this fuel cell and the electrodes still contain Nafion ionomer
which would be subject to unmitigated chemical degradation. The
OCV decay rate of the PolyHPA (25 wm, 520 WV h~!, 0-500 h)
is an improvement on that for Nafion N211 (25 m, 2480 wV h™!,
0-100 h) and a chemically durable hydrocarbon membrane (33 pm,
737 wV h=!, 0-300 h).!®

Next, the current density at 0.4 V in the LSV tests vs. time indi-
cates that the first ca. 200 h did not show an increase in current. After
that, the current density continually increased for the remainder of
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Figure 2. Fuel cell performance data at the beginning of the test at 80°C with
saturated inlet gases operating with H,/O5.
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Figure 3. Cell voltage over time for the OCV hold test performed at 90°C,
30%RH, under H/Air, and an absolute pressure of 101.3 kPa. The HPA based
film (-) had an initial voltage of 0.98 V and a final voltage of 0.72 V. Data
for Nafion 211 (NRE-211) (m) and a sulfonated phenylated polyphenylene
membrane (SPPB-H) (OJ) are shown for comparison. The NRE-211 and SPPB-
H data has been reprinted from Ref. 18 with permission from John Wiley and
Sons.

the test. The data, with lines to guide the eyes, can be seen in Figure
4. Even further insight can be gained through deconvolution of the
contributions from electronic and hydrogen crossover. Through fitting
the LSV data to a line between 0.25 and 0.50 V, the electronic resis-
tance can be calculated as the inverse of the slope. The data is then
corrected to remove the electronic resistance to obtain the hydrogen
crossover contribution. Individual crossover contributions at 90°C and
30%RH can be seen in Figure 5. The hydrogen crossover is ca. 2 mA
cm™2 or less for the whole test. This metric passes the DOE target of
15 mA cm~2 after 500 h of OCV hold. It then becomes evident that
the failure mechanism of this fuel cell was the development of an elec-
trical short, leading to the increased current observed in the LSV tests
after 200 h. Near the end of the test, the deconvolution of electronic
and hydrogen crossover results in negative values. While the exact
values of the hydrogen and electronic crossover become less accurate
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Figure 4. Crossover current at 0.40 V for the LSV test at different points
throughout the OCV hold.
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Figure 5. Different elements of crossover during the OCV hold.

and even erroneous toward the end of the test, the trend of increasing
electronic crossover is believed to be accurate. This evidence indicates
that the failure of this fuel cell was due to an electronic short, common
for thin fuel cell membranes utilized without mechanical support.

Another factor that is worth noting is the relatively low HFR. The
initial HFR was ca. 200 m© cm? at 80°C and 100%RH and only
increased to ca. 500 m2 cm? at 90°C and 30%RH. An HFR increase
of only 150% is unusual between these two conditions, and provides
further evidence that the high initial HFR is likely due to the resistance
of an interface. Additional improvements are expected if this material
is mechanically supported to mitigate voltage loss from electronic
shorting, but this effort is outside the scope of this work.

Proposed radical scavenging mechanism.—Two advantages of
this chemical stabilization approach are realized. First, the radical
scavenging moiety is immobilized and thus will not suffer from mi-
gration. The second advantage is through using an acid that scav-
enges radicals, a high HSiW content results in a high concentration of
both radical scavenging species and also mobile protons, two proper-
ties that are mutually exclusive with traditional chemical stabilization
techniques.

The HSiW used in the membrane for the OCV hold test was
organically hybridized through covalent attachment of phosphonic
acid groups, but the rest of the HSiW moiety does not drastically
change.’! It is, therefore, assumed that the 11 terminal oxygen atoms
in the hybridized form of the HSiW will have similar properties to
the 12 terminal oxygen atoms in the Keggin structure and the only
difference in reactivity will be the different number of reactive sites.

The rate of radical scavenging has a dependence on the concentra-
tion of the radical scavenging species in addition to the reaction rate
constant. The rate constants for the most relevant reactions from the
literature’>33 with hydroxyl radicals can be seen in Table I and many
more are extensively tabulated in other publications.'>343

The rate constant for Ce(III) is fast (3 x 108 L mol~! s71), but
reactions between HPA and hydroxyl radicals can be an order of mag-
nitude faster. It is well known that WO is able to readily and reversibly
undergo changes in the oxidation state of W and the same is true for
the W atoms in HPAs.3**” The SiW 1,04, anion is formed at —0.04V
vs. NHE when excess protons are present, but this species is unlikely
to exist in an operating fuel cell.?® Both Reactions 6 and 7 involve the
reduced form of the HPA reacting with hydroxyl radicals. While no
rate data has been reported for the HSiW analogue of Reaction 5, it is
conceivable that one exists.

To provide further evidence reaction enthalpies were calculated
using DFT. It is proposed that one of the W atoms in HSiW may
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Table I. Rate constants for reactions with hydroxyl radicals * PSSA is poly (p-sodium styrene sulfonate) ** PFSA decomposition is from

trifluoroacetate.
Reaction Rate Reference
[1] PSSA + *OH — Decomposition k=4 x 108 Lmol~! s~! Ref. 32
[2] PFSA + *OH — Decomposition k=<1x 10° Lmol~!s~! Ref. 39
[3] Ce(1ll) + *OH + H*— Ce(1V) + H,0 k=3 x 108 Lmol~! s~ Ref. 40
[4] Mn(Il) + *OH + Ht—Mn(Il) + H,O k=3 x 10’ Lmol~! s~! Ref. 41
[5]1 PaW 1306 HO™ + *OH— P, W 30620~ + H,O k=3 x 10° Lmol~! s~! Ref. 42
[6] PaW 130"~ + *OH—> Products k=3 x 10" Lmol~!s~! Ref. 42
[71 SiW120407° + *OH + H*— SiW,040~% + H,0 k=>1x 10° Lmol~! s~! Ref. 33

O,

/

’%‘r g2 o ‘
°

.0 ] @
9 09, Y
x‘ooa 0‘0:‘ q\":a

o},:: -
0 @

Figure 6. The optimized structures for (left) [SiW 2049 ~*1, (middle) [SiW12049~*]-H, and (right) [SiW 1,040 *]-OH.

exist in two different oxidation states, W(VI) = O, and W(V)-O-H or
W(V)-O-OH, where O, represents a terminal oxygen. The optimized
structures of these hypothesized structures can be seen in Figure 6, and
the assigned charges in the supplemental information, Figures S1-S3,
with the coordinates in Tables S1-S3. Table II contains a tabulation of
relevant properties near the active centers of the W octahedra. From
this we can see that the rest of the Keggin anion is practically unaf-
fected by the changes of one O, and it is therefore expected that these
findings are relevant to the organically functionalized lacunary HSiW
moiety existing within the material discussed above (see structure in
Figure 1).

When a radical species is added to the Keggin anion, the W-O,
bond is lengthened from 1.72 A in the Keggin structure to 1.93 and
1.92 A in the [SiW[,04~*]-H and [SiW 2,040 *]-OH structures, re-
spectively. The geometry and charge for the [SiW 1,04 ~*]-OH inter-
mediate is similar to that of H,O,, with the exception of the dihedral
which is 142.9° (H-O-O-H) for H,O, and —5.0° (W-O.-O-H) for the
[SiW,049*]-OH intermediate. The H atom appears to be interacting
with the adjacent negatively charged oxygen atom.

Table II. DFT optimized bond lengths, angles, dihedrals, and
Mulliken charge near the terminal oxygen (Oy). *H,0; values are
given for comparison.

SiW12040™* SiW204H™* SiW[2040H* H,0,*

W-0, (A) 1.72 1.93 1.92 -
O-H (A) - 0.98 - -
04-0 (A) - - 1.49 1.48
O-H (A) - - 1.00 0.98
W-O¢-H (°) - 116.0 - -
W-0,-0 (°) - - 119.5 100.8
W-O-O-H (°) - - -5.0 142.9
W (Mulliken 2.063 1.930 1.950 -
charge)
O, (Mulliken —0.530 —0.767 —0.443 —0.404
charge)
H (Mulliken - 0.404 0.458 0.404
charge)
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The reaction enthalpies for several plausible reactions with *H,
*OH, *O0H, and O,*'° were calculated using the energy of these
optimized structures and can be seen in Table III. The energies were
calculated in vacuum, with no solvent (implicit or explicit) consider-
ation, no acidic protons, and using effective core potential basis sets,
all of which will result in some error in the results and, therefore, we
will discuss the trends and not emphasize the precise values obtained
in the calculations.

The reaction of the Keggin anion with a hydrogen radical or a
hydroxide radical can be seen in Reactions 8 and 9, respectively. The
combination reaction of the Keggin anion with a hydrogen radical is
exothermic (ca. —50 kcal mol~') while the reaction with the hydrox-
ide radical is slightly endothermic (ca. +10 kcal mol™!). Next, the
Reactions 10—13 show that the reaction of the [SiW,04*]-H inter-
mediate with *H, *OH, *OOH, and O, are all exothermic (between
—40 and —70 kcal mol~!) and regenerate the Keggin anion. Note
that only the reaction with O, generates a new radical species. The
remaining Reactions 14 and 15 in Table III involve the [SiW 1,040 41-
OH intermediate reacting with *H and *OH to regenerate the initial
Keggin anion and are both exothermic ca. —130 and —60 kcal mol ™!,
respectively. The theoretical reaction enthalpies for different path-
ways involving the [SiW,04~*]-H and [SiW,04*]-OH interme-
diate can be seen in Figure 7 and Figure 8, respectively. The formation
of [SiW,0.40~*]-H is exothermic, likely serving as the intermediate in
the radical decomposition mechanism. It is possible that [SiW 204 ~*]
is better at neutralizing hydrogen radicals that have been identified as
the species responsible for chain scission.!!

Improved radical scavenging efficiency.—In addition to the rate
constants, the concentration plays a pivotal role in the overall reaction
rate. One main benefit of using radical scavenging acids is the ability
to achieve high concentrations of radical scavenging species without
reducing the number of mobile protons. A simple calculation is best
able to demonstrate this. The molar concentration of HSiW in a film
with 70 wt% HSiW and 30 wt% polymer backbone can be calculated,
as seen in Equation 1.

g Poly
L Poly

4 mol HSiW
g HSiwW

g HSiW
*
g poly

0.70 3400 *3.1%107 =0.74 M HSiW

(1]
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Table III. Reaction enthalpies from DFT calculations.

Reaction

Calculated Energy

[8] [SiW12040™#] + *H — [SiW 12040 *]-H
[9] [SiW 1204041 + *OH — [SiW 2040 *]-OH

[10] [SiW 12040 ™*]-H + *OH — [SiW[2049*] + H,0

[11]1[SiW12040~*]-H + 02 —[SiW12049*] + *O0H
[12] [SiW12040~*]-H 4+ *O0H — [SiW 2049 ~*] + H,0,

[13] [SiW12040™*]-H + *H — [SiW12040*] + Ha

[14] [SiW12040™*]-OH + *OH — [SiW 2049741 4+ H20,

[15] [SiW1204074]—0H +°*H —>[SiW1204074] + H,O0

[SiW;;04

(0 kecal/mol ) \

N [SiW0,H

—_—
(-49.6 kecal/mol ) @

\“ ‘\ (-90.0 keal/mol )
\\\,{‘\ [SiW,,0,0] + *OOH
(-96.4 kcal/mol )
\
v
V' BW,0u0 + H,
‘\ (-108 keal/mol )

\

v [SiW,,0,0] + H,0

(115 kcal/mol )

Figure 7. Possible reactions involving the [SiW 12040 ~*]-H intermediate with
the relative enthalpies in kcal/mol.

A similar value for replacing 10% of the protons in Nafion can be
calculated, as seen in Equation 2.

| H* [ Cedt
o %2000 %0337 = 10% = 0.06 M Ce

g poly L Poly mol H*
[2]

Comparing Egs. 1 and 2 indicates that over an order of magnitude
greater concentration of HSiW is contained in a PolyHPA film with a
loading of 70 wt% when compared to the concentration of Ce>* in a
PFSA membrane. Next, the rates can be calculated from the product

P
0.00091 g Poly

[SiW,,0.0]-OH
o7 \
- 11.0 keal/mol
[SiW;,040] x’ 3 ( ) \\\\ .
(0 keal/imol ) ‘\ " 3
1%
\
‘\ i N [SiW;,04) + H,0,
R
\T (-46.2 kcal/mol )

\ .
\ [SiW,04] + H,0

(-115 kcal/mol )

Figure 8. Possible reactions involving the [SiW 2040 ~%]-OH intermediate
with the relative enthalpies in kcal/mol.

—49.6 kcal/mol
11.0 kcal/mol
—66.1 kcal/mol
—46.8 kcal/mol
—40.4 kcal/mol
—59.0 kcal/mol
—57.2 kcal/mol
—126.7 kcal/mol

of concentration of radical scavenging species and the associated rate
constants.

(0.06MCe*")" (3*10°M's™") = 2*107s ! 3]

(0.7M HSiW)* (>1"10°M~'s™) = >7*10%s ™! [4]

This calculation results in the potential for >35X increase in rate of
decomposition of *OH. This alone is impressive by itself, but another
huge advantage is that the covalently attached HSiW should not be
able to migrate, therein solving one of the challenges experienced
with the current technology.

Conclusions

The chemical stability of a 25 pm PolyHPA membrane was tested
with an OCV accelerated stress test (H,, Air, 90°C, 30%RH) and
demonstrated outstanding chemical stability with a decay rate 520 pV
h~!. The fuel cell suffered an electrical short after 200 h, resulting
in increasing current density in the LSV crossover test, indicating
mechanical support is needed for the practical use of this material.

The literature was reviewed for rate constants for reactions of
HPAs with radicals and indicates that the rate constant for radical de-
composition can be over an order of magnitude faster for HSiW than
for Ce or Mn. DFT calculations were performed and thermochem-
istry arguments were used to develop two plausible reaction networks
for radical decomposition and scavenger regeneration, with the most
likely mechanism involving a [SiW,049~*]-H intermediate. The cal-
culations were used to demonstrate how the higher concentration of
HPA (ca. 0.7 M) could result in even more advantages for radical
scavenging, as the overall rate depends on both concentration and rate
constant.

Future work should include mechanical support of thin mem-
branes to avoid electrical shorting, incorporation of PolyHPA into
the electrodes to reduce interfacial transport resistances arising from
Nafion/PolyHPA interfaces, and studies on combined chemical and
mechanical stress testing to probe the effects of migration. Lastly, the
mechanism should be verified experimentally. The use of covalently
tethered HSiW offers many benefits over traditional radical mitigation
strategies and warrants further study.
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