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Hydroxyl radicals ("OH) are responsible for much of the degradation of
the proton exchange membrane (PEM) used in fuel cells. The
conventional approach has been to use radical scavengers incorpo-
rated into the PEM, but performance is decreased. Here, we propose
a counter-intuitive strategy in which the production of hydrogen
peroxide, the precursor of “OH, is suppressed at the hydrogen anode,
where oxygen diffusing from the cathode is reduced by adsorbed
hydrogen atoms. This is accomplished via the use of a Pt skin-covered
PtCo alloy anode catalyst, on which H is weakly adsorbed, as indicated
by theoretical calculations. In particular, the H,O, production on the
hydrogen anode at a practical temperature of 80 °C was, for the first
time, evaluated by the application of the channel flow double elec-
trode (CFDE) technique. A remarkably longer lifetime of a PEM with the
PtCo/C anode, in comparison with that for a commercial Pt/C anode,
has been demonstrated in an accelerated stress test of a single cell
(open circuit under pressurized gases).

The widespread use of zero-emission fuel cell vehicles (FCVs)
could be highly beneficial for improving urban air quality and
energy efficiency. However, to facilitate the conversion to FCVs,
it will be necessary to drastically lower costs, for example, by
greatly increasing the durability of the costly proton exchange
membrane (PEM) in the polymer electrolyte fuel cell (PEFC)."”
The durability problem is particularly acute when thin, low-
resistance membranes are used to boost performance. Chem-
ical degradation of the PEMs, for example, those based on
perfluorosulfonic acid (PFSA) such as Nafion, by OH radical
(‘OH) attack is one of the most serious issues for fuel cell
durability. These radicals are produced via the decomposition
of hydrogen peroxide, H,0O,, which is produced when O, gas
diffuses through the PEM and is reduced by adsorbed hydrogen
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atoms on the Pt/C catalyst. The "OH radicals are generated by
the reaction of H,0,, primarily with metal ion impurities such
as Fe® present in the PEM (H,0, + Fe** — 'OH + OH™ + Fe’")
and secondarily with the acidic PEM.® An obvious direct strategy
is to scavenge the "OH radicals, which has been done with the
use of Ce*" ions incorporated in the PEMs: "OH + Ce** + H —
Ce** + H,0. The oxidized form Ce** ions can be reduced back to
Ce*" by H, present in the PEMs: Ce*" + 1/2 H, — Ce*" + H'
However, the ion exchange of Ce ions in the PEM results in
decreased proton conductivity.® Furthermore, Ce ions migrate
through the PEM from the anode to the cathode, resulting in
a loss of cathode performance due to decreased ionomer
conductivity.’

Moreover, our theoretical work has shown that H,O, itself
decomposes hydrated PFSA through the dissociation of the
ether linkages of the side chain, which cannot be mitigated by
radical scavengers.'® Therefore, even though counter-intuitive,
a more fundamental approach is to suppress H,O, production
at the hydrogen anode. Here, we propose a new approach, in
which we decrease the H,0, production rate itself by the use of
a stabilized Pt skin-PtCo anode nanocatalyst supported on
carbon (Pty,; -PtCo/C)."*™** We compare the results of both half-
cell and full-cell measurements with those for a commercial Pt/
C (c-Pt/C) catalyst.

In order to focus on this new approach, we have needed to
develop a new technique to measure H,O, production occurring
simultaneously with the hydrogen oxidation reaction (HOR).
While the quantitative measurement of H,O, produced via the
oxygen reduction reaction (ORR) at cathode catalysts has been
well established, including the use of the rotating ring-disk
electrode (RRDE) and channel flow double electrode (CFDE)
techniques,"*® there has been no report of evaluating H,O,
production occurring during the HOR, particularly at the anode
under practical conditions. Compared with the RRDE, one of
the advantages of the CFDE technique is the precise control of
H, or O, concentration in the electrolyte solution at practical
temperatures for a PEFC from 30 to 90 °C." In this work, we
have developed a new method based on the CFDE technique
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and have demonstrated the potential dependence of H,O,
production at the anode contacted with a mixture of H, and air
(10%), simulating the diffusion (crossover) of O, from the
cathode to the hydrogen anode.

The catalyst Pty ~PtCo/C (30 mass%-Pt loading) tested was
a PtCo alloy prepared in-house with a stabilized Pt-skin sup-
ported on carbon black (specific surface area 780 m”> g~ ')."** As
we reported previously,' based on the analyses of TEM, XRD,
high resolution STEM and EDX line scans, we have determined
the thickness of the Pt skin (Pt,s;) as being 1-2 atomic layers for
the as-prepared catalyst. A commercial Pt/C catalyst (30 mass%-
Pt loading, TEC10F30E) from Tanaka Kikinzoku Kogyo (TKK)
was used for comparison. TEM images of all catalysts used are
shown in Fig. S1 in the ESI.f The electrochemical experiments
were conducted with a CFDE cell in 0.1 M HCIO, at 80 °C. The
working electrode (WE) employed herein was a glassy carbon
(GC) substrate in order to minimize the H,0, production. A Pt
wire was used as the counter electrode. The reference electrode
used was a reversible hydrogen electrode (RHE), and all of the
electrode potentials in this paper are given versus the RHE. The
collection electrode was set at 1.4 V vs. RHE in order to detect
H,0, while minimizing the HOR current.”® Details on the
measurement are given in the ESL

Fig. 1a shows the hydrodynamic voltammograms for the
HOR on c-Pt/C in 0.1 M HCIO, saturated with pure H, and 10%
air/H,-balance at 80 °C. In H,-saturated solution, the HOR
current density at the c-Pt/C working electrode (WE)
commenced at 0.00 V vs. RHE and reached diffusion limits at ca.
0.06 V. The oxidation current density at the Pt collecting elec-
trode CE (jc) located downstream of the WE was relatively small
and nearly constant, irrespective of the WE potential, which is
ascribed to the HOR on the less active PtO,-covered electrode at
the high potential of 1.4 V. In contrast, in 10% air/H,-saturated
solution, the HOR current density at the WE decreased slightly
due to an overlap of the ORR, and H,0, emitted from the WE
was detected as an oxidation current at the CE. The j. increased
gradually with decreasing potential. We also performed
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Fig.1 HOR polarization curves on Nafion-coated c-Pt/C electrode (a)
and Pt,a —PtCo/C electrode (b) in H,- and 10% air/H,-saturated 0.1 M
HClO, at 80 °C. All data were taken at a flow rate of 111 cm s, and the
Pt collecting electrode was held at a potential of 1.4 V.
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a similar experiment by the use of Pt -PtCo/C, as shown in
Fig. 1b. The H,0, production current density, j(H,O,), was
calculated as a function of potential, as follows:

JH207) = [jc(10% air/H) — je(Ha)I/N (1)

where N is the collection efficiency at the CE experimentally
obtained (N = 0.29), and j; measured in H,-saturated solution
has been subtracted as a background.

As shown in Fig. 2, j(H,0,) on both catalysts increased at less
positive potentials, and reached the highest value at 0 V, which
is consistent with the accelerated degradation of PEMs at open
circuit in a single cell.** "> It is clear that the values of j(H,O,) on
the Ptys;~PtCo/C catalyst were less than 1/2 of those on c-Pt/C at
0 = E = 0.06 V (practical anode potentials for the HOR). The
Ptya1~PtCo/C is also intrinsically more active for the HOR than
pure Pt (see Fig. S47)," i.e., high HOR activity together with low
H,0, production rate.

We have also measured j(H,0,) during the cathodic ORR in
O,-saturated solution (Fig. S5). Consistent with the 10% air/H,
condition, the H,0, production was also shown to be remark-
ably suppressed on Pty ~PtCo/C in comparison with that on c-
Pt/C. Surprisingly, the j(H,0,) values obtained from the HOR
(10% air/H,) and ORR (pure O,) experiments were nearly the
same for both catalysts (see Fig. S61). This result suggests that
the rate-determining step (rds) for H,O, production should
include a potential-dependent limiting species other than the
0, molecule, as discussed below.

It is necessary to note that possible trace impurities in the
electrolyte solution, such as organic adsorbates or halide
anions, could increase the H,0, production rate on Pt-based
catalysts due to strong adsorption.’® However, in all of our
work, the electrolyte solution used has been carefully purified
with conventional pre-electrolysis methods.'® The adsorption of
the ClO, ™~ anion on Pt is relatively weak, and its influence on the
reaction pathway on the ORR, as well as the HOR, is negligible
in the potential region less positive than the potential of zero
charge (pzc, ca. 0.3 to 0.4 Vvs. RHE)."” Thus, the current density,
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Fig. 2 Potential-dependent H,O, oxidation current density, j(H,O,),
for Pt,a —PtCo/C and c-Pt/C measured in 10% air/H,-saturated 0.1 M
HClO, at 80 °C.
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i.e.,, j(H,O,) can provide a valid comparison of the H,O,
production rates of different catalysts.

Density functional theory (DFT) calculations were conducted
to understand the electrocatalysis for the H,O, production at Pt
or Pt skin-covered PtCo anode. Based on the monotonic
increase of j(H,O,) with decreasing potential (Fig. 2) together
with our previous in situ FTIR study,* the production of H,0,
can be correlated with the onset of overpotentially-deposited
hydrogen (Hopp) formation on the Pt surface at potentials
below 0.1 V vs. RHE. We propose that O, is reduced to H,O, by
Hopp on (111) facets, similar to the case for Pt(111) single
crystals (see Fig. S7 and S87).

In order to systematically elucidate the present experimental
results, we constructed stepped (221) surfaces in which O,
adsorbs in the bridging configuration at (110) step edges, and
Hopp On a lower (111) terrace reacts initially to form HO, (Fig. 3
and S91). From Table S2,f the adsorption of both Heopp and
Hypp on Pt skin/PtCo(221) is shown to be weaker than that on
Pt(221), leading to less blocking of sites for O, adsorption in the
bridging configuration, which is responsible for the lower H,0,
production rate. The expected lower coverage of Hopp would
also help to suppress H,O, production. The weakened H
adsorption or lowered coverage might be ascribed to the
modified electronic properties of the Pt skin surface due to the
presence of Co below the surface, e.g., narrowing of the d-
band,* due to the exchange of electrons between the Co and Pt
d-bands.

Furthermore, from Fig. 3 and Table S2,} the activation
energy for the reaction of producing adsorbed HO, interme-
diate (Ozaq + Hoppaa — HO3,q) is shown to be larger on Pt
skin/PtCo(221) compared with that on Pt(221) (0.6 eV vs. 0.3 €V).
This is consistent with the lower H,O, production rate on Ptys;—
PtCo than that on Pt. Thus, the DFT calculations can explain the
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Fig. 3 DFT energy profiles calculated for the reaction O, .4 + Hopp,ad
— HO, g ONn Pt(221) and Pt skin/PtCo(221) surfaces. The left models
correspond to the initial state, O a4 + 2Hupp.aa + 1Hopp a0, Which pass
through the transition states in the middle to the product state HO; 4
+ 2Huypp,aq at right. The reaction coordinate is the O—H distance for the
O—-H bond in HO,. Oxygen and hydrogen are shown in red and white,
respectively.
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main features of the experimental results, ie., the indepen-
dence upon O, concentration and the potential dependence
that is consistent with the onset of Hgpp, formation.

A noticeably prolonged lifetime of a PEM by the use of the
anode catalyst with decreased H,O, production rate has been
demonstrated by a single cell test. Its performance was compared
with that of a cell with a commercial Pt/CB anode (Pt-loaded
carbon black, 50 mass%-Pt loading, TEC10E50E). The cathode
catalyst was a commercial Pt/GCB (Pt-loaded graphitized carbon
black, 50 mass%-Pt loading, TEC10EA50E-HT). For the prepara-
tion of a catalyst-coated membrane (CCM, based on Nafion, 25 pm
thickness, geometric electrode area = 29.2 cm?®), a proprietary
catalyst, designated PtCo/Cyr (15 mass%-Pt loading), which was
designed to be nearly identical with the in-house-prepared cata-
lyst, has been prepared at the 10 gram scale as part of a collabo-
ration with TKK (Tanaka Kikinzoku Kogyo). We have found that
for PtCo/Cyr, after potential cycling in 0.1 M HCIO, at 80 °C, a Pt
skin with 1-2 atomic layers was formed on the Pt-Co alloy surface
(see Fig. S21 for EDX line scan analysis), so that the electro-
chemical behavior was very similar to that of Pty -PtCo/C.
Indeed, we observed by the CFDE technique that this catalyst
exhibited a similar reduction of j(H,0,) measured in both 10% air/
H,- and O,-saturated solutions (see Fig. S3 and S67), together with
high area-specific activity for the HOR (Fig. S4t). An accelerated
stress test (AST) of the PEM under open-circuit conditions in an
H,/air single cell was performed at 90 °C and 160 kPaG (see ESIT
for details).>® Due to the use of a large amount of Pt at the anode
and cathode (0.5 mgp cm™?) for the AST, both cells exhibited
nearly the same initial I-V performances (Fig. S101). However, as
shown for the cell with a conventional c-Pt/CB anode in Fig. 4, the
cell voltage dropped significantly after only 160 h, at which an
abrupt increase in the H, leak current density j(H,), by approxi-
mately two orders of magnitude, was observed. In post-test anal-
ysis, a pinhole was found to have been formed in a region near the
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Fig. 4 Time course of open-circuit voltage (OCV) and H, leak current
density for single cell with PtCo/Cyt or c-Pt/CB anode operated with
H,—air humidified at 76% RH and 86% RH at 90 °C and 160 kPaG. The
data for the cell with c-Pt/CB were cited from ref. 26.
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center of the CCM, probably due to the chemical degradation of
the membrane.”® In contrast, the cell with the PtCo/Cyr anode
exhibited high durability, without any significant decrease in
OCYV, so that the j(H,) increased by a factor of only 1.5 after 600 h.
Judging from the increase in j(H,), as well as changes in the cyclic
voltammograms at the cathode shown in Fig. S11,7 H, leakage
through the PEM increased steeply between 600 and 800 h, but the
degradation was much milder than that for the c-Pt/CB cell, which
suffered a catastrophic loss of gas-tightness. It is noted in Table
S3t that the Co content of PtCo/Cyr in the anode catalyst layer
after the OCV test at 90 °C for 1000 h remained at a fairly high
level, 26 + 8 atom%, with a small standard deviation, which
decreased from 35 £ 11 atom% for an untested reference sample.
Such a suppression of the dealloying of Co in the PtCo/Cyr anode
catalyst can be ascribed with certainty to the formation of a Pt skin
layer and can contribute greatly to maintaining the decreased
H,0, production rate, resulting in enhanced chemical durability
of the PEM.

Conclusions

The present results have shown that the peroxide production
rate can be decreased by as much as 50% if Pt-Co alloy catalysts
are used at the hydrogen anode in PEFCs. DFT calculations
indicate that the suppression of H,0, production can be
ascribed to the lowered binding energy of Hopp on the Pt-skin
surface. A fuel cell utilizing PtCo/Cyr as the anode catalyst
has exhibited excellent durability under accelerated OCV
conditions due to the mitigation of chemical degradation of the
membrane. This seemingly counter-intuitive approach of sup-
pressing radical attack via the suppression of peroxide
production at the hydrogen anode is expected to contribute
greatly to the development of next-generation PEFCs.
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