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The specificadsorption of ionomer sulfonate groups on Pt-based catalysts
inmembrane electrode assemblies (MEAs) has severely restricted Pt
catalytic activity, Pt utilization, proton conductivity and mass transport.
Here we report ablocking strategy using cyclohexanol to mitigate the
detrimental impacts of the Nafion ionomer. Cyclohexanol with a chair or
boat conformation blocked the adsorption path of theionomer onto the

Pt surface via coordination with theionomer, which released the Pt activity
sites and dramatically improved the mass transport path. This MEA with
cyclohexanol exhibits striking performance improvement in the kinetic and
mass transport regions, along with strong stability. The proposed strategy

W Check for updates

provides adirection to tune the Pt/ionomer interface and improve the
catalyticactivity of Ptin MEA.

Platinum-based nanomaterials have been recognized as the most effi-
cient catalysts for proton exchange membrane fuel cells (PEMFCs).
However, their scarcity and rapidly growing cost have markedly hin-
dered the broad application of PEMFCs' . To reduce Pt consumption
in PEMFCs, many efforts have been made inrecent decades to develop
different low-Pt-loading catalysts with high performance. This has
led to marked improvementsin the catalytic activity of Pt-based cata-
lysts for the oxygen reduction reaction (ORR)*®. In previous studies,
platinum-cobalt core-shell nanoparticles (LP@PF-2) derived from
imidazolate frameworks have been shown to exhibit much higher
mass activity (12.36 A mg,, ) relative to commercial Pt/C catalysts
(0.10 A mg,,")”. However, this substantial improvement in catalytic
activity was only observed on the rotating disk electrode (RDE) and
has not yet been obtained in the corresponding membrane electrode
assembly (MEA)®*'°. The maximum power density of LP@PF-2 MEAs
was only 1.29 and 1.28 times as high as that of commercial Pt/C MEAs
in H,-0, and H,-air fuel cells, respectively.

The performance gap mentioned above is known to be primarily
caused by the different protonand O, transport mechanisms™. Onthe
RDE, allthe Pt-based nanoparticles are soaked inaliquid electrolyte and

can be fully contacted by hydrated protons and dissolved O, through
electrolyte transmission™. Unlike the RDE in liquid, the MEA has a
much higher transportresistance. Ina conventional catalyst layer, pro-
ton transport is tied down to the perfluorinated sulfonic acid (PFSA)
ionomer layer (such as Nafion) covering the catalyst surface, and the
gaseous O, gradually permeates through the covering ionomer layer
(<10 nm thick) to reach the Pt surface™. The strong adsorption of the
sulfonate group onthe Pt surfaces restricts the side chain of the Nafion
ionomer and thus decreases the microphase separation of theionomer,
leading to afurther increase in mass transportresistance". Also, the
sulfonate group canbadly poison Pt sites and dramatically reduce the
mass activity of Ptup toafactor of2to 4, eventually leaving only ~20%
available Pt surface’® . These conditions make it difficult for Pt cata-
lysts to achieve high performance in an MEA. To overcome the obsta-
cles in the catalyst layer of the MEA, efforts have been made such as
embedding Pt nanoparticlesinto porous carbonto avoid direct contact
between the Pt and Nafionionomer?>?, introducing a ring-structured
perfluoro-(2,2-dimethyl-1,3-dioxole) (PDD) or perfluoro-(2-methylene
-4-methyl-1,3-dioxolane) (PFMMD) matrix into the ionomer back-
bone to reduce the oxygen transport resistance**, achieving an
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ionomer-lean Pt surface by means of amolecular masking strategy to
decrease theionomer population on the Pt surface***, and optimizing
the Pt/ionomer interface usingionic liquids via non-covalent interac-
tions to tune the ORR kinetics** . Unfortunately, these strategies
have important limitations in terms of comprehensively solving the
barriers mentioned above, for example, part of the Pt nanoparticles
into porous carboninevitably losing the proton and oxygen transport
channels, PDD or PFMMD matrix and the molecular masking strategy
undoubtedly putting part of the Pt active sites in direct contact with
thesulfonate group. Itis clear that eliminating the detrimental effects
of the ionomer layer on Pt to release the performance of Pt in MEA
entirely is abig challenge.

In this article we present a blocking strategy to boost the perfor-
mance of Pt-based catalystsin the MEA. The ring-structured cyclohex-
anol playsacritical rolein constructing the blocking path. The hydroxyl
oxygen of cyclohexanol connects with the sulfonate hydrogen of the
ionomer by a coordination interaction, which successfully separates
the sulfonate group fromthe Pt surface and releases more active sites
of Pt. The hydroxyl hydrogen of cyclohexanol is activated, increasing
the proton transport channel without losing the proton transport
capability of the sulfonate group. Cyclohexanol with a chair or boat
conformation also embeds among the ionomer chains, creating a
non-contact Pt/ionomer space and facilitating O, permeability in the
catalyst layer. Based on these improvements, the sulfonate group
coverage on the Pt surface decreased to only 7% in the catalyst layer
with cyclohexanol, much lower than that in the catalyst layer with
only Nafionionomer (21%). The as-prepared MEA with cyclohexanol
exhibited a substantial performance enhancementin the kinetic region
and showed far better mass transport compared to the MEA with only
Nafionionomer in the fuel cell tests. Most importantly, cyclohexanol
incorporated in Nafion ionomer displayed remarkable stability after
long-term constant-potential testing and 30,000 potential scanning
cyclesinthe corresponding MEA. This study thus demonstrates that the
blocking strategy is a promising way of releasing the catalytic activity
of Ptand improving mass transport in the catalyst layer.

Results

Structural characterization

To investigate the interaction between Nafion and cyclohexanol,'H
NMR spectrawere obtained”. As shownin Fig. 1b, the hydroxyl hydro-
gen of the cyclohexanol-Nafion ionomer mixture exhibits upfield
displacement (3.97 ppm) relative to pure cyclohexanol (4.36 ppm),
implying that the hydroxyl hydrogen of the cyclohexanol-Nafioniono-
mer has achemical environmentsimilar to that of the sulfonate group
(3.92 ppm). The upfield displacement should stem from the coordina-
tion interaction between lone-pair electrons of the hydroxyl group
and the proton of the sulfonate group, which results in the formation
of oxonium salt (COH,'SO5") and the shielding effect on the hydrogen
atoms of ~OH," in the cyclohexanol-Nafionionomer (Fig. 1a). Such an
interaction was also detected using attenuated total reflectance-Fourier
transforminfrared (ATR-FTIR) spectroscopy (Fig. 1c and Supplemen-
tary Fig. 1)*>*". To avoid the interference of solvents from the Nafion
ionomer, adry Nafion HP membrane was chosen for ATR-FTIR measure-
ments. Asshownin Fig. 1c, the stretching vibration peak (3,403 cm™) of
the hydroxyl group in the cyclohexanol-Nafion HP membrane shows a
blueshift and a redshift relative to those of cyclohexanol (3,322 cm™)
and Nafion HP membrane (3,484 cm™), respectively.

To investigate the interaction between the hydroxyl group
and the sulfonate group in more detail, high-resolution X-ray pho-
toelectron spectroscopy (XPS) signals of C 1s were deconvoluted
into the corresponding components, as shown in Fig. 1d. Compar-
ing the C 1s XPS peaks of cyclohexanol-Pt/C, Nafion ionomer-Pt/C
and cyclohexanol-Nafion ionomer-Pt/C, a peak was observed at
~289.50 eV in cyclohexanol-Nafion ionomer-Pt/C (Fig. 1d). The peak
canbeattributed to the positive shift of the C-0 peak of cyclohexanol

due to electron transfer from C-OH to the sulfonate group. This
assertion was corroborated by the negative shift of the S 2p binding
energy of cyclohexanol-Nafionionomer-Pt/C from169.0 to 168.44 eV
(Supplementary Fig. 2). Based on the above results and analysis,
the sulfonate group is probably blocked by the hydroxyl group of
cyclohexanol through formation of the COH,'SO;” group. To directly
explore the effect of the COH,"SO;™ group on Pt, the XPS signals of
Pt 4f were collected. As shown in Fig. 1e, the Pt 4f;, peak (71.71eV) of
cyclohexanol-Nafionionomer-Pt/C marginally shifted to a highbinding
energy compared to that of the commercial Pt/C catalyst (71.65 eV),
implying that the vast majority of the sulfonate group was blocked by
cyclohexanol and that the COH,"SO;” group had no apparent effect
on Pt. In contrast, the Pt 4f,,, peak (71.86 eV) of Nafion ionomer-Pt/C
exhibited amuch higherbinding energy than the other two catalyst lay-
ers. These results demonstrate that the formation of COH,'SO;” groups
can effectively avoid the strong adsorption of sulfonate groups on Pt
and should provide a large benefit to increasing the performance of
cyclohexanol-Nafionionomer-Pt/C, as discussed later in this article.

Microphase separation of PFSAionomers occupies animportant
position in the gas permeability of an MEA®. To describe the effect
of cyclohexanol on the microphase separation of the Nafion iono-
mer, synchrotron small-angle X-ray scattering (SAXS) measurements
were taken. Dry Nafion membrane was chosen as the characterization
object toavoid the influence of the uncontrollable film thickness oniits
microphase separation when manually casting Nafion ionomer film.
AsshowninFig.2a,c, thescatteringring and ionomer peak associated
with the ionic domain swelling of the Nafion membrane are barely
noticeable in the dry Nafion HP membrane. A marked scattering ring
(Fig. 2b) and a well-defined ionomer peak (Fig. 2c) at -1.5 nm™ are
shownin the two-dimensional (2D) SAXS patternand SAXS line profile
of the cyclohexanol-incorporated Nafion HP membrane (that is, the
cyclohexanol-Nafion HP membrane), respectively®***. These results
suggest that the cyclohexanol enhances the microphase separation
of Nafion. The enhanced microphase separation should facilitate O,
transport in its size- and connectivity-increasing hydrophilic ionic
domains. As discussed above, the sulfonate group of theionomer was
blocked by the hydroxyl group of cyclohexanol. To assess the effect of
cyclohexanol onthe proton transport of cyclohexanol-Nafion, we com-
pared the in-plane proton conductivities of the Nafion HP membrane
and cyclohexanol-Nafion HP membrane®. The cyclohexanol-Nafion
HP membrane exhibited higher proton conductivity than the pristine
Nafion HP membrane, as shown in Fig. 2d and Supplementary Fig. 3.
In particular, the proton conductivity of the cyclohexanol-Nafion HP
membrane at 25 °C is nearly twice that of the Nafion HP membrane
(Supplementary Table1). The enhanced proton conductivity indicates
that the oxonium salt has successfully activated the hydroxyl hydrogen
of cyclohexanol and introduced a proton transport channel without
degrading the function of the sulfonate group, as shown in Fig. 1a.
This assertion is supported by the substantially weakened activation
energy (E,) of proton conductionin the cyclohexanol-Nafion HP mem-
brane (0.125 eV) relative to the Nafion HP membrane (0.186 eV) from
an Arrhenius plot (Supplementary Fig. 4).

We also investigated the role of cyclohexanol in the mesostruc-
ture of the catalyst layer through a series of physical characterization
experiments. As shown by dynamic light scattering (DLS), the aggre-
gate size of the catalyst slurryin cyclohexanol-Nafionionomer-Pt/Cis
near that of Nafion ionomer-Pt/C, which is ~570 nm (Supplementary
Fig.5). Asshown by X-ray diffraction (XRD) and transmission electron
microscopy (TEM), cyclohexanol does not affect the crystal struc-
ture and average particle size of the Pt nanoparticles (Supplementary
Figs.6and 7). Thefluorine, sulfur and platinum elements are uniformly
distributed in both catalyst layers, as observed in energy-dispersive
X-ray spectroscopy (EDS) elemental mappings (Supplementary
Fig. 8). The cyclohexanol-Nafion ionomer-Pt/C catalyst layer has a
porous surface similar to that of the conventional Nafionionomer-Pt/C,
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Fig.1|Structural characterization of cyclohexanol-Nafion. a, lllustration of Nafionionomer-Pt/C, cyclohexanol-Nafionionomer-Pt/C and JM-Pt/Cinthe
ofthe conventional direct-contact Pt/ionomer interface and the proposed practical catalyst layer (in XPS tests, the commercial Pt/C catalysts were added
non-contact Pt/ionomer space for the cathode catalyst layer. b,'"H NMR to monitor the real situation in the catalyst layer). The Nafion HP membrane is
spectrain DMSO-d; of cyclohexanol, cyclohexanol-Nafionionomer and one of the reinforced membranes in acid form produced by DuPont. Commercial
Nafionionomer. ¢, ATR-FTIR spectra of cyclohexanol, dry cyclohexanol-Nafion JM-Pt/C catalysts from Johnson Matthey Co. were used.

HP membrane and Nafion HP membrane. d,e, C1s (d) and Pt 4f(e) XPS spectra
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and dried cyclohexanol-Nafion HP membrane were obtained by integrating the
2D SAXS patterns. d, In-plane proton conductivities of pristine Nafion HP and
cyclohexanol-Nafion HP membranes calculated by electrochemicalimpedance
spectroscopy (Supplementary Fig. 3) in liquid water at elevated temperatures
(25°C,40°C,60°Cand 80 °C).

asshowninscanningelectron microscopy (SEM) images (Supplemen-
tary Fig. 9). These results demonstrate that the cyclohexanol-Nafion
ionomer-Pt/C catalyst layer features a mesostructure comparable
with that of the Nafion ionomer-Pt/C catalyst layer, implying that the
discrepancy in the interfacial microstructure between the catalyst
layers should be the primary factor causing the difference in fuel-cell
performance.

Electrochemical evaluation

To understand the effect of cyclohexanol on the electrochemical
behaviour of the cyclohexanol-Nafion ionomer-Pt/C, electrochemi-
cal measurements were performedinasingle cell. First, cyclic voltam-
mogram (CV) curves of Nafionionomer-Pt/C and cyclohexanol-Nafion
ionomer-Pt/C were collected, as shown in Fig. 3a. Cyclohexanol-
Nafion ionomer-Pt/C shows a similar shape to the CV curve for the
Nafion ionomer-Pt/C. The same trend appeared in the other two

independent tests (Supplementary Fig.10). Both the hydrogen adsorp-
tionand desorption chargesin the hydrogen underpotential deposition
(H,pq) region were used to calculate the electrochemical surface area
(ECSA)*. The average H,,s-ECSA of cyclohexanol-Nafionionomer-Pt/C
is estimated to be 46.9 m? g, ! (Fig. 3c), which is near that of Nafion
ionomer-Pt/C (44.8 m* gy, ). The similar H,,,-ECSA values verify that
cyclohexanol has little effect on the protons reaching the Pt surface.
Moreimportantly, considering the absence of sulfonate-group poison-
inginthe H,,q region, thisresultsignifies that the two catalyst layers will
expose nearly the same amount of Pt sitesin the kinetic control region
of the fuel cell. We also performed a CO-stripping test to identify the
gas permeability of Nafion ionomer-Pt/C and cyclohexanol-Nafion
ionomer-Pt/C (Fig. 3b and Supplementary Fig.11). COis known to per-
meate through the ionomer layer to reach the Pt active site, and the
ECSA obtained from the CO-stripping test is closely associated with
the gas permeability of the ionomer layer. The cyclohexanol-Nafion
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Fig. 3 | Electrochemical evaluation of the cyclohexanol-Nafion ionomer-
Pt/C cathodein the fuel cell. a,b, CV curves (a) and CO-stripping curves

(b) of the Nafion ionomer-Pt/C and cyclohexanol-Nafion ionomer-Pt/C catalyst
layer. ¢, ECSA values calculated from CV curves and CO-stripping curves.

d, CO-displacement current density-time curves measured at 0.4 V versus RHE
for Nafionionomer-Pt/C and cyclohexanol-Nafion ionomer-Pt/C catalyst layers,
respectively. e, Sulfonate group coverage (in percent) determined from CO
displacement at 0.4 V versus RHE and stripping tests for Nafion ionomer-Pt/C

and cyclohexanol-Nafionionomer-Pt/C.f, CO-displacement current density—
time curves measured at 0.1V versus RHE. Conditions were set as follows: 40 °C
cell temperature, 100% relative humidity (RH) and ambient pressure. For the CV
test, afixed flow 0f 200/10 standard cubic centimetres per minute (s.c.c.m.) of
H,/N, was provided in the anode/cathode. For the CO-stripping and displacement
tests, the gas at the cathode was switched from N, to CO. Error bars represent
s.d.between the threeindependent measurements. Data are presented as mean
values +s.d.

ionomer-Pt/C (63.8 m? g, ") shows a higher CO-stripping ECSA than
the Nafion ionomer-Pt/C (56.8 m? g, ") (Fig. 3c). This result implies
that cyclohexanol dilutes the compactness of the ionomer layer and
increases its gas permeability in the catalyst layer.

To quantify the Pt active sites released by cyclohexanol,
CO-displacement measurements were conducted®”®, In this test,
the sulfonate group specifically adsorbed on the Pt surface was
displaced by linearly adsorbing CO, and the hydroxyl coverage on
the Pt surface was neglected at 0.4 V versus the reversible hydro-
gen electrode (RHE)™. Inverted peaks can be clearly observed in
Fig. 3d and Supplementary Fig. 12. The peak of cyclohexanol-
Nafion ionomer-Pt/C has a much smaller area than that of Nafion
ionomer-Pt/C, suggesting that markedly fewer Pt sites were occu-
pied by the sulfonate group in cyclohexanol-Nafion ionomer-Pt/C.
Tointuitively compare the occupation of the sulfonate group onthe
Pt surfaces in the two different catalyst layers, the sulfonate-group
coverage was calculated by dividing the CO-displacement charge in
Fig. 3d by the corresponding CO-stripping charge in Fig. 3b ref. 40.
Cyclohexanol-Nafionionomer-Pt/C exhibited amuch lower sulfonate
group coverage of -7% than Nafionionomer-Pt/C (-21%; Fig. 3e). This
result is consistent with the marginal shift of the Pt 4f XPS peak of
cyclohexanol-Nafion ionomer-Pt/C relative to that of Pt/C. We also
performed the CO-displacement experiment at 0.1V versus RHE. As
showninFig.3fand Supplementary Fig. 13, the cyclohexanol-Nafion
ionomer-Pt/C exhibited a larger area of CO oxidation currents
than the Nafion ionomer-Pt/C, implying that the incorporation of
cyclohexanolinto the Nafionionomer improved the proton transport
of cyclohexanol-Nafionionomer-Pt/C.

To investigate the catalytic activity of cyclohexanol-Nafion
ionomer-Pt/Cinthe MEA, the single cell was tested at 80 °Cwith O, as
the cathodic gas feed. For comparison, the benchmark catalyst layer
(Nafionionomer-Pt/C) of the MEA was fabricated with Nafion but with-
out cyclohexanol (see Methods for details). The amount of cyclohex-
anol was optimized in the catalyst layer. As shown in Supplementary
Fig. 14, the high proportion of cyclohexanol (the weight ratio for
cyclohexanol/ionomer/carbon is 40/1/2.5) produces a high ohmic
polarization in the fuel cell. The optimized weight ratio of cyclohex-
anol/ionomer/carbon was determined to be 10/1/2.5. Figure 4a
shows the polarization and power-density plots of the fuel cells with
Nafion ionomer-Pt/C and cyclohexanol-Nafion ionomer-Pt/C meas-
ured in H,-0, conditions. The cyclohexanol-Nafion ionomer-Pt/C
displayed a higher current density than the Nafion ionomer-Pt/C
during polarization. The peak power density (1.804 W cm™) of
cyclohexanol-Nafion ionomer-Pt/C is ~1.37 times higher than that
(1.318 W cm™) of Nafion ionomer-Pt/C. These results directly con-
firm the improvement of the gas permeability of the ionomer layer
by cyclohexanol. Figure 4b shows Tafel plots normalized for cath-
ode Pt loading and corrected by high-frequency resistance (HFR).
The cyclohexanol-Nafionionomer-Pt/C exhibited a lower Tafel slope
(67.1mV dec™) than the Nafionionomer-Pt/C (72.7 mV dec™). The mass
activity of cyclohexanol-Nafionionomer-Pt/C measured at 0.85 V,yg free
is 1.0 A mg,,, representing a 25% improvement relative to Nafion
ionomer-Pt/C (0.80 A mg,, ™). Considering the same Pt loading and
the similar H,,;-ECSA in the two catalyst layers, the higher kinetic
activity of cyclohexanol-Nafionionomer-Pt/C should be attributed to
cyclohexanol effectively releasing more active sites of Pt.
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Fig. 4 | Effects of cyclohexanol incorporation on fuel-cell performance.

a, H,-0, fuel-cell performance of Nafion ionomer-Pt/C and cyclohexanol-
Nafionionomer-Pt/C catalyst layers. b, Tafel plots of Nafion ionomer-Pt/C

and cyclohexanol-Nafionionomer-Pt/C catalyst layers with HFR correction
measured under H,-0, conditions. ¢, H,~air fuel cell performance of Nafion
ionomer-Pt/C and cyclohexanol-Nafionionomer-Pt/C catalyst layers.d, In situ
electrochemical impedance spectroscopy curves measured at an output
current density of 1 A cm™in H,-air conditions. e, Stability test of the

cyclohexanol-Nafionionomer-Pt/C catalyst layer in a H,—air fuel cellat 0.6 V.
For all MEAs, the anode catalyst is Pt/C at a Pt loading of 0.08 mg;,, cm™, and the
cathode Ptloading is 0.12 mg,, cm™ membrane, Nafion HP; temperature, 80 °C;
RH, 100%; back pressure, 200 kPay, . For the H,-O, cell, the H,and O, flow rates
were fixed at 250 and 350 s.c.c.m., respectively. For the H,-air cell, the flow rates
of Hyand air were 300 and 500 s.c.c.m., respectively. The error bar corresponds
to the standard deviation between the three independent measurements. Data
are presented as mean values + s.d.

To evaluate the application potential of the cyclohexanol-Nafion
ionomer-Pt/C, a H,-air fuel cell was estimated. As shown in Fig. 4c,
the cyclohexanol-Nafion ionomer-Pt/C exhibits a current den-
sity of 0.93 Acm™ at 0.65V, which is 21% higher than that of
Nafion ionomer-Pt/C (0.77 A cm™). The maximum power density
(0.808 W cm™) of cyclohexanol-Nafion ionomer-Pt/C is 1.24 times
higher than that of Nafionionomer-Pt/C (0.651 W cm™). Thisimprove-
ment in MEA performance far exceeds the results of the previously
reported study of Pt/C catalysts (Supplementary Table 2), representing
oneoftherecord effective strategies. The best fitting of electrochemical

impedance spectroscopy (EIS) (Fig.4d and Supplementary Fig. 15) also
highlightsthe decreaseinboth charge-transfer resistance (R.) and mass
transport resistance (R, of the cyclohexanol-Nafion ionomer-Pt/C
catalyst layer. The behaviour of the reduced R, and R, verifies that
cyclohexanolisfavourable for releasing Pt intrinsic activity and facili-
tating mass transportinthe catalyst layer. We also explored the stabil-
ity of the cyclohexanol-Nafion ionomer-Pt/C with constant-potential
testing in the H,-air fuel cell (Fig. 4e). The cyclohexanol-Nafion
ionomer-Pt/Cstably worked at 0.6 V for more than15 hwithout marked
current-density decay. The running temperature was 80 °C, far above
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the melting point of cyclohexanol. The extraordinarily stable current
demonstrates that cyclohexanol remains largely present. To describe
the stability of the cyclohexanol-Nafion ionomer-Pt/C in more detail,
accelerated stresstests (ASTs) were performed by cycling the potential
between 0.05and 0.85 Vunder H,/N, conditions with100% RH atascan
rate of 50 mV s™’. The cyclohexanol-Nafion ionomer-Pt/C was scanned
for30,000 cycles, and the corresponding proton sheet resistance was
recorded every 10,000 cycles. As shown in Supplementary Fig. 16,
the cyclohexanol-Nafion ionomer-Pt/C showed almost no change in
protonsheet resistance after 30,000 potential-scanning cycles. These
results demonstrate the high stability of cyclohexanolin Nafion and the
positiveinteraction ofthe COH,"SO, group inthe cyclohexanol-Nafion
ionomer-Pt/C catalyst layer.

Conclusions

We have successfully developed an effective strategy to improve the
catalytic performance of Pt in an MEA by precisely blocking Nafion’s
sulfonate group with cyclohexanol.’HNMR, ATR-FTIR and XPS spectra
revealed astrong coordinationinteraction between the hydroxylgroup
of cyclohexanol and the sulfonate group in theionomer. Synchrotron
SAXS confirmed that cyclohexanol with different conformations led
toaremarkable enhancement of the microphase separation of Nafion.
Cyclohexanol effectively enhanced the kinetic activity and mass trans-
portbyreducing the coverage of the sulfonate group on the Pt surface
and improving the ionomer distribution. This study has introduced a
pathtodrive the translation of highly active ORR catalysts to efficient
catalyst layers.

Methods

Chemicals and materials

We used cyclohexanol (Shanghai Titan Scientific Co., 99%+), isopro-
panol (Adamas, 99.8%), Nafionionomer (D520, DuPont), Nafion mem-
brane (HP, DuPont), carbon paper (TGP-H-060, Toray) and Pt/C catalyst
(HiSPEC9100, JM-60 wt%). All chemical reagents and materials were
used as received.

Cyclohexanol-Nafionionomer and catalyst layer preparation
The cyclohexanol-Nafion ionomer was prepared by dispersing a cer-
tain amount of cyclohexanol in an isopropanol solution containing a
Nafion ionomer dispersion with a 10/1 weight ratio of cyclohexanol/
Nafion ionomer. The catalyst layer was fabricated by blending the
Pt/C catalysts with the as-prepared cyclohexanol-Nafionionomer. The
cyclohexanol/ionomer/carbonratio was10/1/2.5 by weight. A conven-
tional cathode catalyst layer without cyclohexanolincorporation was
also prepared and denoted as Nafion ionomer-Pt/C. After ultrasonic
treatment, theresulting catalyst layers were applied for physical char-
acterization experiments and MEA preparation.

Physical characterization

AnAgilent400-MR DD2 spectrometer was used to detect the'HNMR
spectra of different components at 400 MHz. The Nafion ionomer
dispersion was dried before testing to remove interference from
solvent. Samples were dissolvedin aninsert tube filled with DMSO-d,.
The ATR-FTIR spectra of the different components were obtained
using a NicoletiS50 spectrometer under ambient conditions. To avoid
the interference of solvents in the ionomer solution, dry Nafion HP
membranes were used in FTIR measurements. The samples were fixed
directly on the diamond accessory of the ATR-OMNIsampler during
measurements. Determination of the electronic structure (XPS tests)
of the Nafion ionomer and Pt was performed in ultrahigh vacuum
(UHV) atroom temperature using an ESCALAB 250Xi spectrometer.
All spectra were charge-corrected in accordance with the binding
energy of 284.8 eV from C 1s. DLS measurements were performed
using a NanoBrook Omni instrument (Brookhaven Instruments) to
confirmthe aggregate size of the catalyst slurry. All catalyst slurries

were diluted to 2-3% of the raw slurry concentration to avoid mul-
tiple scattering. At least five measurements were taken to ensure
the repeatability of the results. XRD was conducted to determine
changesin the Pt crystalline structure within the Pt/C catalyst layer.
Theinstrument was a PANalytical X’ Pert Power system using a Cu-K,
(y=1.54051 A) X-ray source operating at room temperature with a rate
of 5° min~.. Before measurements, the catalyst layer was crushed and
placed onaSiwafer. A Talos F200S system (ThermoFisher Scientific)
was used to capture the TEM images with an accelerating voltage of
200 kV. The catalyst slurries diluted with isopropanol were dried
and deposited on a carbon-film-coated copper grid as the sample
for testing. To observe the effect of cyclohexanol incorporation
on the surface micromorphology of the catalyst layer, the catalyst
slurry was deposited onto the HP membrane and analysed using a
JEOL JSM-7800F instrument at an accelerating voltage of 5kV. SEM
results clearly showed that both catalyst layers displayed a uniform
and porous surface.

Nafion membrane pretreatment

A commercially available Nafion HP PFSA membrane (thickness,
20 pm) was used for synchrotron radiation SAXS tests and con-
ductivity experiments. Both samples were tested as received. The
cyclohexanol-incorporated HP membrane (cyclohexanol-Nafion
HP membrane) was prepared by immersing the Nafion HP mem-
brane in pure cyclohexanol. For SAXS experiments, to monitor
the microstructure of the HP membranes in the dry state, both the
cyclohexanol-Nafion HP membrane and the pristine Nafion HP mem-
branewere equilibratedinadry nitrogen stream before testing. For the
conductivity experiment, both membranes were rinsed with 18.2-MQ
deionized water before the experiment.

Synchrotron SAXS

To examine the effect of incorporating cyclohexanol in Nafion on its
microphase separation, aSAXS test was performed atthe1 W2A beam-
line at the Beijing Synchrotron Radiation Facility (BSRF) in China. The
wavelength (1) of the incident X-ray beam used for the test was 1.54 A,
and the distance from the dried Nafion HP membrane to the detector
was 1,512 mm. The relationship between the scattered wavevector q,
beamline wavelength A and scattering angle @is given by

q = (41sin6/2) /A. (0]

Thescatteringline profileis extracted by aradial integration of the 2D
scattering patterns using the free official software Fit 2D.

Conductivity measurements

Todetermine thein-plane proton conductivity of the HP membranes,
an SI11260 (Solartron Analytical) frequency response analyser was
used to perform EIS measurements. During the conductivity measure-
ments, the HP membranes were assembled into a two-electrode cell
and immersed in deionized water. The in-plane proton conductivity
of the membrane was calculated as

0=107 x I/ (Rg x 6 x d), 2

where the proton conductivity o (inmS cm™)is inversely proportional
to the resistance data R; fitted from the EIS spectra, the distance [
between the two electrodesis 2 cm, and d and 6 denote the width (1cm)
and thickness of the HP membrane, respectively. The two-electrode cell
was operated at frequencies of 1to 10’ Hz and at different temperatures
(from25t0 80 °C).

Theactivation energy (E,, inelectronvolts) of proton conductionin
the Nafion HP membrane was calculated from the Arrhenius equation:

In(oT) = InA — E,/RT, 3)
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where A is the preexponential factor, R is the molar gas constant
(8.314 ) mol™ K™), and gis the calculated proton conductivity value at
temperature 7 (in kelvin).

Fuel-cell testing and electrochemical analysis

The cyclohexanol-Nafionionomer-Pt/C and Nafionionomer-Pt/C for
the cathode were sprayed onto a Nafion HP membrane at a target Pt
loading of 0.12 mg,, cm™. In addition, to determine the impact of a
higher cyclohexanol content on cell performance, a cathode catalyst
layer with a cyclohexanol/Nafion/carbon mass ratio of 40/1/2.5 was
prepared. The concentrations of Nafion ionomer and the Pt loading
in the cathode catalyst layer were identical for all MEAs. All anode
catalyst layers were prepared with Pt/C catalyst dispersed inisopro-
panol solvent with a fixed Nafion ionomer/carbon value of 1.0 and a
controlled Pt loading of 0.08 mg,, cm™. Once fabricated, the MEAs
were assembled at a hot press pressure of 700 psiand 135 °C for150 s.
The assembled MEA was sealed into a single-cell fixture with a 5-cm?
serpentine flow field and tested with a full-function Scribner 850e fuel
cell system equipped with an 885 potentiostat (Scribner Associates).
After the break-in procedure, for mass activity measurements, fully
humidified (100% RH) pure H,/O, was provided with a flow rate of
250/350 s.c.c.m. to minimize the effect of mass transport. The back
pressure was 200 kPag,, ... /-Vpolarization curves were obtained from
the anodicscandirection with the scanning voltage mode. Test condi-
tions were set as follows: cell temperature of 80 °C; 100% RH anode/
cathode for the Pt/C catalyst layer; H,/air flow rate of 300/500 s.c.c.m.
withaback pressure of 200 kPa,,,,.. Ata cell output current density of
2.0 Acm?, thefuel flows are equivalent to astoichiometric ratio of 4/3
for theanode/cathode. EIS analysis was conducted at a current density
of 1A cm™in aH,/air fuel cell by aload and frequency analyser from
10 kHz to 0.1 Hz to differentiate the contribution of eachimpedance
parameter to the total impedance. For the stability test of the H,-air
fuel cell, the anode and cathode were supplied with fully humidi-
fied H, (300 s.c.c.m.) and compressed air (500 s.c.c.m.) with a back
pressure of 200 kP,,,.., respectively. The cellwas operated at 80 °C.
The current density points were recorded every 3 s to monitor per-
formance changes. CVs were recorded with a potentiostat (Scribner
885-HS) inasingle cellat 40 °Cand 100% RH under ambient pressure,
and the flow rate was 200/10 s.c.c.m. The cathode was used as the
working electrode, sweeping from 0.1to 1.2 V at 50 mV s™.. By inte-
grating the absorbed/desorbed hydrogen charge with adouble-layer
charging current as a baseline, Pt ECSA values in the CV were
calculated with

ECSAcy = Qpt/ (Qrer X Mpy), 4)

where Q,, is the average charge of the hydrogen adsorption/desorp-
tion area, Q,;=210 pC cm™is the electrical charge generated by the
oxidation of hydrogen in the monolayer on the Pt surface, and m,, is
the mass of Pt loading in the cathode catalyst layer.

The -SO;H group adsorbed on the Pt surface can be displaced by
linear adsorption of CO, in which the measured displacement current
transient canbeintegrated to obtain displacement charge (g;). There-
fore, the -SO;H group coverage over the Pt catalyst can be calculated
via CO-displacement and CO-stripping experiments. The CO displace-
ment and CO stripping were runin asingle cell with the anode purged
with hydrogen working as the reference electrode and the cathode
acting as the working electrode under fully wet (40 °C) conditions
at ambient pressure. The CO-displacement procedure is as follows.
First, the CV procedure was performed to verify the cleanliness of the
MEA. Next, apotential of 0.4 V versus RHE was applied to eliminate the
negligible hydroxyl coverage until a steady current was established,
thenthe cathode supply gas was switched from N, to CO (80 s.c.c.m.).
During this step, a reduction current response corresponding to the
displacement of the adsorbed ionomer was recorded. After linear

adsorption of CO in the cathode catalyst layer, the cathode catalyst
layer was purged with N,, then subjected to a CO-stripping test from
0.05t0 1.2V at 50 mVs™. The current-time response of CO displace-
ment at 0.1V versus RHE was also recorded when the applied voltage
was changedto 0.1V versus RHE. The -SO;H group coverage was then
calculated by normalizing twice the CO-displacement charge at 0.4 V
versus RHE to the CO-stripping charge (¢y,). The ECSA of the catalyst
layerin CO stripping was calculated from the following equation, where
Greris 420 pnC cmfor the CO-stripping test:

ECSACOstrip = qstrip/(qref X mPt)- (5

The displacement coverage was found using

edis = (294is) /qstrip- (6)

Accelerated stress testing (AST) included 30,000 voltage cycles
in the range 0.05-0.85V (versus RHE) at a scan rate of 50 mV s™. AST
was performed in cyclohexanol-Nafion ionomer-Pt/C MEA at 80 °C,
ambient pressure and a flow rate of 200 s.c.c.m. of 100% RH H,/N, at
the anode/cathode. For every 10,000 voltage cycles, the proton sheet
impedance of the catalyst layer was recorded to assess the stability of
the COH,'SO; group in cyclohexanol-Nafionionomer-Pt/C. The proton
sheetresistance estimated by impedance spectroscopy was measured
at 80 °C and 25% RH. After equilibrating the cell for at least 30 min, a
VersaSTAT 4 equipped with an impedance analyser and potentiostat
was used to determine theimpedance of the cell at open-circuit voltage
(-0.10 V). The working electrode (cathode) was scanned from 65 kHz
to0.1Hzatana.c. perturbation of 15 mV.

Data availability
Data supporting the findings of this study are available from the cor-
responding author upon reasonable request.
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