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Therising demand for hydrogen calls forimprovements in the efficiency

of liquid alkaline water electrolysers (LAWEs), which can be fulfilled by
advanced electrodes or separators. Nevertheless, they also intensify
hydrogen crossover and safety concerns, thus mandating efficient
mitigation strategies. Here we studied the correlation between cathodes
and hydrogen crossover behaviours and mitigated safety risks by designing
agas recombination catalyst (GRC). We attribute the elevated hydrogen
crossover associated with platinum-based cathodes to their preferential
utilization for the hydrogen evolution reaction that creates elevated
hydrogen supersaturation, as evidenced by direct measurements of
dissolved hydrogen concentration. Varying the placement of platinum
layers relative to the cathode-separator interface also supports this
conclusion. The implementation of a GRC reduces hydrogen crossover by

95% without affecting LAWE performance and functions for over 1,000 h at
1A cm™ This study provides insights into hydrogen supersaturation and the
crossover mechanism, as well as offering a promising pathway to enhance
the efficiency and reliability of alkaline water electrolysis.

Liquid alkaline water electrolysers (LAWEs) have been a cornerstone of
industrial hydrogen production and offer benefits through their low
cost, longevity and technological maturity'. Research has projected
anincreasing global demand for hydrogen?, highlighting the need to
further advance the efficiency and reliability of LAWEs. LAWEs rely
on porous separators for ion movement to sustain operation, which
also introduces Ohmic resistance. One approach to improving LAWE
efficiency is to minimize this Ohmicresistance, for example, by adopt-
ingazero-gap design’® or reducing the thickness of separators. One of
the most widely used separatorsis the Zirfon diaphragm with a typical

thickness of 220 or 500 pm and a porosity of up to 75% (ref. 4), due
to which hydrogen crossover can cause safety concerns through the
formation of flammable gas mixtures”.

Hydrogen supersaturation can drive molecular hydrogen cross-
over. Despite there being no direct evidence, hydrogen supersatu-
ration is often invoked to explain the current-dependent hydrogen
crossover and elevated fluxes that cannot be accounted for solely by
hydrogen solubility® %, This is plausible because when the dissolved
hydrogen evolution rate exceeds the formation rate of gasbubbles, the
local hydrogen concentration can pass the solubility limit and reach
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Fig.1| LAWE performance and hydrogen crossover using Ni electrodes.

a, Schematic illustration of a typical three-layer electrode assembly in zero-gap
LAWEs. b-d, Polarization curve (b), HFR profile (c), and measured HTO and
hydrogen crossover flux from cathode to anode (d) in LAWEs using Ni foam as
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both the anode and cathode. Separator: Zirfon UTP 220; electrolyte: 7 M KOH;

temperature: 80 °C.Inb-d, the data are presented as averages and the error bars
represent the standard deviation from at least three independent tests.

supersaturation. Electrolyte mixing has also been reported to cause
high gas crossover’. However, under industrial settings, mature engi-
neering degassing solutions are implemented before mixing’. Thus,
the role of electrolyte mixing under degassing conditions in LAWEs
remains unclear and merits further study.

When hydrogen reaches the low flammable limit (LFL), LAWEs
canbe subjected to unplanned shutdown, causing reverse current and
degradation'’. Although hydrogen crossover does not scale linearly
with decreasing Zirfon thickness", further thinning (for example,
50-100 pm) would presumably exacerbate hydrogen crossover. Thus,
minimizing Ohmic resistance by adopting thinner Zirfon diaphragms
faces safety challenges. Such a trade-off has been previously simu-
lated". To reduce crossover, studies show that a delicate compensation
of aliquid pressure differential or the introduction of finite gaps can
be effective, although with acompromise to efficiency™. In our view,
developing an effective hydrogen gas crossover mitigation strategy
to achieve safety and efficiency improvements by adopting thinner
separators than those currently used could be transformative.

Gas recombination catalysts (GRCs) have historically been pre-
pared to mitigate hydrogen crossover by catalysing hydrogen con-
sumptionviathe recombination reaction of 2H, + O, > 2H,0Qin proton
exchange membrane water electrolysers (PEMWEs). For example, a
spray-coated platinum (Pt) GRC was shown to achieve lower hydro-
gen crossover in PEMWEs". In addition, a duo-recombination layer
generated by reactive spraying was shown to enhance the durability
of GRCs'®. However, to our knowledge, GRCs have not been developed
for use in LAWESs. Most GRC designs in PEMWEs rely on binders (for
example, Nafion) for integrity and insulation from the anode, rais-
ing concerns that binders with low anionic conductivity may affect
LAWE efficiency.

Moreover, more active electrodes than the widely used nickel
(Ni) are desired to meet advanced performance metrics (for instance,

US Department of Energy 2026 target: 1.0 Acm™2at 1.8 V per cell)" .
Although Ni electrodes have comparable oxygen evolution reaction
(OER) activities to Pt-group metal (PGM) catalysts (for example, iridium
or ruthenium oxides)**%, their hydrogen evolution reaction (HER)
activities remain inferior to those of PGM-based counterparts (for
example, Pt-based materials)**?. As electricity prices drive water
electrolysis costs®, the levelized cost of produced hydrogen can be
reduced using a Pt cathode with appropriate loading. As hydrogen is
likely to be produced in a confined space within a thin catalyst layer
whenusing Pt-based cathodes at low loadings, the resultant hydrogen
supersaturation induced by cathode utilization may affect hydrogen
crossover behaviour in LAWEs. However, such a correlation is yet to
beinvestigated.

Inthis work, we observed adrastic difference in hydrogen crosso-
ver attributed to elevated hydrogen supersaturation with Pt cathodes
compared with Ni cathodes, with direct evidence of hydrogen super-
saturation supported by bothinsituandin cell measurements. Varying
the placement of Pt layers in LAWEs revealed that cathode utilization
closely affects H, crossover and supersaturation. To mitigate H, crosso-
ver, aPt-based GRC was designed that consumes over 95% of crossover
hydrogenat1A cm™and remains stable for over 1,000 h.

Quantifying H, crossover in LAWEs

Using a laboratory set-up (Fig. 1a), LAWEs with Ni electrodes showed
consistent performance (Fig. 1b) and high-frequency resistance
(HFR; Fig. 1c), comparable to those previously reported™. H, crosso-
ver was quantified under electrolyte non-mixing and mixing condi-
tions (Supplementary Figs. 1and 2, respectively). Under electrolyte
mixing, measurements were conducted with and without electrolyte
degassing before mixing. Hydrogen-to-oxygen (HTO) values repre-
sent the percentage of hydrogenin the anode exhaust. Without degas-
sing, higher HTOs were observed than under non-mixing conditions
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Fig. 2| Comparison of LAWE performance and hydrogen crossover for Pt
and Ni cathodes. a-d, Polarization curves (a), HFR profiles (b), measured HTO
profiles (c) and hydrogen crossover flux (d) for Pt@Ni and Ni cathodes. Anode:
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(Supplementary Fig. 3a), consistent with previous studies’. However,
with degassing, identical HTO values were observed under mixing
and non-mixing conditions (Supplementary Fig. 3b). These results
indicate that degassing effectively suppresses the hydrogen crossover
associated with electrolyte mixing, whereas crossover arising from
intrinsic transport processes inside LAWEs cannot be mitigated by
such engineering controls. Because electrolyte mixing without degas-
sing produces mixing-dependent HTO values (Supplementary Note
1), the remainder of this study focused on hydrogen crossover under
non-mixing conditions.

Compared with the typical trend of HTO monotonically decreasing
with current, we observed that HTO initially increased in low currents
(<0.3 Acm™) and then decreased as the current further increased
(Fig.1d). Experimental artefacts, including gas leakage, line connection,
electrode size and gas residence time, were studied and their potential
impacts onmeasurements were ruled out (Supplementary Notes 2-4).
Because the observed discrepancy corresponds to a lower measured
hydrogen crossover, meaning that a certain amount of hydrogen is
consumed at the anode before being measured by gas chromatography
(GC), we investigated possible mechanisms for this behaviour. The
results show that the electrochemical oxidation of hydrogen at the
Nianode is negligible (Supplementary Note 5), whereas the chemical
reaction between hydrogen and oxygen at the anode can consume
hydrogenand account for the deviationin HTO trends (Supplementary
Note 6). To our knowledge, such consumption has not been reported
in LAWEs and requires future rigorous quantification. Nevertheless, an
apparentkinetic model was employed to estimate and account for the
chemical consumption of hydrogen, with the corrected HTO showing
amonotonic decrease with current (Supplementary Note 6).

Given that the formation of flammable gas mixtures is a primary
safety concern, measured HTO is used throughout this report for

practical relevance unless specified otherwise, whereas hydrogen flux
isreported as acombination of chemically consumed hydrogen deter-
mined by the model and gaseous hydrogen quantified by GC. Hydrogen
flux exhibited a clear dependence on current density, with an initial
increase from 0.1to 0.3 A cm™ (Fig. 1d). This continuous increase is
attributed toanincreasing supersaturation-induced concentration gra-
dientat the cathode due to hydrogen diffusion. At higher current densi-
ties, the hydrogen flux plateaued as the enhanced oxygen evolution at
the anode diluted the hydrogen content, resultinginamuch lower HTO.
Todemonstrate the oxygen dilution effect, we assumed anideal casein
which hydrogen concentrationat the cathode is at the solubility limit,
leading to a nearly constant hydrogen flux (Supplementary Fig.10a).
As oxygen production increased with current, the hydrogen content
dropped accordingly (Supplementary Fig. 10b), consistent with the
oxygen dilution effect previously reported”.

To pursue better efficiency, a Pt-coated Ni foam cathode was
prepared through an electrodeposition process (denoted Pt@
Ni). X-ray fluorescence (XRF) revealed that the deposited Pt exhib-
its a flower-like morphology and is evenly distributed across the Ni
foam (Supplementary Fig. 11) at a Pt loading of 0.23 + 0.04 mg cm™
(Supplementary Table1). The Pt@Ni cathode outperformed the Nifoam
cathode (Fig.2a), achievingareductionincell voltage 0f 340.8 + 48.8 mV
at 2 Acm™ This improvement is primarily due to a reduction of the
cathode overpotential, as shown by three-electrode measurements
(Supplementary Fig. 12). The Pt@Ni cathode also showed slightly
lower HFRs than the Nifoam (Fig. 2b), likely due to the lower electronic
resistance of electroplated Pt compared with Ni foam with possible
oxidelayers. The HTO of the Pt@Ni cathode was higher than that of the
Ni cathode, with the highest HTO reaching 4.66 + 0.14% (Fig. 2c). The
LFL of hydrogenisgenerally accepted tobe 4% (ref. 27), with a proposed
lower threshold of 2% for industrial water electrolysis (International
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Fig. 3| Direct probing of hydrogen supersaturation near the cathode during
HER. a, Schematic top-view illustration of the RRDE set-up. Dissolved hydrogen
generated at the disk electrode flows outwards and is oxidized by the Pt ring
electrode. b, Collected ring current densities at different disk current densities.
¢, Estimated hydrogen supersaturation ratio at the disk electrode based on

ring current. d-f, Schematic illustrations of the electrode assembly showing

the position of the Pt wire probe (d), the cell-level set-up showing the cathode
(working1), the Pt wire probe (working 2) and the anode (counter) (e), and the
system-level set-up (f) during measurements. The Pt wire exposed outside the
cellis guided by a copper tape current collector. g, Current densities measured
by the Pt wire probe at different applied water electrolysis current densities using
Pt@Niand Ni cathodesin LAWEs.

Organization for Standardization 22734)*?°, Thus, LAWEs with a Pt@
Ni cathode can potentially exceed the LFL at certain current densities.

At a higher Pt loading (0.57 mg cm™, defined as Pt@Ni-H),
the absolute electrochemical active surface area (ECSA) was
quantified to be 1,025.0 cm?, compared with 437.5 cm? for Pt@Ni
(Supplementary Fig. 13). The specific ECSA of Pt@Ni-H and Pt@Ni
was calculated to be 36.0 and 38.0 m? per g Pt, respectively, indicat-
ing that the enhancement of the absolute ECSA comes from Pt load-
ing. Despite not showing an improved performance (Supplementary
Fig. 13¢,d), Pt@Ni-H achieved a lower hydrogen flux than Pt@Ni
(Supplementary Fig.13e). This is likely due to a lower specific current
densityasaresultofits higher ECSA. At the same specific current den-
sity, we observed an identical hydrogen flux for Pt@Ni-H and Pt@Ni
(Supplementary Fig. 13f). These results highlight how the Pt cathode
can affect hydrogen crossover, which will be further discussed later.
Nevertheless, compared with a Ni cathode, Pt@Ni showed a much
higher hydrogen crossover (Fig.2d). Thisis likely due to a higher hydro-
gen concentration gradient caused by a higher level of supersaturation.
To probe this effect, hydrogen diffusivity through Zirfon was first
quantified (Supplementary Note 7 and Supplementary Figs.14 and 15).

Evidence and quantification of supersaturation
Before quantifying supersaturation, we used arotating-ring disk elec-
trode (RRDE) set-up (Fig. 3a) to experimentally validate its existence

under HER conditions. The Pt ring electrode was set at 0.55 V versus
the reversible hydrogen electrode (RHE) while various HER currents
were applied to the Ptdisk electrode. The Ptring electrode can oxidize
dissolved hydrogen in the electrolyte phase and produce a hydrogen
oxidationreaction (HOR) current under mass-transport-limited con-
ditions (Supplementary Fig. 16). Thus, as the HER current increases,
when hydrogen supersaturation occurs, the HOR current is expected
to increase. This hypothesis was verified experimentally (Fig. 3b). In
addition, a HOR current remained measurable in the absence of an
applied HER current (Fig. 3b) due to continuous hydrogen bubbling to
ensure bulk electrolyte hydrogen saturation. The hydrogen concentra-
tion and supersaturation can be estimated using the Levich equation™.
As the HER current increased, an increase in hydrogen supersatura-
tionwas observed (Fig.3c). Inthese experiments, the disk current was
limited to 3 mA cm2; above this, hydrogen bubbles covered the ring
electrode, resulting in measurement variability. Nevertheless, these
RRDE tests support the existence of hydrogen supersaturation under
HER conditions.

To ensure translation of the observed hydrogen supersaturation
from the RRDE to the LAWE, a Pt wire probe was applied between
the Zirfon separator and cathode to measure the HOR current near
the cathode (Fig. 3d-f). An anion exchange membrane (AEM) was
placed between the Pt probe and cathode to avoid direct contact and
interference from hydrogen bubbles (Fig.3d). As cathode potentials
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Fig.4|Ptlocation effect on LAWE performance and hydrogen crossover
behaviour. a, Schematicillustrations of Pt layers at various locations in the
cathode of LAWEs. From left toright, Pt layer at both the Zirfon-cathode and
cathode-flow-field interfaces, Pt layer at the Zirfon-cathode interface, Pt layer at
the cathode-flow-field interface and no Pt layer. b,c, Polarization curves (b) and
HFR profiles (c) for various cathodes with a Pt layer facing the Zirfon separator
and/or flow field. Data for a Ni cathode without Pt layers are also shown.

GRC implemented

d,e, Comparison of the HTO for LAWEs with various cathodes: with a Pt layer on
both sides of the cathode and facing the Zirfon separator (d) and a Pt layer facing
the flow field and a Ni cathode with no Pt layer (e). f, Schematic illustration of a
GRClayerin LAWEs to mitigate H, crossover. Anode: Ni felt; cathode: Ni felt with
Ptlayer at different locations; separator: Zirfon UTP 220; electrolyte: 7 M KOH;
temperature: 80 °C.

(versus RHE) were measured (Supplementary Fig. 12), the voltage
applied between the Pt probe and cathode was adjusted to maintain
aconstant 0.6 Vversus RHE to achieve amass-transport-limited HOR
current (Supplementary Fig.17). A HOR current was measured in
the absence of a water electrolysis current (Fig. 3g) due to hydrogen
bubbling to ensure hydrogen saturation in the bulk catholyte. A
higher HOR current was observed on applying an electrolysis cur-
rent (Fig. 3g), indicating that the hydrogen concentration in the
electrolyte passes the solubility limit and reaches supersaturation.
Comparison of the HOR currents achieved for Niand Pt@Ni cathodes
shows that the latter creates a higher level of hydrogen supersatura-
tion (Supplementary Fig.18). However, the AEM introduced extra dif-
fusional resistance and reduced hydrogen crossover compared with
in regular LAWEs (Supplementary Fig. 19). Nevertheless, the RRDE
and Pt probe measurements collectively provide direct evidence of
hydrogen supersaturation during HER, supporting its quantification
in LAWEs.

By using effective diffusivity to estimate hydrogen concentration
(cﬁa: Supplementary Note 7), the supersaturation ratio (defined as the
ratio between cﬁ"‘ and the hydrogen concentration at the solubility
limit®) can be calculated (Supplementary Fig. 20). The results show
that cﬁ‘; isone to three orders of magnitude higher than the hydrogen
solubility. This has also been observed in PEMWEs at a similar level of
supersaturation®*, As H, supersaturation occurs only with HER, the
ratio is expected to reach close to unity at infinitesimal currents.
Indeed, this is shown by linear regression of the H, supersaturation
curves for both cathodes (Supplementary Fig. 20c,d).

The Pt@Ni cathode showed higher supersaturation than the Ni
cathode (Supplementary Fig. 12a,b), leading to higher H, crossover
(Fig. 2c). As H, supersaturation primarily occurs in regions where
HERtakes place, the root cause of the higher supersaturation for Pt@
Ni than for Ni is attributed to discrepancies in cathode utilization. Ni
active sites located at the Zirfon-cathode interface cannot sustain
the operating current due to the limited HER activity and surface area,
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Fig. 5| Design and characterization of Pt-GRC,,-Zirfon. a,b, Cross-sectional
HAADF-STEM images of Pt-GRC,,-Zirfon near the anode surface. ¢,d, Slice
view of Pt-GRC,,,-Zirfon near the anode surface under HAADF-STEM, showing
the distribution of Pt nanoparticles. e, Slice view of Pt-GRC,,,-Zirfon under
HAADF-STEM at a distance of 8 pm from the anode surface. f,g, HAADF-STEM
image (f) and EDS mapping (g) showing sparsely dispersed Pt nanoparticles
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supported by ZrO, particles. h, HAADF-STEM image of Pt-GRC,,-Zirfon showing
Pt nanoparticles supported by ZrO, and their size. i, XPS with depth profiling
cycles. Profiling cycle = O represents the position at the anode surface; profiling
cycles > 0 represent positions away from the anode surface. j, XRF mapping of
2 cm x 2 cm Pt-GRC,,-Zirfon, showing Ptin-plane loading distributions. k,I, XPS
spectra of Pt 4f (k) and Zr 3d (I). CPS, counts per second; BG, background.

duetowhich utilization of the Nicathode for HER is extended towards
the flow field side. Therefore, less severe hydrogen supersaturation
at the Zirfon-cathode interface can be expected. In contrast, owing
to the high HER activity and creation of a high-surface-area Pt layer
by electroplating®, Pt@Ni cathode utilization is primarily located at
the Zirfon-cathode interface. Asaresult, drastically higher hydrogen
supersaturation is expected to occur at the Zirfon-cathode interface
due to discrepancies in electrode utilization, which results in amuch
higher HTO and H, flux.

How cathode utilization affects LAWE
performance and H, crossover

To verify this hypothesis, we fabricated cathodes by sputtering a Pt
layer either on one side or both sides of the Ni substrate and placed
them either at the Zirfon-cathode interface and/or cathode-flow-field
interfaces (Fig. 4a). As sputtering is a line-of-sight coating method*®,
Pt was only deposited on the surface rather than across the entire Ni
structure, in contrast to electroplating. The sputtered Pt showed a

smooth and uniform coverage of the Ni surface, with a thickness of
~400 nm (Supplementary Fig.21). Inaddition, to further ensure astrict
surface coating by Pt sputtering, Ni felt was chosen over Nifoam due to
its denser surface and lower porosity, as evidenced by X-ray computed
tomography (X-ray CT; Supplementary Figs. 22 and 23).

LAWEs with sputtered Pt layers on the cathode outperformed
the Ni cathode, even when the Pt layer was located at the cathode-
flow-field interface (Fig. 4b). This supports our hypothesis that Ni
sites at the Zirfon-cathode interface are not sufficient to sustain
operation and Ni cathode utilization for HER needs to be extended
towards the flow field side. Otherwise, a similar performance of the
Ni cathode and the cathode with a Pt layer at the cathode-flow-field
interface should be expected. Identical performances were observed
for LAWEs withasingle Pt layer at the Zirfon-cathode interface and Pt
layers at both the Zirfon-cathode and cathode-flow-field interfaces
(Fig.4b). This suggests thata Ptlayer at the Zirfon-cathodeinterface
is primarily responsible for supporting HER. The benefit of having a
Pt layer near the Zirfon-cathode interface is to minimize OH™ ionic
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electrolyte: 7 M KOH; temperature: 80 °C. The results are presented as averages
and error bars represent the standard deviation from three independent tests.

resistance through the cathode, as evidenced by the better LAWE
performance observed with a single Pt layer at the Zirfon-cathode
interface rather than at the cathode-flow-field interface (Fig. 4b),
despite similar HFRs (Fig. 4¢).

Theseresultsimply that the majority of the hydrogen will be pro-
duced within a confined Zirfon-cathode interfacial space, resulting
inhigh H, supersaturation and crossover. Indeed, hydrogen crossover
was drastically higher when the Pt layer was located at the Zirfon-
cathodeinterface thanat the cathode-flow-field interface (Fig. 4d,e).
This was also shown by comparing LAWEs with a Pt layer on both
sides of the cathode and a single Pt layer at the cathode-flow-field
interface (Fig.4d,e). Interestingly, LAWEs with a Pt layer on bothsides
showed a slightly lower HTO than those with a single Pt layer at the
Zirfon-cathodeinterface (Fig.4d), especially inthe low current region
(<0.5 A cm™), while at higher currents (=0.5 A cm™), similar HTOs were
observed. Thisindicates that when currents are small, the kinetic ben-
efit of partly utilizing Pt beyond the Zirfon-cathode interface surpasses
the OH™ ionic resistance penalty through the cathode, which is also
supported by the identical performance particularly at low currents
under these two conditions.

It should also be noted that LAWEs with asingle Pt layer located at
the cathode-flow-field interface have an even lower HTO than those
with a Ni felt (Fig. 4e) and Ni foam cathode (Figs. 1d and 4e). This is
likely due to the combination of alonger hydrogen diffusion distance
and facile removal of generated hydrogen through flow-field channels.
Given these benefits, placing a Pt layer close to but not directly at the
Zirfon-cathode interface could be a promising strategy, although the
ionicresistance penalty needs to be balanced. Meanwhile, ahigher HTO
was observed with Ni felt than with Ni foam (Supplementary Fig. 24),
likely resulting from structural differences (Supplementary Figs. 22 and
23). Collectively, these results highlight the structuralimpact of the Pt

cathode on LAWE performance and H, crossover due toits preferential
utilization for HER and corroborate the crossover difference of the Pt
and Ni cathodes.

Mitigating crossover via GRC

Although causing higher H, crossover, the contribution to efficiency
by the Pt cathode should take precedence in practical LAWE design.
Therefore, a hydrogen crossover mitigation strategy must be devel-
oped to minimize safety concerns. Inspired by GRCs in PEMWEs,
Pt-based GRCs could be a potential choice for LAWEs. However, a
few factors need to be considered (Fig. 4f): a Pt-based GRC should
be located closer to the anode to avoid oxygen deficiency for the gas
recombination reaction as oxygen has a lower diffusivity than hydro-
gen”. A Pt-based GRC cannot be deposited across the entire Zirfon
structure due to cell shorting concerns. Lastly, the Ptloading on the
GRCshould be low to balance cost. When Pt nanoparticles mixed with
Nafion binder as the GRC were coated on the anode side of the Zirfon
surface (Supplementary Fig.25a), performance loss was observed due
to high Ohmicloss, likely induced by the low anionic conductivity of the
binder (Supplementary Fig. 25b,c). Therefore, a GRC design strategy
specifically tailored for LAWEs is needed.

Hence, we developed a Pt-functionalized Zirfon separator
(denoted Pt-GRC,,-Zirfon). As shown by the high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
cross-sectional view, Pt-GRC,,-Zirfon has a highly porous structure
(Fig. 5a,b) with a high population of Pt nanoparticles located near the
anode (Fig. 5c,d). The through-plane distribution of Pt nanoparticles
extends up to 8 umbeneath the anode surface, beyond which the popu-
lation of Pt nanoparticles starts to drop (Fig. 5e versus Fig. 5¢,d). The
Pt nanoparticles are supported by ZrO, particles and have an average
diameter of -5 nm (Fig. 5f~h). The majority of the Pt nanoparticles are
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Pt particles. i, XPS spectra of pristine Zirfon UTP 220 (top), the post-durability
Pt-GRC,,-Zirfon surface (middle) and post-durability Pt-GRC,,-Zirfon with the
top surface removed (bottom). Anode: commercial Raney Ni mesh; cathode:
commercial Pt-Nimesh; separator: Pt-GRC,,-Zirfon; electrolyte: 7 M KOH;
temperature: 80 °C.

isolated from each other, which is critical to minimize passivation by
theanode potential. Furthermore, X-ray photoelectron spectroscopy
(XPS) scans with depth profiling revealed a high Pt/Zr atomic ratio of
0.49:1 at the anode surface (Fig. 5i and Supplementary Fig. 26), with
adropinratio as profiling proceeded (Supplementary Fig. 26 and
Supplementary Table 2), whereas the cathode side displayed aratio of
less than 0.04 (Supplementary Table 3). These results confirmthat the
Ptnanoparticles are preferentially loaded onthe anode side of Zirfon,
which serves as the GRC at a preferred location.

XRF mapping revealed a uniform Pt in-plane distribution with
a Pt loading of 0.062 + 0.004 mg cm™ (Fig. 5j). In addition, 69.5%
of the Ptin Pt-GRC,,-Zirfon is in the metallic state (Fig. 5k), which is
the active species for the gas recombination reaction rather than its
oxide counterpart®®. XPS also revealed that Zr remains in the valence
state of IV (Fig. 51), indicating that its low electronic conductivity is
maintained. X-ray diffraction (XRD) revealed identical characteristic
peaks of monoclinic ZrO, (JCPDS no. 37-1484) in pristine Zirfon and
Pt-GRC,,-Zirfon (Supplementary Fig. 27). The Pt particles could not
be detected by XRD and cross-sectional scanning electron micros-
copy (SEM; Supplementary Figs. 27 and 28) due to the low loading and

small particle size. X-ray CT showed that the polysulfone matrix and
ZrO, structures in pristine Zirfon were preserved in Pt-GRC,,-Zirfon
(Supplementary Figs. 29 versus 30).

Pt-GRC,,-Zirfon LAWE performance and
recombination efficacy

LAWEs with Pt-GRC,,-Zirfon outperformed those using pristine Zirfon
(Fig. 6a), with a voltage reduction of 74 + 18 mV. This improvement
is not due to a change in the Ohmic resistance of the separator, as
shown by a similar HFR (Fig. 6b). Instead, it can be attributed to the
higher OER activity of the Pt nanoparticles on the anode surface of
Zirfon than Ni (ref. 39). This is supported by the lower activation loss
inthe iR-free polarization curve and lower charge-transfer resistance
(Supplementary Figs.31and 32). The possibility of HOR induced by Pt
onthe anode surface can be excluded due to the formation of oxides,
which canresultin the complete loss of HOR activity***!, Crucially, the
HTO and hydrogen flux were suppressed by over an order of magnitude
with Pt-GRC,,-Zirfon compared with pristine Zirfon (Fig. 6¢,d). The
HTO and hydrogen flux profiles with Pt-GRC,,-Zirfon are also plotted
separately in Supplementary Fig. 33 for better visualization.
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Identical shapes and positions of the capillary pressure saturation
curves (Supplementary Fig. 34) indicate that the pore network and
hydrophilicity of pristine Zirfon is retained in Pt-GRC,,-Zirfon, which
also corresponds to similar HFRs in LAWEs (Fig. 6b). Thus, the possibil-
ity of achange in the H, effective diffusivity resulting from changes in
the pore network and hydrophilicity can be ruled out, as also shown by
the identical diffusivities measured for Pt-GRC,,-Zirfon and pristine
Zirfon ((1.72 £ 0.16) x 107%and (1.71 £ 0.11) x 10° m?s™). Therefore, the
observed reduction in hydrogen crossover can be attributed to the
incorporation of Pt nanoparticles, which catalyse the recombination
of crossover H, with O,.

We calculated the GRC efficacy as the percentage of the reduced
H, flux in comparison with the H, flux without the GRC. At each inves-
tigated current density, Pt-GRC,,-Zirfon provided a high recombina-
tion efficacy of over 95% (Supplementary Fig. 35). Inaddition, due toa
lower hydrogen concentration at the anode when employing the GRC,
a steeper hydrogen concentration gradient is created between the
cathode and anode, which drives more diffusional hydrogen towards
the anode. This result shows that the loss in hydrogen yield due to
the GRC s less than 0.1% (Supplementary Fig. 36 and Supplementary
Note 8). Nevertheless, the importance of employing the GRC is to
alleviate safety concerns and ensure more reliable LAWE systems,
thereby enabling further reductionsin separator thickness to enhance
LAWE efficiency.

Pt-GRC, -Zirfon durability in LAWEs

The durability of Pt-GRC,,-Zirfon was evaluated by holding a LAWE cell
at1A cm™for1,000 h. The cell performance remained stable for the
testing period after aninitialimprovement (Fig. 7a), primarily due to the
activation of Raney Ni (ref. 42). After the durability test, Pt-GRC,,-Zirfon
still provided a high recombination efficacy, as evidenced by an almost
unchanged HTO profile compared with that at the beginning of life
(BoL; Fig.7b). The polarization curve after the durability test revealed
an even better performance than the BoL (Fig. 7c), in agreement with
the observed initial improvement. Similar HFR values were observed
before and after the durability tests (Fig. 7d), indicating the retention
ofionicconductivity. Theidentical Ptloading (Supplementary Table 4),
ZrO,-supported morphology and distribution (Fig. 7e—h) also highlight
the structural durability of Pt-GRC,,-Zirfon.

Even though Pt at the Zirfon surface can be oxidized under OER
conditions, asindicated by the drop in metallic Pt from 67.6% to 56.2%
(Fig. 7i), Pt particles at GRC locations can still remain in the metallic
state. Thisis evidenced by the higher percentage of metallic Pt (63.2%)
indicated by XPS. In addition, a separate durability test was conducted
at 1A cm™?for 200 h. The metallic Pt fractions were measured to be
67.6%, 53.2% and 63.3% for BoL Pt-GRC,,-Zirfon, post-durability Pt
particles on the anode surface and at GRC locations, respectively
(Supplementary Fig.37). The similar changes in the fraction of metal-
lic Pt observed after 200 and 1,000 h indicate that Pt oxidation does
not scale linearly with operation time, but instead predominantly
occurs during the initial stages. These results highlight the critical
role of sparsely dispersed Pt particles on the ZrO, surface in limiting
interparticle connections (Fig. 5a-h), thereby avoiding fast oxidation
atthe anode.

Thedurability was further studied under dynamic operation condi-
tionsto mimic operation/shutdownin LAWEs (Supplementary Fig.38a).
During the 2,000-cycle test, the cell voltage initially dropped and
then plateaued (Supplementary Fig. 38b), consistent with the 1,000-h
durability test (Fig. 7a). From a zoom-in view of the first ten cycles
(SupplementaryFig.38c¢), the cell slowly discharged under open-circuit
voltage conditions, which is consistent with a previous study*. Com-
parison ofthe polarization curvesand HFR and HTO profiles of the BoL
and post-cycled cells further confirmed the operational durability of
Pt-GRC,,-Zirfon and indicated its versatility for dynamic operation
(Supplementary Fig. 38d-f).

Conclusions

A Pt@Ni cathode can drastically boost LAWE performance while
also causing higher hydrogen crossover compared with Ni cathodes.
This is attributed to elevated hydrogen supersaturation caused by
preferential utilization of Pt active sites for HER. In situ RRDE and in
cell measurements to quantify the localized hydrogen concentra-
tion near the cathode confirmed that the hydrogen concentration
exceeds its solubility limit, thereby proving the presence of hydro-
gen supersaturation. A GRC effectively mitigates this hydrogen
crossover, consuming more than 95% of the hydrogen crossing over,
and exhibits outstanding durability at 1 A cm™ for over 1,000 h. The
results of our study imply that further reducing the thickness of the
Zirfon separator could boost efficiency while ensuring safe opera-
tion in LAWEs. Similar catalyst design principles can be extended
to many emerging electrochemical devices for the mitigation of
gas crossover.

Methods

Chemicals and materials

MSE PRO porous nickel foam was purchased from MSE Supplies. Ni
felt was purchased from Bekaert (18-025). Pt mesh (99.9% trace met-
als basis), Pt black (powder, <20 pum, >99.95% trace metals basis),
KOH (ACS reagent, >85%, pellets), sodium borohydride (NaBH,,
powder, 298.0%), boric acid (H;BO;, ACS reagent, >99.5%), sodium
citrate tribasic dihydrate (ACS reagent, >299.0%) and chloroplatinic
acid (H,PtCl,-6H,0, ACS reagent, >37.50% Pt basis) were purchased
from Sigma-Aldrich. All reagents were used as received without fur-
ther purification. Zirfon UTP 220 was purchased from Agfa-Gevaert.
Kapton tape was purchased from McMaster-Carr. The electrodes
used for durability tests were provided by Verdagy**. Piperion AEMs
(20 um) were purchased from Fuel Cell Store. Cell fixtures, includ-
ing stainless steel endplates, brass current collectors and Ni flow
fields, were purchased from Fuel Cell Technologies. The RRDE was
purchased from Pine Research Instrumentation. Deionized water
(18 MQ cm™) was obtained from an ultrapure purification system
(Milli-Q advantage A10).

Pt electrodeposition on Nifoam (Pt@Ni)

Typically, a piece of Ni foam (3 cm x 4 cm) was cut and clipped onto
an electrode clip as the working electrode. The electrolyte solution
comprised 0.8 mM H,PtCl¢-6H,0, 0.75 M H;BO; and 0.05 M sodium
citratein water. Pt mesh was used asthe counter electrode. A potential
of -3 Vwas applied for 10 min. After reaction, the electrodeposited Pt@
Nifoam was washed with water ready for use.

Pt sputtering on Ni felt

Typically, a piece of Ni felt (7 cm x 7 cm) was secured on the sputter-
ing plate with Kapton tape. The sputtering machine was operated
at a power of 150 W under Ar atmosphere for ~41 min to achieve a Pt
layer thickness of 400 nm. The Pt-sputtered Ni felt was then ready
for use.

Fabrication of Pt-GRC,,-Zirfon

The Pt-based GRC was grown on Zirfon using a facile infiltration-
reduction method. Typically, Kapton tape was washed with water to
reduceits stickiness, preventing damage when peeling off the Zirfon.
Then, the treated Kapton tape was placed and secured on one side of
the Zirfon. The masked Zirfon was placed in a flask containing 80 ml of
0.08 mg ml™ H,PtCl,-6H,0 solution and stirred for 12 h. After infiltra-
tion, the Zirfon was placed in a flask of water to wash out excess of the
Ptsalt. Then, the Zirfon was placed in another flask containing 80 ml of
2 mg ml™ NaBH, solution for12 h to reduce the Ptions. After the reac-
tion, the exposed side of Zirfon turned black and the masking Kapton
tape was carefully removed. The Pt-GRC,,-Zirfon was stored in water
before LAWE testing.
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LAWE cell electrode assembly

A standard Fuel Cell Technology cell with two 5-cm? serpentine flow
fields was used for LAWE cell testing. Electrodes were cut into a 5-cm?
square shape usingalaser. When Nifoamwith athickness of 0.3175 mm
was used for the electrodes, 0.3048-mm-thick polytetrafluoroethylene
(PTFE) gaskets were used to control the compression level. The same
gaskets were used for the Pt@Nifoam, which had the same thickness as
the Nifoam. For Nifelt with athickness of 0.2921 mm, 0.2794-mm-thick
PTFE gaskets were used. Zirfon UTP 220 with athickness 0of 0.2286 mm
was used as the separator and a 0.2286-mm-thick PTFE gasket was used
tomatch the thickness. The cell was clamped with a pair of brass current
collectorsanda pair of stainless steel endplates using eight bolts. Each
bolt was wrenched to a torque of 4.52 Nm in increments of 1.13 Nm.
The cell configuration used to measure the effective diffusivity and
hydrogen crossover activation energy was similar, but no electrode
was installed and no current was applied.

LAWE performance tests and crossover measurement

A 7 M KOH solution at 80 °C was fed into the cell at a flow rate of
20 ml min™and the cell was kept at this temperature with a cell heater
during measurement. Before acquiring the polarization curves, a
cyclic voltammetry test from 1.0 to 2.2 V (for the Ni cathode) or 1.0 to
1.8 V(for the Pt-Ni cathode) was conducted for cell conditioning. The
polarization curves were then collected using chronopotentiometry,
witheach currentheld for 20 s. The average potential of the last 5 swas
used to determine the polarization curves. Galvanostatic electrochemi-
calimpedance spectroscopy (GEIS) was used to determine the Ohmic
resistance of the cell. Measurements were taken over afrequency range
of 1Hz to 100 kHz, with the signal amplitude set to 5% of the applied
currentor 200 mA (whichever was less). HFRs were determined by GEIS
fitting using an equivalent circuit including a series combination of a
resistor and two of resistor connected in parallel with constant-phase
element (RCPE).

Crossover was measured using the same LAWE cell design. In addi-
tion, the gas outlet from the anode electrolyte bottle was connected to
acondenser to trap water vapour inthe anodic gas exhaust. The ensuing
dried gas product then flowed into agas chromatograph equipped with
athermal conductivity detector (TCD) and a sampling loop of 100 pl
to measure the hydrogen content. A gas flow meter was connected to
the GC outlet to monitor the rate of gas flow. The hydrogen content
was calculated from the hydrogen peak area from the TCD, which was
calibrated using standard gas mixtures with known hydrogen content.

LAWE three-electrode performance tests

The three-electrode LAWE cell assembly featured a potential-sensing
AEMincorporatedinside. Typically, a Versogen AEM was cut into astrip
8 cmlongand 0.8 cmwide. The strip was inserted between the cathode
and separator gaskets, touching the Zirfon but not the cathode. The
strip extending outside the cell fixture wasimmersed inahome-made
reference tube containing 7 M KOH. A Hg/HgO reference electrode
was placed in the same reference tube for potential sensing. Before
acquiring polarization curves, a cyclic voltammetry test from O to
0.8V (versus Hg/HgO) was performed on the working electrode for
cell conditioning. The polarization curves were collected using chro-
nopotentiometry, with each current held for 20 s. The average potential
ofthelast 5 s was used to determine the polarization curves. GEIS was
used to determine the Ohmic resistance of the cell. Measurements
were taken over a frequency range of 1 Hz to 100 kHz, with the signal
amplitude set to 5% of the applied current or 200 mA (whichever was
less). HFRs were determined by GEIS fitting using an equivalent circuit
including aseries combination of a resistor and two RCPEs.

ECSA measurement of Pt@Ni and Pt@Ni-H
ECSAs were measured in1 M KOH with Pt@Ni or Pt@Ni-H as the work-
ing electrode, a Pt mesh with asimilar geometric area was used as the

counter electrode and Hg/HgO was used as the reference electrode.
The electrolyte was saturated with nitrogen before tests. A cyclic vol-
tammetry scanfrom 0.05t01.10 Vversus RHE was conducted atascan
rate of 0.02 Vs™. ECSAs were determined by integrating the hydrogen
underpotential deposition region of the cyclic voltammogram after
double-layer correction, assuming a charge density of 210 pC cmfor
amonolayer of hydrogen on polycrystalline Pt.

Effective diffusivity and hydrogen crossover activation energy

measurements

The set-up for the effective diffusivity and hydrogen crossover activa-
tion energy measurements was similar to the set-up used for crossover
measurement. A7 M KOH solution was flowed through the cathode
chamber at 20 ml min™and hydrogen was continuously bubbled into
the catholyte at 25 ml min™ to ensure a stable hydrogen concentra-
tion at the solubility limit. A7 MKOH solution was flowed through the
anode chamber at 20 ml min™ and argon was continuously bubbled
into the anolyte at 14 ml min™ (the exact flow rate was monitored by
a flow meter). The gas outlet from the anode electrolyte bottle was
connected to a condenser to trap moisture in the exhaust gas, which
then flowed into an online gas chromatograph equipped with a TCD
to quantify the hydrogen that diffused to the anode. A flow meter was
installed at the outlet of the GC to measure the flow rate.

Measurement and hydrogen supersaturation estimation at

the RRDE

An RRDE with a fixed glassy carbon disk loaded with 0.04 mg Pt per
cm?and a Pt ring was used as the working electrode. The disk diameter
was 4.57 mm and the inner and outer diameters of the ring were 4.93
and 5.88 mm, respectively. The disk and the ring were separated by
a 0.18-mm-thick PTFE layer. The working electrode was rotated at a
rate of 1,600 r.p.m. The nominal collection efficiency of the ring was
22%.Theelectrolyte consisted of a 0.1 M KOH solution saturated with
hydrogen. Pt wire was used as the counter electrode and Hg/HgO as
the reference electrode. A current density of 0-3 mA cm2 with a step
of 0.5 mA cm2was applied to the disk, while a potential of 0.55 V versus
RHE was applied to the ring to oxidize hydrogen.

Note that gaseous hydrogen could not be oxidized by the ring due
to the lack of ionic conductivity. The rising HOR current at the ring
was due only to the dissolved/supersaturated hydrogen supplied by
the disk. Thus, the ring current collected in the absence of an applied
disk current (i,) was used as the baseline. The Levich current (i) canbe
theoretically calculated by the Levich equation (1):

2 1 1
i, =0.620nFAD5 02 V75 Cy gisk o)

where nisthe charge-transfer number, Fis Faraday’s constant, Ais the
disk area, Disthe hydrogen diffusion coefficient, wis the rotating rate,
visthekinematic viscosity of the electrolyte and cy, 4isi is the hydrogen
concentration generated by the disk HER. For these measurements, n,
F, A, D, w and v were constant. Equation (1) can be simplified as
equation (2):

i = K C, disk (2)

where kis defined by equation (3):
k=0.620nFAD: @3 v s 3)

WhenHER occursat thedisk, the extracurrent collected at thering
(i1ing ada) from HOR can be calculated using equation (4):

. . .0
lting,add = lring — lring 4)

where i, is the ring current and i?ing isthering currentin the absence
of an applied disk current. Considering that the ring has a collection
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efficiency (N) of only 22%, i,i,z.4q Can also be calculated using
equation (5):

iring,add = NiL (5)
By definition, the hydrogen supersaturation ratio at the disk
(S, .qisk) can be calculated using equation (6):

CH, disk
Sty disk = —
Ch,

+1 (6)

where ng isthe hydrogen solubility. After combining equations (2)-(4),
Sh,.qisk can be calculated using equation (7):

. 0
lring — lring

o +1 7)
NkCH2

Sy disk =

Thus, the hydrogen supersaturation ratio at the disk under dif-
ferentapplied HER currents can be calculated. (The H, diffusion coef-
ficientin 0.1 MKOH, H, solubility in 0.1 MKOH and kinematic viscosity
of 0.1 MKOH can be obtained from the literature®*+.)

This estimated supersaturation ratio is the minimum theo-
retical number from our calculation. In practice, the HER-HOR
reaction pair is not only limited by Levich mass transfer, but is also
generally amixed-control process described by the Koutecky-Levich
equation. Moreover, the collection efficiency of 22% is the highest
theoretically achievable, without accounting for liquid-phase hydro-
gen loss due to bubbling across the disk-ring gap. All these factors
will reduce the current that can be collected at the ring. Therefore,
our calculation willunderestimate the supersaturationratio, yielding
the minimum value.

Measurement of HOR current using a Pt probe in LAWE

The configuration of the LAWE electrode assembly with a sand-
wiched Pt probe was similar to a regular LAWE assembly, but a Pt
wire (0.050-mm diameter) was placed between the cathode and
Zirfon as a separate working electrode. A 20-um Piperion AEM was
also placed between the Pt probe and cathode to prevent electrical
contactbetween the probe and electrolysis cathode. Pt wire that was
exposed outside the cell was secured using copper tape. A7 M KOH
solution at 80 °C was fed into the cell at a flow rate of 20 ml min™and
the cell was kept at this temperature with a cell heater during measure-
ment. The catholyte was saturated with hydrogen during testing. The
potentiostat was set to the mode for two working electrodes sharing
a common counter electrode. Before starting water electrolysis,
chronoamperometry was conducted by applying 0.6 V (versus RHE)
tothe Pt probetoacquire thebaseline HOR current. Then we started
water electrolysis at designated fixed current densities, while the
Pt probe was kept at 0.6 V versus RHE to record HOR currents. Each
chronoamperometry session lasted ~30 s until stable. Hydrogen
crossover profiles of the cell withan AEM and Pt probe were accessed
using the same set-up.

Hydrogen crossover flux and GRC efficiency calculation

The hydrogen crossover flux (J,,) was calculated on the basis of the
measured HTO and oxygen flow rate (V;,). Assuming that the Faradaic
efficiency of OER is 100%, the theoretical oxygen flow generated can
be calculated using equation (8):

Ix Vg
%= T4F

8

where /is the current and V,, is the molar volume of gas (-22.4 1 mol™
atstandard temperature and pressure). As generating 1 mol of oxygen

needs 4 mol of electrons, a coefficient of 4isadded. Thus, the hydrogen
crossover flux can be calculated using equation (9):

C
Vo, X Xt

Y\ ()

Jn, =

where A is the electrode active area and xgzc is the hydrogen content
measured by GC.

The GRCefficacy (Egrc) was calculated as the hydrogen flux reduc-
tion percentage before (Ji, nocrc) and after (Ju, grc) applying the GRC,
asshownin equation (10):

.IHZ,nOGRC

Ecre =1-— (10)

JH,,GRC

Ultrasonic spray of Pt black on Zirfon UTP 220

Pt-black-loaded Zirfon UTP 220 was prepared by an ultrasonic spray
method. Typically, the ink consisted 0f16.3 mg Pt black, 7.05 g propanol
and 3.26 gNafion D521 solution (5 wt%). The solution was agitated with
asonicationtip for30 mininanice bath tohomogenize.A6 cm x 6 cm
piece of Zirfon UTP 220 was secured on the spraying bed by means of a
vacuumand heated to 60 °C. Then the ink was sprayed using a SonoTek
ultrasonic sprayer at a flow rate of 0.2 ml min™ and nozzle power of
1.2 W at afrequency of 120 kHz. The spraying proceeded until the Pt
loading reached ~0.06 mg cm™, as confirmed by XRF.

Gas breakthrough measurement

The set-up for capillary pressure measurement consisted of a cus-
tomized stainless steel pressure cell. The sample was die-cut as a
19.05-mm-diameter circular disk. PTFE toroidal-shaped gaskets with
a19.05-mm inner diameter and 1-inch outer diameter were stacked
around the sample to a total height of 220 pm. The sample was posi-
tioned between a hydrophilic polyvinylidene fluoride layer at the bot-
tom and a hydrophobic PTFE layer on top. The hydrophilic layer was
presoaked with water, ensuring that all bubbles were removed, and
secured with suction. The mass of water movingin and out of the sam-
ple wasrecorded using ananalytical balance to quantify the saturation
of water imbibed into the sample. A correction for the evaporation of
water on the analytical balance was implemented. The gas pressure
inside the cell was controlled by a syringe pump and quantified with
a pressure sensor. The gas pressure was increased or decreased at a
continuous rate of 0.2 kPa min™, controlled by the syringe pump.

Characterization

Surface morphologies and compositions were characterized by SEM
and energy-dispersive X-ray spectroscopy (EDS; FEIQuanta FEG 250).
Samples were placed in the chamber under high vacuum conditions
(<2 x107 torr) and the energy level of the beam was set to 10 kV. XRD
patterns were collected using a Rigaku Smartlab X-ray diffractometer
equipped withaHyPix-3000 high-energy-resolution two-dimensional
multidimensional semiconductor detector. XRD measurements were
performed by setting the same Rigaku SmartLab diffractometer to the
Bragg-Brentano mode at room temperature. High-resolution trans-
mission electron microscopy and HAADF-STEM measurements were
conducted usinga200-kV FEImonochromated F20 UT Tecnai instru-
ment. The surface compositions of the samples were investigated by
XPS (Kratos Axis UltraDLD) at take-off angles of 0 and 60° relative to the
surface normal. Measurements were conducted at room temperature
and under an ultrahigh vacuum of 7.5 x 107 torr. Amonochromatic Al
Kasource (hv =1,486.6 eV) was used to excite the core-level electrons
of the materials. Spectral analysis was conducted using CasaXPS analy-
sis software. XPS with depth profiling was carried out using the same
set-up. Specifically,an Arion gun with apower of 1kVand 600 nA was
directed onto a raster area of 7.8 mm™ on the investigated samples.

Nature Energy


http://www.nature.com/natureenergy

Article

https://doi.org/10.1038/s41560-026-02094-7

Each profile cycle took 5 min. Elemental ratios were calculated from the
XPS spectrausingintegrated peak areas and relative sensitivity factors.
XRF (Bruker) was used to quantify the Pt loading on all Pt-containing
samples. Pt was sputtered using a radio frequency sputtering system
(AJA, 99.999% Pt from Kurt Lasker). For cross-sectional analysis of
Pt-GRC,,-Zirfon using STEM, small portions of the separator were
embedded in epoxy and then cut by diamond-knife ultramicrotomy,
targeting a specimen thickness of ~75 nm. HAADF-STEM and EDS
images were recorded using aJEM-ARM200F NEOARM analytical elec-
tron microscope (JEOL) operated at 200 kV. Ex situ X-ray CT was per-
formed at the Advanced Light Source at Lawrence Berkeley National
Laboratory (Beamline 8.3.2) with a Pioneering in Cameras and Opto-
electronics (PCO) Edge Charge-coupled Device (CCD) camera, a LUAg
scintillator and x20 optical lenses. The resulting images had a resolu-
tion of 0.323 pm voxel ™ and a horizontal field of view of 1.8 mm. Sam-
ples were prepared for tomography imaging by cutting the samples
into 2 mm x 2 mm square sections, each having an ~45° tip and 5 mm
base for mounting on the pins, which were mounted on the beamline
rotating stage. A multilayer monochromator was used to select the
X-ray energy of 20 keV. An exposure time of 300 ms was used.

Data availability

Thedatathatsupportthe findings of this study are available within the
article and its Supplementary Information. Source data are provided
with this paper.
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