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Ionomer engineering for optimized water
channels in industry-scale water electrolysis
using non-noble metal catalyst

Qisheng Yan 1,3, Cheng Liu2,3, Weihang Li1, Kai Sun1, Yilin Zhou1, Ning Han1,
Wenzhe Niu 1, Jinyan Chen1, Xiao Yang1, Junfeng Chen1, Yixiang He1,
Zhuorong Lu1, Youyong Li 2 & Bo Zhang 1

The application of non-noblemetal catalysts to replace high-cost iridiumplays
a critical role in the industrialization of proton exchange membrane water
electrolysis (PEMWE). However, the activity and stability of non-noble metal
catalysts are unsatisfactory especially at high current densities. This can par-
tially be attributed to the limited water channels of Nafion ionomer in the
catalyst layer which impede proton hydrate transport, resulting in a low local
pHand accelerating non-noblemetal dissolution.Wepropose that introducing
an amphiphilic-like CF3CF2CF2CH2OH molecule into Nafion ionomer (FOH-
Nafion) via molecular engineering, optimizes the mass transfer of proton
hydrates and therefore increase the stability of Co-based catalysts under high
current densities. More dispersed and interleaved hydrophilic and hydro-
phobic regions of Nafion lead to efficient channels for proton hydrate trans-
port. Such molecular engineering kept Co3O4 catalyst running over 270 h at
830mAcm-2, about 4 times that of the pristine Nafion ionomer. Themolecular
engineering strategy for thewater channel in catalyst layer provides a pathway
to improve the performance of non-noble metal catalysts in PEMWE.

Proton exchange membrane water electrolysis (PEMWE) powered by
renewable solar or wind energy, is emerging as the most promising
technology for industrial green hydrogen production1–4. Cobalt (Co)-
based catalysts garner widespread attention for oxygen evolution
reaction (OER) due to their catalytic activity and earth-abundant nat-
ure. However, instability under high current densities (>500mA cm−2)
in PEMWE hinders their potential to replace costly iridium-based
catalysts1,2,5–10, limiting the industry-scale implementation of PEMWE.
The metal dissolution at high current densities is mainly responsible
for the instability of Co-based catalysts11.

Concretely, in the membrane electrode assembly (MEA) system,
the water channels are constructed by the sulfonate ion clusters of
perfluorinated sulfonic acid (Nafion) ionomer film around the catalyst
(Supplementary Fig. 1), which are critical for proton hydrate

transport12–14. Nevertheless, these water channels are insufficient
because most areas of Nafion are hydrophobic regions comprised of
dense polytetrafluoroethylene (PTFE) backbone (Fig. 1b). Moreover,
the water transport becomes specially tough at high current densities,
because rapid water consumption and oxygen release will trigger gas-
liquid cross-transmission congestion15,16, considering limited water
transport and low gas permeability of PTFE in Nafion ionomer film17.
Under such harsh circumstance, the accumulated proton induced by
inefficient water transport will decrease the local pH on the surface of
catalysts, and the dissolution of Co ions from the oxide will be accel-
erated according to Pourbaix diagrams of Co-based materials11,15. Even
worse, the dissolved Co ions can poison the sulfonate group and fur-
ther hinder proton transport15,18, which eventually forms the vicious
circle. Therefore, it is imperative to optimize the water channels of
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Nafion ionomer in the catalyst layer to avoid the accumulation of
proton.

Molecular modification of Nafion can contribute to high proton
conductivity. He et al.19 employed fluoroalkyl-grafted polyoxometalate
(POMs) nanoclusters to modify Nafion membrane with great com-
patibility. The acidic POMs enhance proton conductivity by increasing
proton content and hopping sites while their steric effects con-
currently block hydrogen gas and vanadium ions permeation. How-
ever, for catalyst-layer ionomer, it does not need to be sealed like a
membrane to impede the cross-transport of substances; instead, it
requires unobstructed mass transfer channels. Appropriately disrupt-
ing the ordered structure of hydrophobic regionsmay be a strategy to
facilitate water transport. In organisms, polymyxin, an effective anti-
biotic, inserts into bacterial membrane via electrostatic and hydro-
phobic interactionwith lipopolysaccharide (LPS), disrupts the physical
integrity of the membrane and then cause osmotic imbalance, leading
to bacterial death (Fig. 1a)20–22.

Inspired by the structure of polymyxin, we present a molecular
engineering strategy, modifying Nafion ionomer with amphiphilic-like
CF3CF2CF2CH2OH molecules (FOH-Nafion). CF3CF2CF2CH2OH is com-
bined tightly with Nafion through coordination and hydrophobic
interaction, resulting in the reduced crystallinity of PTFE phase and
enlarged water channels. The proton migration is thus optimized to
maintain the pHbalanceon the catalyst surface, thereby improving the
stability of non-noble metals at high current densities. Besides, in situ
electrochemical attenuated total reflection surface-enhanced infrared

absorption spectroscopy (ATR-SEIRAS) disclosed unexpectedly that
the oxonium salt structure protected active cobalt sites from being
blocked by the sulfonate groups, ensuring sufficient active sites. As a
result, FOH-Nafion/Co3O4 demonstrated a distinguished PEMWE per-
formance, undergoing a 270-h constant current density of
830mAcm−2 without obvious degradation.

Results
CF3CF2CF2CH2OH can be considered as an amphiphilic-like molecule,
with a hydroxyl group at one end and a fluoroalkyl at the other. As
shown in Fig. 1c, hydroxyl groups of the doped molecules can interact
with sulfonate groups to form oxonium salt (COH2

+SO3
−)23. To eluci-

date the interfacial interactions between CF3CF2CF2CH2OH and
Nafion, stable configurations of both species were optimized using
density functional theory (DFT) calculations. Combined differential
charge density and Bader charge analyses confirm a pronounced
charge transfer of 0.14 |e| from CF3CF2CF2CH2OH to the sulfonate
group of Nafion (Fig. 1d and Supplementary data 1), implying strong
electronic interaction. Moreover, free energy calculations reveal a
substantial energy decrease as the sulfonate groups of Nafion and
hydroxyl groups of CF3CF2CF2CH2OH approach each other, suggest-
ing their favorable interaction and its critical role in stabilizing the
overall system (Supplementary Fig. 2). Beyond the electronic interac-
tion, the hydrophobic fluoroalkyl tail can stably anchor in the PTFE
domain of Nafion, which may disrupt the ordered folded chains of
PTFE and enlarge the fractional free volume (FFV). Consequently, by

Fig. 1 | Structural analyses of FOH-Nafion ionomer. a Polymyxin consists of a
cyclic heptapeptide head and a fatty acid tail which can interact with lipopoly-
saccharide (LPS) molecules of bacterial membrane to cause osmotic imbalance.
b Traditional Nafion has a limited fractional free volume due to crystalline region.
c The amphiphilic-like molecules interact with sulfonate groups and interfere with
the ordered structure of PTFE, enlarging the fractional free volume and water
channel. d Differential charge density distribution for the interaction between

Nafion and CF3CF2CF2CH2OH (isosurface value: ±0.003 e/Å³). Yellow and blue
regions represent electron accumulation and depletion, respectively. A pro-
nounced charge transfer of 0.14 |e| from CF3CF2CF2CH2OH to the sulfonate group
of Nafion. e 1H NMR spectra in DMSO-d6 of Nafion, FOH-Nafion and
CF3CF2CF2CH2OH. fC 1sXPS spectra ofNafion and FOH-Nafion. A newpeakfitted at
288.6 eV is related to the formation of oxonium salt in FOH-Nafion. Source data are
provided as a Source Data file.
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mimicking natural systems, these structural modifications may facil-
itate water transport for pH balance and oxygen release under oper-
ating conditions.

To reveal the chemical structure of FOH-Nafion ionomer, we
carried out 1H nuclear magnetic resonance (NMR) spectrum mea-
surement (Fig. 1e). The 4.34 ppm of chemical shift refers to the sul-
fonate group of commercial Nafion and 6.11 ppm is attributed to the
hydroxyl group of CF3CF2CF2CH2OH. However, the two signals dis-
appear in FOH-Nafion while a new signal appears at 4.86 ppm,
demonstrating the coordination interaction between the sulfonate
group and hydroxyl group, and the protons of the two groups have a
similar chemical environment23. X-ray photoelectron spectroscopy
(XPS) was conducted to investigate the formation of oxonium salt
(Fig. 1f)23,24. Compared to Nafion, a new peak at 288.6 eV can be fitted
from C 1s signal in FOH-Nafion, and is attributed to oxonium salt
structure23. The binding energy of S 2p of FOH-Nafion becomes lower
than that of Nafion (Supplementary Fig. 3), which can be attributed to
the electron transfer from the hydroxyl group of CF3CF2CF2CH2OH to
the sulfonate group of Nafion. Differential scanning calorimetry (DSC)
analysis (Supplementary Fig. 4) shows that three endothermic peaks
observed at about 100, 205, and218 °C represent evaporationofwater,
melting of the PTFE backbone crystalline phase, and rupture of ionic
clusters, respectively25. FOH-Nafion shows a lower melting tempera-
ture (198 °C) than Nafion because of the reduced crystallinity. More-
over, the temperature of breakup of ionic clusters rises from 218 °C in
Nafion to 229 °C in FOH-Nafion, indicating that the oxonium salt
structure improves the stability of ionic clusters.

High-resolution transmission electron microscopy (HR-TEM) was
used to reveal the morphology and structure of Nafion ionomer film
(Fig. 2a and Supplementary Fig. 5). The circle marked dark areas

(∼4 nm in diameter) represent hydrophilic cluster regions composed
of sulfonate groups in Nafion according to the previous research19,26,27.
However, the hydrophilic regions in FOH-Nafion tend to extend into
the hydrophobic regions with reduced color contrast (Fig. 2e). Further
spherical aberration-corrected high-angle annular dark-field (HAADF)
scanning TEM (STEM) images and corresponding X-ray energy-dis-
persive spectrometry (XEDS) elementalmapping show that the relaxed
PTFE chains bring about more free volume, and the agglomerated
sulfonate groups become more dispersed in PTFE (Fig. 2b, f). This
suggests that the boundary between hydrophilic and hydrophobic
phases tend toblur, and thehydrophilic phase gradually extends to the
hydrophobic phase by the function of the amphiphilic-like molecule.
X-raydiffraction (XRD) profiles for FOH-Nafion andNafionmembranes
are shown in Supplementary Fig. 6. The diffractionpeaks at 17.5°can be
deconvoluted to two peaks at 16° and 17.5° which represent the
amorphous and crystalline scattering from the main chain of Nafion,
respectively28,29. The fitted integral area ratios show the declined
crystallinity of FOH-Nafion compared to Nafion.

Small-angle X-ray scattering (SAXS) was conducted to deeply
understand the microphase structural changes of Nafion caused by
CF3CF2CF2CH2OH.We chose commercialNafion 212membranes as the
qualitative research object. The SAXS profile of wet Nafion membrane
shows two characteristic peaks (Supplementary Fig. 7). The first peak
in the low-q region refers to the scattering of the long period among
lamellar PTFE crystalline domains (including crystalline layers and
amorphous layers) in the Nafion matrix30,31. The extracted parameters
from correlation function curves qualitatively suggest that incorpor-
ating CF3CF2CF2CH2OH into Nafion increases the long period, while
decreases the crystallinity (Supplementary Table 1)32, which is con-
sistent with the XRD result. The second peak in the high-q region is

Fig. 2 | Morphology, composition distribution and molecular dynamics (MD)
simulations of FOH-Nafionfilm.HR-TEM images of (a) Nafion and (e) FOH-Nafion.
The marked dark regions represent the ionic cluster. The contrast of color in FOH-
Nafion ismuchweaker than inNafion. Spherical aberration-correctedHAADF-STEM
images and XEDS elemental mappings of F (red) and S (blue) in (b) Nafion and (f)
FOH-Nafion. F and S aremore evenly dispersed in FOH-Nafion.Molecularmodels of
(c) Nafionand (d) FOH-Nafionwithwatermolecules (V-shape) afterMDsimulations.

The Nafion molecule is represented by a ball-and-stick model, while
CF3CF2CF2CH2OHmolecule is represented by a stickmodel (Supplementary Fig. 9).
Element color codes: gray (C), cyan (F), red (O), white (H), yellow (S). g Radial
density distribution profiles of S-H2O in Nafion and FOH-Nafion, suggesting that
FOH-Nafion is more accessible to the water molecule than Nafion. Source data are
provided as a Source Data file.
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ascribed to the ionic cluster of sulfonate groups, also considered as the
water channel31. The second peak of FOH-Nafion exhibits a low-q-shift
(from 1.7 to 1.4 nm−1), showing that FOH-Nafion has larger water
channels (4.5 nm) than Nafion (3.7 nm)13,33, contributing to H2O and
H3O

+ transport. Water contact angle images exhibit that FOH-Nafion
film has a better hydrophilic property thanNafion film (Supplementary
Fig. 8). The calculatedwater uptakeof FOH-Nafionmembrane (19.1%) is
also larger than that of Nafion membrane (14.2%), which is reasonable
due to the enlarged water channels.

Molecular dynamics (MD) simulations concretely elucidated the
optimization mechanism of mass transfer (Supplementary Fig. 9 and
Supplementary data 1). The PTFE chains of Nafion interweave tightly
with each other, detrimental to oxygen and water molecule passing
through (Fig. 2c). Nevertheless, FOH-Nafion displays a loose chain
arrangement that exposes more transfer pathways, and the sulfonate
groups aremore distributed (Fig. 2d), coincidingwith the TEM images.
To further quantify the interaction between sulfonate groups and
water molecules, we also calculated the radial density distributions
(RDS) and analyzed the intensity and distance of the first peak (Fig. 2g).
The FOH-Nafion system exhibits a shorter S-H2Odistance compared to
Nafion, accompanied by approximately 0.5-fold increase in the density
profiles, indicating FOH-Nafion accommodates more water molecules
within its bulk phase. Consequently, CF3CF2CF2CH2OHcould intervene
in the ordered perfluorocarbon chains, render the hydrophilic and
hydrophobic regions more intertwined and enlarge the water chan-
nels, which may not only promote oxygen release, but also facilitate
water molecule transport.

We checked the effect of the oxonium salt on the apparent ionic
exchange capacity (IEC) of the ionomers34, and found that incorpor-
ating CF3CF2CF2CH2OH into Nafion increases the IEC (Supplementary
Table 2). Combined with the DFT calculation above, the interaction
between the hydroxyl group of CF3CF2CF2CH2OH and the sulfonate
group activates the hydrogen of the hydroxyl group of
CF3CF2CF2CH2OH, thus improving the exchange and migration

capabilities of hydrogen ion23. Meanwhile, the reduced crystalline and
enlarged water channels are also beneficial for exposing more sulfo-
nate groups to access water, optimizing the proton transport network,
thereby enhancing the apparent IEC. Proton conductivity measure-
ments at different temperatures were also carried out to evaluate the
transport of proton. As shown in Fig. 3a and Supplementary Fig. 10, the
FOH-Nafion membrane exhibits higher proton conductivity than
Nafion membrane. In addition, we also compared the proton con-
ductivity after soaking the membrane in 0.2mmol L−1 Co(NO3)2 solu-
tion to mimic Co ions dissolutive environment. It is noteworthy that
the FOH-Nafion membrane remained its proton conductivity while
Nafion membrane’s proton conductivity reduced, suggesting that the
oxonium salt structure enhances the resistance of the sulfonate group
to ion’s contamination, which is significant to the proton migration.

In order to explore the effect of proton transfer on the OER pro-
cess, we performed a series of electrochemical experiments in a
standard three-electrode system.We synthesized the Co3O4 according
to the previous research with some modifications35 (Supplementary
Fig. 11). The gas diffusion electrode (GDE)with the sameCo3O4 catalyst
on carbon paper was used during the test. Firstly, cyclic voltammetry
(CV) curves were obtained to study the effect of FOH-Nafion ionomer
on the redox properties of Co3O4. No obvious differences were
observed in the CV curves of FOH-Nafion/Co3O4 and Nafion/Co3O4

(Supplementary Fig. 12). Therefore, FOH-Nafion ionomer cannot affect
the redox properties of the catalyst itself.

Kinetic isotope effect (KIE) is a classic experimental technique to
investigate chemical reactions closely related to proton transfer36,37.
We collected the linear sweeping voltammetry (LSV) curves of both
FOH-Nafion/Co3O4 and Nafion/Co3O4 GDEs in the protonic (0.5M
H2SO4 in H2O) vs. deuteric (0.5MD2SO4 inD2O) solution to investigate
the KIE of acidic OER (Fig. 3b and Supplementary Fig. 13). The KIE
values were estimated based on the ratio of the current densities in the
protonic and deuteric solution at the same overpotential38. When the
KIE decreases below 1.5, it reflects a transition from primary KIE to

Fig. 3 | Electrochemical and spectroscopic characterizations of FOH-Nafion
ionomer. a Proton conductivity of FOH-Nafion and Nafionmembranes before and
after Co2+ contamination calculated from EIS curves at 26, 34, 42, and 50 °C. b The
KIE values against overpotential of Nafion/Co3O4 and FOH-Nafion/Co3O4 tested in a
three-electrode system without a membrane in 0.5M H2SO4. c The Eapp plots
against overpotential of Nafion/Co3O4 and FOH-Nafion/Co3O4. The corresponding

Eapp are calculated from CV curves recorded at different temperatures in 0.5M
H2SO4. d Co 2p3/2 XPS spectra of Co3O4, FOH-Nafion/Co3O4, and Nafion/Co3O4. In
situ electrochemical ATR-SEIRAS spectra recorded in the potential range of 1.11 to
2.01 V with an interval of 0.1 V (vs. RHE) for (e) Nafion/Co3O4 and (f) FOH-Nafion/
Co3O4 in 0.1M HClO4. g Intensity ratio of -SO3* and *OOH measured at different
potentials. Source data are provided as a Source Data file.
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secondary KIE, indicating that the rate-limiting step shifts from invol-
ving proton transfer to not involving proton transfer36,38,39. The
observed increase in KIE with rising overpotential probably originate
from the intrinsic OER of catalyst, like accelerated electron transfer,
surface reconstruction38,40,41, or enhanced steric hindrance caused by
increased surface intermediate coverage40,42. Such effects distinctly
manifest the proton-transfer limitation,making it the dominant kinetic
bottleneck in the OER process. Although both systems exhibit KIEs
>1.5, FOH-Nafion/Co3O4 shows smaller KIE than Nafion/Co3O4 at the
same overpotential, indicating improved proton-transfer kinetics
during the OER process. Given that the identical catalyst was used
during the measurements without Nafion membrane, this difference
could be attributed to the ionomer effect on the local
microenvironment43. Additionally, FOH-Nafion membrane maintained
higher deuteron conductivity compared to Nafion membrane (Sup-
plementary Fig. 14), and further prove that the optimized water
channels of FOH-Nafion enhance the deuteron transfer. Overall, the
enhanced proton conductivity and apparent IEC of FOH-Nafion iono-
mer facilitate proton transfer, thereby accelerating the OER process.

Temperature-dependent kinetic analysiswas conducted todraw the
curve of apparent activation energy (Eapp) against overpotential. The LSV
curves were recorded in 0.5M H2SO4 solution in the temperature range
of 20–60 °C (Supplementary Fig. 15). The performance of FOH-Nafion/
Co3O4 and Nafion/Co3O4 GDEs enhanced with elevated temperature,
inferring that the OER process was controlled by thermodynamics. Note
that the Eapp values of both reached their maximum at the same over-
potential of about 310mV (Fig. 3c), which is usually consistent with
catalyticOERonsetpotential38. This indicates that themodificationof the
ionomer did not change catalyst’s intrinsic activity which affects the
onset potential38. Interestingly, the maximum of Eapp value of FOH-
Nafion/Co3O4 was 13.2 kJmol−1, nearly half of that of Nafion/Co3O4. The
reduced Eapp could be attributed to the favorable water replenishment
and proton transfer on the active sites of Co3O4 catalyst.

The X-ray photoelectron spectroscopy (XPS) was obtained to gain
insight into the impact of Nafion ionomer on the surface structure of
Co3O4. The binding energy of Co 2p3/2 shifted to higher direction in
Nafion/Co3O4 compared to blank Co3O4 (Fig. 3d and Supplementary
Fig. 16). It is reported that a similar shift in the Pt 4f7/2 peak was
observed due to adsorption of sulfonate groups on Pt/C23. This sug-
gests that sulfonate groups may also adsorb on the Co3O4 surface.
However, the peak in FOH-Nafion/Co3O4 was closer to that in blank
Co3O4, implying that the formed oxonium salt structure prevent Co
sites from being adsorbed by sulfonate groups23.

Furthermore, we exploited in situ electrochemical ATR-SEIRAS to
monitor intermediate variation of Co3O4 at a continuously varying
potential vs. RHE in 0.1M HClO4 (Fig. 3e, f). The configuration of
custom-built electrochemical cells is shown inSupplementary Fig. 17. It
is noteworthy that both Nafion/Co3O4 and FOH-Nafion/Co3O4 samples
exhibited an evident peak at 1204 cm−1 and 1207 cm−1, respectively,
upon reaching 1.51 V (280mV overpotential). The overpotential of
peak’s emergence is close to the OER onset potential and the peak
showed no appreciable potential-dependent shift but displayed
increasing intensity with enhancing applied potential, suggesting it
represents the active intermediate species (*OH, *O, *OOH and *OO in
Supplementary Fig. 18). Both *OH and *O species can be excluded as
their peaks fall outside the 1220–1000 cm−1 range44–47, whereas the
stretching vibration peaks of *OOH and *OO species are consistently
reported within this spectral region47–52. Isotopic labeling experiments
were conducted in 0.1MHClO4/D2O electrolyte, the original 1204 cm−1

peak in Nafion/Co3O4 disappeared, replaced by a new feature at
1179 cm−1, showing a redshift47,50, which also happened in FOH-Nafion/
Co3O4 (Supplementary Fig. 18). Therefore, this peak could be attrib-
uted to the stretching vibration of *OOH based on the previous
research49,51. A peak at about 1238 cm−1 wasobserved at 1.51 V inNafion/
Co3O4 and the intensity became stronger with increasing potential,

which was caused by the adsorption of sulfonate group53,54. To unveil
the competitive adsorption of *OOH species and sulfonate group to
cobalt site, we plotted the intensity ratio of -SO3* and *OOH in Nafion/
Co3O4 against potential vs. RHE. As shown in Fig. 3g, the ratio rosewith
increasing potential, indicating that the active cobalt site tended to be
blocked by the sulfonate group especially at high potentials, leading to
the gradual degradation of the activity in the traditional ionomer
system.However, no adsorptionpeakof sulfonate groupwas observed
in FOH-Nafion/Co3O4 with increasing potential, indicating that the
oxonium salt structure remained stable and continuously protected
the active sites from being blocked by the sulfonate group, which is
beneficial for the overall stability of PEMWE. The electrochemical
active surface area (ECSA) measurements also illuminate that the
modified Nafion enables increased exposure of Co active sites (Sup-
plementary Fig. 19). The DFT calculations could also suggest that the
distance between S andCo increased due to the steric hindrance of the
formed oxonium salt structure, reducing the possibility of sulfonate
groups adsorption on Co sites (Supplementary Fig. 20 and Supple-
mentary data 1).

Scanning electron microscopy (SEM) was used to observe the cat-
alyst layer of FOH-Nafion/Co3O4 MEA. FOH-Nafion ionomer does not
change the surface morphology of the catalyst layer in MEA (Supple-
mentary Fig. 21). Further cryogenic focused ion beam/SEM (cryo-FIB/
SEM) was employed to reveal a more detailed ionomer-catalyst dis-
tribution (Fig. 4a–c; Supplementary Fig. 22). As shown in Fig. 4b, c, the
ionomer uniformly envelops the catalyst particles like a spiderweb.
Notably, the modified Nafion does not significantly alter the pore
structure of the ionomer-catalyst distribution. Thus, the performance
variation is mainly attributed to the optimized mass transport channels
resulting from microstructural phase changes in the Nafion ionomer.

The practicality of FOH-Nafion ionomerwas confirmed in PEMWE.
Figure 4d, e shows current-voltage polarization curves in the PEMWE.
The FOH-Nafion/Co3O4 MEA requires a voltage of 1.70 V reaching the
current density of 490mA cm−2, similar to Nafion/Co3O4 MEA. Cyclic
square-wave voltammetry can examine the operational stability under
dynamic condition to mimic the coupling of water electrolysis and
wind/solar-power2. After 5000 cycles swinging between 1.40 V to 1.75 V
with 10-s residence time at every voltage, FOH-Nafion/Co3O4 MEA
shows better repeatability. Notably, FOH-Nafion/Co3O4 and Nafion/
Co3O4 MEAs exhibit minimal differences in post-cycling current den-
sity at lower voltages (e.g., 1.60 V), but the current density of Nafion/
Co3O4MEA declines to 360mAcm−2 at 1.70 V. As discussed above, this
observation certainly demonstrates that optimizing the water chan-
nels within Nafion ionomer can effectively enhance the stability of
Co3O4 catalyst under higher current densities or elevated voltages.
Faradaic efficiencies (FEs) for the anode in PEMWE were measured at
the current densities of 167, 500, and 1000mAcm−2 (Supplementary
Fig. 23). An average FE of 98.7% was obtained, indicating that the FOH-
Nafion ionomer do not cause other electrochemical reaction.

To investigate the water transport resistance, electrochemical
impedance spectroscopy (EIS) measurements were carried out based
on the MEA system (Fig. 4f and Supplementary Table 3). When a vol-
tage of 1.75 V was applied, the mass-transfer resistance became
apparent at low frequencydue to largewater consumption andoxygen
production. The fitting results indicate that FOH-Nafion dramatically
decreases both charge-transfer (Rct) and mass-transfer (Rmt) resis-
tance. This is consistent with speculation, namely, the optimizedwater
channels and loose carbon-fluorine chain regions promote water
access to active Co sites and proton migration.

Finally, we performed chronopotentiometry tests at the constant
current density of 830mA cm−2 to evaluate the stability of FOH-Nafion/
Co3O4 MEA in PEMWE. We firstly evaluated the stability of modified
Nafion with different CF3CF2CF2CH2OH doping ratios (Fig. 4g and
Supplementary Fig. 24). All modified Nafion samples demonstrates
enhanced performance compared to pristineNafion and the 1:1 doping
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ratio exhibited optimal balance between cell voltage and operational
stability. The FOH-Nafion/Co3O4 MEA shows good operational stabi-
lity, remaining around 1.81 V for 270 hwithout obvious degradation. In
contrast, the conventional Nafion/Co3O4 MEA exhibited a sharp
potential increase from 1.90V after only 70 h of operation. This pro-
nounced contrast unequivocally confirms the durable effectiveness of
the FOH-Nafion ionomer. Moreover, FOH-Nafion/Co3O4 MEA sus-
tained a voltage of 1.84 V under a high current density of 1 A cm−2 for
35 h (Fig. 4h), showing the prospect of industrial application. Since
CF3CF2CF2CH2OHmolecule is insoluble inwater and itsfluoroalkyl end
has better compatibility with the PTFE matrix of Nafion, the small
molecule is not easy to leach out (Supplementary Fig. 25). To gain
insights into the structural evolution of FOH-Nafion during OER pro-
cess, post-reaction XPS characterization subjected to 0.1M HClO4

electrolyte was conducted (Supplementary Fig. 25). The C 1s spectrum
still shows the characteristic peak of oxonium salt, confirming the
considerable stability of FOH-Nafion under OER conditions. Compared
to previously reported non-noble metal catalysts in PEMWE (Supple-
mentary Table 4), FOH-Nafion/Co3O4 exhibits a competitive perfor-
mance, suggesting that regulating the ionomer structure to optimize
the water channel is effective and is a potential strategy to achieve the
industrial application of non-noble metal catalysts in the future.

Inductively coupled plasma-mass spectrometry (ICP-MS) was
used to investigate the dissolution of cobalt. Time-dependent dis-
solution profiles suggest that FOH-Nafion ionomer effectively sup-
pressed cobalt leaching (Supplementary Fig. 26), evidencing the
stabilization effect of FOH-Nafion ionomer on the Co3O4 catalyst. The
Co3O4 derived from ZIF-67 (ZIF-Co3O4) was also synthesized referring
to the reported method55. Noted that ZIF-Co3O4 still showed con-
siderable stability used with FOH-Nafion ionomer compared to Nafion
ionomer at 500mA cm−2 in PEMWE (Supplementary Fig. 27), proving
the applicability of this modified ionomer to Co3O4 catalysts.

Discussion
In summary, we introduced CF3CF2CF2CH2OH into Nafion ionomer to
simulate the polymyxin invasive mechanism of bacterial membranes
to optimizewater channels andpromote the protonhydrate transport.
Meanwhile, the adsorption of sulfonate groups to cobalt sites can be
prevented to expose more active sites. Through the molecular engi-
neering strategy, FOH-Nafion/Co3O4 MEA achieves a fourfold
improvement in stability at 830mAcm−2 and even operates stably for
35 h under an industrial-grade current density of 1 A cm−2, showing the
potential of non-noble metal catalyst for application in PEMWE. This
inspires us not only to focus on the intrinsic activity and stability of the

Fig. 4 | Structure and PEMWE performance of MEAs. Cryo-FIB/SEM images of
(a, b) FOH-Nafion/Co3O4 and c Nafion/Co3O4 MEAs. Current-voltage polarizations
of the PEMWE after 5000 multiple-voltage cycles of (d) FOH-Nafion/Co3O4 and
(e) Nafion/Co3O4with iR correction. The stepwise voltage swings between 1.4 V and
1.75 V with 10 s dwell time at each voltage. f EIS curves of PEMWE and fitting curves

at 1.75 V, inset showing equivalent circuit. g Chronopotentiometry test of FOH-
Nafion/Co3O4 and Nafion/Co3O4 at 830mAcm−2. h Chronopotentiometry test of
FOH-Nafion/Co3O4 at 1 A cm−2. The inputwaterwas controlled at 80 °C. Source data
are provided as a Source Data file.
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catalyst, but also to consider the influence of the ionomer in actual
engineering devices.

Methods
Chemicals
2,2,3,3,4,4,4-Heptafluoro-1-Butanol (CF3CF2CF2CH2OH, ≥98%) was
purchased from Adamas. 5% Nafion® ionomer solution and Nafion 212
membrane were obtained from DuPont. CoCl2·6H2O (≥99%), H2SO4

(95.0–98.0%), NaOH (≥96.0%), 2-methylimidazole (98%), ethanol
(≥99.7%) and methanol (≥99.5%) were obtained from the Sinopharm
Chemical Reagent Co., Ltd. 1H-Benzotriazole (1H-BTA) (99%),
Co(NO3)2·6H2O (≥99%) and HClO4 (70.0–72.0%) were purchased from
Aladdin. As for carbon paper (CP), TGP-H-060 was provided by Toray
and Sigracet 28BC was from the Fuel Cell Store. 40% Pt/C catalyst was
obtained from Johnson Matthey Company. Platinum plated titanium
felt was purchased from NV Bekaert SA. Pure water was used in all
processes. All chemicals were used without purification.

Synthesis of CF3CF2CF2CH2OH modified Nafion (FOH-Nafion)
CF3CF2CF2CH2OH was added into 5% Nafion ionomer solution with
controlled 1:1 weight ratio of CF3CF2CF2CH2OH and Nafion. Then the
mixture was stirred at 60 °C for 6 h in a sealed container. The obtained
solutionwas ready for use. Unless otherwise specified, the doping ratio
is defaulted to 1:1. Samples with other doping ratios (0.5:1, 2:1) were
synthesized by the same way.

Synthesis of Co3O4 powder catalyst
TheCo3O4 catalystwas synthesized according to the previous research
with some modifications35. To be specific, 0.70 g of CoCl2·6H2O was
dissolved in 50mL of water to form A solution. 0.60 g of NaOH and
0.60 g of 1H-BTA were dissolved in 100mL of water to obtain B solu-
tion. Then the A solution was quickly added into the B solution and
kept stirring at room temperature for 12 h. After that, the mixture was
filtered and washed with water three times. Finally, the obtained
sediments were dried at 60 °C overnight under vacuum. The as-
synthesized sample was then calcinated at 350 °C for 6 h to transform
to Co3O4. ZIF-Co3O4 was synthesized based on the previous research
with somemodifications55. Briefly, 0.87 g of Co(NO3)2·6H2Owas added
into 30mL of methanol. 1.97 g of 2-methylimidazole was added into
30mLofmethanol. Then the twosolutionsweremixedunder vigorous
stirring and then the mixture was incubated at room temperature for
24 h. The precipitates were centrifuged, and washed with methanol
three times. Finally, the obtained sediments were dried at 60 °C
overnight. The purple powder was then annealed at 350 °C for 2 h and
the obtained sample was denoted as ZIF-Co3O4.

Fabrication of gas diffusion electrode (GDE)
The GDE composed of Co3O4, ionomer, and TGP-H-060 carbon paper
(or platinum plated titanium felt). The ink of Co3O4 catalyst was pre-
pared by ultrasonically blending the catalyst with Nafion solution and
ethanol. The Nafion ionomer-to-catalyst ratio was controlled in 0.3,
and the catalyst loading was controlled in 2mgcm−2. Then the ink was
sprayed on the carbon paper at the hot plate. The tested area was
controlled within 0.25 cm2.

Nafion membrane pretreatment
A commercially available Nafion 212membrane (thickness, 58μm)was
used for synchrotron radiation SAXS, XRD tests and conductivity
experiments. The FOH-Nafion 212 membrane was prepared by
immersing the Nafion 212 membrane in a certain amount of
CF3CF2CF2CH2OH. For SAXS experiments and conductivity experi-
ment, to monitor the microstructure of the membranes in the wet
state, both the FOH-Nafion membrane and the pristine Nafion mem-
brane were soaked in the pure water overnight before the tests. For
other characterizations, the FOH-Nafion and Nafion films were

obtained from the ionomer solution by the casting method. For
PEMWE test, the Nafion 212 membrane was used directly.

Characterizations
The 1H NMR spectra of different materials were detected by A Bruker
VANCENEOat 600MHz. Samplesweredissolved in dimethyl sulfoxide
(DMSO)-d6 with tetramethyl silane (TMS) as internal standard. The
X-ray diffraction (XRD) patterns of membrane were performed with a
point step of 0.02 degree by a Rigaku Smatlab 9KWwith a HyPix-3000
detector using Cu Kα radiation. The surface morphology of catalysts
was acquired by Scanning electron microscopy (SEM) using Bruker
operated at 1.0 kV. The high-resolution transmission electron micro-
scopy (HR-TEM) images were measured by a JEOL JEM-2100F trans-
mission electron microscope. Spherical aberration-corrected High-
angle annular dark-field (HAADF) scanning TEM (STEM) images and
corresponding X-ray energy-dispersive spectrometry (XEDS) ele-
mental mapping were obtained by Thermofisher Spectra 300 with a
SuperX detector. The X-ray photoelectron spectroscopy (XPS) was
conducted using a Thermo Scientific K-Alpha+ equipped with an Al Kα
X-ray source (1486.6 eV) for excitation. All peak energies were cali-
brated against the binding energy of C 1s peak, which was fixed at
284.8 eV. The XPS data was analyzed using the Thermo Avantage
Software. Differential scanning calorimetry (DSC) experiments were
performed with a DSC 250 instrument (TA instruments, USA). About
10mg of solid samples were used for the analysis. The analyses were
carried out at a heating rate of 10 °C min−1 up to a temperature of
280 °C.Water contact angleofNafionfilms testswere performedusing
Biolin Scientific Attension® Theta.

Small angle X-ray scattering (SAXS) study
SAXS measurements were performed by Xeuss 2.0 (Xenocs, France)
with a radiation source of Cu Kα X-ray (λ = 0.154 nm). The scattering
two-dimensional (2D) patterns were collected by a surface detector
of Pilatus3R 200K-A (490 × 400 pixels). The sample to detector dis-
tance was 123 cm. All data were corrected for background (dark
current) and the sensitivity of each pixel in the area detector. One-
dimensional (1D) curves were obtained by integrating 2D patterns
from 0 to 360° using Foxtrot software. The scattered wavevector q is
given by the Eq. (1):

q=
4πsinθ

λ
ð1Þ

where λ is the beamline wavelength and θ is the scattering angle. The
correlation function corresponds to the Fourier transform of the
intensity function and the 1D correlation function is given by the
expression (2)32:

γðrÞ= 1
Q

Z 1

0
I qð Þq2cosðqrÞdq ð2Þ

whereQmeans extrapolated invariant used tonormalize the transform
so that γ(0) = 1. r refers to distance. The SasView software was applied
to the analyze SAXS data.

Ion exchange capacity (IEC) measurements
The apparent IEC (titrimetry value) of ionomers was measured by
titrimetry34. The dry ionomers were immersed in 50mLof NaCl (2.0M)
solution for 2 h and titrated with NaOH (0.01M) by automatic poten-
tiometric titrator. The IEC (meq g−1) was calculated using the expres-
sion (3):

IEC =
V ðNaOHÞ×CðNaOHÞ

mðionomerÞ ð3Þ
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where m(ionomer) means the mass of dry ionomer, V(NaOH) means
the consumption volume of NaOH solution, and C(NaOH) means the
concentration of NaOH solution.

In situelectrochemical attenuated total reflection surface-enhanced
infrared absorption spectroscopy (ATR-SEIRAS) measurements.

In situ electrochemical ATR-SEIRAS measurements were per-
formed in Bruker INVENIO infrared spectrophotometer. The spectral
resolution of FTIR spectra is 4 cm−1 and the acquisition time of each
spectrum is about 14 s. Theworking electrode consisted of an Au thin
film deposited on a Si prism by two steps56,57. Firstly, the Si prism’s
reflecting plane was first mechanically polished using 0.3 and
0.05 µm Al2O3 powders, and soaked in piranha solution to make the
surface oxidized. Subsequently, the reflecting plane was etched in a
40% NH4F solution for 1.5min. A gold film was then deposited by
immersing the reflecting plane in a plating solution at 60 °C for
3min. The plating solution is composed of 0.015M HAuCl4, 0.05M
Na2S2O3, 0.15M Na2SO3, and 0.05M NH4Cl. Finally, the catalyst ink
was dropped on the Au film and dried at room temperature. The
electrolyte was 0.1M HClO4 (pH= 1.00 ± 0.03) and freshly prepared
before each measurement. A graphite rod and a Hg/Hg2SO4 were
used as the counter electrode and reference electrode, respectively.
The electrode potential was maintained at the open circuit potential
(OCP) while a background spectrum was collected. All spectra are
displayed in absorbance units, defined as -log(I/I0), where I and I0
refer to the reflected radiation intensity of the sample and the
background spectrum, respectively. The electrode potential scanned
from0.2 to 1.3 V vs. Hg/Hg2SO4. The potential is presentedwithout iR
correction.

Electrochemical measurements
Electrochemical studied were performed using a three-electrode
system by an electrochemical workstation (Autolab PGSTAT204)
equipped with a built-in electrochemical impedance spectroscopy
(EIS) analyzer. The GDE is exploited as a working electrode. Pt foil
and Hg/Hg2SO4 were used as the counter and reference electrodes,
respectively. 0.5M H2SO4 (pH = 0.30 ± 0.05) was used as the elec-
trolyte and freshly prepared before each measurement. Cyclic vol-
tammetry (CV) test at 50mV s−1 was conducted for 5 cycles before
collecting linear scan voltammetry (LSV) at 5mV s−1 for each sample.
The electrode potentials were calibrated to the RHE scale by the
Eq. (4):

EðRHEÞ= EðHg=Hg2SO4Þ+0:652V +0:059pH ð4Þ

The applied potential with iR compensation is denoted as V-iR
specially.

Kinetic isotope effect (KIE) investigation. The electrochemical
measurements of the FOH-Nafion/Co3O4 were performed in protonic
(0.5M H2SO4 in H2O) and deuteric (0.5M D2SO4 in D2O) electrolytes,
respectively. The pD of the deuteric solution was calculated by adding
0.41 to the measured pH value38. The potentials on RDE scale were
calculated using equation:

EðRDEÞ= EðHg=Hg2SO4Þ+0:652V +0:059pD+0:013V ð5Þ

TheOERoverpotentialsη in theprotonic anddeuteric electrolytes
were calculated by Eqs. (6) and (7), respectively:

η= EðRHEÞ � 1:23V ð6Þ

η= EðRDEÞ � 1:26V ð7Þ

The KIE value was finally calculated by the Eq. (8):

KIE =
jH
jD

����
����
η

ð8Þ

where jH and jD refer to the current density at the sameoverpotential in
the protonic and deuteric electrolytes, respectively.

Apparent activation energy acquisition. The LSV curves of GDE
were collected to extract the apparent activation energy (Eapp) for the
acidic OER at different temperatures (20, 30, 40, 50, and 60 °C). For
heterogeneous electrocatalytic reaction, Eapp can be deduced from
fitting the slope of the Arrhenius plot using the Eq. (9):

∂ log10j
� �
∂ 1=T
� �

�����
�����
η

= � Eapp

2:303R
ð9Þ

where j is the current density, R is the ideal molar gas constant
(8.314 Jmol−1 K−1) and T is the temperature (K).

Water uptake (WU). The dried membrane was measured as dry
weight (Wdry) and then fully hydrated in water for 8 h at room tem-
perature. After removing surface water, the weight (Wwet) of wet
membrane was re-measured. The value ofwater uptakewas computed
using the Eq. (10):

WU =
ðWwet �WdryÞ

Wdry
× 100% ð10Þ

Proton conductivity measurements of membranes. EIS measure-
ments were performed to explore the in-plane proton conductivity of
the membranes using the two-electrode cell at different temperatures
(26, 34, 42, and 50 °C) with a frequency scan range from 1000 kHz to
1 Hz with an amplitude of 5mV. The prepared membranes were
assembled into the cell and immersed in pure water (or D2O). The in-
plane proton conductivity σ of the membrane was calculated by the
equation28 (11):

σ=
l

Rm × t ×w
ð11Þ

where the resistance data Rm was acquired from the EIS spectra, the
distance l between the two electrodes is 1 cm, and w and t denote the
width (1 cm) and thickness of themembrane, respectively. To examine
the anti-poisoning ability of Nafion, we immersed the tested
membranes into 0.2mmol L−1 Co(NO3)2 solution for 3 h and then
tested the proton conductivity again.

Electrochemical active surface area (ECSA) of each catalyst was
derived from the electrochemical double-layer capacitances (Cdl) by
recording the scan rate CV-dependence plot in a non-Faradaic region.
The CV cycle potential windowwas0.3 to 0.4 V vs. Hg/Hg2SO4, and the
scan rateswere 6, 8, 10, and 12mV s−1. The difference of current density
(Δj) between charging and discharging process at the average poten-
tial in the selected range was calculated from Eq. (12):

Δj =
1
2
ðjcharge � jof f chargeÞ ð12Þ

The slope of the linear fit was calculated as the Cdl. A specific
capacitance of 40μF cm−2 was used here53. The ECSA of the catalyst
was calculated from the following Eq. (13):

ECSA=
Cdl

40μFcm�2 cm
2
ECSA ð13Þ
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A proton exchange membrane water electrolysis (PEMWE) test
was carried out on the DC power source (PWR401L, KIKUSUI Trading
Co., Ltd.). Membrane electrode assembly (MEA) was fabricated by the
spraying method. The ink of Pt/C catalyst was prepared by ultra-
sonically blending catalyst with Nafion solution and ethanol. The
Nafion® ionomer-to-catalyst ratio was 0.3. The cathodic side was pre-
pared at 80 °Cby spraying Pt/C inkonto theNafionmembrane, and the
loading was controlled at 0.3mgPt cm

−2. The anodic side was prepared
by the same way and catalyst’s loading was controlled at 2mg cm−2.
Then the catalyst-coatedmembranewas hot pressed at 1MPa for 5min
at 80 °C. Platinum plated titanium felt and carbon paper (Sigracet
28BC) were taken as the current collector on the anodic and cathodic
sides, respectively. They were closely assembled against the titanium
plates with a torque of 1 N·m in the single cell. Both sides of the cell
contain serpentine flow channels, and the active area was 3 cm−2. The
80 °C pure water was fed to the anodic side of the cell at a flow rate of
120mL‧min−1. EIS datawere recordedwith a frequency scan range from
100 kHz to 0.01 Hz with an amplitude of 10mV at 1.75 V. Cyclic square-
wave voltammetry was conducted between 1.40V to 1.75 V with 10-s
residence time at every voltage.

Inductively coupled plasma-mass spectrometry (ICP-MS) mea-
surements (by Agilent 7700). Themeasured liquid at the anodic outlet
of PEMWE was collected at 24 h intervals throughout the 72-h
durability test.

Faradaic efficiency (FE) of O2 produced in PEMWE was measured
bydrainagemethod.After the voltagewas stabledelivering the current
density of 167, 500 and 1000mAcm−2, the generated anodic gas flo-
wed into the bottle containingwater, and the volumeof the discharged
water was measured to obtain the gas volume. FE was calculated from
the Eq. (14):

FE =
4F × nO2

Q
× 100% ð14Þ

where F is the Faraday constant (F = 96485Cmol−1), nO2 is the number
ofmoles ofO2 produced estimated by ideal gas state equation.Q is the
charge passed through the cell in the measurement time.

Computational details
Molecular dynamics (MD) simulations were carried out using the
Forcite module in Materials Studio (MS). The COMPASS II force field58

was utilized for interatomic potential calculations. Simulations were
performed in the NPT ensemble at 300K and 1 atm pressure, con-
trolled using theNosé–Hoover thermostat andbarostat59. A simulation
time of 6 ns with a timestep of 1 fs was adopted. Radial density dis-
tributions (RDS) were calculated based on trajectories obtained from
the equilibrated system.

Density functional theory (DFT) calculations were performed
using the Vienna Ab initio Simulation Package (VASP)60. The projector
augmented wave (PAW) method61 and the Perdew–Burke–Ernzerhof
(PBE) functional62 were employed. A plane-wave cutoff energy of
500 eV and a Monkhorst–Pack k-point grid63 were used for all calcu-
lations. Structural optimizations and electronic structure analyses
were conducted to obtain accurate electronic properties.

Data availability
The authors declare that all data supporting the results of this study
are available within the paper and its Supplementary Information files
or from the corresponding author upon request. Source data are
provided with this paper.
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