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Abstract

Driven by environmental and health concerns related to per- and polyfluoroalkyl substances
(PFAS), there has been growing interest in developing fluorine-free proton (H') exchange
membrane (PEM) materials for fuel cells and water electrolyzers. In this study, we present a side-
by-side comparison of the key transport properties of sub-micron thick, PFAS-free amorphous
silicon dioxide (Si02) membranes to Nafion™, a fluorinated polymer electrolyte membrane that
represents the industry standard for PEM fuel cells and electrolyzers. Measurements of proton (H")
conductivity (oy+), hydrogen (H2) permeability (Py,), and electrical resistivity (pe-) were
conducted using model thin films comprised of SiO, membranes deposited by atomic layer
deposition (ALD). Although the H' conductivity of the SiO> membranes is 2-3 orders of magnitude
lower than Nafion, the addition of phosphorous dopants (POx) improves H" conductivity such that
the area specific membrane resistance of thin (< 50 nm) POx-doped SiO> membranes is more than
an order of magnitude lower than Nafion-117. Importantly, the safe operation of such nanoscale
membranes within a PEM electrolyzer is feasible thanks to the low H> permeability of dense Si0;-
based membranes, which are predicted to limit H crossover rates to acceptable levels for pressures
up to = 100 bar. As a proof-of-principle demonstration, a chip-scale water electrolyzer based on
100 nm thick POx-SiO> membrane is shown to achieve a current density of 2 A cm™ at a potential
of 2.5 V. If this technology can be successfully scaled up, H" conducting oxide membranes offer
an attractive PFAS-free alternative to Nafion for efficient and durable water electrolysis and fuel

cell technologies.
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1. Introduction

Hydrogen (H») is expected to be a key fuel and chemical building block in a clean energy future
due to its high energy content and versatility across a wide range of applications.! Water
electrolysis powered by renewable energy is one of the most promising methods to produce clean
hydrogen without generating CO> emissions.? Proton exchange membrane (PEM) electrolyzers are
a particularly promising electrolyzer technology due to their ability to achieve high efficiencies
and high current densities, which are enabled by their “zero-gap” membrane electrode assembly
(MEA) design wherein an ion exchange membrane is sandwiched between the cathode and anode
catalyst layers (Figure 1a).> Membrane thicknesses in PEM electrolyzer typically range from 100
to 200 um, which are significantly less than the separation distance between electrodes in

conventional liquid alkaline electrolyzers (1.5 mm — 15 mm).*?
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Figure 1. (a) Side view schematic of a PEM electrolyzer highlighting species transport processes.
(b) Schematic of proton transport within a hydrated nanoscopic pore of a Nafion membrane, where
the black arrows show H' transport by H" hopping along the surface of the channel walls and the
red arrow shows bulk transport of H" hopping through the H-bond network of water. (¢) Schematic
of proton transport in SiO> membranes involving H" hopping by facilitated diffusion involving
bridging oxygen atoms within the SiO> matrix.



Thanks to the shorter distance for ion transport in zero-gap cell designs, PEM electrolyzers
have lower ohmic resistances that allow them to operate at relatively high efficiencies (65%—-85%
with respect to the lower heating value of H») at high current densities (1.5-3 A-cm™).° The
industry-standard membrane for PEM electrolyzers is Nafion™, a polymeric ion exchange
membrane with a fluorinated backbone and sulfonate ion exchange groups (Figure 1b). Despite
the commercial success of Nafion in both PEM electrolyzers and fuel cells, this polymeric
membrane material has several shortcomings. Most notably, Nafion is a PFAS material, raising
environmental and health concerns if fluorinated compounds — whether from spent or degraded
membranes, or as byproducts of manufacturing — are released into the environment.” From a
technical standpoint, there is also strong motivation to find alternatives to Nafion that allow for
even lower membrane resistance without compromising safety. Despite having a very low area
specific resistance (Rm) compared to liquid alkaline cells, the ohmic drop associated with H*
transport across the Nafion membrane in a PEM electrolyzer still represents the largest
overpotential loss in PEM electrolyzers at current densities over = 2 A ¢cm™.® Thus, developing
new membranes with lower Ry, than Nafion-117 presents an opportunity to enable next-generation
PEM electrolyzers and fuel cells with even higher efficiencies and higher current densities.
Technoeconomic analysis has shown that such gains in efficiency and current density resulting
from reduced membrane resistance can translate into significant decreases in the levelized cost of

H,.’

One of the most straightforward paths to reducing Rm is to use thinner Nafion.'® ! For
example, researchers have shown that using Nafion NR-211, which has a thickness of 25 um,
allows for reducing Rm down to 10.9 mQ-cm? at 80 °C, subsequently enabling significant

improvement in electrolyzer efficiency.!?> However, there are limits to decreasing the thickness of
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Nafion much lower than = 50 um owing to changes in the mechanical properties of Nafion. Thinner
Nafion membranes become more susceptible to tears and defects, causing significant challenges
in stack assembly, while changes to the orientation and microstructure of hydrated channels within
Nafion lead to decreases in the intrinsic H" conductivity.!® ! Another major challenge with using
Nafion membranes with thicknesses thinner than 50 um is the elevated rate of H> crossover, which
can lead to unsafe mixtures of H, and O on the anode side due to the higher flux of H» across the
porous Nafion membrane. This issue becomes especially acute for PEM electrolyzers, where it is
often desirable to operate with an elevated pressure of H> (>15 atm) on the cathode side to
compress the H, product. Unfortunately, this pressure differential between the cathode and anode
creates a large driving force for H» to diffuse across the membrane, which can readily occur in
many polymeric membranes like Nafion thanks to fast diffusion through their high density of
hydrated nanoscopic pores (see Figure 1b).!* Recognizing the critical importance of balancing H*
and H, transport, it is necessary to explore membrane materials that maximize the ratio of H"

conductivity (oy+) to Ha permeability (Pg,).> '

To combat the shortcomings of conventional polymeric ion exchange membranes, some
researchers have explored oxide-based membranes or composite membranes comprised of
polymers and inorganic materials as alternatives. For example, researchers have developed
Nafion/Si02 composite membranes that combine the advantageous properties of Nafion with
silicon dioxide (Si02), an inorganic material recognized for its excellent chemical stability and low
Py,.">!'® Proton-conducting oxide membranes (POMs), primarily perovskite oxides, have been
extensively investigated in recent years for intermediate-temperature (25—400 °C) electrolysis and
fuel cell applications.!” However, simple oxides like TiO> and SiO- have also attracted interest,
including for low-temperature microfluidic fuel cells.'® The low Py, of defect-free SiO2 and other
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H*-conducting oxides is primarily due to their dense structure, in contrast to hydrated Nafion,
which has a of = 28%.'” Another important distinction between SiO2 and Nafion lies in their values
of their Young’s modulus. The Young’s modulus of amorphous SiO: at room temperature is
approximately 70 GPa,*’whereas Nafion exhibits a much lower value of about 0.1 GPa.?! A higher
modulus indicates greater stiffness and resistance to deformation under applied stress, implying
that SiO:. membranes are less susceptible to creep or plastic deformation during prolonged
operation. However, similar to other ceramic materials, Si02 is more brittle and can be prone to
crack formation. Ceramic membranes are nevertheless widely employed in high-temperature solid
oxide fuel cells and electrolyzers, demonstrating the feasibility of such materials in practical
applications. Furthermore, recent work by Esposito’s research group has shown that mechanical
defects such as pinholes and cracks in Si0. membranes can be mitigated by depositing nanoscopic
“plug” materials into the defects, thereby minimizing hydrogen crossover through these localized
regions.”> Additionally, oxide materials like SiO. can be more environmentally friendly than
PFAS-based membranes like Nafion. Despite generally lacking a hydrated pore structure like
Nafion, SiO. membranes can still support H™ conduction in their dense oxide matrix through
facilitated diffusion whereby H™ can hop between neighboring Si-O-Si and Si-O sites that serve as
carrier centers as a part of the H-bonding network within the material (Figure 1c).!® A significant
challenge is that the o+ of many oxide materials at low temperatures ranges from 105 to 10 S-
cm™', which is 3—7 orders of magnitude lower than that of Nafion.!” However, with its high density,
SiO2 membranes can be orders of magnitude thinner than Nafion while maintaining low H>
permeance. Furthermore, when SiO: is doped with phosphorus or sulfonic acid, its ionic
conductivity improves significantly, exhibiting values three to four orders of magnitude higher

than those of undoped SiO- films.?* %4



In the current study, SiO> membranes of varying thickness were deposited by atomic layer
deposition (ALD) as thin films onto a platinum thin film electrode, which serve as a well-defined
test platform for characterizing the membranes and quantifying their transport properties relevant
to water electrolysis. These model SiO> membranes were used to quantify oy+, Py,, and pe-.
Through a direct comparison of the properties of SiO> membranes to those of Nafion, the potential
for using sub-micron thick H" conducting SiO> membranes for low-temperature water electrolysis
is assessed. Importantly, this work shows that SiO> membranes doped with phosphorous can

achieve a ratio of oy+ to Py, that is 10 — 20 times greater than Nafion. If nanoscale SiO>

membranes having these characteristics can be successfully integrated into large scale, zero-gap
MEAs, the resulting proton-conducting oxide membrane (POM) electrolyzers can enable low
temperature water electrolysis at significantly higher current densities and/or efficiencies than

conventional Nafion-based PEM electrolyzers.
I1. Materials and Methods
2.1 SiO2 Membrane Synthesis

Electrodes were prepared from a monocrystalline, p-type silicon wafer (prime grade, p+Si (100),
resistivity <0.005 Q-cm, 500-550 pum thick, University Wafer). A 50 nm thick platinum (Pt)
catalyst layer with a 2 nm Ti adhesion layer were electron-beam deposited onto the silicon wafer
under high vacuum (<6 x 1078 Torr) at a rate of 1 A s™!. SiO, membranes were deposited on top of
the Pt catalyst by ALD, which was performed using a Forge Nano ALD* APOLLO legacy
reactor.”> Upon introduction to the reactor, samples were held under 1000 sccm of N> for 60
seconds to reach thermal equilibrium, followed by a 30 second ozone (O3) exposure to remove
adventitious carbon contamination from the surface. The precursor was delivered via 6”

showerhead utilizing 40 Torr N as a carrier and purge gas. SiO2 ALD was performed with
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bis(ethylmethylamino)silane (BEMAS) heated to 45 °C in a vapor draw configuration as the Si
precursor and a combination of O3 mixed with a nitrogen-based catalyst, the catalyst is periodically
entrained into the O3 flow, as the conversion half-cycle.?® The SiO2 ALD dose scheme was 31 ms
-965 ms - 966 ms - 980 ms (BEMAS exposure - BEMAS purge - Os/catalyst exposure - Os/catalyst
purge). The growth per cycle of this SiO2 ALD process is ~1.39 A/cy, so each 50 nm deposition
received roughly 360 cycles. Phosphorus was incorporated into the SiO> ALD via an ABC type
process with the addition of trimethyl phosphite P(OMe)s.2” In ABC-type ALD, a dopant precursor
(component C) is introduced immediately after the oxidant or conversion step of the main ALD
process (components A and B), enabling in-situ incorporation of dopant species within each ALD
cycle. POx-Si0; had a deposition sequence of 31 ms - 965 ms - 966 ms - 980 ms - 250 ms - 4990
ms (BEMAS exposure - BEMAS purge - Os/catalyst exposure - Os/catalyst purge - P(OMe);
exposure - P(OMe); purge). Addition of P(OMe)s to the process created a slight decrease in the

amount of growth per cycle, down to 1.36 A/cy, so each 50 nm deposition required 370 cycles.
2.2 Membrane Characterization

Thickness for undoped Si0; and POx-SiO2 ALD films to calculate growth per cycles (GPC) were
investigated using a spectroscopic ellipsometry (SE) at a fixed angle (75°). These raw ellipsometry
data were modeled from cos(2¥) and sin(2¥) cos(A), measured from data generated using a dual
light source over the range of 225-1000 nm (combined deuterium and halogen sources) and an Si-
based array detector. Regression analysis was performed via the Levenberg—Marquardt fitting
algorithm employing a dispersion method (Cauchy, Exponential, Sellmeier, and Tauc-Lorentz),
and the model was fit over the wavelength range of 250 to 1000 nm. From these data and modeling
procedures, thickness, refractive index (RI) at 633 nm, and extinction coefficient (k) at 633 nm

were determined. To aid the fidelity of modeling, a thick film of >50 nm was deposited on Si
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wafers. This thick film allows for greater confidence in thickness uniformity, as well as RI and k.
Ellipsometry was also used to characterize films as deposited on an electrolysis test platform. Films
deposited on the test vehicle were modelled using an infinite slab of Pt, ignoring the Si underneath
and resulted in a goodness of fit > 0.97 for all data collected. Chip-scale water electrolyzer was
made by spray painting IrOx/C mixture on top of the ALD SiO»/Pt electrode. X-ray photoelectron
spectroscopy (XPS) measurements were done with a PHI XPS system at pressures <2 x 107'° torr
using a monochromatic Al Ka source (15 kV, 20 mA) and a charge neutralizer, tilted to 54.7°
relative to the detector. Surface topography and roughness was measured using a Bruker
Dimension Icon atomic force microscope (AFM) in air using a ScanAsyst silicon tip on a nitride
cantilever with a 2 nm nominal tip radius and a spring force constant of 0.4 N m™!. Measurements
were performed in peak force nanomechanical mapping mode using a scan rate of 0.22 Hz and a
resonant frequency of 70 kHz. Zeiss Sigma VP field emission scanning electron microscopy (FE-
SEM) with Schottky thermal field emission type electron gun was used to obtain high
magnification images. Energy dispersive X-ray spectroscopy attachment (Bruker xFlash 6 | 30
Detector) of the FE-SEM instrument was used for elemental mapping and analysis. The wettability
of the SiO: surfaces was evaluated using a Rame-Hart Model 260 goniometer under ambient
conditions. Static water contact-angle measurements were performed using deionized water
droplets. For each sample, measurements were taken at multiple locations across the surface, and
the reported values represent the mean + 95% confidence interval calculated from replicate

measurements.
2.3 Transport Measurements

Electrochemical measurements were conducted using an SP-200 BioLogic potentiostat, a
commercial Ag|AgCl (3.0 M KCl) reference electrode (E° =0.21 V vs. NHE, Hach, E21M002), a
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carbon rod counter electrode (Saturn Industries), and a rotating disk electrode (RDE) setup (PINE
Research Instrumentation). Wafer electrodes were mounted to the RDE with a custom rotator
attachment (2 in. diameter), which allowed the electrode to be mounted flush with the bottom of
the shaft, and they were masked with electroplaters tape (3M) to expose a circular active area with
diameter 0.38 cm. The electrolyte for all electrochemical experiments was deaerated by purging
nitrogen (Airgas, 99.99% purity) for 20 minutes prior to experimentation. The total resistance of
each electrode was measured by performing potentiometric electrochemical impedance
spectroscopy (PEIS) at 0.096 V vs. RHE from 1 MHz to 1 Hz with an amplitude of 10 mV. Linear
sweep voltammetry (LSV) for SiO2/Pt-based electrodes was performed between 0 and 1.65 V vs.
RHE with a scan rate of 20 mV:s™ for five cycles to measure the limiting current density of the
hydrogen oxidation reaction (HOR) at a rotation speed of 600 rpm. For electrical resistivity
measurements, submicron-thick oxide membranes were strategically positioned between a 50 nm
Pt catalyst layer and a layer of silver paint, secured in place with Cu tape on top and wrapped in
electroplaters tape with electrode tabs exposed. Current-voltage (I-V) curve data were collected in
a dry environment, where the measured resistance was used to calculate the electrical resistance
of the membrane. The electrolyte temperature was controlled using a silicone oil bath (Ace Glass)
and monitored with a liquid-in-glass thermometer (Grainger, FEP-coated glass). The Nafion-117
reference membrane used for hydrogen permeability measurements was soaked into 5% H>O; at
80 °C for 1 and boiled in 0.5 M H2SO4 and deionized water for 1 hour each to remove impurities
and ensure full protonation. After pretreatment, the Nafion-117 membrane was adhered to a Pt-

coated Si wafer held in place using 3M electroplater’s tape.

II1. Results and discussion

3.1 Characterization of SiO2 and POx-SiO2 Membranes
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Membranes fabricated by ALD were prepared under varying deposition temperatures, conditions,
and levels of phosphorus incorporation. The thickness of each deposited layer was precisely
controlled by adjusting the number of ALD cycles and quantitatively determined using
spectroscopic ellipsometry, ensuring reliable and reproducible film growth across all samples. To
further validate these measurements and assess film morphology, cross-sectional and top-view
scanning electron microscope (SEM) imaging were conducted. The thicknesses of ALD SiO:
membranes determined from cross-sectional SEM images showed excellent agreement with the
thicknesses determined by ellipsometry. Representative SEM images and EDS characterization

results are provided in the Supporting Information (Section I).
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Figure 2. (a) Schematic of SiO»-coated Pt thin film used for measuring H, permeability and H
conductivity. Representative AFM images of (b) 10 nm ALD 4x POx-SiO> membrane, (c) uncoated
Pt thin film substrate, and (d) 10 nm thick SiO> on 50 nm Pt thin film deposited on a p+Si (100)
wafer substrate. Both ALD SiO> membranes were deposited at 100 °C.

To evaluate the surface morphology and confirm the structural integrity of the membranes,
AFM measurements were performed. Figure 2a presents a schematic of the setup used to measure
the transport properties of SiO2, along with a representative AFM image of 10 nm thick SiO: and

POx-S102 membranes deposited on a 50 nm thick Pt substrate at 100 °C. The surface of the Si0>
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electrode is very smooth, having a root mean squared (rms) roughness of 1.0 nm for undoped SiO2
and 1.2 nm for POx-Si02. AFM images show that no large cracks or holes in the SiO> membrane
in the regions analyzed. Membranes deposited at 100 °C were characterized using X-ray
photoelectron spectroscopy (XPS), with the Si 2p, O 1s, and P 2p spectra shown in Figure 3. For
both doped and undoped membranes, the Si 2p peak center binding energy is close to 103.5 eV,

consistent with Si being present in the +4 oxidation state as Si0,.%8
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Figure 3. XPS spectra of 10nm thick undoped, 1x P(OMe)s, 2x P(OMe)3 and 4x P(OMe)s doped
ALD Si0; membranes deposited on Pt/Si (100) substrate at 100°C. (a) Si 2p (b) O 1s (c) P 2p.

The areas under the peaks were used to quantify the atomic percentages of each element
present in the SiO. matrix and atomic ratio of O:Si (Table 1). The O:Si ratio is an important
parameter in determining the properties of SiO> membrane.”” A O:Si ratio of 2.0 indicates a
stoichiometric SiO; composition. However, a O:Si ratio that deviates from 2.0 can result from the

presence of structural imperfections and defects like oxygen vacancies in amorphous SiO.*

Inspection of the P 2p spectra in Figure 3c reveals the presence of a distinct peak centered
at = 134.6 eV for the SiO> membranes exposed to P(OMe)s during the ALD process as described
in the Methods section. A clear trend is observed with increasing P(OMe)s exposure, where the

phosphorus content (P%) increases from approximately 0.3% to 0.6% in going from single (1x) to
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quadruple (4x) P(OMe)s exposure, respectively. Following this convention, 1x P(OMe)3 will refer
to 250 ms exposure of P(OMe)s, 2x P(OMe); will refer to 500 ms exposure of P(OMe)s, and 4x
P(OMe)s will refer to 1000 ms exposure of P(OMe);3 as the “C” component exposure time in the

ABC-type ALD process.

Table 1. Atomic percent of Si, O, and P for ALD SiO> membrane deposited at 100 °C with different
dopants and doping conditions. The atomic ratio of O:Si is also provided.

Undoped I1x P(OMe); 2x P(OMe); 4x P(OMe)s
SiO2
Oxygen 66.1 65.7 66.3 66.6
Silicon 33.9 34.0 333 32.9
Phosphorus 0.0 0.3 0.4 0.6
O:Si 1.9 1.9 2.0 2.0

3.2 Proton Conductivity (oy+)

Proton conductivities of Nafion and SiO> membranes were measured using electrochemical
impedance spectroscopy (EIS) based on the difference in series resistance in the high-frequency
region of the Nyquist plots between the bare Pt and the membrane-coated Pt electrodes in contact
with 0.5 M H»SO4 at room temperature.’! In Figure 4a, the x-intercept of the bare Pt curve
represents the solution resistance (Rs), while the x-intercepts of the Nyquist curves for the
membrane-coated Pt electrodes represent the combined solution resistance and membrane
resistance (Rs + Rmem). By finding the difference between the x-intercepts of the bare Pt and the
SiO2 membrane curves, the total membrane H' resistance (Rmem) can be calculated. Proton
conductivity (oy+) is then determined based on Rmem, the membrane thickness (tm), and membrane

area (A).

Rmem'A
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The area specific membrane resistance (Rm), having units of mQ-cm?, is then calculated as the

product of Rmem and the membrane area. Ri is a better measure of the intrinsic resistance of the

membrane.
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Figure 4. Measurement of membrane proton conductivities. All Nyquist plots were generated in
500 mM H2SOy4 at room temperature and an applied potential of 0.096 V vs. RHE. (a) Nyquist plot
of 50 nm ALD SiO; membrane-coated platinum thin film. (b) Area specific membrane resistance
(Rm) as a function of membrane thickness. Dashed lines indicate constant proton conductivity
values, while symbols represent resistance values calculated from experimentally determined
conductivities for Si02, POx—Si0: deposited at 100°C, Nafion-117, and Nafion-211 membranes.
(c) Proton conductivities of Nafion 211 and 50 nm POx-SiO2 and 50nm SiO; deposited at 100 °C
measured over a temperature range of 10 °C to 30 °C. Conductivities were calculated from the
Nyquist plot. Error bars represent 95% confidence intervals calculated based on conductivity
measurements for three different samples. (d) Representative Arrhenius plot showing the natural
logarithm of proton conductivity (In(on+)) versus the inverse of temperature (1000/T). The data
points are fitted with a straight line across the entire temperature range.
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Representative Nyquist plots measured at room temperature (= 22 °C) for 50 nm thick SiO»
membranes deposited at 100 °C are shown in Figures 4a. The calculated proton conductivity of
Nafion-211 is (2.6 £ 0.7) x 102 S-cm™!, while that of a 200 nm thick film of Nafion-211 ionomer
is (3.1 £ 0.3) x 105 S-cm™'. The proton conductivity values for commercial Nafion-211 are
consistent with those reported in the literature.'”> To further clarify the relationship between
intrinsic proton conductivity and overall membrane performance, Figure 4b presents the
membrane resistance as a function of membrane thickness. In this plot, the dashed lines correspond
to fixed proton conductivity values, while the symbols represent resistance values calculated from
the experimentally measured conductivities of the SiO. and PO,—SiO:. membranes deposited at
100 °C. As membrane resistance is an extrinsic property that scales linearly with thickness, this
representation highlights that membranes with lower intrinsic conductivity can nevertheless

achieve low overall resistance when fabricated at sufficiently small thicknesses.

Proton conductivities of ALD SiO, membranes were measured for a range of ALD
temperatures and film thicknesses, with a summary of results shown in Table 2. As expected, an
increase in the membrane resistance of ALD SiO; is observed with increasing thickness. Table 2
also presents the calculated proton conductivity values for ALD SiO: films of varying thicknesses
deposited at 250°C, which are seen to remain relatively constant. This consistency aligns with
expectations, as proton conductivity is theoretically independent of film thickness. As shown in
Table 2, lower deposition temperatures lead to higher proton conductivity, which is attributed to
increased incorporation of Si—-OH groups within the amorphous matrix. This trend between
conductivity and ALD temperature is consistent with prior observations in PECVD SiO: films
developed for fuel cell applications. ' Furthermore, the measured resistivities of undoped SiO2

membranes deposited at 250° C with varying thicknesses are very similar to each other, which
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suggests that the transport properties of Si0, membranes are independent of thickness over this
range of thickness. Next, the effects of POx incorporation into the SiO, matrix on proton
conductivity were investigated. Figure S5 illustrates the trend in proton conductivity for SiO-
membranes doped with varying amounts of phosphorus precursor at 175 °C. Among them, the
membrane doped with 4x POy exhibits the highest conductivity. This trend aligns with its higher
phosphorus content (0.6 at%) compared to undoped (0.0 at%), 1x POx (0.3 at%) doped and 2x POx

(0.4 at%) membranes (Table 1).

Table 2. Area specific membrane resistances (Rm) and proton conductivities (a4+) for ALD SiO»
and POx-SiO, membranes deposited onto platinum/p*Si (100) substrates. Error bars represent 95%
confidence intervals based on three independent samples of the same sample type. All
measurements were carried out in 0.5 M H>SO4 and at room temperature.

Membrane Deposition Ru, Proton
Thickness Dopant | Temperature Conductivity
(nm) ¢C) (mfken’) (Srem)

10 None 250 53+20 (2.1£0.8) x107
50 None 250 313+£52 (1.6£0.3) x107
250 None 250 15224230 (1.7£0.2) x107
10 None 100 17£10 (8.4£1.9) x107
50 4x POy 100 23+11 (2.2+0.7) x10™*
10 4x POx 175 57426 (2.0£0.9) x107
10 2x POx 175 250+44 (4.1£0.8) x107°
10 1x POx 175 382+57 (2.3+0.9) x10°®
10 None 175 354457 (2.8+0.2) x10°®

The temperature dependence of proton conductivity over the range 10 °C to 30 °C was also
measured for a sub-set of samples using a constant temperature bath. Results for Nafion-211, 50

nm POx-SiO», and undoped 50 nm SiO> (both deposited at 100 °C) are shown in Figure 4c. The
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natural logarithm of oy+was plotted as a function of the inverse temperature (1000/T) to create an
Arrhenius plot (Figure 4d) and the slope of this plot was used to determine the activation energy
(Ea) for proton conduction. The linear relationship between In (oy+) and 1/T suggests that

oy+follows the Arrhenius equation:

E

0 = 0pgeXp (— ﬁ)

2)

where oo is the pre-exponential factor, E, is the activation energy, k is the Boltzmann constant, and
T is the temperature in Kelvin. Within the temperature range of 10 °C to 30 °C, the activation
energy was determined to be 0.42+0.07 eV (40.8+6.7 kJ mol™) for Nafion-211, 0.58+0.04 eV
(56.1£3.9 kJ mol™!) for 50 nm SiO2, and 0.50+0.09 eV (48.6+8.7 kJ mol™!) for 50 nm POx-SiO..
E. for Nafion-211 falls within the typical range reported for hydrated Nafion membranes (0.1-0.5
eV), suggesting that H" transport is primarily taking place through a Grotthuss-like
mechanism facilitated by proton hopping between sulfonate groups and water molecules, with the
exact energy influenced by hydration levels.’?° In contrast, the 0.58 eV activation energy for
Si0: is higher than the expected range for Grotthuss-dominated transport in hydroxylated materials
(0.1-0.4 eV)*S, implying that proton conduction likely involves a mixed mechanism, where
vehicular diffusion of hydronium ions contributes significantly alongside limited Grotthuss-type
hopping between adsorbed water and surface ~OH groups.®’ The intermediate value for POx-SiO-
(0.50 eV) suggests that phosphonate functionalization enhances proton mobility compared to pure
SiOz, possibly by introducing additional proton-hopping sites,>> though the activation energy
remains higher than that of well-hydrated Nafion. This interpretation is well aligned with prior
studies on phosphate-containing and silica-based amorphous systems. Nogami et al.**described

proton conduction in phosphate glass networks using a mixed framework, where proton hopping
16



along hydrogen-bonded P—OH sites coexists with water-assisted vehicular transport, even in dense

matrices. Bhusari et al.>®

reported that phosphorus incorporation into SiO: enhances proton
conductivity through the introduction of phosphate-related proton-conducting sites, consistent
with hopping-based transport supplemented by hydration effects. Related studies by Namazi and
Ahmadi*’ and by Yin et al.*! further showed that chemically modified silica-based networks can
sustain efficient proton transport under hydrated conditions through hydrogen-bonded networks,
which provide the structural framework supporting both proton hopping and water-assisted
vehicular diffusion. While the proton conductivity of P(OMe);-SiO: could only be measured below
30°C due to its tendency to delaminate from the Pt thin film substrate at elevated temperatures, the
comparative data for Nafion-211 and SiO: collected between 30-60°C (Figure S6) show consistent
trends with the low-temperature measurements. Although the intrinsic proton conductivity of
silicon oxide—based membranes remains lower than that of perfluorosulfonic acid ionomers,
several strategies may be employed to further enhance proton transport. One approach is increasing
the phosphorus dopant concentration within the oxide network, thereby increasing the density of
phosphate-related proton-conducting sites. Proton conductivity may also be improved by
optimizing hydration and water retention within the membrane, as increased bound water content
is known to facilitate proton transport through a combination of hopping and vehicular
mechanisms.*? In addition to compositional and hydration-based strategies, increasing operating
temperature represents another effective means of enhancing proton conductivity in POx—SiO2
membranes. As shown in Figure 4c, proton conductivity increases with temperature for both SiO-
and PO,—Si0-, consistent with thermally activated transport behavior. Importantly, oxide-based
membranes are expected to exhibit substantially greater thermal stability than polymer electrolytes

such as Nafion, whose conductivity and mechanical integrity degrade at temperatures approaching
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or exceeding ~80 °C due to dehydration and polymer softening.* In contrast, amorphous oxide
membranes are not subject to polymer relaxation or melt-like transitions and are therefore expected
to maintain structural integrity at significantly higher temperatures,** suggesting the potential for

stable operation in the 80—150 °C range where proton conductivity is further enhanced.

3.3 Hydrogen Permeability (Py,)

The hydrogen permeabilities (Py,) of SiO> membranes were determined using a rotating disc
electrode (RDE) setup, which allowed for the measurement of mass-transport limited current
densities associated with the hydrogen oxidation reaction (HOR) occurring at the buried interface
between the SiO> membrane and the thin-film Pt substrate. H> must first diffuse across a diffusion
boundary layer (DBL) and then through the membrane before the reaction can occur. To
deconvolute the mass transfer resistance associated with the DBL from that associated with the
membrane, the mass transfer limiting HOR current density (iiim) is determined from a linear sweep

voltammetry (LSV) curve measured for a bare Pt electrode (iiim,pt).

This limiting current is inversely related to the mass transfer resistance of the DBL. Next,
the limiting HOR current density of a membrane coated electrode (ijim,sio, |pt) 1S recorded. As seen
in Figure 5b, the HOR limiting current observed in LSV curves drops significantly for SiO»-coated
Pt thin films, which is attributed to the additional mass transfer resistance introduced by the

presence of the membrane. The flat, potential-independent nature of these LSV curves is consistent
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with the reaction rate being limited solely by diffusion of the reactant, H», to the buried interface,

rather than reaction kinetics and/or migration of H.

(a) (b) (c)
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Figure 5. (a) Schematic illustration of the experimental configuration used to evaluate hydrogen
permeability through SiO:-based membranes, depicting a SiO. membrane—coated Pt/Si wafer
operated in a rotating disk electrode (RDE) setup. (b) Linear sweep voltammetry (LSV) curves
of ALD 10 nm SiO; and 10 nm 4x POx-Si0O; membrane-coated platinum/silicon (Si) wafer at a
rotation speed of 600 rpm in H2-saturated 0.5 M H2SOs4. (¢) Ratio of proton conductivity to
hydrogen permeability for POx-SiO2 and SiO: deposited at 100°C and Nafion based
membranes.

Since the mass transfer resistances for H» transport across the membrane and DBL are in

series, the limiting currents associated with each are related as follows:*’

1 1 1 (3.
; = + -
llim,Sio, Pt llimPt  llim,Si0,

where i}, sio, 18 the limiting current density solely associated with the SiO> membrane.

ilim,sio, may be calculated from Equation (3.) based on the measured values of ijjm pr and

ilim,sio,|pt for the bare Pt and SiOa[Pt electrodes, respectfully. Next, Py, is calculated using
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Equation (4.), which is based on Faraday’s law and Fick’s first law for steady state operation of

the membrane-coated electrode, assuming a vanishing H> concentration at the Pt surface:*°

Chy b (4)

tm

1im,sio, = —NFPy,

where n is the number of electrons, F is the Faraday constant (96485 C mol™), Ch,p 1s the

concentration of species H> in the electrolyte, and t,, is the thickness of the membrane. A
limitation of measuring HOR current density arises when the film is too thick, resulting in a low
signal. To address this, Nafion-117 ionomer with a reduced thickness of 208 nm was prepared to
enable accurate HOR measurement. Based on the procedure outlined above, Py, values were
determined for 10 nm SiO» deposited at 100 °C ((3.8£0.4) x1071% cm?s’!), 10 nm 4x POx-SiO:
deposited at 100 °C ((1.3£0.1) x1071% cm?*s!), and 208 nm Nafion117 ((2.0+ 0.8) X107 cm?s™).
These figures are consistent with our previous reports in literature.*® 47 The substantially lower
hydrogen permeability of SiO:-based membranes compared to Nafion arises from intrinsic
structural differences between the two materials. Amorphous SiO: forms a dense, highly cross-
linked inorganic network that restricts molecular hydrogen transport, whereas Nafion contains
larger nanoscopic hydrated ionic channels that facilitate gas diffusion. The ALD-deposited S10-
films exhibit extremely low porosity, comparable to that of dense thermal oxides,*® whereas
hydrated Nafion has an estimated porosity of roughly 28%. '° This difference in porosity reflects
the smaller free volume in SiO2, which limits hydrogen transport through the membrane via the
solution—diffusion mechanism. Consequently, the lower hydrogen permeability of SiO:-based
membranes compared to Nafion membrane enables the use of thinner layers while maintaining
low hydrogen crossover. This thickness advantage directly reduces membrane resistance, a critical

factor in water electrolysis where ohmic losses must be minimized. To provide a more integrated
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assessment of membrane performance, Figure 5c presents the ratio of proton conductivity to
hydrogen permeability. Unlike proton conductivity alone, oy+/Py, captures the simultaneous
requirements of efficient proton transport and effective hydrogen crossover suppression that
ultimately govern allowable membrane thickness and overall membrane resistance in electrolyzer
operation. As shown in Figure 5S¢, PO-SiO. membranes exhibit higher oy+/Py, values than
Nafion, reflecting their ability to maintain adequate proton conduction while dramatically reducing

hydrogen permeability.
3.4 Electrical Resistivity (p.-)

Electrical resistivities (pe-) of SiO2. membranes were determined from current-voltage (I-V) and
EIS measurements carried out in the absence of electrolyte using the test platform illustrated in the
Figure 6a. These samples were identical to those used for the proton conductivity and hydrogen
permeability measurements except that an electrical top contact in the form of an additional Pt
layer was deposited directly onto the as-deposited SiO> membrane. The total electrical resistance

(Re-) of each sample was determined from the slope of the dry I-V curve, according to Ohm’s law:

dv 5.
R,- = 5 (5.)

The electrical resistivity (pe-) was then calculated from R.-, the area of the membrane (A), and

the thickness of the membrane (tm):

Re--A (6.)

tm

Pe- =

Electrical conductivity measurements were also confirmed by EIS. In this setup, a leaky

capacitor model is fit to the EIS data to determine p,-. The equivalent circuit for the leaky
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capacitor model is shown in Figure 6b. In this circuit, R1 represents the contact resistance and C
is the capacitance of the dry membrane, which is in parallel with a second resistance, R2, that
represents an ohmic resistance associated with electrons “leaking” through the dielectric SiO; layer.
The resistance can be obtained by fitting the Nyquist Plot shown in Figure 6b. EIS and I-V curve
measurements give p- results that are in good agreement with each other. The apparent variation
in measured resistance across different membrane thicknesses is expected, since electrical

resistance is an extrinsic property that scales linearly with membrane thickness, as described by

Equation (6).
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Figure 6. (a) I-V curve for electrolysis cell based on 6 nm, 12 nm, 50 nm ALD SiO; membrane
deposited at 100 °C and Pt thin film electrodes in the absence of electrolyte and at room
temperature. (b) Equivalent circuit of leaky capacitor model used to measure electrical resistivity
and Nyquist plot for the same sample with dry EIS measurement.

For a given intrinsic conductivity, thicker Si0. membranes inherently exhibit higher
resistance. Figure 6a clearly shows this expected trend—resistance increases proportionally with
film thickness—confirming the reproducibility and consistency of our measurements. The
conductivity values, derived from the slope of R vs. ty, remain constant across all samples — (1.2
+ 0.4) x 108 Q-cm for 6 nm SiO2, (9.1 £ 0.6) x 107 Q-cm for 12 nm SiO2, and (1.1 £ 0.3) x 108

Q-cm for 250 nm SiO>— indicating that the observed variations reflect geometric scaling rather
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than experimental variability. The calculated average p.- for SiO; across all thickness is (1.1£0.7)
x10® Q-cm, which is in agreement with literature.*>> ® The incorporation of POx has a minimal

effect on electrical resistivity, as shown by the value reported for POx-SiO; in Table 3.
3.5 Comparing Key Performance Metrics of SiO2 and Nafion Membranes

It is necessary to analyze all membrane transport properties in relation to the key performance
metrics of an electrolyzer that impact efficiency and safety. Here, the influence of membrane
transport properties on H crossover rates, electrical leakage currents, and the ratio of
oy+/Py, are considered. oy+/Py, is a useful figure of merit that can be used to predict the
minimum required membrane thickness for safe operation while maximizing electrolyzer

efficiency.’

When designing thin membranes for PEM electrolyzers, a crucial safety issue to consider
is the crossover of H> from the cathode to the anode, particularly at large pressure differentials

(Apn,) between the electrodes. The lower limit of Ha crossover (as a percentage of H» generated)
is closely linked to Ha permeability (Py,), making it essential to translate the measured Py, into

crossover values. This evaluation is necessary to assess the performance of thin SiO> membranes
in practical electrolyzers. In the absence of defects, the steady state flux of Hz across a planar

membrane (Ju.) can be approximated by Fick’s law,® which is shown in Equation 7:

PHZ ' ACHZ — PHZ ' Asz (7')
tm tm Rg-T

Ju, =

where ACy, is the concentration difference across the membrane, Apy, is the partial pressure
difference across the membrane, R is the gas constant, and T is the temperature. The hydrogen

crossover rate expressed as a percentage of the total rate of H production (%CR) is calculated
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using Equation 8, which compares ]y, to the rate of H> production described by Faraday’s law of
electrolysis. The equation also accounts for membrane thickness, hydrogen partial pressure
difference, temperature, and permeability. Assuming a Ho partial pressure difference of Apy,
=14.8 bar and an operating current density of i = 1.5 A-cm™, the calculated crossover rate (0.15%)
of the best-performing sample in Table 3, 50 nm 4x POx-SiO: deposited at 100 °C, is below 1%.
This satisfies ISO 22734 safety requirements for electrolysis systems, where the H2 content in the
anode stream must not exceed 50% of the lower flammability limit (LFL) for hydrogen-oxygen

mixtures.’!

i ) _ PHZ ' Asz - 2F (8)

0 — _
LR = Ina/ (ZF ity Rg-T

Another important factor to consider is electrical leakage current across the membrane. If
the leakage current density approaches or exceeds a few percent of the total current density (both
ionic and electrical), it will detrimentally affect electrolyzer efficiency.” This inefficiency occurs
because the "crossed over electrons" are dissipated as heat. The amount of electron crossover

highly depends on the membrane's electrical conductivity (ce-) as shown in Equation 9:

Vi ) L Vi * Oe- 9.

%i = .
eleakage <Rm,e ity

Assuming an operating voltage of 2 V and an operating current density of 1.5 A-cm™, %ie leakage 1S
calculated to be 0.07% and 0.02 % for 50 nm thick undoped SiO> and 50 nm thick POx-Si0O»
membranes deposited at 100 °C, respectively. This analysis shows that the electrical resistivities
of dielectric ALD SiO> membranes are more than sufficient to prevent significant parasitic

electrical leakage currents, even at nanoscopic thicknesses that are orders of magnitude lower than
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Nafion. In contrast, a Nafion-117 membrane is predicted to give a value of %l jcakage = 6.5 %,

which is unacceptably high.

Table 3 outlines the key performance metrics of the SiO> membranes , comparing with
performance across critical properties compared to Nafion membranes. The 50 nm POx-SiO;
membrane is seen to outperform Nafion-117 in terms of membrane resistance, hydrogen
permeability, and electrical resistivity. Importantly, the ratio o+ /Py, for this POx-SiO2 membrane
is 10 times greater than that for Nafion-117, indicating that higher water electrolysis efficiency can
be obtained using PO-SiO>-based PEM electrolyzers compared to Nafion-based PEM

electrolyzers while maintaining safe operating conditions.’

Table 3. Comparison of critical properties of SiO2 and POx-SiO> membranes deposited at 100 °C
to hydrated Nafion-117 measured at T =22 °C. Error bars represent 95% confidence interval based
on repeat measurements of three different samples for each sample type.

Membrane Ron on %CR Pr; Pe- Yoie,leakag on+/Pu,
(mQ-cm?) | (S-em™) (em?s1) | (Q-cm) e (S's-em?d)
. 8.4+1.9 3.8+0.4 8.6+0.7
100m8i0; | 17.220.7 | BELD) 1 gy, | GROH T GOET 0190, | 2210
50 nm POx- (2.2+0.7) (13£0.1) | (5.8+1.2) ]
g0, | 23412 | EIED Foasy | G M 0.02% | 1.7x10
Nafion-117 | 180 | 2.7x10% | 0.00% | G207 T OBAD 16500 | 1408

3.6 Chip Scale PEM Water Electrolyzer with Nanoscale SiO2 Membrane

A miniaturized “chip scale” electrolyzer test platform with a 0.1 cm? active area was used to
demonstrate the viability of using nanoscale SiO> membranes for efficient water electrolysis using
a “zero-gap” membrane electrode assembly (MEA) design wherein the membrane is sandwiched

between the electrodes. The design integrates several critical components that mimic the
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operational conditions of a full-scale PEM electrolyzer while enabling precise experimental

control of interfacial area and comparison of performance for different membrane types.
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Figure 7. (a) Schematic side-view of a chip-scale electrolyzer test platform. (b) I-V curves
measured in 0.5 M H>SO4 for zero-gap electrolyzers based on undoped ALD SiO, membranes
with varying thicknesses (10 nm, 50 nm, and 100 nm) deposited at 250 °C. (c¢) I-V curves
measured in 0.5 M H2SO4 and DI water for zero-gap electrolyzers based on 100 nm thick ALD
PO4-Si0; and 100 nm ALD SiO; membranes deposited at 100 °C. (d) Comparison of the I-V
curves measured in DI water from (¢) to [-V curves for the same samples measured in the absence
of electrolyte “Dry” to determine electrical leakage current.. Current densities are normalized to
the geometric area of the MEA exposed to the electrolyte. All measurements were carried out at
room temperature using a scan rate of 10 mV-s! and electrolyte flow rate of 20 mL-min'.

Figure 7a provides a detailed schematic of the platform’s architecture, showing its key
elements from top to bottom: a carbon paper-based gas diffusion layer, an IrO«-based anode
catalyst layer (0.2 mgi cm™) where the oxygen evolution reaction (OER) occurs, a thin (10 nm -

100 nm thick) ALD SiO: membrane, a smooth 50 nm thick Pt thin film that serves as the cathode
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catalyst for the hydrogen evolution reaction (HER), and a degenerately-doped Si(100) wafer (i.e.
“chip”) substrate. Electrolyzer chips containing different SiO> membranes were then integrated
into a custom flow-cell (Figure S9) that allowed for removal of gaseous products by flowing either
DI water or 0.5 M H>SOj4 through the cell. Although this small-scale chip-based electrolyzer
doesn’t allow for separate collection of O> and H», making it impractical for most real-world
applications, it does serve as a useful test platform for proof-of-principle electrolysis experiments
with well-defined interfaces without having to deal with the complexities of depositing the oxide

membrane on a porous substrate.

To assess the performance of the chip-scale electrolyzer, current density-voltage (I-V)
measurements (i.e. polarization curves) were measured at room temperature in either DI water or
0.5 M H2SO4, with the results presented in Figures 7b-7d. In Figure 7b, it is seen that the current
density recorded for electrolyzers based on undoped SiO2 membranes increases monotonically as
the membrane thickness decreases, demonstrating a clear inverse correlation between membrane
thickness and membrane resistance. Remarkably, the electrolyzer based on a 10 nm thick undoped
SiO2 membrane—over 4 orders of magnitude thinner than Nafion-117—is still capable of
producing I-V curves that are characteristic of water splitting without exhibiting exorbitant
electronic leakage current. This result can be attributed to (i) the uniform, defect-free nature of the
dense ALD SiO; membranes deposited on the planar chip-based substrate (Figure 2a) and (ii) their

high electronic resistivity (Table 3).

Figure 7c¢ compares [-V behavior of 100 nm thick ALD POx—SiO: and undoped SiO:
membranes (all deposited by ALD at 100 °C) in both 0.5 M H.SO.4 and DI water. For both
membrane types, higher current densities are achieved in 0.5 M H.SOs compared to DI water,

indicating that the presence of mobile counterions (HSO4) in the 0.5 M H2SOs electrolyte enhances
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the ionic conductivity of the SiO> membranes. For undoped SiO», this result is not surprising, as
the absence of negatively charged ion exchange centers necessitates the addition of anions from a
supporting electrolyte to support charge neutralization of H" within the membrane. For the POx-
doped membranes, the fact that the polarization curve measured in DI water is significantly worse
than that measured in 0.5 M H2SOa indicates that the ion exchange capacity of the PO dopants is
relatively low. This finding motivates the need for further development of doped oxide membranes

with higher dopant concentrations and/or different dopants.

Nonetheless, the electrolyzers based on POx-SiO2> membranes outperform undoped SiO: in
both 0.5 M H2SO4 and DI water. This enhanced performance is consistent with the results that the
POx-Si0: membranes exhibit higher proton conductivity than undoped membranes (Table 2).
Figure 7d shows the dry I-V curves overlaid with the I-V curves measured in DI water,
demonstrating that electrolyzers based on both types of membranes clearly exhibit water splitting
current above the baseline electrical leakage current. It is important to note that the current
attributed to water electrolysis, given by the difference in current measured in DI water compared
to the dry state, is 2.5 times larger for the electrolyzer based on the POx-SiO: membrane compared
to the undoped SiO> membrane. Although the I-V curves in DI water for this electrolyzer are
significantly worse than those for conventional Nafion-based PEM electrolyzers operating in DI
water, the results of Figure 7d indicate that the PO-dopants within the SiO2 membranes are able to
provide some ion exchange capacity for H' transfer during water electrolysis in the absence of a

supporting electrolyte.
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Table 4. Comparison of proton conductivity values obtained from EIS measurements of
membrane-coated electrodes and I-V curves for chip-scale electrolyzers recorded at room
temperature in 0.5 M H>SOq. Error bars indicate a 95% confidence interval based on modeling.

oy+ (S cm™) oy+ (S em™)
Sample Deposition Chip scal
p Temperature Membrane-coated p scale
electrodes Electrolyzer
100 nm SiO; 250 °C (1.7£0.2) x10°° (1.1£0.4) x107
100 nm SiO; 100 °C (8.4£1.9) x10°° (3.6£0.4) x107
100 PO 100 °C (2.2£0.7) 10" (23£02) x10°

To check for consistency between the H' conductivity measurements for the model
membrane-coated electrodes and the chip-scale electrolyzers, the I-V curves in Figure 7b-d were
fitted using a simple 0-dimensional model (See Supporting Information section 4) to extract proton
conductivities for each membrane (Table 4). For all samples analyzed, close agreement is seen
between conductivity values calculated from EIS half-cell measurements using the membrane-
coated electrodes (Figure 4) and from two electrode I-V curves recorded for the chip-scale
electrolyzer. The strong agreement in H' conductivities indicates that the SiO> membranes exhibit
similar H" transport behavior in the two different set-ups. Although the best polarization curve
shown in Figure 7¢ for the Si0; -based POM electrolyzers does not match the performance of a
conventional PEM electrolyzer,® it is important to note that this result was obtained with
significantly lower specific areas for the anode and cathode catalysts and used unoptimized porous
transport layers. With further development of sub-micron thick SiO, membranes and their
application to porous electrode supports rather than Si wafer substrates, POM electrolyzers offer
a promising option for high efficiency, low-temperature water electrolysis using PFAS-free

membranes that can replace Nafion.
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IV. Conclusions

This study has demonstrated that sub-micron thick proton-conducting SiO> membranes deposited
by ALD at low temperatures (100 °C — 250 °C) possess a combination of key transport properties
that make them attractive alternatives to PFAS-based polymeric ion exchange membranes like
Nafion. Most notably, this work shows that ALD SiO> membranes doped with phosphorous can
achieve a ratio of H" conductivity to H> permeability that is 10 — 20 times greater than Nafion,
meaning that water electrolyzers based on thickness-optimized SiO> membranes should be capable
exceeding the performance of Nafion-based PEM electrolyzers while maintaining safe operating
conditions. Additionally, all the SiO. membranes tested exhibit low electrical resistance, allowing
them to limit electrical leakage current to acceptable levels despite their nanoscale thickness.
Moreover, chip-scale electrolyzer tests confirm the trends in transport properties measured for
undoped and phosphorous-doped SiO, membranes while showing that the presence of POx
dopants—introduced during the ALD process—can serve as ion exchange centers that enable
water electrolysis from DI water in the absence of a supporting electrolyte. The performance of
these proton conducting oxide membrane (POM) devices still lags conventional Nafion-based
PEM electrolyzers, especially when using DI water. Nevertheless, measurements carried out with
the chip-scale electrolyzer platform demonstrate that high current density (> 1 A cm™) water
electrolysis can be achieved at low temperature using PFAS-free, sub-micron thick POMs. These
findings suggest that SiO. membrane-based electrolyzers offer a promising and efficient

alternative to conventional PEM electrolyzers.
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