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ABSTRACT: Electrochemical energy conversion requires electrodes
that can simultaneously facilitate substrate bond activation and
electron−proton charge transfer. Traditional electrodes co-localize
both functions to a single solid|liquid interface even though each
process is typically favored in a disparate reaction environment.
Herein, we establish a strategy for spatially separating bond activation
and charge transfer by exploiting mixed electron−proton conduction
(MEPC) in an oxide membrane. Specifically, we interpose a MEPC
WOx membrane between a Pt catalyst and aqueous electrolyte and
show that this composite electrode is active for the hydrogen
oxidation reaction (HOR). Consistent with H2 activation occurring at
the gas|solid interface, the composite electrode displays HOR current
densities over 8-fold larger than the diffusion-limited rate of HOR catalysis at a singular Pt|solution interface. The segregation of
bond activation and charge separation steps also confers excellent tolerance to poisons and impurities introduced to the
electrolyte. Mechanistic studies establish that H2 activation at the Pt|gas interface is coupled to the electron−proton charge
separation at the WOx|solution interface via rapid H-diffusion in the bulk of the WOx. Consequently, the rate of HOR is
principally controlled by the rate of H-spillover at the Pt|WOx boundary. Our results establish MEPC membrane electrodes as a
platform for spatially separating the critical bond activation and charge transfer steps of electrocatalysis.

■ INTRODUCTION

Electrochemical energy conversion relies on the efficient
transfer of electron−proton or H-atom equivalents to and
from small molecule substrates such as water,1−5 H2,

6−9

O2,
10−13 and CO2.

14−17 Irrespective of the small molecules of
interest, the electrochemical interface must carry out two
critical functions. Taking the oxidation of H2 as an example,
the interface must facilitate (1) the activation of the substrate
to generate surface-bound H-atom equivalents (Figure 1,
black), and (2) the separation of these adsorbed H-atom
equivalents into electrons and protons (Figure 1, blue).
Although the mechanistic details may be far more complex
for other substrates, a similar sequence of bond activation and
charge transfer steps will be involved in any electrocatalytic
reaction. Traditionally, a singular solid|liquid interface carries
out both functions (Figure 1a), but this is rarely ideal because
(1) and (2) are often each favored in disparate reaction
environments. For example, while aqueous electrolytes provide
for rapid proton conductivity and therefore facilitate electron−
proton charge separation (2), they display poor solubility for
gaseous substrates18 which in turn limits the rate of substrate
bond activation (1). While gas-diffusion electrodes overcome
the solubility issues by forming a gas|liquid|solid triphase
boundary, the two functions (1 and 2) remain co-localized to
the same interface preventing independent optimization of
each.19 Likewise, competitive adsorption of solvent and/or
buffering ions (X in Figure 1a) is known to impede substrate

activation at catalyst active sites (1),20−23 but can be essential
for promoting electron−proton transfer reactions (2).24−29

Furthermore, adventitious electrolyte impurities and crossover
species which are commonplace in electrochemical devices can
interfere with substrate activation (1),30−32 but often do not
interfere with the electron−proton transfer (2). Clearly, the
development of next-generation energy conversion technolo-
gies would benefit from new strategies that address the
incompatibilities of functions (1) and (2).
In principle, the two functions of substrate bond activation

(1) and electron−proton transfer (2) can be separated spatially
and chemically by interposing a membrane between the
catalyst and the electrolyte. Unlike the traditional ion
conducting membranes used in electrochemical devices, this
concept requires a membrane that selectively transports H-
atom equivalents while rejecting the transfer of gas, solvent,
and ions between catalyst and electrolyte. The membrane must
also be catalytically inert, excluding consideration of Pd-based
membranes33−36 that can carry out catalysis at the electrolyte
junction. These dual requirements favor the use of nonporous
condensed solid oxides. Although ion conductivity in solid
oxides is typically sluggish for electronic insulators,37 many
oxides are known to rapidly intercalate electron−proton pairs
upon polarization38−41 or via spillover from active cata-
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lysts.42,43 By matching the proton intercalation potential to
that of the terminal electrocatalytic reaction, we envision that
the H-atom equivalents within mixed electron−proton
conductors (MEPCs) could drive catalytic reactions at gas|
solid interfaces, thereby spatially separating the functions of
bond activation and electron−proton charge separation for the
first time.
Herein, we establish the feasibility of MEPC membrane

mediated electrocatalysis by constructing a composite anode
consisting of a MEPC membrane interposed between a Pt
catalyst and aqueous electrolyte (Figure 1b). For this proof-of-
concept study, we prepared an amorphous tungsten oxide
(WOx) membrane that has an H intercalation potential
matched to that of the H2/H

+ couple.44 We show that rapid

H-conduction in WOx drives overall hydrogen oxidation
reaction (HOR) catalysis with H2 activation and H-spillover
occurring at the gas|solid interface and electron−proton
transfer occurring at the WOx|electrolyte interface.

Preparation and Characterization of Pt/WOx Compo-
site Membranes. Pt/WOx composite films were prepared on
porous polycarbonate supports using the procedure depicted in
Figure 2a (see the Supporting Information, SI, for full
fabrication details). Briefly, we employed a polycarbonate
membrane with 200 nm pores as the inert mechanical support
for the Pt/WOx composite films. RF magnetron sputtering of
W in the presence of O2 was first used to deposit a dense layer
of WOx on the polycarbonate support (Figure 2b).45−47

Subsequently, Pt was deposited on WOx via DC magnetron
sputtering. SEM images indicate the formation of a smooth
continuous WOx film, free of large pinholes or cracks (Figures
2c and S1). SEM/EDS analysis confirms the presence of Pt
(Figure S2) and reveals a W:O ratio of 1:2.86, consistent with
an oxygen-deficient WO3 layer. This WOx layer is amorphous
as judged by the absence of peaks in the XRD (Figure S3) of
as-prepared films. Survey XPS spectra of the as-prepared Pt/
WOx films show peaks corresponding to Pt, W, O, and
adventitious C (Figure S4). High-resolution scans of the W
region reveal two sets of W 4f7/2 and 4f5/2 peaks (Figure 2e).
The binding energies of the 4f7/2 peaks are 36.2 and 33.1 eV
and correspond to W(VI) and W(V), respectively.48 Peak
ratios extracted from curve fitting yield an estimated VI:V ratio
of 3:1, in line with the 2.6:1 ratio calculated from the bulk
W:O stoichiometry determined by SEM/EDS. The Pt 4f7/2
peak is observed at a binding energy of 71.5 eV (Figure 2f),
indicative of metallic Pt.49 To gain insight into the Pt
morphology, we prepared a Pt/WOx film on a TEM grid
with a thin ∼40 nm WOx layer. TEM images reveal discrete,
crystalline, ∼5 nm islands dispersed uniformly on the WOx
layer (Figure 2d). STEM-EDS point analysis indicates the
presence of Pt at image regions containing lattice fringes and
the absence of Pt at amorphous regions on the surface (Figure
S5). Moreover, fast Fourier transform reveals spots for the

Figure 1. Schematic representations of HOR catalysis by (a) a
traditional singular solid|liquid electrochemical interface and (b) WOx
MEPCmembrane interface. (a) The overall HOR process involves gas-
eous H2 dissolution, charge displacement of surface-adsorbed species
X (X can be the solvent H2O, electrolyte ions, dissolved gases such as
CO, etc.), bond activation of the dissolved H2 to form surface-
adsorbed H atoms, and electron−proton charge separation. (b) H2
bond activation takes place at the gas|solid interface and electron−
proton charge separation occurs at the solid|electrolyte interface. The
color scheme of the WOx ball-and-stick model of (b): red, O; orange,
W(VI); blue, W(V); and green, H.

Figure 2. Fabrication and characterizations of the Pt/WOx composite electrode. (a) Schematic representation of the fabrication of the Pt/WOx
composite electrode. In the top-down view of the composite electrode, the black periphery illustrates the position of the Ag paint electrical contact.
(b) Cross-section SEM image of the magnetron sputter deposited Pt/WOx film, supported on a porous polycarbonate membrane. (c) Top-down
SEM image of the Pt/WOx film. (d) TEM image of Pt islands supported on ∼40 nm WOx films which were deposited on a Cu/lacey carbon TEM
grid. (e) XPS spectrum and peak-fitting of W 4f region of the as-prepared Pt/WOx films. The gray dots are the experimental data. The red and blue
lines represent the fitted W 4f7/2 and 4f5/2 peaks for W(VI) and W(V), respectively. The black lines depict the fitting envelope and the background.
(f) XPS spectrum of Pt 4f region of the as-prepared Pt/WOx films.
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observed fringes consistent with the spacings for Pt(111)
(Figure 2d, inset). The results support the assignment of these
islands as crystalline Pt nanoparticles. TEM images reveal no
lattice fringes for the WOx layer (Figure 2d), consistent with
the absence of peaks in the XRD (Figure S3). Together, the
above data indicate that this preparation method generates a
Pt/WOx composite film consisting of ∼5 nm diameter Pt
islands uniformly distributed on a smooth, continuous,
amorphous layer of oxygen-deficient WOx.
The Pt/WOx composite film prepared by the above

procedure was fashioned into a membrane electrode assembly
by sealing the sample onto one end of a carbon fiber tube with
silver paint adhesive. The Pt-containing side of the WOx was
oriented toward the inside of the carbon tube and the silver
paint provided both a low-resistivity contact to the WOx and a
gastight seal between the Pt side and the electrolyte (Figure
2a). The entire assembly was then further sealed with epoxy to
prevent silver leaching into the solution. This carbon fiber tube
served as the working electrode with the H2 reactant flowed to
the inside of the tube (Figure 2a). The absence of gas bubbles
on the solution-facing side of the composite anode provided a
first indication that this fabrication procedure generates a
gastight seal. This observation is complemented with CO
poisoning experiments and Cu tracer studies, detailed below,
that provide direct evidence for rigorous exclusion of gas and
liquid exchange between gas-facing and solution-facing sides of
the composite anode (SI).
Pt/WOx MEPC Membrane Electrode Catalyzes HOR.

To study the HOR activity of the Pt/WOx composite
electrode, we supplied 1 atm of H2 to the Pt side of the
composite film and exposed the WOx side to 0.1 M HClO4,
pH 1.0, electrolyte. Cyclic voltammetry (CV) was performed
from 0.00 to 0.52 V (all potentials are reported versus the
reversible hydrogen electrode (RHE) unless otherwise noted)
at a 50 mV s−1 scan rate. The initial CV scan displays a roughly
linear rise in current from 0 to 18 mA cm−2 as the potential
was swept between 0.00 to 0.52 V (Figure S6). Subsequent
cycling over the same potential range led to the steady rise in
the magnitude of the current before reaching a maximum
stable value shown in Figure 3a, black. The resulting
voltammetric response exhibits a linear rise in current from 0
to 25 mA cm−2 over the potential range examined. Substitution
of the H2 flow for N2 led to a rapid decay of the current,
eventually reaching a background level shown in Figure 3a, red.
The background trace still displays current attributed to the
stoichiometric electrochemical intercalation/deintercalation of
H into/out of WOx, but the dramatic current enhancement
observed when H2 is flowing is entirely absent. These
observations, taken together, indicate that the Pt/WOx
composite electrode is able to catalyze the overall H2 oxidation
reaction. Notably, in the presence of H2, the current density
reaches a value in excess of 25 mA cm−2, which is 8-fold higher
than the diffusion-limited rate of HOR catalysis if the Pt
catalysts are directly exposed to the electrolyte (Figure 3a, blue
dash). This dramatic current enhancement indicates that H2
activation is occurring at the gas|solid interface rather than in
solution.
The HOR activity is maintained at a steady state.

Chronoamperometry (CA) traces collected at a variety of
potentials reveal that the HOR currents reached steady state
rapidly (Figure S7), indicating that the rate of H2 activation
and H-spillover at the gas|solid junction is balanced by the rate
of electrochemical electron−proton charge separation at the

WOx|solution interface. The steady-state current densities are
plotted versus potential from 0.00 to 0.48 V in 40 mV
increments (Figure 3b) and are similar in magnitude to the
values observed in the CV data. These observations indicate
that the Pt/WOx composite electrode is able to mediate
persistent HOR catalysis, driven by the applied potential.
Interestingly, both the CV and CA reveal two characteristic

features. First, they do not display the transport-limited plateau
current that is common for HOR at the well-known Pt|solution
interface. This lack of a potential-invariant current plateau
suggests that reactant diffusion is not limiting and H-diffusion
through the WOx membrane is rapid (see below). Second, the
CV and CA data reveal a roughly linear relationship between
applied potential and measured HOR current. This linear I−V
behavior is in stark contrast to the exponential I−V
relationship predicted by the Butler−Volmer equation for an
activation-controlled catalytic reaction. This discrepancy can
be explained, in part, by recognizing that, for the Pt/WOx
composite electrode, the applied potential only directly
increases the driving force of electron−proton charge
separation at the WOx|solution junction, but only imparts an
indirect effect on the rate of H-diffusion through the WOx and
the rate of H2 activation and H-spillover at the Pt|WOx
interface. All of these processes are analyzed in greater detail
below.

MEPC Membranes Confer Immunity to Electrolyte
Impurities. The Pt/WOx composite electrode displays high
tolerance to impurities and poisons in the electrolyte. For fuel
cell applications, O2 crossover from the cathode is a pernicious
problem that leads to efficiency losses.50,51 Indeed, for a Pt
electrode in direct contact with the electrolyte, the
introduction of a 1:1 mixture of O2 and H2, leads to a
negligible overall current due to the superimposition of the

Figure 3. (a) Cyclic voltammogram (CV) of the Pt/WOx composite
electrode with N2 (red) and H2 (black) supplied to the working
electrode. The CV of HOR catalysis at a singular Pt|solution
interface is also plotted for comparison (blue dash). (b) Steady-state
HOR current densities recorded in Ar-saturated 0.1 M HClO4, with
H2 supplied to the gas|solid interface of the working electrode. The
error bars represent the standard error of the mean calculated from
three independent film preparations.
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anodic HOR current and the cathodic ORR current (Figure
S8a). In contrast, for the Pt/WOx composite electrode, the
introduction of 1 atm of O2 to the electrolyte side leads to
unchanged steady-state HOR currents (Figure 4, red) relative

to those collected in the absence of O2 (Figure 4, black). While
these results suggest that there is minimal gas crossover to the
Pt side, we further evaluated the impermeability of the WOx
layer by introducing CO to the solution. As CO impurities are
known to readily poison Pt surfaces,52−54 this gas provides a
stringent test for pinhole defects in the film. We find that, for a
Pt electrode in direct contact with the electrolyte, the
introduction of CO leads to complete elimination of HOR
catalysis (Figure S8b). In stark contrast, for the Pt/WOx
composite electrode, the introduction of 1 atm of CO to the
electrolyte side leads to steady-state HOR currents (Figure 4,
blue) that are again unchanged relative to those collected in
the absence of CO (Figure 4, black). These results establish,
(1) that the dense WOx membrane is pinhole free, effectively
rejecting gaseous electrolyte impurities from reaching the Pt
catalyst surface, and (2) that the WOx|electrolyte interface
itself is catalytically inert and tolerant of poisoning gases.
In addition to gaseous impurities, the Pt/WOx composite

electrode also displays excellent tolerance to impurity ions in
the electrolyte. To provide a direct comparison, we polarized a
Pt electrode in contact with electrolyte at 0.50 V in the
presence of H2. Introduction of 10 mM Cu(ClO4)2 led to a
rapid and progressive decline of HOR activity (Figure S9a).
This potential corresponds to the underpotential deposition
(UPD) region for Cu on Pt55, so we attribute this decline in
HOR activity to the formation of a poisoning UPD Cu adlayer
on the Pt surface. In contrast, for the Pt/WOx composite
electrode polarized at the same potential, the introduction of
the same concentration of Cu(ClO4)2 into the electrolyte led
to no diminishment of the HOR current (Figure S9b). The
absence of Cu poisoning for the Pt/WOx electrode is
corroborated by XPS and ICP-MS. Following polarization of
the Pt/WOx in the presence of 10 mM Cu(ClO4)2 in the
electrolyte, we examined the composition of the Pt side by
XPS (Figure S9c) and ICP-MS (Table S1) which evinced the
complete absence of any Cu species. These results reiterate
that (1) the dense WOx membrane is pinhole free, effectively
rejecting electrolyte from reaching the Pt catalyst surface and
(2) the WOx|electrolyte interface is itself tolerant to ionic
electrolyte impurities.
Mechanistic Studies of MEPC Membrane-Mediated

HOR. As noted earlier, the voltammetric profile of the Pt/WOx

composite electrode does not match that expected for
activation-controlled HOR catalysis, nor does it display the
characteristic plateau current expected for transport-limited
HOR. To further understand the factors that contribute to the
rate of HOR catalysis, we systematically varied the structure of
the Pt/WOx composite electrode.
Overall HOR catalysis requires electron−proton transport

through the thick WOx membrane from the gas|solid interface
to the oxide|electrolyte boundary. To investigate whether
electron−proton transport in WOx is limiting the HOR
current, we prepared WOx membranes of 0.8, 1.0, and 1.4
μm thickness (Figures 2b and S10) by varying the sputtering
time duration from 2.5 to 4 h. The low end of the WOx
membrane thickness was limited by the requirement for a
pinhole free, condensed film structure; the high end of the
WOx membrane thickness was limited by the slow deposition
rate of magnetron sputtering. For each film thickness, the WOx
surface morphology remains unchanged (Figure S11) and the
Pt deposition was conducted simultaneously for all samples to
preserve a similar Pt|WOx boundary density across the film
thicknesses examined. Each film performed HOR catalysis and
the steady-state HOR currents were the same within error for
all of the films across the entire 0.00 to 0.48 V range examined
(Figure S12). This remarkable invariance of the HOR rate is
shown in Figure 5a for polarization at 0.48 V. Despite a near

doubling of the film thickness, the steady-state HOR current
densities remain the same within error at ∼18 mA cm−2. These
results indicate that electron−proton transport within the WOx
membrane is not limiting the rate of HOR electrocatalysis
across the film thickness range examined here. While electron−
proton motion has been postulated to be rapid in WOx,

42,56−64

our findings provide the first unambiguous confirmation of this

Figure 4. Steady-state HOR current density of the Pt/WOx
composite electrode in the presence of gaseous impurities dissolved
in the electrolyte. The data were collected in Ar- (black ■), O2- (red
●), and CO-saturated (blue ▲) 0.1 M HClO4.

Figure 5. (a) Steady-state HOR current density at 0.48 V versus
WOx membrane thickness. The time duration of Pt sputtering was 30
s for all samples. (b) Steady-state HOR current density at 0.48 V
versus the time duration of Pt sputtering. The time duration of WOx
sputtering was 3 h for all samples. The error bars represent the
standard error of the mean calculated from three independent film
preparations.
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phenomenon and highlight the power of correlated electron
motion in promoting solid-state ion transport at low
temperatures. We acknowledge that our studies are practically
limited by the range of WOx membrane thicknesses examined,
and we expect that the H-diffusion would start to limit the
overall rate of HOR catalysis for dramatically thicker WOx
membranes.
HOR catalysis by the Pt/WOx composite electrode is

initiated by H2 activation and H-spillover at the gas|solid (H2|
Pt|WOx) interface. While it is recognized that the dissociative
adsorption of H2 is extremely rapid at Pt surfaces, H-spillover
at the Pt|WOx boundary is known to be significantly
slower.60,65−69 To examine whether the rate of H-spillover
limits the rate of HOR in our configuration, we systematically
varied the loading of Pt on the WOx membrane by varying the
time duration of Pt sputter deposition from 20 to 45 s. TEM
analysis reveals that, for deposition times ranging from 20 to 35
s, the Pt morphology consists of isolated islands on the WOx
films. Over this series of deposition times, the Pt island density
increases but the average diameter of each island remains
constant at ∼5 nm (Figures 2d and S13a−d). For deposition
times beyond 40 s, these Pt islands evolve into an
interconnected array of Pt with randomly arranged gaps that
expose the WOx membrane. (Figure S13e,f). The observed
HOR current densities are strongly correlated with these
changes in Pt morphology. With increasing Pt deposition time
from 20 to 35 s, we observe a corresponding systematic rise in
the HOR current density from 11 to 23 mA cm−2 at 0.48 V
(Figure 5b). This rise is then followed by a sudden drop in
HOR current to 7 and 5 mA cm−2 for the 40 and 45 s
deposition samples, respectively (Figure 5b). These changes in
HOR current density with Pt deposition time are also reflected
across the entire 0.00 to 0.48 V range examined here (Figures
3b and S15).
The correlated changes in the HOR current with a variation

of the Pt morphology can be rationalized in terms of changes
in the Pt|WOx boundary line density.70 At low deposition
times between 20 and 35 s, the Pt island density increases
systematically, but the island diameter remains roughly
constant. This leads to a systematic increase in Pt|WOx
boundary line density, which enhances the rate of H-spillover
and leads to a systematic increase in HOR current (Figure 5b).
For Pt deposition times beyond 35 s (40 and 45 s), the Pt
islands begin to overlap, which leads to a dramatic decrease in
Pt|WOx line density and a corresponding decline in the rate of
H-spillover that further translates into lower HOR current
densities. Together, the data indicate that the rate of H-
spillover across the Pt|WOx boundary limits the overall rate of
HOR catalysis mediated by the MEPC membrane. To obtain a
quantitative analysis of the boundary density, we drew ellipses
to estimate the outlines of the Pt particles (Figure S13). By
measuring the total perimeters of these ellipses, we obtained a
crude estimation of the Pt|WOx boundary length. By plotting
the boundary length versus Pt deposition time, we find that the
boundary length first increases with increasing Pt deposition
time from 20 to 35 s and then the boundary length decreases
for 40 and 45 s Pt deposition times (Figure S14). The results
further suggest that varying the Pt deposition time alters the Pt|
WOx boundary density which in turn affects the rate of H-
spillover and overall HOR catalysis.
The final step of HOR catalysis of the Pt|WOx composite

electrode involves electron−proton charge separation at the
WOx|electrolyte interface. While the known corrosion

instability of WOx in base restricted our studies to acidic
environments,71−73 we found that varying the H+ concen-
tration from 0.1 to 2.0 M did not lead to a simple Nernstian
shift of the open-circuit potential or a corresponding shift of
the polarization curves to more negative values as the pH was
increased. Instead, the lowest H+ concentration, 0.1 M,
displays a slightly decreased slope but a very similar open
circuit potential to the curves at higher H+ concentration
(Figure S16). While a complete understanding of the origin of
these effects awaits an in situ picture of the structure of the
WOx|solution interface under polarization, these observations
exclude a simple reversible one-electron, one-proton equili-
brium with solution defining the potential at the WOx|solution
interface. Instead, we postulate that this electron−proton
transfer is irreversible at the WOx|solution interface under the
conditions of catalysis.
The above analysis allows us to assemble a qualitative model

for HOR catalyzed by the Pt/WOx MEPC membrane (Figure
6). The applied electrochemical potential directly alters the

driving force and thus, the rate of electron−proton charge
separation at the solution interface. The increased rate of H
extraction from WOx serves to decrease the H population in
the WOx film. Due to rapid H-diffusion in WOx, this decrease
in H population is rapidly felt at the Pt|WOx interface. This, in
turn, causes an increase in the number of WOx sites available
to accept H from the Pt surface at the Pt|WOx interface. In this
way, the applied potential serves to indirectly augment the rate
of H-spillover via variation in the H population of WOx. At
steady state, the rates of charge separation and H-spillover
must be equivalent, balanced by an appropriate H population.
Thus, we postulate that the correlation between the H
population and rate of H-spillover give rise to the observed
linear I−V profile. However, we note that the precise slope of
the linear I−V profile may also contain contributions from
lateral electrical resistances across the WOx film from the site
of charge separation to the radial current collector, as well as
the possibility of ionic resistances that arise from a space-
charge region that could form at the WOx|solution interface.74

Ongoing studies are aimed at tracking the H population in situ
to build a quantitative model for the kinetic and resistive
contributions to the observed HOR polarization behavior on
MEPC membranes.

Figure 6. Putative mechanism for HOR catalysis at Pt/WOx
composite electrodes. More positive potentials (b) decrease the H
concentration within WOx relative to low applied potentials (a). We
invoke rate limiting H-spillover which is accelerated by a lower H
concentration in WOx.
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■ CONCLUSIONS
Here, we establish a method for spatially separating the critical
electrocatalytic processes of substrate bond activation and
electron−proton charge separation. We show that interposing
a mixed electron−proton conducting (MEPC) WOx mem-
brane between a Pt catalyst and aqueous electrolyte generates a
composite electrode for HOR catalysis. In this electrode, the
electrochemical driving force for electron−proton charge
separation at the oxide|electrolyte interface is translated into
a chemical driving force for H2 activation and H-spillover at
the Pt|WOx interface, enabling overall HOR catalysis. In this
way, the MEPC membrane enables electrochemical polar-
ization to be used to drive catalytic reactions at gas|solid
interfaces, thereby spatially segregating the critical bond
activation and charge separation steps of electrocatalysis.
This spatial segregation endows the Pt/WOx MEPC

electrode with unique electrocatalytic properties that are
impossible to achieve with a traditional electrode consisting
of the singular interface. Since H2 activation occurs directly at
the gas|Pt interface, we are able to achieve HOR current
densities that are 8-fold larger than the diffusion-limited rate of
HOR catalysis at a singular Pt|solution interface. Furthermore,
since the Pt catalyst surface is not in contact with the
electrolyte and the WOx is exceptionally selective for H-
transport, the MEPC electrode displays excellent tolerance to
poisons and impurities dissolved in the electrolyte or that
crossover from the cathode.
This study also establishes the key factors that control the

efficiency of MEPC electrocatalysis. Remarkably, we find that
the WOx membrane supports facile H-diffusion even at room
temperature and find that the rate of catalysis is principally
controlled by the rate of H-spillover at the Pt|WOx boundary.
These mechanistic insights establish a path toward higher-
efficiency MEPCs electrodes by maximizing the Pt|WOx
boundary density. Given the wide diversity of known H-
intercalating materials with a wide range of H-affinities, the
concept established here provides the basis of segregating bond
activation and charge separation processes across a wide range
of key energy conversion reactions.
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