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Interfacial electrocatalysis involves elementary chemical and charge
transfer reaction steps. For the hydrogen evolution reaction (HER),

the applied overpotential can be partitioned into a charge transfer
overpotential, which drives proton-coupled electron transfer, and a
chemical overpotential arising fromincreasing surface H activity. However,
typical experiments report on the aggregate rate-overpotential profile,
with noinformation about the relative contributions from these two
components. Herein, we employ a P[d membrane double cell to spatially
isolate charge transfer and chemical reaction steps in HER catalysis,
deconvoluting their overpotential contribution under different reaction
conditions. We analyse how pH and the introduction of poisons and
promoters affect each component, and find that for agiven H, release rate,
only the charge transfer overpotential is affected by reaction conditions.
These findings suggest that reaction-condition-dependent HER efficiencies
are driven predominantly by changes to the charge transfer kinetics rather
than the chemical reactivity of surface H.

Theinterconversion of electricaland chemical energy requires catalysts
that canmediate complex multi-electron, multi-protonreactions. When
the electrocatalyst itself is the electrode, it facilitates these complex
reactions by binding and stabilizing surface intermediates**. Thus, an
overall electrocatalytic mechanism invariably consists of a sequence
of elementary reaction steps that can be broadly bifurcated as either
charge transfer steps (those involving the transit ofions across the elec-
trical double layer to form surface-bound intermediates) or chemical
reaction steps (those involving the reaction of those surface intermedi-
ates with each other)**. The rational design of improved electrocata-
lysts requires a detailed understanding of the relative contributions
from charge transfer and chemical reaction kinetics to the overall reac-
tion efficiency and how each depends on key reaction variables such
aselectrolyte, pH and potential.

The thermochemistry and kinetics of both the charge transfer
and chemical reaction steps are affected by the applied potential. This
underappreciated concept can be understood in the context of the

hydrogen evolution reaction (HER). In one viable mechanism for the
HER (the Volmer-Tafel mechanism), the key surface Hintermediate,
historically termed overpotential deposited H (Hpp), is first formed
through proton-coupled electron transfer (PCET). This is followed
by a chemical reaction step wherein two Hg,p, species recombine to
formH, (Fig.1)>°. For this mechanism, changes to the applied poten-
tial serve todirectly increase the driving force and rate of the charge
transfer step. This higher rate of H,pp formation must be balanced
by an equally higher rate of Hypp, recombination to form H, at steady
state. Thus, the Hpp surface coverage will increase until the rates of
Hopp formation via charge transfer and consumption viarecombina-
tion are matched”’. This indirect change in the Hypp coverage and
correspondingactivity (a,) can be viewed as a chemical overpotential,
Nenemical (Fig. 1), which, in this context, is the change in the chemical
potential of surface H (u,,) relative to its value in equilibrium with
latmH, (i, defined as uy, at the reversible hydrogen electrode (RHE)
potential), such that:
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Fig.1|Hydrogen electrocatalysis on electrode surfaces is composed
ofboth chemical and charge transfer overpotential components. Free
energy schematic for the electrochemical HER, with Hy,p, as the key surface
intermediate for the reaction. Under polarization, the applied overpotential
(Mappiiea) 1S the aggregate of two overpotential components, the My e transter AN
the Nehemica- Under steady-state conditions, the rates of Hpp, generation and Hypp
consumption must be equal to one another (Vygme and vy,g, respectively, ina
Volmer-Tafel mechanism).
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where ay,, is the chemical activity of surface H at the RHE potential in
the presence of 1 atm of H, (see Supplementary Note 1 for derivation),
Fis Faraday’s constant, R is the gas constant and T'is temperature.

Within this framework, the overall overpotential for HER catalysis
partitions into a fraction going towards accelerating the rate of the
charge transfer step to form Hgp. We define this as the charge trans-
fer overpotential, fcnarge cranster (Fig. 1). The remainder goes towards
accelerating the rate of the chemical reaction step for forming H,
(Mchemicar)”- Although the foregoing logic emphasizes, qualitatively,
that both charge transter AN Nenemical Vary with the applied potential, the
quantitative partitioning between the two is unknown. This is because
atypical polarization experiment only reports on the aggregate cur-
rent-overpotential profile, and thus, contains noinformation about the
individual overpotential contributions that affect the charge transfer
and chemical steps.

It is now widely appreciated that the overall kinetics of HER are
strongly dependent onreaction conditions: on noble metals, HER kinet-
icsare attenuated by two orders of magnitude in base compared with
acid'"; the presence of alkali cations and buffering anions in the elec-
trolyte can promote HER kinetics'®™"; and surface-bound species are
known to both promote>*** and inhibit?** catalysis. Inall these cases,
itremains unclear whether these dramatic effects stem from changes
inthe thermokinetic profile of the charge transfer steps, the chemical
reaction steps or some combination of both. Yet, a detailed understand-
ing of the factors that control the reaction condition dependence of
the HER is a prerequisite for the rational design of improved catalysts
and systems that operate under awide array of reaction conditions.

Unfortunately, there currently exists a paucity of methods for
discriminating the chemical and charge transfer contributions to
overall HER catalytic efficiency and, correspondingly, their reac-
tion condition dependence. This stems directly from the difficulty
in quantifying the population, much less the chemical activity or
reaction condition dependence of Hypp in the catalytic cycle. As
the key reactive H intermediates for the HER, Hpp, Species exist at a
thermodynamic excess relative to H, are thus are constantly being
consumed under reaction conditions to release H,. Although the
precise chemical bonding environment remains contentious®, Hopp,
standsinstark contrast to strongly bound, under-potential deposited
H, Hypp, Which form at potentials positive of the H*/H, equilibrium

potential, are persistent on noble metal surfaces and have been
the subject of extensive thermodynamic and kinetic studies™".
Spectroscopic studies have been able to observe and quantify Hqpp
populations on Pt surfaces under steady-state catalysis conditions,
but correlating the surface population of Hgpp, with its chemical
potential remains elusive?*?. Electrochemical transient methods
have also been applied to quantify the activity of Hypp, on a variety of
metals®>**~*', While valuable, this technique, which tracks the decay
of the open circuit potential (OCP) following catalysis, inherently
conflates double layer and adsorption contributions to electrode
capacitance, making it hard to extract the Hy,, population or ener-
getics unequivocally. This problemis compounded when comparing
data across vastly different reaction conditions where additional
contributions to capacitance cannot be excluded. Thus, improved
strategies for quantifying the thermodynamics and kinetics of highly
reactive Hypp are needed to discriminate the relative contributions
to medium-dependent HER kinetics.

The above challenges could be addressed if the critical Hypp inter-
mediates could be generated and deliveredinatuneable fashion to the
catalyst surface from an external source rather than via charge transfer
tothe H, evolving interface. We postulate thatindependent control of
the surface population of Hypp Wwould allow us to unambiguously gener-
ate a chemical overpotential without the need for charge transfer to
the interface. This external delivery of Hypp cannot be achieved on all
noble metals; however, Pd is capable of intercalating H species which
can diffuse rapidly within the bulk of the metal®**>. This property has
been used to facilitate H, separations through thin P[d membranes® .
Additionally, electrochemical polarization of athin Pd membrane has
beenusedtodrive H-transport to asecond mediumto carry out hydro-
genation reactions®*’. Thus, we envision that H-transport through aPd
membrane could be employed to externally control the surface popula-
tion of Hypp Without charge transfer to the interface and to uncover how
different reaction conditions affect the chemical and charge transfer
overpotential contributions to HER catalysis.

Herein, we employ electrochemically driven H-insertion at one
face (the H-pumping interface) of a thin Pd membrane to establish
atuneable, controlled Hpp, chemical potential at the opposite face
(the analytical interface). We find, through a series of mechanistic
studies, that the OCP of the analytical interface directly measures
Nenemical fOT H, €volution. We vary the rate of H-insertion to the ana-
lytical interface and correlate the shift in the OCP of the analytical
interface with the rate of H, evolution at that interface toisolate the
Nenemica-Tate scaling for H, evolution catalysis. We further compare this
scaling across arange of pH values, and in the presence of poisoning
CO and promoting Ni(OH),. Remarkably, these studies reveal that
across all the reaction conditions examined, the 1 yemica-rate cor-
relation plots overlay with a common scale factor of ~20 mV dec™.
The data indicate that, upon normalizing to an equivalent 7 yemicalr
the rate of net H-H recombination is remarkably insensitive to pH,
or the presence of promoters or poisons. By super-imposing asmall
additional electrical polarization at the analytical interface on top of
a high and fixed rate of H-insertion from the subsurface, we isolate
the rate-overpotential scaling for the charge transfer step of HER at
anominally fixed Hopp, population. Unlike the 7.pemica, We find that
the Necnarge ranster-Tate scaling for the HER is dramatically impacted by
electrolyte pH and the presence of promoters or poisons. Thus, we
conclude that the reaction condition dependence of the HER on
Pd catalysts results predominantly from the promotion or inhibi-
tion of the charge transfer kinetics between Pd and the electrolyte,
rather than changes in the intrinsic rate of the chemical reaction
steps involving surface H. Taken together, these findings reveal the
importance of considering both the chemical and charge transfer
contributions to HER overpotential, and how changing reaction
conditions modulate these two components independently to define
the overall reaction efficiency.
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Fig. 2| Illustration of the electrochemical double cell configuration.

The electrochemical double cell consists of two electrochemical cells that
areionically isolated from one another despite sharing acommon working
electrode. In this electrochemical double cell configuration, proton reduction
atthe H-pumping interface generates Hopp. The Hopp at the H-pumping interface
canthen either spontaneously generate H, at the H-pumping interface, or diffuse
into Pd and reform H,pp at the analytical interface, where it is competent for H,
release. Notably, charge transfer involved in Hypp formationisisolated at the
H-pumpinginterface, and is absent at the H,-evolving analytical interface.

Results

Pd double cell generates H,p, without direct charge transfer
Todiscriminate the chemical and charge transfer contributionsto HER
activity, we constructed a P[d membrane electrochemical double cell
(Fig. 2; see the Methods for full experimental details)*“. This configura-
tion, whichis also historically known as a Devanathan-Stachurski cell”?,
consists of two distinct electrochemical cells separated by a Pd foil,
which serves as the working electrode for both electrochemical cells,
with separate counter and reference electrodes in each. Importantly,
the pinhole-free nature of the Pd working electrode restricts the perme-
ationofany liquids or electrolytes from one side to the other, thereby
ionicallyisolating the two electrochemical cells**. Consequently, in this
configuration, even though the working electrode is a single piece of
metal and is contacted by two potentiostats, the current path for each
electrochemical cell is distinct and, thus, no current flows from one
face of the metal to the other. Consequently, each face of the common
metal membrane can be independently polarized via charge transfer
from the external circuit for that particular cell.

Mostnoble metal foils are completely impervious toions and thus
polarization of one face has no effect on the other. However, Pd can
formbulk PdH, under reductive polarizationinaqueous electrolytes,
with theHfraction, x, drivento higher values uponincreased negative

polarization, as given by the following electrochemical equilibrium:*>*

XH* 4+ Pd + ye~ = PdH, (2)

Consequently, polarization of one Pd interface, termed the H-pumping
interface, in an electrochemical double cell generates Ho,, species
competent for H, release onthe other, termed the analytical interface.
Independently, the potential of the analytical interface of the P[d mem-
brane can be measured and/or polarized by a second potentiostat,
allowing us to probe the reactivity of Hypp Species in HER catalysis at the
analyticalinterface at asteady-state population that hasbeen orthogo-
nally generated without net charge transfer at the analytical interface.

Using the above electrochemical double cell configuration,
we tracked the OCP of the analytical interface upon polarizing the
H-pumping interface. For this initial investigation, the electrolyte
in the analytical cell was identical to the 1M H,SO, electrolyte in the
H-pumping cell, and the analytical cell was kept under 1atm of H,. At
a-1mA cm™ current density applied to the H-pumping interface, we

observe asteady-state OCP at the analytical interface of —-12 mV versus
the RHE. This OCP value at the analytical interface shifts negatively in
alinear fashion as the current passed at the H-pumping interface is
increased logarithmically, reaching —47 mV versus RHE at a current
density of -100 mA cm™ at the H-pumping interface (Fig. 3a, red).
Consistent with the OCP value being well negative of RHE, we observe
vigorous H,evolution at the analytical interface (see below for quantita-
tive analysis of H, release kinetics). The analytical interface also exhibits
no history effects, reaching the same steady-state OCP value atagiven
current passed at the H-pumping interface irrespective of previous
degrees of polarization at thatinterface. Alinear fit to the datain Fig. 3a
returnsaslope of -17 mV change in OCP at the analytical interface per
decade increase in current passed at the H-pumping interface. Upon
termination of the polarization at the H-pumping interface (Fig. 3b,
blue region), the OCP value decays towards more positive potentials
as continued H, release lowers the interstitial and surface H popula-
tions, with analogous behaviour observed at the H-pumpinginterface
(Supplementary Fig.1). Importantly, when the Pd working electrode is
replaced with a Pt foil, which does not intercalate or transport H, the
OCP at the analytical interfaceis invariant with the amount of current
passed and corresponding polarization at the opposite face of the Pt
foil (Fig.3a). Thus, under 1atm of H,, the Pt analytical interface remains
pinnedtothe RHE irrespective of the current passed at the H-pumping
interface. The foregoing data establish thatincreased reductive electro-
chemical polarization of the H-pumping interface leads to a systematic
and progressive change in the open circuit electrochemical potential
ofthe analytical interface as adirectresult of H-transport through the
Pd membrane.

The analytical interface OCP scales Nernstianly with pH

To determine the impact of the electrolyte pH on the OCP of the ana-
lyticalinterface, we set up anasymmetric electrochemical double cell.
This asymmetric cell retained the same 1M H,SO, electrolyte in the
H-pumping cell, but we systematically varied the pH and composition of
theelectrolyte in the analytical cell. This approach fixesacommonreac-
tion environment for generating reactive H species in the H-pumping
cell, but allows us to probe H, evolution across a range of electrolyte
conditions in the analytical cell. Importantly, the electrolyte compo-
sition only perturbs the interface between electrode and electrolyte,
and should have no influence on the transport of reactive H species
through the Pd membrane, whichisabulk property of the electrode. We
stress that this orthogonalization isimpossible to achieve in a typical
electrochemical HER experiment at a single interface. We tracked the
OCP of the analytical interface across a range of pH values, and find
that the potential of the analytical interface shifts by 59 mV per pH unit
(Fig. 3c). This slope is preserved across a range of current densities,
ranging from —1to -100 mA cm, passed at the H-pumping interface
(Fig.3c). This Nernstian scaling with pHis also shownin Fig. 3d, where,
across two orders of magnitude of current passed at the H-pumping
interface, the OCP at the analytical interface remains largely unchanged
versus the RHE reference (which by definition scales by 59 mV pH™).
Additionally, the datain Fig. 3d highlight that across all pH conditions,
the OCP measured at the analytical interface is driven well negative of
the reversible hydrogen potential and that the -17 mV slope observed
forthe symmetrical double cell aboveis also preserved across the entire
pH range. Furthermore, at circumneutral pH, the OCP at the analyti-
calinterfaceis independent of the buffer composition, with identical
values recorded for formate/borate, formate/acetate and phosphate
buffers (Fig. 3d). Together, the data evince that the electrochemical
potential of the analyticalinterface scalesin a purely Nernstian fashion
with pH and is otherwise insensitive to the electrolyte composition.

The analytical interface OCP isolates 1y,emica fOr the HER
The above findings provide insight into the reactions that deter-
mine the potential of the analytical interface during steady-state
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measurements.

H-pumping. Since the OCP is the potential at which zero net cur-
rent passes, it reflects the potential at which the aggregate rate of
anodic and cathodic charge transfer processes is balanced at the
analytical interface. Thus, the foregoing data provide insight into
the chemical participantsin the charge transfer processes that set
the OCP at the analytical interface. First, logarithmically increasing
the current passed at the H-pumping interface leads to a linear shift
of the analytical OCP on Pd to more negative values, an observation
thatisnotretained on Pt (Fig.3a). Thisimplies that the interstitial H
species, which are driven to higher fractions at higher H-pumping
currents, are necessary for the induced spontaneous polarization
of the analytical interface with the passage of reductive current at
the H-pumping interface. Second, the Nernstian pH dependence
(Fig.3c,d) of the OCPindicates that the OCP is sampling a PCET pro-
cessinvolving an equal number of electrons and protons. Third, the
observation that the OCP values at the analytical interface are well
negative of RHE across all pH values (Fig. 3d) and the observation of
vigorous H, evolution at the analytical interface highlight that this
interface is out of equilibrium relative to the H,/H"* electrochemi-
cal couple, and imply that the H species that set the OCP are Hgpp.

Two possible charge transfer reactions involving Hopp can be envi-
sioned: PCET to form and remove Hg;;, (forward and reverse Volmer
reaction) or PCET to interconvert Hpp and H, (forward and reverse
Heyrovsky reaction).

Volmerstep : H* + Pd + e~ = Pd — Hopp 3)

Heyrovsky step : H* + Pd — Hopp + €~ = Pd + H, 4)

Thus, rigorously speaking, the OCP at the analytical interface
samples a mixed potential of these two reaction steps. Importantly,
electrons and protons are on the same side of both equilibria, and thus,
irrespective of the relative contribution of each, the OCP will display
aNernstian scaling with pH. However, Hqpp is a product of the Volmer
reactionstep andis, instead, areactantinthe Heyrovsky reaction step.
Increasing currents passed at the H-pumping interface and the corre-
spondingly increased Hpp population leads to a negative shift in the
OCP, suggesting that the OCP value is dominated by the forward and
reverse Volmer reactions. Furthermore, the minority contribution from
the Heyrovsky step to the measured OCP is consistent with previous
studies invoking a Volmer-Tafel mechanism as the primary pathway
for H, evolution on Pd"*",

Taken together, the foregoing observations and analysis lead us
to propose the following mechanistic model. Negative polarization at
the H-pumpinginterface drives H-diffusion across the Pd membrane to
formanon-equilibrium, steady-state Hypp populationat the analytical
interface. This non-equilibrium H activity shifts the OCP via changes in
theactivity of H, a,,, in the potential-determining Hopp/H* redox couple.
Referencingto RHE accounts for protonactivity, and therefore, the OCP
attheanalyticalinterface versus the RHE potential (£, ,yticaioce (V VETrsus
RHE)) provides a direct measure of the change in chemical potential
of the surface H on Pd relative to its reference chemical potential at
the RHE potential. Thus, given that the HER isareductive process, the
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Nenemica CAN be calculated directly as the magnitude of the OCP deviation
from the RHE potential:

Nchemical = —Lanalytical OCP (Vversus RHE) (5)

(See Supplementary Note 2 for a detailed thermodynamic treatment of
Nechemical AN Mepargeranster aNd their relationship to the free energy changes
of the Volmer and Tafel reaction steps.)

Nenemica-Hz €Volution rate scaling is pH-independent

The current passed at the H-pumping interface fractionates asH, evolu-
tion on both the H-pumping and analytical interfaces. Thus, the cur-
rent passed at the H-pumping interface does not correspond to the
rate of H, release at specifically the analytical interface where 1.nemicai
ismeasured. To establish a scaling relationship for the chemical over-
potential with therate of the HER, we used in-line gas chromatography
analysis (Methods) to independently quantify the steady-state rate
of H, evolution at the analytical interface. To facilitate comparisons,
rates of H, evolution were converted to a current density (j) according
to the following equation:

J=vn, xnF (6)

Here, vy, is the rate of H, evolution at the analytical interface in
mols™cm?, nis2dueto the two electrons in each H, molecule and F
is the Faraday constant. Importantly, at open circuit, there is no net
Faradaic charge transfer across the analytical interface, and thus the
H, release at this interface must proceed via the net recombination of
Hopp Species at the analytical interface:

2Pd — Hopp — 2Pd + H, @)

We note that this reaction could proceed by the combination of
reverse Volmer and forward Heyrovsky steps. However, our studies
below suggest that this is aminor contributor to the mechanism of H,
release. Furthermore, independent studies that analysed OCP decay
transients also concluded that Tafel recombination is the primary
pathway for H, release on Pd”*'.

We find that under all reaction conditions at the analytical inter-
face,anincreasein current passed at the H-pumping interface results
inanincrease in the steady-state rates of H, release at the analytical
interface (see Supplementary Fig. 2 for permeationrates). Importantly,
under equivalent currents passed at the H-pumping interface, the rate
of H, evolution is also largely insensitive to changes in pH. Increasing
the electrolyte pH at the analytical interface results in only a small
attenuationinH, release rates at the analytical interface, 24.4 mA cm™
inacidto19.4 mA cm2inbase underaconstant-100 mA cm2current
passed at the H-pumping interface (Supplementary Fig. 2). By combin-
ingallthe H, release rates at different pH values with their correspond-
ing measured 7 yemicay We are then able to examine the pH dependence
of the n.emica-rate scaling for H, release (Fig. 4). We find that, across
13 pH units, the 7 emica-rate scaling for H, release at the analytical inter-
faceis pH-independentwithin error, withslopes ranging from18-22 mV
per decade and chemical overpotentials varying by <4 mV atequivalent
H,release rates. Notably, increasing the membrane thickness from 25
to 100 um leads to a largely unchanged scaling of H, release rate with
Nenemical (SUpplementary Fig. 3), suggesting that these trends reflect
the interfacial H-H recombination kinetics rather than the rate of
H-transport through the Pd membrane. Interestingly, this measured
slope fallsbelow the 30 mV decslope predicted for H-H recombina-
tion controlled mechanisms with a Langmuirian isotherm for Hgpp
adsorption (see Supplementary Note 3 for detailed derivation of the
calculated 30 mV dec™ Tafel slope for a Tafel rate-limited mechanism)®".
Theobserved lower slope of 20 mV dec™ could be explained by invoking
anattractive non-Langmuirian Hyppisotherm. For Pd, H-absorptioninto

0.05
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s I
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Fig. 4 | Rate scaling of H, release with chemical overpotentialiis
pH-independent. The rate of H, release at the analytical interface (V;nayrica)
versus the chemical overpotential at that interface (1¢pemicar) Under different

pH conditionsincluding 13.6 (blue), 6.3 (yellow) and 0.6 (red). Data points are
presented as mean values and error bars indicate standard deviations obtained
from triplicate (n = 3) measurements (some error bars are smaller than the data
point markers).

the bulk results in an expansion of the material, which has previously
beeninvoked to decrease the enthalpy of subsequent Hatominsertion
andtoresultinanattractive isotherm for bulk Pd-H**¢, We posit that a
similar phenomenon may be at play for surface Hqpp species. An attrac-
tive adsorptionisotherm would cause the Hypp surface concentration
toriseinanon-Nernstian fashion (thatis, <60 mV for adecade change
in surface H concentration), leading to rates of H-H recombination
that scale by less than the predicted 30 mV dec™ expected for simple
Langmuirian adsorption (Supplementary Note 4 and Supplementary
Fig. 4). This finding motivates future operando spectroscopy and
computational investigations to develop an atomistic picture of Hypp
adsorption across coverage.

The invariance of the rate of the Tafel reaction with electrolyte
pHunder equivalent chemical overpotentials stands in stark contrast
to the ~100-fold decrease in the rate of the overall HER from acid to
basereported on Pd". Inour system, H, release occursinthe absence
of net Faradaic charge transfer, thereby excluding any contribution
fromthe charge transfer overpotential. This finding suggests that the
pH dependence of HER efficiencies in conventional electrochemical
systems arises almost exclusively from kinetic differences in PCET
charge transfer steps (quantified explicitly below) rather than changes
inthe chemicalreactivity of surface H. Put simply, by supplying the key
Hopp intermediates from the bulk of the Pd membrane, rather thanvia
PCET fromsolution, the pH-dependent efficiency lossesin H, evolution
catalysis are almost entirely eliminated.

Poisons and promoters do not affect 1 ;cmica-¥ate scaling
Surface-bound poisons and promoters are known to dramatically influ-
ence the overall kinetics of HER catalysis on noble metals. For exam-
ple, adsorption of CO serves to strongly attenuate HER activity?*,
whereasislands of Ni(OH), are known to promote HER ratesin alkaline
media®***. However, it remains unclear whether these poisons and
promotersaugment HER rates viachangesin the charge transfer kinet-
ics, via changes to the kinetics of chemical reaction steps or by some
combination of both. Using the double cell methodology described
above, we isolate the impacts of CO and Ni(OH), on the 7 ,emica-fate
scaling for H, release.

To isolate the effect of CO, we introduced this poison to the ana-
lyticalinterface of the Pd electrochemical double cellwith1 MH,SO,in
both compartments. Under reductive polarization of -100 mA cm™2at
the H-pumpinginterface, the introduction of 1 atm of CO to the analyti-
cal cellresulted, as expected, inan attenuation of the H, release rate at
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Pd decorated with Ni(OH), (grey) (pH =13.6). Data points are presented as mean
values and error bars indicate standard deviations obtained from triplicate (n=3)
measurements (some error bars are smaller than the data point markers).

theanalytical interface, decreasing from 24.4 t0 9.2 mA cm (Supple-
mentary Fig. 5b). This attenuationis consistent with CO binding to the
analytical face to suppress H, release. Notably, the suppressioninthe H,
releaserate at the analytical interface with CO poisoningis also coupled
to an attenuation of the 1 ,.micas @t that interface, shifting from 47 mv
to 35 mV (Supplementary Fig. 5a). This trend of both H, release rates
and Nchemical attenuating upon the addition of CO was observed across
the entire range of currents sampled. Consequently, we find that the
Nenemica-Tate scaling for H, release is largely unaffected by the addition
of CO (Fig. 5a). Thus, upon normalizing to an equivalent 1.,emica O, fOr
example,30 mV, the rates of H, release between the CO-poisoned and
native Pd are largely unchanged at 4.74 and 4.29 mA cm?, respectively.
Additionally, the CO-poisoned and native Pd display similar 1.emica-rate
scaling factors for H, release of 19 and 22 mV dec™, respectively
(Fig.5a). These data suggest that although CO binds to Pd surface sites
and hinders the formation of Hypp, any interaction between CO and Hopp,
has no substantialimpact on the rate constant for Hypp recombination
to release H,. Rather, the poisoning effect of CO on the overall HER
stems principally from an inhibition of the charge transfer kinetics
for interfacial PCET (see the ‘Promoters or poisons affect the charge
transfer kinetics’ section below).

We also examined the effect of incorporating Ni(OH), islands on
therate of H, release at the analytical interface. We deposited Ni(OH),
islands onto the analytical interface via galvanostatic oxidative elec-
trodeposition (Methods). In contrast to the behaviour observed upon
addition of CO, the incorporation of Ni(OH), does not substantially
attenuate the H, release rate at the analytical interface relative to the
unmodified Pd interface (Supplementary Fig. 6b). Likewise, the addi-
tion of Ni(OH), leads to no change inthe OCP of the analytical interface
within error (Supplementary Fig. 6a). Consistent with both of these
observations, a plot of  emica VErsus the rate of H, release at the analyti-
calinterface overlays for the samples with and without Ni(OH), (Fig. 5b).
These data evince that the presence of Ni(OH), negligibly affects the
Nchemica-Tate scaling for H, release. Rather, the promoting effect of
Ni(OH),stems principally from an enhancementin the charge transfer
kinetics forinterfacial PCET (see below). This observationis consistent
with the trends previously observed for Hyp, formation on Pt”, which
invoke that Ni(OH), islands are able to lower the activation barrier
for the Volmer reaction and have no impact on the energetics of the
hydrogen intermediate or mechanism.

The foregoing studies highlight that both CO as a poison and
Ni(OH), as a promoter have minimal impact on the energetics associ-
ated with the chemical step of recombining Hopp species to form H,.

Furthermore, similar to the above pH dependence study, the absence
of net charge transfer from the interface entirely eliminates the typi-
calHER efficiency changes observed uponintroduction of poisons or
promoters.

FiXing ncnemica iSOlates charge transfer kinetics

The above data evince that the i, mica-rate scaling for H, evolution
is remarkably insensitive to changes in pH, the presence of surface
poisons or the addition of surface promoters. Thus, these findings
suggest that the strong reaction condition dependence of the overall
HER reaction arises from changesinthe charge transfer kinetics associ-
ated with the formation and removal of Hpp. To test this hypothesis, we
superimposed asmall polarization at the analytical interface on top of
alarge background rate of H-pumping. Specifically, in all experiments,
we set the current passed at the H-pumping interface to -100 mA cm™,
which generates an elevated chemical overpotential at the analytical
interface and corresponding steady-state rate of H, evolution in the
analytical cell. During this background H, evolution process, we addi-
tionally polarized the analytical interface via electrical current flow
from the external circuit in the analytical electrochemical cell. In the
limit that the charge transfer rate at the analytical interface is small
relative to the rate of H-transport from the opposite interface, the Hypp,
population, and thus the 7 ,.mica at the analytical interface, should be
minimally perturbed. By holding the 1 .mici FOUughly constant, the cur-
rent potential relationship at the analytical interface should primarily
sample the charge transfer kinetics. We apply this methodology to
isolate and quantify the medium dependence of the charge transfer
steps of hydrogen evolution catalysis.

N charge ranster Changes with electrolyte pH

We quantified the current=ruarge ranster relationship across a variety of
pH values while holding the pH of the H-pumping interface constant
at1MH,SO,. With the H-pumping interface polarized galvanostati-
cally at -100 mA cm, we recorded a series of stepped galvanostatic
electrolysesinthe analytical cell with current densities ranging from -3
to 3 mA cm™ to generate Butler-Volmer (BV) plots of the charge
transfer kinetics. Under these conditions, the background rate of H,
evolution at the analytical interface from H-permeation across the
membrane reaches -23 mA cm ™ Thus, the small additional current
passed is expected to minimally perturb the Hopp, population and cor-
responding chemical overpotential. We note that extending the range
of currents passed at the analytical interface to +30 mA cm2did not
appear to substantially impact the BV plots, and this is probably due
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Fig. 6 | The charge transfer overpotential componentis pH-dependent.

BV behaviour for the hydrogen evolution/hydrogen oxidation reactions on the
Pd analytical interface under a constant current density of -100 mA cm ™ passed
atthe H-pumping interface. Note that both the x and y axes refer to the potential
measured (E,ayica) and the current density passed (j,ayricar) at the analytical
interface, respectively. Different pH conditions at the analytical interface include
13.6 (blue), 6.3 (yellow) and 0.6 (red). Data points are presented as mean values
and error bars indicate standard deviations obtained from triplicate (n = 3)
measurements (some error bars are smaller than the data point markers).

to the far greater overpotential-rate scaling observed for f7harge transter
compared with femical-

We first compared BV plots across acid, neutral and basic electro-
lyte conditions. Under all pH conditions, the BV plots converge in the
limit of zero current to around —45 mV versus RHE, which is in close
agreement with the chemical overpotential fixed by H-pumping to the
analytical interface. Under acidic electrolyte conditions (Fig. 6), we
observe charge transfer overpotentials of 5and 7 mV for anodic and
cathode current densities of 3 mA cm?, respectively. These charge
transfer overpotentials increase with electrolyte pH, rising to 67 and
58 mVunder near neutral conditions and increasing further to 294 and
226 mV under alkaline conditions (Fig. 6). Fitting these data to the BV
equation (Supplementary Fig. 7) returns exchange current densities
of 14, 7.6 and 0.21 mA cm™ for solution pH values of 0.6, 6.3 and 13.6,
respectively (see the Supplementary Methods for details of the fitting
procedure). This dramatic attenuation in charge transfer kinetics
contrasts with the invariance of the 7...mica-rate scaling across the
same range of pH (Fig. 4). Notably, the ~70-fold attenuation in charge
transfer kinetics between acid and base is similar to the ~100-fold rate
changeinoverall HER kinetics between acidic and alkaline conditions
on Pd"", suggesting that the pH-dependent kinetics of HER accrue
almost entirely from changesinthe rate of charge transfer rather than
changesintherate of surface chemical reactions. The foregoing dataon
Hopp also follow the same trend as previous reports studying strongly
bound Hy;p species on Pt, which have reported substantial increases
in the charge transfer resistance for the Volmer step with increasing
electrolyte alkalinity™. Furthermore, the strong reaction condition
dependence of the reverse Volmer reaction as shown in the anodic
portion of the BV plot adds further insights into the H-H recombina-
tion pathway at the analytical interface. If H-H recombination at the
analytical interface were to proceed via the combination of reverse
Volmer and forward Heyrovsky steps, we would expect an analogous
reaction-condition-dependent 1.,.mical SCaling with H, release to that
observed for the reverse Volmer reaction. This is at odds with the reac-
tion conditionindependence observed (Fig. 4), bolstering the notion
that H, release at the analytical interface proceeds primarily through
aTafel recombination mechanism involving no charge transfer steps.

Promoters and poisons affect the charge transfer kinetics
Carbonmonoxide is known to bind strongly to Pd surfaces and attenu-
ate the rate of the HER. We applied the above methodology to isolate

how the 7 harge ranster Tate scaling for the HER changes upon addition of
CO. Upon addition of 1 atm of CO to1M H,SO, electrolyte, the charge
transfer overpotential necessary to pass -3 mA cm™ substantially
increases from 7 mV to 260 mV (Fig. 7a). This also corresponds toa
~100-fold suppressionin the rate of charge transfer at the same overpo-
tential (Fig. 7a).In contrast, for the same 3 mA cmrate of H, evolution
on the analytical interface at OCP, we measure a chemical overpoten-
tial of ~30 mV both in the presence and absence of CO. These findings
suggest that the presence of a CO poison serves to predominantly
attenuate Nepyrge transter FOT forming Hopp, but minimally impacts 7nemicar-

Analogously, the deposition of islands of Ni(OH), is known to
promote HER inalkaline media on noble metals. We applied the above
methodology to isolate the effect of Ni(OH), on the charge transfer
kinetics of the HER. The incorporation of Ni(OH), onto Pd lowers the
charge transfer overpotential necessary to pass 3 mA cm™from 226
to 94 mV and 294 to 154 mV for Hypp generation and removal, respec-
tively (Fig. 7b). Across the entire range of current densities sampled,
thereductionin the charge transfer overpotential corresponded to a
6-10-fold enhancement in rate at a common overpotential (Fig. 7b),
whichis in line with the 5-8-fold activity enhancement previously
reported for Ni(OH),-modified Pt surfaces™*°. Again, the strong effect
that Ni(OH), hasonthe charge transfer kinetics stands in stark contrast
with the largely invariant n ,.mica-rate scaling for H, release. Taken
together, these data reveal that the HER promotion effects observed
fromthe addition of Ni(OH), on Pd serve toimprove the charge transfer
kinetics for HER without affecting the 1.mica-rate scaling for H, release.

Partitioning Nchemical and 'Ichargetransfer for the HER

Aggregating the above data, we calculated the relative partitioning of
the total overpotential into charge transfer and chemical contributions
across all the conditions examined, at a common H, generation rate
of 3mA cm™ (Fig. 8). At steady state, the rates of chemical and charge
transfer steps in a Volmer-Tafel mechanism are balanced with each
other and with the overall rate of H, generation, such that the Hp, cover-
ageisunchanged. The datainFigs. 4 and 5 provide the n.,emica, Whereas
thedatainFigs. 6 and 7 provide the 7page ranster F€quired for agiven cur-
rent density of H, evolution. At pH 0.6 we find that the 1.,emical (30 MV)
is substantially greater than the fcparge yranster (7 MV) (Fig. 8). This adds
nuance to the general mechanistic consensus that the chemical step for
H-H recombination limits the rate of HER catalysis in acidic aqueous
media®"*, Indeed, previous work has reported Tafel slopes as low as
30 mV dec for the overall HER on Pd in acid”. Such low Tafel slopes
havebeeninterpreted as a Volmer-Tafel mechanism with arate-limiting
Tafel step, implying that all the overpotential for the HER inacid arises
from chemical overpotential with no charge transfer overpotential con-
tribution. Our data suggest amore nuanced explanation: both charge
transfer (Volmer) and chemical reaction (Tafel) steps contribute tothe
overpotential of HER in acid, and the 20 mV dec™ scaling of the latter
(Fig.4) combines with the charge transfer overpotential contribution to
giverise tothe 30 mV dec™ Tafel slope for the overall reaction. Indeed
for the H-pumpinginterface, where both charge transfer and chemical
overpotentials contribute, we too observe a Tafel slope of 30 mV dec™
(Supplementary Fig. 8).

The charge transfer overpotential contribution to the overallHER
is far more amplified at elevated pH. At pH 6.3 the 7 pemica CONStitutes
aminority fraction of the overall overpotential due to the substantial
attenuationin charge transfer kinetics. This trend becomes even more
pronounced at pH13.6, where the 225 mV charge transfer overpotential
dwarfs the measured 28 mV chemical overpotential (Fig. 8). Theinvari-
ance of the f¢pemicas aCross the entire pH range combined with the large
change in the fcyarge anster Provides the clearest evidence to date that HER
efficiency losses stem predominantly, if not exclusively, from changes
in charge transfer kinetics. Numerous previous studies have exam-
ined the impacts of electrolyte cations and buffering species on HER
kinetics''**?! and we posit that the methodology developed here can

Nature Catalysis | Volume 6 | April 2023 | 339-350

345


http://www.nature.com/natcatal

Article

https://doi.org/10.1038/s41929-023-00943-2

a
0.5 — —O— o
=
£
o
< 0 — —O— [ )
£
g
=
. % -05 - —O0— @
=
8 ® Ar
40l oco oo
| |
-0.3 -0.2 -0.1

E V versus RHE)

analytical (

Fig.7| The charge transfer overpotential componentis affected by added
CO and Ni(OH),. a, BV behaviour for HER on the Pd analytical interface under
aconstant current density of -100 mA cm? passed at the H-pumping interface
for Pd under both an Ar (solid red) and a CO atmosphere (hollow red) (pH = 0.6).
b, BVbehaviour for HER on the Pd analytical interface under a constant current

b
[]
|
05 - = ST ¥ I Y @~
& |
£ |
E 0 - o @ | ° @
E |
E I-45 mV versus RHE
= |
5 05 - - @ | @ +o
= I
g |
= ® pd |
10 g pg/Ni(OH), -—o—«olo e
| | |
-0.4 -0.2 o] 0.2

E, V versus RHE)

analytical (

density of -100 mA cm 2 passed at the H-pumping interface for both native

Pd (blue) and Pd decorated with Ni(OH), (grey) (pH =13.6). Data points are
presented as mean values and error bars indicate standard deviations obtained
from triplicate (n = 3) measurements (some error bars are smaller than the data
point markers).

0.3

. Nchemical
- nchargelransfer

0.2

n applied (V)

0.1
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HER current density on Pd under different reaction conditions.

bereadily extended toisolate therelative chemical and charge transfer
overpotential contributionsin each case. Furthermore, whereas these
findings provide directinsightinto the thermochemistry of Hopp under
HER conditions, they do not provide ameasure of the surface coverage
of Hopp. Indeed, these studies could be coupled with operandoinfrared
spectroscopy of the analytical interface to connect the surface popu-
lation with the chemical potential of Hypp, thereby providing a direct
measure of the isotherm for kinetically competent H intermediates
for the HER.

Evenunder acidic conditions, the addition of CO causes aremark-
ableattenuationincharge transfer kinetics, with an additional 250 mV
of charge transfer overpotential necessary to pass 3 mA cm™ of HER
current density. However, this change does not translate into any
increase in the 1.yemical for H-H recombination. Previous studies have
examined co-adsorbate interactions between surface CO and surface
H, but have led to conflicting conclusions suggesting both cooperative
andinhibitory interactions*®*2, While our finding would be consistent
with a model in which adsorbed CO and Hpp interact minimally, the
datamay also imply that CO preferentially binds to the surface active
site for the Volmer reaction and that distinct sites carry out H-H recom-
bination. The methodology we develop here sets the stage for more
detailed mechanistic and surface structural studies on the interplay

of surface CO and H during HER catalysis. Expanding our analysis to
an HER promoter, we find that under basic conditions, the high native
charge transfer overpotential for the HER can be reduced on Pd by
~100 mV by depositing islands of Ni(OH), on the surface. However,
similar to the addition of CO, Ni(OH), does not appreciably alter the
Nenemicar-Tate scaling for H, release. This observation is consistent with
previous studies on Hypp formation, and how Ni(OH), islands on Pt are
ableto facilitate PCET for H,, formation, but have only nominal effects
on the energetics and reactivity of surface H”. Taken together, these
findings highlight the power of using the electrochemical double cell
analysis to discriminate the chemical and charge transfer contribu-
tions to HER catalysis.

Conclusions

This study reveals the importance of considering both the chemical
and charge transfer overpotential components that make up electro-
catalysis occurring at electrode interfaces. For the case of the HER,
both the elevated, out-of-equilibrium chemical activity of Hopp and
the polarization necessary to drive charge transfer generate individual
chemicaland charge transfer overpotential components, respectively,
tothe aggregate overpotential. To isolate how changing reaction con-
ditions independently tune both these components to affect overall
HER efficiencies, we orthogonalize the delivery of Hypp to a Pd surface
using an electrochemical double cell system. In doing so, we are able
to generate Hypp Without charge transfer to the interface of interest,
and thus isolate the chemical overpotential for the HER. We are also
able to further isolate the charge transfer overpotential component
for the HER by maintaining an elevated chemical overpotential and
further polarizing the Pd interface of interest.

Our principal findings can be summarized as follows. In all reac-
tion conditions examined, the chemical overpotential-rate scaling
for H, release is largely unaffected by reaction conditions. Thus, by
supplying the key H,,p intermediate for HER without charge transfer
at the interface, the reaction condition dependence of H, generation
is eliminated. Instead, the reaction condition dependence of over-
all HER catalysis stems entirely from changes in the charge transfer
overpotential, whichis dramaticallyimpacted. Bifurcating the overall
overpotential into chemical and charge transfer components canguide
catalyst design. For example, in acidic media, where PCET is rapid and
the charge transfer overpotential is a minor component, the surface
structure of the catalyst should be the primary target for optimization
to reduce the chemical overpotential component. In contrast, under
conditions where the charge transfer overpotential dominates, such as
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when poisoned by CO or whenin alkaline media, design efforts should
centreontuningtheelectrolyte and surface promoter composition to
enhance PCET kinetics. By highlighting how different reaction condi-
tionsindependently affect the chemical and charge transfer overpoten-
tial contributions to electrocatalysis occurring atelectrode interfaces,
these studies aim to reimagine future directed design of catalytic
systems forimproved efficiencies in electrochemical transformations.

Methods
General electrochemical methods
BioLogic VMP 16-channel potentiostats were used for all electrochemi-
cal experiments. Ag/AgCl reference electrodes were obtained from
BASi (3 M NaCl) and eDAQ (leakless, ET069). Pt/C (0.5 mg cm™) gas
diffusion electrodes (GDEs) were obtained from the Fuel Cell Store.
Alicat mass flow controllers were used to control gas flow rates to each
electrochemical compartment. In all experiments, each solution was
sparged with Arat10 sccm for atleast 30 min before any polarization to
remove dissolved oxygen fromthe electrolyte. Electrochemical studies
were carried out using custom-built, gas-tight, glass H-cell parts. All
experimentsinvolved the use of two different three-electrode setups,
with one comprising the H-pumping cell and the other comprising the
analytical cell. The Pd foil membrane acted as the working electrode
forboththree-electrode setups. The geometric area of the Pd foil was
controlled by the o-ring gasket of the H-cell joint and was 1 cm?. All
current densities are normalized to this geometric footprint rather
thantheelectrochemically active surface area. APt mesh or Pd foil was
used as counter electrodes (both of which returned identical results).

Three electrochemical cell configurations were used (Supplemen-
tary Fig.9). The first configuration (Supplementary Fig. 9a) contained
two separated three-electrode cells (the H-pumping and analytical
cells) with a common Pd membrane working electrode. For each
three-electrode cell, the working (Pd) and counter (Pd or Pt) electrodes
were not separated by amembrane separator. The second configura-
tion (Supplementary Fig. 9b) contained aNafion 117 membrane separat-
ing working and counter compartments of the H-pumping cell; working
and counter electrodes remained unseparated in the analytical cell.
Thethird configuration (Supplementary Fig. 9c) contained membrane
separators between working and counter compartments in both the
H-pumping and analytical cells. Nafion was employed as the separator
whenthe electrolyte was acidic and neutral, and Selemion AMV-N was
employed for alkaline electrolytes. It was found that the inclusion of a
membrane separator had no appreciable effect onthe electrochemical
response of the system, and, as such, most of the data were collected
using no membrane separators in either the H-pumping or analytical
cells (configuration in Supplementary Fig. 9a). All cell components
were cleaned before use by immersion in concentrated sulfuric acid
foratleast1h, followed by copious rinsing with Milli-Q water and dry-
ing under flowing Ar.

Duringallexperiments, the electrochemical double cell was placed
on a VWR 200 Rocking Platform Shaker set to rock at setting 2 to dis-
lodge H, bubbles generated at the Pd interface during electrolysis.

In-line gas quantitation

H, gas emanating from the analytical compartment was quantified by
in-line gas chromatography (GC) using an SRI Instruments Multi-Gas
Analyzer, Model 8610C, equipped with a thermal conductivity detec-
tor and a2 m ShinCarbon (Restek) column. For experiments contain-
ing CO, in-line H, quantitation was conducted using an in-line gas
chromatograph (SRI Instruments, Multi-Gas Analyzer, Model 8610C)
equipped withathermal conductivity detector and two MolSieve 13X
and Hayesep D columns connected in series.

Palladium preparation
Pdfoil electrodes were cleaned and palladized before usein the electro-
chemical double cell. For the cleaning step, the Pd membrane double

cellwas assembled, with a1l cm?geometric surface area of Pd exposed
to the electrolyte in the analytical and H-pumping cells. Both sides of
the Pd foil were first simultaneously cleaned by cyclic voltammetry
cyclingin1 MH,SO, electrolyte under a continuous 10 sccm Ar sparge.
Cyclicvoltammetry cycling commenced at the OCP scanning negative
at 50 mV s scan rate. The electrode was cycled between 0.1and 1.1V
versus Ag/AgCl (3 MNaCl) for 100 cycles. This cleaning procedure was
conducted using a Pt mesh or Pd foil counter electrode. Both sides
of the foil were then thoroughly washed with Milli-Q water (without
disassembling the double cell).

Following cleaning by cyclic voltammetry cycling, the Pd foil was
retained inthe same electrochemical double cell,and both sides of the
Pdworkingelectrode were palladized. A fresh15.9 mM PdSO, solution
in1 M HCl was used for each palladization preparation. An Ag/AgCl
(3 M NaCl) electrode and a Pt mesh or Pd foil were used as the refer-
ence and counter electrodes, respectively, ineach compartment. The
H-pumping and analytical cell compartments were each filled with
10 mL of the palladization solution, and each face of the Pd working
electrode was simultaneously polarized potentiostatically to —0.2 V
versus Ag/AgCl (3 M NaCl) without resistance (iR) compensation until
7.38 C cm™ of charge. The palladization procedure was carried out
under acontinuous 10 sccm Ar sparge. The palladized Pd foil was then
thoroughly washed with Milli-Q water (without disassembling the
double cell) and dried in flowing Ar.

Electrochemical deposition of Ni(OH), onto Pd

The analytical compartment was charged with 10 mL of 0.005M
NiCl,-6H,0 electrolyte. The palladized Pd foil was then galvanostati-
cally polarized at +400 pA for 15 minin atwo-electrode setup with a Pt
mesh as the counter electrode. The foil was then thoroughly washed
with Milli-Q water (without disassembling the double cell) and dried
inflowing Ar.

Determining 1 pemica-rate scaling for H, release

Measurements of the OCP at the analytical interface at varying cur-
rents passed at the H-pumping interface were performed with the
following setup: For the H-pumping cell, an Ag/AgCl (3 M NaCl) was
used as the reference electrode and a Pt mesh or Pd foil was used as
the counter electrode. In all experiments, the electrolyte used in the
H-pumping cell was 1M H,SO,. The H-pumping cell was also sparged
with 10 sccm Ar, although replacing the gas with H, did not affect any
of the measurements. For the analytical cell, a hanging strip Pt GDE
was used as the reference electrode (which operates as an RHE when
under an H, atmosphere) and either a Pt mesh or Pd foil was used as
the counterelectrode. The analytical cell was sparged with10 sccmH,,
although no difference in potential between the additional reference
and the Pd working electrode was observed when H, was replaced with
Ar (however, the Pt GDE would no longer be capable of acting as a ref-
erence electrode). Electrolytes used in the analytical cellincluded1M
H,SO, (pH =0.6),1 Msodiumhydroxide (pH =13.6),1 M lithium hydrox-
ide (pH =13.6), 0.5 M sodium formate + 0.5 M sodium borate +1M
sodium perchlorate buffer (pH=7.3), 0.5 M sodium acetate + 0.5 M
sodium borate + 1 M sodium perchlorate buffer (pH=7.3) and 1M
sodium phosphate +1Msodium perchlorate buffer (pH = 6.3) (Fig. 3).
All experiments involving Ni(OH), were conducted in 1 M sodium
hydroxide (pH =13.6) (Supplementary Fig. 6a).

For measurement of the OCP of the analytical interface, the
H-pumpinginterface was galvanostatically polarized at current den-
sities ranging from -1 to -100 mA cm™. During each galvanostatic
electrolysis, the OCP was recorded in the analytical cell. Galvano-
static polarization on the H-pumping cell was held until the OCP at
the analytical interface reached a stable value, which took between
1to 20 min. These steady-state open circuit values at the analytical
interface provided the y-axis data pointsin Fig. 3a and Supplementary
Figs.5aand 6a.
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For measurements of the H, permeation rate at the analytical
interface under galvanostatic polarization at the H-pumping interface,
the following setup was employed: For the H-pumping cell,an Ag/AgCl
(3 MNaCl) wasused as the reference electrode and a Pt mesh or Pd foil
was used as the counter electrode. A three-compartment cell was used
such that the working and counter electrodes of the H-pumping cell
were separated by a Nafion membrane. The electrolyte used was 1M
H,S0O, in all experiments. For the analytical cell, an Ag/AgCl (3 M NaCl
in acid and neutral electrolytes, leakless in alkaline electrolytes) was
used as thereference electrode and either a Pt mesh or Pd foil was used
asthe counterelectrode. Both cells were sparged independently with
Ar at10 sccm. The current density at the H-pumping interface ranged
from-10 to-100 mA cm™, and the analytical interface was held at the
OCP for the duration of the experiment. The outflow of the analyti-
cal compartment was analysed via gas chromatography to measure
the amount of H, that permeated across the Pd membrane. In each
experiment, galvanostatic electrolysis at the H-pumping interface
was maintained for 30 min, which afforded enough time to reach a
steady-state H, evolution rate at the analytical interface asjudged by a
stable gas chromatography response. The recorded OCP values at the
analyticalinterface were converted to the RHE scale using the following
equation, Epye = Epgager +0.210 V + 0.059 V x pH, and were unchanged
from the potentials measured under an H, atmosphere using the RHE
reference electrode in the experiments mentioned above.

H, evolution in the analytical cell compartment was measured
using anin-line gas chromatograph and detected using the equipped
thermal conductivity detector. A 2 m ShinCarbon (Restek) column
with anisothermal temperature programme (165 °C) and Ar carrier gas
(UHP, Airgas, 20 psi) were used to separate H, from possible contami-
nant gasses (O, or N,), which were not observed in the effluent from
either cell. GCtraces were collected every 3 min froma 0.5 mLsample
loop injection. The concentration of H, was determined viaintegrated
peakareaviaacalibration curve. The partial current density for H,was
calculated using the following equation:

1

. P
Ji:CixniXFXVgasxﬁXZ (8)

where ¢;is the gas chromatography detected productin ppm, n;is the
electron stoichiometry for the H, product, 2, Fis Faraday’s constant
(96,485 C mol™), V. is the substrate gas flow rate (10 sccminaall cases),
Pisthe pressureinthe cell (1atm), Aisthe sample surfacearea, Risthe
gas constantand T'is temperature.

To establish a chemical overpotential-rate scaling for H, release,
the deviation of the OCP from RHE at the analytical interface (meas-
ured from OCP experiments under both an H, and Ar atmosphere)
was plotted against the log rate of H, release measured at that same
interface. Chemical overpotential-rate scaling for H, release relation-
ships were obtained for electrolytes in the analytical cellincluding 1M
H,SO, acid (pH = 0.6),1 M sodium hydroxide (pH =13.6) and1 M sodium
phosphate + 1M sodium perchlorate buffer (pH = 6.3). The forego-
ing procedure generated the data in Fig. 4. All experiments involving
Ni(OH), were conductedin1 MNaOH and generated the datain Fig. 5b.

Determining 1 yemica -rate scaling for H, release with CO

For studies that examined the effect of CO poisoning on the P[d mem-
brane double cell, slight modifications to the above method were
applied: The electrolyte used in both the H-pumping and analytical
cellswas1 MH,SO,. For the H-pumping cell, an Ag/AgCl (3 MNacCl) was
used as the reference electrode and a Pt mesh or Pd foil was used as
the counter electrode. The H-pumping cell was sparged with 10 sccm
Ar for the duration of the experiment. For the analytical cell, an Ag/
AgCl (3 M NaCl) was used as the reference electrode and either a Pt
mesh or Pd foil was used as the counter electrode. The analytical cell
was initially sparged with 10 sccm Ar, and switched to 20 sccm CO

during the course of the experiment. To measure the chemical over-
potential, galvanostatic polarization with current densities ranging
from —-1to -100 mA cm™ was performed at the H-pumping cell, and
the OCP was measured on the analytical cell (Supplementary Fig. 5a).
Galvanostatic polarization on the H-pumping cell was held until
the open circuit response stabilized, which took anywhere from 1
to 20 min. The recorded OCP values at the analytical interface
were converted to the RHE scale using the following equation,
Eqe = Exgingar + 0.210 V+0.059 V x pH.

The same cell setup was used to measure H, permeation rates at the
analyticalinterface under CO poisoning conditions. H, was measured
using anin-line gas chromatograph and detected using the equipped
thermal conductivity detector. Both cells were initially sparged inde-
pendently with Arat10 sccm. Then, the sparge gasin the analytical cell
was switched to CO at20 sccm. The current density at the H-pumping
interface ranged from-10to-100 mA cm™, and the analytical interface
was held at OCP for the duration of the experiment. The outflow of
the analytical compartment was analysed via gas chromatography to
measure the amount of H, permeation across the Pd membrane. The
partial current density for H, was calculated using the same equation
as above. Each H-pumping current was maintained for 40 min, which
yielded a stable gas chromatography response for H, detection.

To establish a chemical overpotential-rate scaling for H, release
with CO poisoning, the deviation of the OCP from RHE at the analytical
interface was plotted against the log rate of H, release measured at that
same interface to produce the plotin Fig. 5a.

Isolating Ncnarge cranster fOT the HER (with and without CO)
For experiments isolating the charge transfer overpotential compo-
nent for H, catalysis (Figs. 6 and 7), simultaneous polarization of both
the H-pumping and analytical interfaces of the Pd membrane was
performed. In all experiments, the current density at the H-pumping
interface was maintained at-100 mA cm™2 Simultaneously, current was
passed at the analyticalinterface. For experiments that did notinvolve
CO (Figs. 6 and 7b), the analytical compartment was sparged with H,
at10 sccm, and a Pt GDE was used as the reference electrode. Current
densities at the analytical interface ranged from —30 to 30 mA cm™,
with galvanostatic polarization held until the potential at the analytical
interface reached steady state (between 5and 10 min). For unmodified
Pd electrodes, the electrolytes used in the analytical cell included 1M
H,SO, acid (pH = 0.6),1 M sodium hydroxide (pH =13.6) and 1 M sodium
phosphate +1M sodium perchlorate buffer (pH = 6.3) and produced
the datain Fig. 6. All experiments involving Ni(OH),-modified Pd were
conducted in 1M sodium hydroxide (pH =13.6) and produced the
datain Fig. 7b. For experiments that involved CO, the analytical com-
partment was sparged with CO at 20 sccm and an Ag/AgCl (3 M NaCl)
was used as a reference electrode. Current densities at the analytical
interface ranged from -3 to 0 mA cm™. Oxidative currents could not
be sampled under CO as measured potentials were unstable and did
notreach steady state. This procedure generated the data in Fig. 7a.
Fitting of double polarization BV plots was performed in MATLAB
(v.2021b) viaanon-linear least squares method. The experimental cur-
rent density (j) and potential (E) data were fit to the logarithm of the
absolute value of the BV equation:

F(E-Eg) (1o FE=EQ)
logyo 1jl = logyg Ljo€" #r —joe " & ©)

where Fis Faraday’s constant, R is the ideal gas constant and T'is the
temperature (300 K). The equilibrium potential (E,), exchange current
density (j,) and the symmetry factor (a) were parameters determined
fromthe fitting procedure. When the current density is large or more
polarized, itis convoluted by anon-negligible shiftin chemical overpo-
tential at steady state. To minimize the effect of this convolution onthe
fit, the data points were weighted by the reciprocal of the absolute value
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of j. The average of the least polarized anodic and cathodic potentials
was used as the starting value for the equilibrium potential. A sym-
metry factor of 0.5 and current density of 1.0 nA cm™ were used for
the other starting values. Data fitting was used to produce the plotin
Supplementary Fig. 7.

Data availability
The source data that support the findings of this study are available
fromthe corresponding author on reasonable request.
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