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Abstract

Understanding the effects of solution pH
on the rates and mechanisms of multi-
proton/electron transfer reactions at aqueous
electrolyte/electrode interfaces has been an ac-
tive area of research for many decades. Recent
interest in this topic has been driven by obser-
vations that the reaction selectivity and rates
of electrocatalytic processes for energy storage
and renewable fuel synthesis can profoundly
change with electrolyte pH. Further, a subset
of these reactions, such as CO and COy reduc-
tion, are often carried out under near-neutral
bulk pH conditions. Such conditions, in com-
bination with insufficient mass transport and
limited pH buffer capacity, can lead to substan-
tial deviations of the near-electrode pH from
the bulk pH of the electrolyte. Such pH gra-
dients, together with electrodes whose surface
chemistry is highly dependent on pH, can give
rise to complex feedback between the reactions
that are catalyzed on the surface and the local
pH conditions and surface speciation. In this
Perspective, we discuss representative studies
that characterize and quantify the effects of
(local) pH on electrocatalysis with innovative
experimental and theoretical methods. We
further highlight possible future directions of
investigation.

Introduction

Electrocatalytic reactions involving the transfer
of multiple protons and electrons at an aque-
ous electrolyte/electrode interface play a cen-
tral role in electrochemical energy conversion.
The hydrogen evolution reaction (HER),? oxy-
gen reduction reaction (ORR),** CO/CO, re-
duction reactions,®® ammonia oxidation reac-
tion,”® formic acid oxidation,®!® and oxygen
evolution reaction (OER)'"? are examples of
such processes. At a fixed reversible hydrogen
electrode (RHE) potential (Urng), that is, at
a fixed overpotential, the rates and selectivity
of such reactions often exhibit complex depen-
dence on electrolyte pH.!'? Therefore, it is of
particular importance to understand the mech-
anisms by which the pH can alter the energetics
of competing electrocatalytic pathways. Gen-
erating this understanding is a complex task as
the pH can influence electrocatalysis in a mul-
titude of ways: For example, at a fixed Uryg,
a change in pH alters the charge density on
an electrode, which can modulate the adsorp-
tion energies of reaction intermediates;'*'® the
pH also often determines the surface specia-
tion by influencing the site preference of reac-
tion intermediates or by controlling the stabil-
ity of surface phases;'%!” the identity and con-
centration of proton donor and acceptor can
have a significant impact on the reactions and
can change with pH.'®® Apart from this di-
versity of pathways in which the electrolyte pH
can affect electrocatalytic processes, the iden-



tification of these mechanisms is further com-
plicated by the interdependence of the pH in
the vicinity of the electrode (local pH) and the
electrocatalytic process. In particular, multi-
electron/proton transfer reactions catalyzed at
near-neutral bulk pH can bring about changes
in local pH by several pH units due to fast pro-
duction or consumption of protons in the elec-
trocatalytic process.?°?° Elucidating pH effects
therefore requires experimental approaches that
can probe local pH and pH-dependent surface
speciation as well as theoretical techniques that
can capture the pH-dependent properties of the
interface. In the last few years, significant ex-
perimental and theoretical advances have been
made in this regard. In this Perspective, we
highlight several representative studies with a
focus on those that have appeared in the last 2-
3 years. Earlier studies are discussed in Koper’s
seminal article on the theory of multiple pro-
ton/electron transfer reactions.!® Apart from
a few exceptions, we primarily concentrate on
metal-electrode catalysts. A comprehensive re-
view of studies involving transition metal oxides
or molecular catalysts is beyond the scope of
this Perspective. For related pioneering stud-
ies on the pH-dependence of electron/proton
transfer reactions promoted by molecular cat-
alysts2072% and metal oxides,?*3? the reader is
referred to the respective articles.

Potential-Dependent Ad-
sorption Energy and Decou-
pled H" /e~ Transfer

The free energy change for an electrochemical
reaction of the form

*A+H" +e” = *AH (1)

can be expressed as!333

1
AG = G*AH—G*A—§GH2+2.3/€BT pH+eUsug,
(2)

where G«ap, G+a, and Gy, are the free ener-
gies of the surface-adsorbed intermediates *A
and *AH, and that of hydrogen gas, respec-

tively. Usyg, €, kg, and T" are the electrode po-
tential versus the standard hydrogen electrode
(SHE), positive elementary charge, Boltzmann
constant, and absolute temperature, respec-
tively. Most reactions of current interest, such
as the 4e~ ORR to water, involve a sequence of
steps of a form similar to reaction 1 and there-
fore feature two or more surface-adsorbed inter-
mediates. If the G+x terms do not significantly
change with Ugyg, the reaction free energy of
each elementary step shifts by exactly the same
amount (eUrpg = 2.3kgT pH + eUspg) with
Usgr and pH. As a result, the thermodynamic
overpotential, defined as the Uryg at which all
steps become thermodynamically downhill, is
independent of pH. That is, the reaction does
not exhibit a pH-dependence on the RHE scale.
However, there are numerous examples in which
multi-proton/electron transfer reactions show
a dependence on the pH on the RHE scale.!?
As described in this section, decoupled H /e~
transfers and/or a dependence of the G+x terms
on Usyg, are possible mechanisms by which a re-
action can acquire such a dependence.

As discussed by Koper,!? if a reaction in-
volves a sequence of steps in which H and e~
are transferred in a sequential rather than in
a concerted manner, the thermodynamic over-
potential will depend on pH. This dependence
arises because the step involving only HT trans-
fer does not depend on Usyg, whereas the e -
transfer step does not depend on pH. That is,
the free energies of the decoupled steps have a
different dependence on pH and Usyg. This be-
havior contrasts with the case in which all steps
are concerted HT /e~ transfers, as noted in the
preceding paragraph.

A pathway involving only concerted H /e~
transfer steps may still exhibit a pH-
dependence on the RHE scale if, for exam-
ple, the G.x terms are dependent on Ugyg. '*1?
Using density functional theory (DFT) meth-
ods, Henkelman and co-workers explored the
dependence of the binding energies of inter-
mediates of the ORR on Ugyg.'* Figure 1A
shows the dependence of the total system en-
ergy (electrode + adsorbate) as a function of
Usgg. The parabolic dependence of the total
energy with Usyg arises from the charge on the
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Figure 1: (A) Dependence of the total energies of bare Au(100) and Au(100) with *O9H, *O, and
*OH on Ugpyg. The maxima of the parabolas correspond to Uspg pzc, whose values are indicated
as vertical lines for the different systems. Reprinted from reference 14. Copyright 2019 American
Chemical Society. (B) Binding energies of adsorbates calculated as the difference in total energies
between the bare and adsorbate-covered surfaces. Reprinted from reference 14. Copyright 2019
American Chemical Society. (C) Variation of adsorption energies of ORR intermediates on Au(100)
with interfacial electric field strength, which is a function of Usyg. Reprinted from reference 15.
Copyright 2020 American Chemical Society. (D) CO binding free energies and site preference on
Cu(100) as a function of Uggg and pH. Reprinted from reference 17. Copyright 2020 American
Chemical Society. (E) Pt—H stretch band at different electrolyte pH values as indicated. Reprinted
from reference 34. Copyright 2020 American Chemical Society. (F) Relative hydrogen binding
energy (HBE) derived from the peak frequency of the Pt—H stretch band as a function of pH.
Reprinted from reference 34. Copyright 2020 American Chemical Society.



electric double layer capacitance whose energy
is ~ %Cdl(USHE — USHEypzc)Q, where Cd1 is the
double layer capacitance and Usug,pzc is the
potential of zero (free) charge of the electrode.
As shown in Figure 1A, the Usyg, pzc values of
the electrodes with the adsorbed species *OoH
and *O are more positive than that of the bare
surface. Henkelman and co-workers attributed
these shifts to the electron-withdrawing char-
acter of the two adsorbates, which shift the
work function of the metal to more positive
values. The difference between the total ener-
gies of the bare and adsorbate-covered surfaces
give the potential-dependence of the adsorbate
binding energy (Figure 1B). As a result of the
significant shifts in Uspyg, pzc in the presence
of *OsH and *O, the binding energies of these
adsorbates exhibit a dependence on Usyg. For
a fixed URHE, USHE shifts by _23kBT pH with
increasing pH. As a result of the more nega-
tive Usyg, the binding energy of *OsH becomes
more negative with increasing pH. It is impor-
tant to note that this stabilization primarily
occurs if the presence of the adsorbate sig-
nificantly changes Uspg pzc and/or Cg. For
example, the binding energy of *OH is compar-
atively insensitive to Usygg because *OH does
not significantly change Usng pzc relative to
that of the bare substrate (Figure 1A, B). In-
terestingly, they found that pre-adsorbed *OH
amplifies the shifts in Ugspyg pzc induced by
*O9H and *O. On the basis of these results,
Henkelman and co-workers identified the stabi-
lization of *O5H in alkaline media as the cause
of the promotion of the ORR in base.

In a related approach Chan, Ngrskov, and
co-workers considered the interaction of the
ORR intermediates with the interfacial electric
field. ' In their model, the free energy of an in-
termediate is given by

PZC - @ Yo
G«x = Gy _H'E—§E> (3)
where GYZC, ji, and « are the adsorbate’s free
energy at Usug, pzc, dipole moment, and po-
larizability, respectively. E is the interfacial
electric field. In this model, Usug, pzc and Cqg
are assumed to be independent of pH and the

presence of surface adsorbates. Accordingly, at
a fixed Urgg, pH effects in the ORR are due
to the modulation of G«x by the interaction of
the adsorbates with the interfacial electric field
(Figure lC), E ~ Cdl(USHE - USHE,PZC)7 which
becomes stronger as Ugspg shifts away from
Usng, pzc with increasing pH. Their microki-
netic model that includes the field-dependent
free energies reproduces the trends seen in ex-
perimental polarization curves. The electric
field effects predicted by equation 3 are ex-
pected to be particularly pronounced for reac-
tion mechanisms that involve adsorbates with
large dipole moments and/or polarizabilities,
such as *COy and *OCCO in CO; reduc-
tion. 337

In the examples discussed in the preceding
two paragraphs, the binding site of the adsor-
bate does not change with potential or pH.
However, changes in pH can also induce a
change in site preference of a reaction inter-
mediate, thereby modulating catalytic activity.
Using a DFT-continuum approach, Weitzner,
Varely, and co-workers probed the binding of
CO as a function of pH and voltage on Cu elec-
trodes.'” Although typically considered a chem-
ical step, changes in surface properties with ap-
plied potential render the adsorption of CO sen-
sitive to the applied voltage. Their key find-
ings include the following: (1) The site pref-
erence changes from atop > bridge > hollow
sites at 0 V to hollow > bridge > atop at —1.5
V versus RHE (Figure 1D). (2) The RHE po-
tential at which this switch in site preference
occurs shifts more positively with increasing
pH (Figure 1D). (3) The degree to which the
pH affects the adsorption energy of atop-bound
CO depends on the nature of the site (kink,
step edge, or terrace). Weitzner, Varely, and
co-workers observed that Kt ions of the sup-
porting electrolyte accumulate at the interface
with decreasing potential, thereby increasing
the absolute magnitude of the interfacial elec-
tric field. Accordingly, they suggested restruc-
turing of the electrochemical double layer with
voltage and pH as the origin of the observed
site preference changes.

In earlier work, Janik and co-workers showed
that at high pH, alkali metal cations can ef-



fectively compete with protons for adsorption
sites on transition metal electrodes.3® Because
cations are known to affect electrocatalysis,3’
an apparent pH dependence of an electrochem-
ical process can be rooted in cation effects. 4?42

pH-dependent adsorption energies have also
been probed experimentally. For example, us-
ing surface-enhanced infrared absorption spec-
troscopy (SEIRAS), Shao and co-workers mon-
itored the Pt—H stretch band as a function of
pH at fixed Urng.3* They found that the peak
frequency of the Pt—H stretch band decreases
with increasing pH (Figure 1E). Their analy-
sis reveals that the measured binding energy
linearly decreases by about 7.4% as the pH is
increased from 1.1 to 12.9 (Figure 1F). They
attributed this decrease in the measured bind-
ing energy to a combination of factors, includ-
ing changes in electric field, *H coverage, Pt-
water, and *H-water interactions. Shao and co-
workers argued that the weakening of the Pt—H
bond with increasing pH is one key factor that
contributes to the lower HER rate under alka-
line conditions. Related experimental and the-
oretical studies emphasized the pH-dependence
of (1) the desorption energy of water,34 (2)
the structure of interfacial water,?® and (3)
the destabilization of surface-adsorbed hydrox-
ide by cations?®? as possible origins for the
observed modulation of the apparent hydrogen
adsorption energies/potentials.

Finally, we note that Koper and co-workers
attributed the slower kinetics of the HER in al-
kaline solutions to an increase in the reorganiza-
tion energy for interfacial water with increasing
pH.%6 This increase in the reorganization energy
arises from the stronger interfacial electric field
with increasing pH. Using a nonfaradaic probe
reaction during the HER, Surendranath and co-
workers showed that the electrostatic potential
at the Pt surface indeed increases by 60 mV per
pH unit increase in the bulk pH.*" Interfacial
electric fields can also be conveniently probed
with vibrational Stark spectroscopy. 459

Surface Speciation

In the preceding section, we discussed an ex-
ample in which the preference of a reaction
intermediate for a given type of catalytic site
within the ensemble of available surface sites
may change with pH. In the examples discussed
so far, the surface phase of the electrode was as-
sumed to be independent of pH. However, be-
cause of the pH-dependent stability of certain
surface phases (such as oxides), structurally and
chemically distinct active sites may be present
on the surface in different pH regimes.®' >3 The
opposite effect is also possible: The chemistry
of some surface phases may influence the pH
in the vicinity of the electrode.? In the follow-
ing, we will give a few representative examples
in which the pH affects surface speciation (and
vice versa).

Potential- and pH-induced surface recon-
structions can contribute to changes in site pref-
erence. With SEIRAS, we observed a shift in
the preferential binding site of adsorbed CO
on polycrystalline Cu electrodes from an atop
to a bridging configuration with increasing pH
(Figure 2A, top).°* We found that, in contrast
to atop-bound CO (CO,40yp ), bridge-bonded CO
(COpyidge) 1s irreversibly adsorbed (Figure 2A,
bottom) and inert to electrochemical reduc-
tion at an applied potential of —1.75 V ver-
sus SHE. Inspired by prior work that demon-
strated that polycrystalline Cu electrodes form
(111) and (100) facets under alkaline condi-
tions and cathodic polarization,®® we attributed
the change in binding preference to a pH- and
potential-induced reconstruction of the elemen-
tal Cu electrode surface.

Subsequent studies highlighted the role of ki-
netically stable oxide phases in the observed
changes in site preference.???® Using in situ
soft X-ray absorption spectroscopy to probe
the Cu oxidation state and SEIRAS to deter-
mine the CO binding mode, Wu and co-workers
demonstrated that only COpigge is observed
on a Cu(0) dominant surface.”® By contrast,
CO,top is the primary CO species on a Cu(I)
dominant surface. COytop and COpyigge CO-€Xist

on a surface that is composed of a mixture
of Cu(I) and Cu(0). In a related study, Xu



and co-workers employed surface enhanced Ra-
man spectroscopy (SERS) to understand the
pH- and potential-dependent binding of CO on
Cu.”® At a pH of 8.9, they observed only CO 0
during a linear potential sweep from 0.4 to —0.8
V versus RHE. By contrast, at a pH of 10.6, a
Raman band attributable to COpyiqge appears
at Upgrg < —0.4 V, which closely coincides
with the onset potential of Raman bands due to
CuOy/(OH)y. At a pH of 12.6, the common on-
set potential of CuOy/(OH), and COpyigge shifts
to —0.1 V and CO,tep is no longer observable
at any potential. On the basis of these obser-
vations, Xu and co-workers concluded that an
oxygen-containing surface phase promotes the
binding of CO in a bridging configuration. Al-
though the two studies differ in their detailed
conclusions, they both demonstrate that pH-
dependent surface phases of metal electrodes
can play an important role in determining the
site preference of intermediate species. Such
changes in surface composition can substan-
tially alter the catalytic reactivity of the sur-
face.

pH-dependent oxide phases may alter cat-
alytic pathways. For example, the chemical
identity of the prevalent oxide phase on Au ox-
ide electrodes determines the reaction mecha-
nism of the OER: Using SERS and CV analysis,
Hetterscheid and co-worker determined the pH-
dependent oxide formation on an Au electrode
surface with an “a-oxide” under acidic condi-
tions and a “B-oxide” under basic conditions. '°
The a-oxide is attributable to an oxyhydrox-
ide species that is stably formed under acidic
conditions, while the S-oxide is Au(OH); that
preferentially forms in basic electrolyte. They
found that in the pH range below 4, where the
a-oxide dominates the surface, the onset poten-
tial of the OER on the RHE scale is indepen-
dent of the pH (Figure 2B). This observation
suggests a concerted proton and electron trans-
fer in the rate-determining step. By contrast, at
a pH higher than 10, the S-oxide becomes the
predominant oxide phase. In this pH regime,
the onset potential of the OER is pH depen-
dent on the RHE scale. This pH-dependent on-
set potential is consistent with a mechanism in
which proton and electron transfers are decou-

pled, as discussed in the previous section. In
the intermediate pH regime between 4-10 both
oxides coexist, and the two mechanistic path-
ways are simultaneously operational.

The above examples demonstrate how the
electrolyte pH can influence surface specia-
tion. The opposite case has also been observed:
Surface species can alter the local pH. Using
SERS, Kenis, Gewirth, and co-workers deter-
mined the local pH within ~3 nm of the surface
of an electro-deposited Cu gas diffusion elec-
trode (GDE) in an alkaline flow electrolyzer for
CO, reduction.® Based on the pH-dependent
equilibrium of carbonate and bicarbonate, they
used the ratio of the respective Raman sig-
nals to assess the local pH. In 1 M KOH, they
observed that the local pH decreases approx-
imately linearly with decreasing potential, ap-
proaching a value about ~5 units lower than the
bulk pH (Figure 2C). The monotonic decrease
in pH even occurs in a potential range where
no appreciable reduction of CO, takes place.
The Raman spectra further reveal the pres-
ence of CupCO3(OH)y (malachite) under the
experimental conditions. Accordingly, Kenis,
Gewirth, and co-workers attributed the lower
local pH to the reaction of carbonate and hy-
droxide with soluble Cu(Il) to form insoluble
malachite. They further showed that the solu-
ble Cu(II) species originate from the dissolution
of surface Cu oxide phases under these condi-
tions. After reduction of the malachite and/or
oxide layers, the interfacial pH increases to >11.

Roldan Cuenya and co-workers demonstrated
a method in which the local pH, and as a re-
sult the selectivity of COy reduction, is modu-
lated by the periodic formation of a surface ox-
ide species.?® They alternated Urpp of a GDE
in contact with 1 M KOH between —0.7 V and
an anodic voltage, F,,, in the range 0.6 to 1.5
V once every second and monitored the CO, re-
duction products formed. For pulse sequences
with E,, = 0.9 V, they observed a moderate en-
hancement of Cy product formation compared
to the product spectrum for electrolysis at a
constant Urpg of —0.7 V without excursions to
anodic potentials (Figure 2D). On the basis of
extensive microscopic, spectroscopic, and elec-
trocatalytic characterization, they attributed
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Figure 2: (A) pH-dependent spectra of adsorbed CO on Cu at —1.1 V versus SHE (top) and
potential-dependent integrated band areas of the two observed adsorbed CO populations (bottom).
Bottom panel Reprinted from reference 51. Copyright 2018 American Chemical Society. (B)
Onset potential of the oxygen evolution reaction (top) and integrated charges of the a- and (-
oxide reduction peaks as a function of pH. Reprinted from reference 16. Copyright 2020 American
Chemical Society. (C) Potential-dependence of the local pH measured with SERS in the vicinity of
a Cu GDE. Reprinted from reference 54. Copyright 2021 American Chemical Society.(D) Faradaic
efficiencies during CO, reduction under a potentiostatic applied potential of —0.7 V vs RHE (first
column) and during application of alternating voltage steps between —0.7 V and an anodic voltage,
E,., in the range 0.6 to 1.5 V. Pulse duration: 1 s. Reprinted from reference 56. Copyright 2021
American Chemical Society.



this enhancement to irreversible morphological
changes of the Cu surface during the oxida-
tion/reduction cycles. For pulse sequences with
E.., > 1.0 V, Roldan Cuenya and co-workers
observed a substantial increase in the Faradaic
efficiency of methane (Figure 2D). SERS sug-
gests the depletion of surface hydroxide and an
increase in Cuy,O with increasing F,,. On the
basis of these observation and other corroborat-
ing evidence, they suggested that the periodic
formation of Cu,O lowers the local pH, which
promotes the formation of methane during the
cathodic segments of the pulse sequence.

Proton Donor/Acceptor

Identity

So far, we have not considered the identity
of the proton donor (or acceptor) in reactions
like reaction 1. The chemical properties of the
proton donor/acceptor can affect the thermo-
dynamics and kinetics of multi-proton/electron
transfer reactions. 218195758 In the following, we
will give several recent illustrative examples of
how changes in proton donor can accelerate the
HER and modulate its mechanism.

Bren and co-workers reported a dependence
of the mechanism of the HER catalyzed by a
cobalt porphyrin peptide in aqueous solution
on the pK, of the buffer acid.?® Briefly, they
found that the peak current due to the HER
during a CV monotonically increases with de-
creasing pK, of the buffer acid at a constant
pH of 5.2. Further, they found that the half-
wave potential of the current wave due to the
HER in the CV is independent of pK, for pK,
values >7.4, whereas it shifts to more posi-
tive values with decreasing pK, for pK, values
<7.4 (Figure 3A). On the basis of these obser-
vations and additional analysis of their CVs,
Bren and co-workers proposed that for buffer
acids with pK, values >7.4, the half-wave po-
tential is determined by the potential of the
Co(II)/Co(I) redox couple, and the protonation
of the Co(IlI)—H species is rate-determining
(Figure 3B, right pathway). By contrast, in
the presence of buffer acids with pK, values
<7.4, Co(I) is quickly converted to Co(III)—H.

This conversion is sufficiently fast to deplete the
available buffer acid in the diffusion layer of the
electrode, thereby permitting the observation
of HER activity at potentials above the formal
Co(II)/Co(I) reduction potential. The proto-
nation of the Co(II)—H species is presumed the
rate-determining step in this mechanism (Fig-
ure 3B, left pathway). This study demonstrates
that a change in the proton donor/acceptor may
not only affect the rate of a reaction but also
its pathway.

Glass, Pyun, Lichtenberger, and co-workers
explored the effects of buffer composition
on the HER -catalyzed by a homogeneous
[2Fe-2S]-metallopolymer electrocatalyst and
a polycrystalline Pt electrode.!® Specifically,
they contrasted the rates of the HER in
pH-neutral solutions of the chloride salt of
tris(hydroxymethyl)aminomethane ([TRIS-
H*]Cl7; pK, of TRIS-H* 8.1) with those
in pH-neutral solutions of sodium phosphate
Na®(H,POy) (pK, of HoPO, 6.5). By char-
acterizing the HER activity of the [2Fe-2S]-
metallopolymer electrocatalyst, they found
that the peak HER current is enhanced by
a factor of 70 in the presence of [TRIS-HT]|C1~
compared to that in Na™(HyPOy ) buffer. They
attributed the rate enhancement to a combi-
nation of factors, including the high degree
of protonation of TRIS at pH 7 (due to its
higher pK, compared to that of HoPO, ), the
positive charge of TRIS-H™ (as opposed to
HyPOj, , which is depleted in the electrochemi-
cal double layer when the electrode is cathod-
ically polarized), and a complex interplay be-
tween the [2Fe-2S]-metallopolymer electrocat-
alyst and Na™, which affects the catalyst’s
diffusion properties in solution and its abil-
ity to adsorb on the glassy carbon electrode.
While the rate of the HER is enhanced upon
switching from Nat(HyPO}) to [TRIS-H*]CI~
buffer, the half-wave potential is not signifi-
cantly altered and is determined by the redox
potential of the [2Fe-2S]-metallopolymer elec-
trocatalyst. By contrast, on a Pt electrode,
the HER current shifts by about 92 mV in
the anodic direction in the presence of phos-
phate (Figure 3C). They attributed this shift
to the decrease in the thermodynamic poten-
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Figure 3: (A) Half-wave potential of the HER as a function of pK, of the proton donor (pH 5.2
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points. Reprinted from reference 19. Copyright 2020 Clary et al. (D) CV of a polycrystalline Au
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1 (black) and 2.8 M potassium phosphate buffer at pH 6.8 (red). Inset: Logarithm of HER current
density as a function of phosphate concentration of an aqueous electrolyte (pH = 6.1) containing 1.0
M NaClO, at overpotentials ranging from 0.1 V (dark blue) to 0.5 V (dark green). The numbers
indicate extracted reaction orders in phosphate. Reprinted from reference 18. Copyright 2019
American Chemical Society.



tial requirement for HER upon changing the
primary proton donor from TRIS-H* (pK, 8.1)
to HoPO, (pK, 6.5). At more negative poten-
tials, phosphate is depleted, and the current
becomes diffusion limited until the potential
is sufficiently negative for direct HoO reduc-
tion. By contrast, in [TRIS-HT|C1~ buffer, the
current is maintained because of the high pop-
ulation of the protonated state of TRIS at pH
7. Only at ~150 mA cm~2 does the current
become diffusion limited.

Surendranath and co-workers presented a de-
tailed mechanistic analysis on the effects of the
proton donor on the rate of the HER on Au
electrodes.'® They found that the rate of the
HER in saturated potassium phosphate at near-
neutral pH is virtually equal to the rate of
the reaction at pH 1 (on the RHE scale) (Fig-
ure 3D). They found a reaction order of 0.6 in
phosphate (inset, Figure 3D). They determined
that a simple model assuming direct competi-
tion of phosphate in solution with water and
hydronium ions as proton donors in the HER is
inconsistent with the experimentally observed
fractional order. Surendranath and co-workers
suggested that the interaction of cations with
phosphate species in the electrochemical double
layer plays a critical role in mediating the pro-
motion of the HER. By contrast, they demon-
strated that borate does not act as a proton
donor for the HER on Au. On the basis of
these findings, they speculated that the differ-
ent strengths of ion-pairing interactions in the
two electrolytes to be responsible for their dif-
ferent impact on the rate of the HER. This
work!® and the study by Glass, Pyun, Licht-
enberger, and co-workers!® highlight that the
effects of a donor/acceptor species in solution
are a complex function of a multitude of fac-
tors, including ion-pairing effects, interactions
of the electrolyte species with the catalyst, the
donor/acceptor species’ charge state under the
prevailing conditions, and the desired operating
potential /current.

It is important to recognize that the primary
donor species can also change with the pH of
the solution. For example, using DFT calcula-
tions and microkinetic modeling, Chan and co-
workers determined that the experimentally ob-
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served polarization curves for HER on Pt elec-
trodes can be well described by a switch in the
proton donor from hydronium to water with in-
creasing pH.? Because the abstraction of a pro-
ton from water is associated with a higher ac-
tivation barrier than that from hydronium, the
reaction proceeds more slowly in alkaline me-
dia. Further, in an intermediate pH regime (2-
4), Chan and co-workers observed a potential-
induced switch between the two mechanistic
regimes: At low overpotential, hydronium is the
proton donor. However, with increasing overpo-
tential, hydronium is depleted, and water be-
comes the primary donor.

Nernstian Shifts and Proton
Delivery Rate

During current flow, a concentration gradient
of electrolytic and reacting species within the
boundary layer of the electrode may exist, re-
sulting in a deviation of the near-electrode con-
centrations from their bulk values (for example,
see Figure 2C).2°% If protons are consumed
or produced during the electrocatalytic process
at a rate that alters the pH in the bound-
ary layer, the overpotential of the reaction will
be altered because the equilibrium potential
(Nernstian potential) will shift by an amount
AdNermnst- We can identify two distinct contri-
butions t0 Adnemst:?° (1) An increase in the
local pH by one unit will result in a 60 mV neg-
ative shift: A¢pH =0.06V x (prulk — leocal)
(assuming an equal number of protons and elec-
trons are transferred in the process). (2) If
the change in pH alters the concentration of
a reactant, an additional negative shift of 60/n
mV, where n is the number of electrons trans-
ferred in the reaction, per one order of mag-
nitude decrease in the concentration results:
Aeone = 228V x log(2el), where cpuic and clocal
refer to the concentrations of the species in the
bulk and at the surface, respectively.

The measurement of local pH values under re-
action conditions has only been carried out in
recent years: Employing SEIRAS, Smith and
co-workers quantified the pH within a 5-10 nm
thin electrolyte layer of sputtered Cu electrodes

T on
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Figure 4: (A, B) Dependence of the local pH on Urpg and measured current density. The local
pH was measured within 5-10 nm of a sputtered Cu electrode in CO,-saturated phosphate buffer at
near-neutral bulk pH at the indicated concentrations. Reprinted from reference 22. Copyright 2019
American Chemical Society. (C, D) Dependence of the concentration overpotential of CO,-to-CO
reduction on Urgg and measured current density. The measurements are for a rough Au electrode
in contact with COs-saturated bicarbonate buffer at near-neutral bulk pH. Reprinted from reference
59. Copyright 2018 American Chemical Society. (E) Dependence of the Faradaic efficiencies for the
products of HER and CO,-to-CO conversion (CO3RR) on the rotation rate (w) of an RDE. Rotation
rate range: 800 to 2500 rpm. Reprinted from reference 60. Copyright 2020 American Chemical
Society. (F) Spectra taken at —1.5 V vs Ag/AgCl showing the accumulation of carbonate at 1410
cm ™! (shaded area) during CO, reduction on unmodified Cu and in the presence of electrodeposited
organic films derived from 1-(4-toly)pyridinium (T-Pyr) and 1-(4-pyridyl)pyridinium (P-Pyr). Data
from reference 61. Copyright 2019 American Chemical Society.
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in phosphate-buffered electrolyte during CO,
reduction at current densities from a few to sev-
eral tens of mA cm™2.22 The technique is based
on the measurement of the relative integrated
band areas of the distinct bands of the anions of
phosphoric acid in the vicinity of the electrode.
Their key findings are as follows: (1) For a given
applied potential, the magnitude of the local pH
increase is similar for 0.5 and 1.0 M phosphate
buffers because the increased buffer capacity is
offset by an acceleration of the HER with in-
creasing phosphate concentration (Figure 4A).
(2) In a 0.2 M phosphate buffer, the local pH
steeply increases with absolute current density;
it is about 5 pH units higher than the bulk pH
at a cathodic current density of ~20 mA cm ™2
(Figure 4B). Increasing the buffer capacity to
0.5 or 1.0 M shifts the increase of the local pH
to larger absolute current densities. (3) The in-
crease in local pH results in a decrease in the
local CO4 concentration to a level of about 20%
of its bulk value at an applied potential of —1.0
V versus RHE.

It is important to note that the results of
Smith and co-workers were obtained for an elec-
trolyte that was not actively stirred or flown
over the electrode (COy bubbling and gas for-
mation at the electrode were the only forms of
electrolyte agitation in this study). Xu and
co-workers explored the effects of electrolyte
stirring on the concentration overpotential, de-
fined as the increased overpotential resulting
from changes in near-electrode concentrations
of reacting species relative to those in the bulk.
Using SEIRAS, they quantified the concentra-
tion overpotential due to local pH increase and
CO4 depletion during the reduction of CO;5 to
CO on polycrystalline Au electrodes in contact
with bicarbonate-buffered electrolyte.®® Their
key findings are as follows: (1) The concentra-
tion overpotential at a given applied electrode
potential decreases with increasing buffer ca-
pacity (Figure 4C). For example, at an applied
potential of —0.9 V versus RHE, the concen-
tration overpotential in 0.25 M bicarbonate is
141 mV, whereas it is only 82 mV in 1.0 M
bicarbonate. This observation suggests that
the increased buffer capacity effectively coun-
ters current-driven changes in the interfacial
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concentrations. (2) Stirring the electrolyte can
significantly decrease the concentration overpo-
tential (Figure 4C, D). For example, at an ap-
plied electrode potential of —0.9 V, the con-
centration overpotential is 109 mV in the ab-
sence of stirring, whereas it is only 84 mV when
the electrolyte is stirred. (3) SEIRAS measure-
ments show that the near-surface concentration
of CO, drops to near zero in the absence of stir-
ring as the potential is changed from 0 to —0.9
V versus RHE. By contrast, in a stirred elec-
trolyte, the bulk CO, concentration is main-
tained even at —0.9 V, despite the higher lo-
cal pH. This observation indicates that, under
these conditions, the transport of CO, to the
electrode is faster than its conversion to bicar-
bonate.

When we view the studies by Xu and co-
workers and Smith and co-workers collec-
tively,???® we draw the following conclusions:
(1) Effective convection (such as by stirring or
flowing the electrolyte) is a straightforward and
effective means for mitigating concentration
overpotentials. (2) Increasing the buffer capac-
ity can be a suitable means for minimizing over-
potentials. However, the degree of success of
this strategy sensitively depends on the proper-
ties of the chosen buffer system: pH buffers can
directly engage as proton donors/acceptors in
the interfacial electrocatalytic processes, most
notably in the HER. The promotion of the HER
leads to faster consumption of interfacial pro-
tons, thereby opposing the effect of increased
buffer capacity, as observed by Smith and co-
workers.?? (3) The simulated near-surface con-
centrations by Smith and co-workers exhibit
semi-quantitative agreement with their experi-
mentally measured concentrations. This agree-
ment suggests that mass-transport models are
an important tool in the prediction of concen-
tration overpotentials.2? 23

The understanding of concentration over-
potentials has both fundamental and practi-
cal significance. As shown by Xu and co-
workers,®® their measured concentration over-
potentials can significantly affect electrokinetic
parameters, such as Tafel slopes and reaction
orders. Therefore, for fundamental studies on
electrokinetics, it is essential that concentration



overpotentials are minimized or corrected for
if significant overpotentials cannot be avoided.
In this regard, it is critical to measure the lo-
cal pH under reaction conditions. Apart from
SERS and SEIRAS, a variety of other tools
can be used to probe the local pH. Alternative
methods include the use of scanning probe mi-
croscopy, %293 rotating ring disk electrodes, %465
nonfaradaic reactions,” and fluorescence spec-
troscopy. ¢ These and other techniques were re-
cently reviewed. 57

Low overpotential and high reaction selectiv-
ity are important goals in electrocatalysis, but
they may not be necessarily achievable simulta-
neously. In practical systems, it may be neces-
sary to tolerate a certain concentration overpo-
tential to achieve a desired degree of selectivity.
The chosen buffer system and mass transport
conditions to the electrode surface can both
greatly affect reaction selectivity. For example,
Surendranath and co-workers reported that the
promotion of the HER on polycrystalline Au by
bicarbonate will lower the reaction selectivity
for CO,-to-CO conversion.® For these reasons,
it is essential to evaluate the impact of the elec-
trolyte buffer system on the intrinsic rates of
the desired and undesired reactions at a given
electrocatalytic interface. A possible strategy
to quantify these impacts is to measure the rate
of the HER as a function of buffer capacity and
compositions. For example, Surendranath and
co-workers showed that under mildly acidic con-
ditions, phosphate species can compete with
water as proton donors for the HER on Au
electrodes, whereas borate species cannot.'® A
suitable buffer system should be determined on
the basis of such experiments and other known
properties of the catalytic system of interest.

It is important to note that hydrated alkali
metal cations of the supporting electrolyte can
also influence the local pH. Bell and co-workers
demonstrated significant changes in the prod-
uct spectrum of COy reduction on Cu and Ag
electrodes with the identity of the alkali metal
cation of the supporting electrolyte.% Using
theoretical modeling, they proposed that the
changes arise from the different pH buffer abil-
ities of the hydrated alkali metal cations. Re-
cently, this theoretical prediction was confirmed
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by Cuesta and co-workers using SEIRAS™ and
Co and co-workers using a rotating ring disk
electrode to probe the local pH.%

Tuning the mass transport of protons and
other reactants to the electrode surface can also
be utilized to steer reaction selectivity. For
example, Koper and co-workers demonstrated
that the competition between HER and COs,-
to-CO conversion on polycrystalline Au elec-
trodes in contact with COs-saturated 0.1 M
NaHCOg3 can be controlled by modulation of
the local pH.% They showed that the Faradaic
efficiency for COs reduction at Uggg = —0.6
V increases from 67% to 83% when the rota-
tion rate of an RDE is increased from 800 to
2500 rpm (Figure 4E). They found that the in-
crease in Faradaic efficiency is primarily a result
of the suppression of the HER with increasing
rotation rate. The increased rotation rate im-
proves the mass transport of protons to the sur-
face, thereby maintaining a low local pH, which
leads to slower HER kinetics (on Au, they found
that the rate of water reduction increases with
increasing alkalinity in the pH range 10-13).

In a more recent article, Koper and co-
workers investigated the competition between
HER and COs,-to-CO conversion under mildly
acidic conditions.”™ They determined that the
reduction of protons can be completely sup-
pressed if the rate of CO formation is equal
to or exceeds the rate of proton transport to
the electrode. Under these conditions, hydrox-
ide ions that are formed during CO,-to-CO and
H5O reduction neutralize protons that arrive at
the surface before they can be reduced to hy-
drogen. If the rate of hydroxide formation is too
high, a significant fraction of CO, reacts with
hydroxide to bicarbonate.

Bell and co-workers showed that pulsed elec-
trolysis can be utilized to enhance the produc-
tion of C2+ hydrocarbon products during CO,
reduction on Cu electrodes.?®” On the basis
of a time-dependent continuum model, they re-
vealed that the desirable product spectrum (in
comparison with constant-potential electroly-
sis) is a result a periodically high local pH,
COy concentration, and overpotential during
the pulse sequences.?

The local pH and/or the transport of pro-



tons to the surface can also be controlled by
modifying the electrode surface. For example,
we assessed the relative local pH on Cu elec-
trodes modified with organic films derived from
N-substituted arylpyridinium derivatives and
immersed in COs-saturated 0.5 M KHCOs3. %!
By monitoring the infrared band of carbon-
ate at 1410 ecm™! with SEIRAS, we quan-
tified the accumulation of carbonate at the
electrode/electrolyte interface (Figure 4F). We
found that the degree of carbonate accumu-
lation is most pronounced at the interface in-
volving films derived from 1-(4-toly)pyridinium
(T-Pyr), whereas less carbonate accumulates
at interfaces involving films derived from 1-(4-
pyridyl)pyridinium (P-Pyr). No significant ac-
cumulation of this species occurs at the unmod-
ified interface. As carbonate is formed by the
reaction of hydroxide with bicarbonate, an in-
crease in the carbonate band suggests an in-
crease in local pH. As a high local pH tends
to favor C2+ products, our findings provide a
rationale for an earlier observation by Peters,
Agapie and co-workers, ™ who reported that T-
Pyr-modified electrodes exhibit a high selectiv-
ity for C2+ hydrocarbons. Recently, Agapie,
Peters, and co-workers demonstrated that the
rate of proton diffusion can be tuned by related
organic films. ™ Local pH effects in various high-
surface area electrodes have been suggested to
play a key role in modulating reaction selectiv-
ity, 2175

An elegant way of controlling the rate of
proton transport based on lipid-modified self-
assembled monolayers (SAMs) was reported by
Barile and co-workers.”™ Building on earlier
work by Gewirth and co-workers,”” they used
thiol-based SAMs to link a molecular ORR cat-
alyst to an Au electrode and blanketed the
assembly with a lipid membrane. By adjust-
ing the length of the SAM linkers, they con-
trolled the distance between electrode and cat-
alyst, which provides control over the electron-
transfer rate. Adjustment of the concentration
of proton carriers in the membrane provides
control over the rate of proton delivery to the
catalyst. Barile and co-workers demonstrated
that they can modify the rate of the ORR over
a wide range by independently tuning the rela-
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tive rates of electron and proton transfer. Inter-
estingly, changing the concentration of proton
carrier in the lipid does not result in a signifi-
cant Nernstian shift, but affects the rate of the
ORR. This result suggest that the platform per-
mits the selective tuning of the kinetics of the
reaction without significantly altering its ther-
modynamics.

GDEs are of great practical significance for
CO,y reduction.®®?6787™ The first studies of
the local pH at GDE/electrolyte interfaces
have just recently appeared. GDEs in con-
tact with highly alkaline electrolytes have been
found particularly effective for the production
of desirable products with high selectivity and
at low overpotentials. As COs reacts with
OH™ to bicarbonate under these conditions, a
pH gradient is expected to form at the elec-
trolyte/electrode interface.

By monitoring the relative integrated areas
of the characteristic Raman bands of carbon-
ate and bicarbonate, Francisco, Wang, and co-
workers mapped the pH gradient over a distance
of several tens of micrometers from a GDE into
the electrolyte (1 M KOH) under continuous-
flow COy reduction.™ They found that the pH
within a distance of ~10 pm of the GDE is sig-
nificantly lower than that of the bulk electrolyte
and increases with increasing current density
(pH~9 at 50 mA cm~? and pH~10 at 100 mA
cm~2). Further, the pH increases by 1-2 pH
units over a distance of several tens of um, de-
pending on the current density and electrolyte-
and COs-flow conditions. These results indi-
cate that the homogeneous reaction between
CO4 with OH™ causes a decrease in the local
pH and that reduction of CO4y counters this ef-
fect through the production of hydroxide. Fran-
cisco, Wang, and co-workers suggested this pH
gradient as the cause of lower absolute overpo-
tential requirements for the reduction of COs in
alkaline electrolyzers.

Using SERS, Kenis, Gewirth, and co-workers
estimated the pH within a ~3 nm layer of a
Cu GDE electrode under CO, reduction condi-
tions in 1 M KOH to be >11 (after virtually
complete reduction of all Cu oxide phases).?
The different findings in the two studies likely
originate from different cell geometries and flow



conditions. These pioneering studies demon-
strate the utility of Raman spectroscopy for
measuring the local pH on micro- and nano-
meter length scales. This technique has the po-
tential to inform the design of GDEs and choice
of reaction conditions for optimal electrolyzer
performance.

Controlling the distribution of surface concen-
trations across the porous catalytic layer of a
GDE is essential for the generation of desir-
able product distributions. For example, Sar-
gent and co-workers recently showed how the
electrolyte pH can be used to tune the prod-
uct selectivity at a GDE.® In 1 M KOH elec-
trolyte, the penetration depth of CO, into the
electrolyte/catalyst layer is on the order of a
few microns. As aresult, the catalytic layer is in
contact with a low concentration of CO,, which
is distributed over a wide penetration depth.
By contrast, in highly alkaline electrolyte (10 M
KOH), the penetration of CO, into the porous
catalytic layer is limited to ~120 nm) by the
neutralization reaction between CO, and OH™.
The steep concentration gradient in 10 M KOH
ensures that the catalyst is in contact with a
relatively high concentration of COy. The high
concentration of CO4 and spatially narrow dis-
tribution promotes C—C bond formation, yield-
ing a 70% Faradaic efficiency for ethylene at a
potential of —0.55 V versus RHE. Using DFT
calculations, Sargent and co-workers identified
additional promotion effects of OH™ that also
contribute to the preferential formation of ethy-
lene. Of course, this high Faradaic efficiency
comes at the cost of irreversibly losing a signifi-
cant amount of COy to bicarbonate. In a more
recent work, Sargent and co-workers achieved
77% single-pass CO, utilization by employing
highly acidic electrolytes.®!

Summary and Outlook

As illustrated by the examples in this Perspec-
tive, the pH can influence the rates, mecha-
nisms, and selectivity of electrocatalytic multi-
proton/electron transfer processes in a multi-
tude of ways. Elucidating these pathways is
of practical and fundamental significance. The
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studies highlighted in this Perspective provide
examples of pH-dependent properties of the
interface that should be considered and how
these properties can be probed: (1) The ad-
sorption energies and site preferences of a num-
ber of intermediates that feature in the mech-
anisms of ORR, HER, and CO/COy reduction
exhibit a dependence on pH. In future theoret-
ical and experimental investigations of electro-
catalytic processes, this possibility and its ef-
fect on mechanisms and rates should be con-
sidered. (2) During electrolysis at near-neutral
bulk pH, the local pH can significantly deviate
from the bulk pH. It is advisable to evaluate
the local pH under the relevant operating con-
ditions. To determine the local pH and con-
centration overpotentials, Raman and IR spec-
troscopy have emerged as powerful tools. Alter-
native methods for this purpose were reviewed
recently.%” A deeper understanding of pH gradi-
ents in complex environments, such as in GDEs,
will help guide the design of electrolyzer cells
and catalyst morphology and the choice of re-
action conditions. Modeling of mass transport
effects is another effective strategy for estimat-
ing the local pH. (3) Surface speciation may
significantly change with pH. Raman, IR, and
x-ray spectroscopies can also probe the preva-
lent oxide phases and changes in site prefer-
ence of intermediates. However, correlating sur-
face speciation with catalysis remains challeng-
ing. Performing spectroscopy under conditions
as closely as possible to those during catalysis
minimizes the chance of possible misinterpre-
tations. (4) The identity and concentration of
proton donors/acceptors can profoundly impact
the rates of some electrocatalytic reactions. To
optimize catalytic performance, the impact of a
given donor/acceptor on the various competing
reactions should be systematically investigated
in electrokinetic experiments.
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