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DOI: 10.1039/x0xx00000x Electrochemical polarization, which often plays a critical role in driving chemical reactions at solid-liquid interfaces, can arise

spontaneously through the exchange of ions and/or electrons across the interface. However, the extent to which such
spontaneous polarization prevails at nonconductive interfaces remains unclear because such materials preclude measuring
and controlling the degree of interfacial polarization via standard (i.e., wired) potentiometric methods. Herein, we
circumvent the limitations of wired potentiometry by applying infrared and ambient pressure X-ray photoelectron
spectroscopies (AP-XPS) to probe the electrochemical potential of nonconductive interfaces as a function of solution
composition. As a model class of macroscopically nonconductive interfaces, we specifically probe the degree of spontaneous
polarization of ZrO,-supported Pt and Au nanoparticles immersed in aqueous solutions of varying pH. Shifts in the Pt-
adsorbed CO vibrational band position evince electrochemical polarization of the Pt/ZrO,-water interface with changing pH,
and AP-XPS reveals quasi-Nernstian shifts of the electrochemical potential of Pt and Au with pH in the presence of H,. These
results indicate that spontaneous proton transfer via equilibrated H*/H, interconversion spontaneously polarizes metal
nanoparticles even when supported on a nonconductive host. Consequently, these findings indicate that solution
composition (i.e., pH) can be an effective handle for tuning interfacial electrical polarization and potential at nonconductive
interfaces.

Introduction

Electrochemical polarization of solid-liquid interfaces plays a critical
role in energy conversion processes and chemical catalysis. Upon
polarization of an interface, the electric potential gradient and
corresponding electric field can drive ion/electron transfer,’?
organize the interfacial region of the electrolyte,X**® polarize
bonds,%’= and alter the free energy and kinetics of adsorption.>210
Measuring and controlling the degree of polarization is simple for
electrically conductive materials that can be readily “wired” to an
external circuit (Figure 1, left). In contrast, such potentiometric
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& methods are inaccessible for nonconductive materials or catalyst
supports, which inhibit electron flow to an external circuit (Figure 1, E probed and E determined E probed
iddle) determined by solution by spectroscopy
mi ' externally (this work)

Although electrochemical polarization is difficult to measure for
nonconductive interfaces, electrochemical polarization arises at all

sl e ) Figure 1. Different approaches for controlling and measuring
solid-liquid interfaces as charged species (i.e., electrons and/or ions

solid—liquid interfacial polarization and potential of conductive
and insulating materials. Traditionally, (a) wired experiments
allow for the direct measurement of interfacial potential, while

aDepartment of Chemical Engineering, Massachusetts Institute of Technology, . . .
Cambridge, MA 02139, United States on (b) insulating-support-based metals, potentials are not as easy

b Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA to determine. We report a method based on (c) a combination of
02139, United States

¢ Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA X-ray phOtOEIECtron and vibrational spectroscopies to d'rec“y

94720, United States measure the electrochemical potential of metals supported on
d-Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, . lati ial
California 94720, United States insulating materials.

* Denotes equal contribution

such as protons) spontaneously exchange across the interface.%11-23
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be expected to be set by the composition of the solution rather than
the degree of charge flow from an external circuit. However, it
remains unclear to what extent this phenomenon prevails for
nonconductive materials or conductive nanomaterials on insulating
supports, due to the difficulty in measuring the electrochemical
potential of active sites at the surface.

Herein, we apply infrared and ambient pressure X-ray photoelectron
spectroscopies (AP-XPS) to quantitatively probe the potential of
oxide-supported metal nanoparticles as a model class of
macroscopically nonconductive interfaces (Figure 1, right). We
employ a generalizable method based on AP-XPS that enables direct
measurement of the electrochemical potential of macroscopically
nonconductive materials in contact with aqueous solutions. We
uncover that ZrO,-supported Pt and Au nanoparticles immersed in
aqueous solutions are likewise spontaneously polarized at ambient
temperatures by spontaneous proton transfer from the bulk solution
to form surface-bound hydrogen species (surface H*). Specifically, in
the presence of H,, which ensures an equilibrium coverage of surface
H*, the degree of polarization scales with pH in accordance with the
Nernstian expectation for quasi-equilibrated proton transfer across
the interface via H*/H, interconversion. These results establish that
spontaneous proton transfer reactions prevail at metal nanoparticles
even when supported on nonconductive oxides while highlighting
the powerful role of the solution composition in defining the degree
of polarization of nonconductive solid-liquid interfaces.

Results and Discussion

To investigate the degree to which varying solution composition
controls the potential of nonconductive solid-liquid interfaces, we
examined model systems consisting of metal nanoparticles
supported on pure, undoped monoclinic ZrO, (M/ZrO,, where M = Pt
or Au). Such oxide-supported metal nanoparticles were chosen for
this study because they are commonly used as heterogeneous
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Figure 2. (a) pH-dependence of ATR-IR spectra at saturation
of atop CO adsorbed on 7.4 wt% Pt/ZrO, immersed in aqueous
buffered electrolyte solutions. (b) pH-dependence of the peak
maximum for atop-bound CO adsorbed on 7.4 wt% Pt/ZrO,
(~23 nm Pt nanoparticles), 0.35 wt% Pt/ZrO, (~1.4 nm Pt
nanoparticles), and 60 wt% Pt/C (~5 nm Pt nanoparticles). The
data for 60 wt% Pt/C are reproduced here from ref. 14.
Conditions: 7 kPa CO, 94 kPa H,, electrolyte = 0.5 M NaClQO, in
Britton-Robinson universal buffer (0.04 M acetic acid, 0.04
phosphoric acid, 0.04 M boric acid in water); pH adjusted with

NaOH; performed at room temperature (294 + 1 K).
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catalysts and provide convenient spectroscopic markers for
quantifying the degree of polarization (see below). Monoclinic ZrO,
was specifically chosen as an insulating oxide (band gaps of 5.1 -7.1
eV have been reported for monoclinic Zr0,%42%) with a high degree
of chemical stability in aqueous solutions across a wide range of pH
values.?® We immersed these macroscopically nonconductive
M/ZrO, materials in aqueous solutions of varying pH in order to alter
the chemical driving force for spontaneous proton transfer from the
bulk solution to form surface H* on the metal nanoparticles:

HEgy + ettera+ * ©H* o Hy+ + Eq. 1

It has long been appreciated that altering the chemical driving force
for charge transfer across a solid-liquid interface may spontaneously
electrochemically polarize that interface."11,20-23.12-19 |n the case of
quasi-equilibrated proton transfer (Eq. 1), which would be described
by the Nernst equation,!%16.17 it has been reported for conductive
Pt/C materials that the presence of H, establishes a quasi-
equilibrated coverage of surface H*, and that the spontaneous
proton transfer reaction induces pH-dependent electric fields at Pt-
water interfaces.’*23 It has not yet been demonstrated, however,
that metal nanoparticles supported on an insulating support are
similarly polarized by changes in pH.

Chemical Science

To initiate our investigations, we employed attenuated. &otal
reflectance-infrared (ATR-IR) spectroscopy!usiAg3adssrb¥deco
as an interface-specific vibrational probe of interfacial
polarization. The stretching frequency of adsorbed CO, v(CO), is
sensitive to interfacial polarization.827-30 These Stark shifts have
been attributed to increasing negative surface charge
increasing back-bonding into CO mt* orbitals and shifting v(CO)
to lower wavenumbers.®3! As has been discussed in detail
before,* CO adsorbs strongly onto Pt surfaces across a wide pH
range, permitting studies of the pH-dependence of Pt-water
interfacial polarization.

We performed ATR-IR experiments with CO using two different
powder samples of Pt/ZrO,, each prepared with distinct Pt particle
sizes of 1.4 nm (0.35 wt% Pt/ZrO,) and 23 nm (7.4 wt% Pt/ZrO,). (See
supplementary information, SI, Table S1 and Figure S1 for
characterization data of both Pt/ZrO, powder samples and
calculation of Pt particle sizes from CO chemisorption data.) These
measurements were performed in buffered aqueous electrolytes of
varying pH saturated with 7 kPa CO, as well as 94 kPa H,. The H,
served to furnish a common supply of surface Pt-H to facilitate
reversible proton transfer across the Pt-water interface. For the 23
nm Pt/ZrO, sample at pH 5.0, we observed an IR absorption peak at

2050 cm™, consistent with atop-bound CO (v(CO,), Figure
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Figure 3. (a) Schematic of our AP-XPS measurement for ZrO,-supported metal nanoparticles after dip and pull in aqueous buffered

electrolyte solutions of varying pH (ranging from pH 4 — 13) under constant H, pressure of ~0.5 kPa. (b) Pt 4f spectra, corrected based
on the Na 1s spectra, of ZrO,-supported Pt nanoparticles (~8 nm) immersed in solutions of varying pH. (c) pH-dependence of Pt 4f
binding energies using a three-component fit for Pt. (d) Au 4f spectra, corrected based on the Na 1s spectra, of ZrO,-supported Au

nanoparticles (~8 nm) immersed in solutions of varying pH. (e) pH-dependence of Au 4f binding energies using a one-component fit

for Au. The fitting protocol and error analysis are described in the SI.

This journal is © The Royal Society of Chemistry 20xx

23).827,28,30.32-35 This peak redshifted to 2044 cm™ at pH 7.0 and to
2037 cm™ at pH 9.0 (Figure 2a). For the 1.4 nm Pt/ZrO, sample, we
likewise observed a systematic redshift in v(CO,) with increasing pH,
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going from 2043 cm™ at pH 5.0, to 2037 cm™! at pH 7.0, and 2033
cm™t at pH 9.0 (Figure S2). We also note the presence of a bridge-
bound CO feature (Figure S3), consistent with prior studies,®1430.32-
34 but due to its broadness and convolution from water vapor, we
refrain from analysing it. The shifts in v(CO,) with pH are linear and
comparable in magnitude for both the 1.4 nm and 23 nm Pt/ZrO,
samples (Figure 2b). We note that in a prior study, a distinctly
nonlinear trend was observed in similar measurements with Pt/Al,O5
under a CO/0O, mixture,3 likely due to sluggish proton transfer
equilibration under an O, rather than H, atmosphere. Indeed, the
linear pH-dependent shifts in v(CO,) that we measured for the
Pt/ZrO, materials under an H, atmosphere are similar to the shift
previously reported for ~5 nm Pt/C under identical conditions (data
reproduced in Figure 2b). In the case of conductive Pt/C, it was
previously shown through a combination of ATR-IR and open-circuit
potential (OCP) measurements that the pH-dependence of v(CO,)
was attributable to a progressive increase in the spontaneous
with
transfer

electrochemical polarization of the Pt-liquid interface,

increasing solution alkalinity modulating proton
thermodynamics across the interface.'* Similar OCP measurements
are not possible for the Pt/ZrO, samples. While v(COA) is known to
be sensitive to the surface coverage of CO, the known strong
adsorption of CO on oxide-supported Pt should lead to saturation
coverage across the pH range, as observed previously for Pt/C
samples.* Thus, coverage effects are unlikely to substantially
convolute the observed pH-dependent trends in v(COA) (see SI,
section 2.1, for detailed discussion, as well as commentary on the
role of chemical polarization from coadsorbates). Moreover, we note
that atop-bound CO Stark tuning rates have been observed to be
relatively invariant across carbon-supported Pt nanoparticles ranging
in size from 1 — 30 nm when compared under similar conditions.?%30
If it is thus assumed that the three materials in Figure 2b (i.e., 1.4 nm
and 23 nm Pt/ZrO, and 5 nm Pt/C) exhibit similar Stark tuning rates
for atop-bound CO, then the consistency in slopes of v(CO,) vs pH
across all the samples provides strong indirect evidence that ZrO,-
supported Pt nanoparticles undergo spontaneous polarization with
changing pH in a similar fashion to Pt nanoparticles supported on a
conductive carbon support. Moreover, this phenomenon appears to
prevail irrespective of Pt particle size, ranging from very small 1.4 nm
Pt particles to larger 23 nm particles. While the slope in the v(CO,) vs
pH trends is consistent across the materials, we note that there
appears to be a systematic vertical offset in the trends towards lower
wavenumbers with decreasing Pt particle size. This is consistent with
prior work, and has been ascribed to a combination of increased
back-bonding into CO from undercoordinated Pt atoms, as well as
less dipole-dipole coupling, on the smaller particles.3® Taken
together, these ATR-IR data strongly suggest that Pt nanoparticles
are spontaneously electrochemically polarized by proton transfer
even when supported on an insulating support like ZrO,, and that the
degree of polarization (i.e., the electrochemical potential) depends

linearly on solution pH.

Although the foregoing ATR-IR data support that ZrO,-supported Pt
nanoparticles are spontaneously polarized by changing solution pH,

4| J. Name., 2012, 00, 1-3
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Figure 4. pH-dependent surface charging of insulator-
supported metal particles and the attendant shift in the
electrochemical potential of electrons, He, which equals the
Fermi level of the metal particles.

these experiments rely on the assumption of a consistent Stark
tuning rate and do not provide a direct, quantitative measurement
of the Pt electrochemical potential. Towards this end, we examined
this system using operando AP-XPS. Recent advances in AP-XPS
instrumentation and methodology have enabled its use to directly
quantify the electrochemical polarization and potential of
conductive solid-liquid interfaces.3’~%¢ For a material immersed in
liquid, the work required to bring an emitted photoelectron from the
surface to the detector depends directly on the degree of interfacial
electrochemical potential.3839424347.48 Thys, by monitoring shifts in
XPS peaks (corresponding to changes in electron binding energies) of
components of the solid surface, we aimed to quantify changes in
the magnitude of interfacial polarization.

We designed and performed operando AP-XPS experiments to
quantify spontaneous polarization of the interface between ZrO,-
supported metal nanoparticles and buffered solutions of liquid
water. Pt/ZrO, samples were prepared for these measurements by
sputtering Pt onto pellets of pure monoclinic ZrO, (Figure S4) to
deposit a layer of ~¥8 nm Pt nanoparticles (see Figures S5ab and S6a).
This sample was similar to those used for ATR-IR measurements in
that the Pt particles were within the size range spanned by the ATR-
IR samples and supported on the same phase of ZrO,; however, the
monolithic pellet had the further benefit of facilitating the “dip-and-
pul
holder, which enabled dipping the sample into an aqueous

|n

method described below. The sample was mounted in a glass

electrolyte and pulling up to leave a roughly 10-20 nm liquid layer of
electrolyte coating the sample.*?4® We then probed the Pt-water
interface via photoelectron spectroscopy by directing “tender” X-
rays (hv = 4 keV) at the liquid-coated Pt/ZrO, (Figure 3a). All AP-XPS
measurements were performed in buffered aqueous electrolytes
containing 0.5 M Na;SOs(q). During these measurements, the
atmosphere within the vacuum chamber was saturated with water
vapor at ~2.1 kPa, which corresponds to a temperature of ~291 K
assuming vapor-liquid equilibrium is established. In a fashion similar

This journal is © The Royal Society of Chemistry 20xx
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to the ATR-IR measurements, H, was introduced (~0.5 kPa) in order
to supply surface Pt-H and facilitate reversible proton transfer across
the Pt-water interface. In this manner, we could measure Pt electron
binding energies as a quantitative report of Pt/ZrO, potential as a
function of solution pH.

We measured the pH-dependent electrochemical potential of
Pt/ZrO, nanoparticles by tracking shifts in the Pt 4f core level as a
function of pH. We note that this quantitative analysis presupposes
a pH-independent XPS reference. For this purpose, we chose the Na
1s core level as an optimal reference. First, the wetting layer of
electrolytes are transparent to 4 keV X-rays, and the resultant ~3 keV
photoelectrons emitted from the Na 1s core level have a mean free
path of 7 nm.>® Thus, the Na 1s peaks we measure reflect Na*(q
throughout the interfacial and bulk regions of the liquid layer.
However, given the high ionic strength and thus low estimated Debye
screening length (~0.2 nm) relative to the liquid film thickness,>! the
vast majority of Na*(,q ions in the liquid layer are expected to be
unperturbed by polarization at either the solid-liquid or liquid-vapor
interfaces. Second, the 23Na NMR spectra of our buffered
electrolytes indicate that Na*(,q) signals do not shift significantly or
systematically with pH (Figure S7). This suggests that the local
coordinating environment of Na*(,q is not significantly affected by
pH. Taken together, these considerations strongly suggest that the
Na 1s binding energy remains invariant with pH. We further note
that, although the binding energy of water and solutes have been
observed to modestly depend on electrolyte concentration across a
range of 0.05 — 8 M,>? in our measurements the concentration of
electrolyte Na* ions was constant at ~1.1 M across the range of
electrolyte pH values. Thus, we take the Na 1s binding energy to be
constant at a value of 1072.1 eV (Figure S8a) in all measurements,
thereby serving as the reference for all other XPS peaks (see SI,
section 1.4.3, for details of peak fitting and spectral calibration).

Relative to the Na 1s peak, the Pt 4f binding energy shifted
progressively to lower values as the solution pH increased from 4 to
10.6 (Figure 3b). Fitting the peak to three components, Pt0, Pt
(previously ascribed to hydrated Pt oxides)®3, and Pt?*, the Pt° peak
shifted from 71.1 eV at pH 4, to 70.9 eV at pH 7 and 70.7 eV at pH
10.6. We also observed binding energies of 72.0 (pH 4), 71.8 (pH 7),
and 71.5 eV (pH 10.6) for Pté* and 72.9 (pH 4), 72.8 (pH 7), and 72.5
eV (pH 10.6) for Pt2*. These values of Pt?, Pt5*, and Pt?* 4f binding
energies shifted linearly with pH between pH 4 — 10.6, with slopes of
-66 + 21 meV pH! for Pt%, -72 + 6 meV pH-! for Pt®* and -54 + 44
meV pH™ for Pt?>* (Figure 3c), respectively. This shift is largely
unaffected by the number of components and type of function used
in the peak fitting (see SI, section 2.2, and Figures S9 — S12), with
slopes varying between about -50 and -70 meV pH™. This similarity
highlights the fact that the choice of fitting procedure does not have
a significant impact on our quantitative analysis. We note that the Pt
4f binding energy at pH 13 (Figure 3c) does not fall into this linear
trend and this anomaly is discussed below. Notwithstanding the case
of pH 13, these findings indicate that, in general, the Pt 4f binding
energies are strongly dependent on the pH of the solution.

This journal is © The Royal Society of Chemistry 20xx
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To investigate the generality of the foregoing obgervations on
Pt/ZrO,, we also carried out AP-XPS medsurernéntsd/BasSsinfatly
prepared ~8 nm Au (Figure S5cd) sputtered onto the same ZrO, pellet
but spatially separated from the Pt (Figure S6). Inclusion of Au and Pt
on separate regions of the

measurements of each under identical

same ZrO, permitted

For these

pellet
conditions.
measurements, we monitored the Au 4f peaks referenced to the
same Na 1s peak arising from Na*ions in solution. Similarly to Pt, we
observed that the Au 4f peak shifts to lower binding energies with
increasing pH (Figure 3d). Fitting the Au 4f peak to a single Au°
component (Figure S13), we observed that the Au 4f binding energy
shifts from 84.1 eV at pH 4, to 84.0 eV, 83.8 eV, and 83.7 eV at pH 7,
10.6, and 13, respectively. This trend constitutes a linear shift with a
slope of -48 + 2 meV pH~ across the range of pH from 4 — 13 (Figures
3e). These findings highlight that the 4f binding energies of both Pt
(between pH 4 — 10.6) and Au (between pH 4 — 13) exhibited
quantitatively similar scaling relative to the Na 1s peak with changing
pH. AP-XPS experiments in the gas phase suggest that the addition of
2 Torr H, to a water saturated atmosphere (16 Torr H,0) does not
change metal 4f binding energies beyond the inherent inaccuracy of
shifting XPS spectra relative to the vapor phase O 1s signal (~0.1 eV).
This suggests that chemical polarization due to the dissociative
adsorption of H, does not play a major role in the observed
electrochemical polarization trends (see Supplementary Discussion
2.1 and Fig. S14).

We note that the deviation at pH 13 from the linear trend in Pt 4f
binding energy may be attributable to a number of factors. At pH 13
we see an additional Pt 4f XPS feature, consistent with Pt** (Figure
S15—S16). It is therefore possible, given the low H, partial pressure,
that small quantities of highly oxidized Pt (Pt**) and/or associated
oxidation reactions at pH 13 contribute to the incomplete
equilibration of the potential and deviation from Nernstian scaling
(for Pt speciation across solution pHs, see Figure S16). In separate
measurements using wired electrodes, we indeed observed a
substantially more sluggish change in the OCP at pH 13 than at pH 4
for both Pt and Au nanoparticles on carbon under an atmosphere of
0.7 kPa H; (Figure S17). These observations are consistent with the
common understanding that hydrogen evolution/oxidation kinetics
on Pt and Au are significantly slower with increasing pH.&54-5¢ Poor
equilibration of the potential could also arise from a mixed potential
contribution arising from oxide-based half-reactions (e.g. Pt—0 +
HT + e~ &Pt— OH), which would shift the Pt potential more
positive and thus increase the Pt 4f binding energy. For Au, in
contrast, we did not observe any Au oxide in the Au 4f spectrum
across the full pH range, consistent with our expectation that Au
oxide would not form under ambient air exposure prior to sample
entry into the XPS chamber. Thus, the oxide-based mixed-potential
hypothesis could explain why Pt deviates from the Nernstian
expectation at pH 13, whereas the Au 4f binding energy scales
linearly across the entire pH range. These pH-dependent factors may
explain the poor equilibration of the Pt OCP at pH 13 with dilute H,,
a phenomenon not usually encountered under typical H, pressures.

J. Name., 2013, 00, 1-3 | 5
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Notwithstanding the case of Pt at pH 13, the foregoing results are
consistent with a picture in which the degree of interfacial
polarization is controlled by quasi-equilibrated spontaneous proton
transfer across the interface. In this model, increasing the solution
pH (i.e., lowering H* activity) drives deprotonation of surface H* (in
equilibrium with H,) to the bulk solution, leaving behind a residual
electron equivalent in the metal (Figure 4). As these electrons
accumulate, the polarization of the interfacial inhibits subsequent
deprotonation of surface H*. This process continues until proton
exchange across the interface reaches equilibrium. Thus, the
negative shift in Pt 4f and Au 4f binding energies with increasing pH
reflect an increasing Fermi level due to a progressively more
negatively polarized surface (Figure 4). Indeed, the observed binding
energy shifts of -66 + 21 meV pH, -72 + 6 meV pH?, and -54 + 44
meV pH™! for Pt 4f, and -48 + 2 meV pH™! for Au 4f, are similar to the
expected Nernstian binding energy shift of -58 meV pH at 291 K for
proton transfer (i.e., H*/H, interconversion, Figure 4; see Sl section
2.3 and Scheme S1 for a derivation and detailed discussion of the
Nernstian expectation). This model highlights that the proton activity
in solution serves to modulate the degree of interfacial polarization
of metals on nonconductive supports.

The similarity of the scaling of Pt 4f (across pH 4 — 10.6) and Au
4f (pH 4 — 13) binding energies with pH, and their quantitative
agreement with the Nernstian expectation, provide direct
evidence that spontaneous proton transfer reactions play a
defining and predictable role in establishing the degree of
interfacial polarization for this class of macroscopically
nonconductive interfaces. We also note that the consistency
between Pt/ZrO, and Au/ZrO, in this regard is further
remarkable in view of the dramatically different activities of Pt
and Au towards H, activation at room temperature. These
results therefore suggest that even classically more inert
materials could be spontaneously polarized when immersed in
liquid solutions, and that varying the solution composition (i.e.,
pH) provides a simple handle by which to tune the degree of
interfacial polarization.

Conclusions

In conclusion, we have applied ATR-IR and AP-XPS spectroscopies to
quantify spontaneous electrochemical polarization of a candidate
class of macroscopically nonconductive solid-liquid interfaces, which
preclude sensing with wired electrical connections. We find that
ZrO,-supported Pt and Au nanoparticles immersed in aqueous
solutions are spontaneously electrochemically polarized by quasi-
equilibrated proton transfer (i.e., H*/H, interconversion), resulting in
pH-dependent potentials and electric fields at the Pt—water and Au—
water interfaces, respectively. These experiments establish that
spontaneous proton transfer reactions polarize metal nanoparticles
even when supported on nonconductive oxide supports. Indeed,
the
electrochemical polarization of solid-liquid interfaces, and that
solution composition may serve as a predictive handle for controlling

these findings point to generality of spontaneous

interfacial potential at nonconductive solid-liquid interfaces.
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