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ABSTRACT: Knowledge of the molecular composition and electronic structure of

WE

SisN,

electrified solid—liquid interfaces is key to understanding elemental processes in  membrane

TFY

heterogeneous reactions. Using X-ray absorption spectroscopy in the interface-
sensitive electron yield mode (EY-XAS), first-principles electronic structure calcu-
lations, and multiscale simulations, we determined the chemical composition of the
interfacial region of a polycrystalline platinum electrode in contact with aqueous
sulfuric acid solution at potentials between the hydrogen and oxygen evolution reac-
tions. We found that between 0.7 and 1.3 V vs Ag/AgCl the electrical double layer
(EDL) region comprises adsorbed sulfate ions with hydrated hydronium ions in the
next layer. No evidence was found for bisulfate or Pt—O/Pt—OH species, which
have very distinctive spectral signatures. In addition to resolving the long-standing
issue of the EDL structure, our work establishes interface- and element-sensitive
EY-XAS as a powerful spectroscopic tool for studying condensed phase, buried
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solid—liquid interfaces relevant to various electrochemical processes and devices.

1. INTRODUCTION

Knowledge of the molecular structure and composition of solid—
liquid interfaces is of fundamental importance for an atomic-level
understanding of the interfacial processes of corrosion, geo-
chemistry, atmospheric chemistry, (photo)electrocatalysis, and
energy storage systems.' > Renewed interest in interfaces and
interfacial phenomena, due in part to the impetus for efficient
storage of the energy produced by intermittent renewable sources,
has spurred numerous studies using a variety of techniques,
including electrochemical analysis,2 46 radio-tracer methods,” ™’
electrochemical quartz crystal microbalance (EQCM),'~"* and
interface-sensitive microscopies and spectroscopies including
scanning probe microscopy,”” surface-sensitive vibrational
spectroscopies,'* "¢ surface X-ray scattering,'”'® and surface-
extended X-ray absorption fine structure (SEXAFS)," to name a
few. However, interpretation of the data obtained with these
techniques often relies on assumptions about the speciation and
molecular structure of superficial layers based on thermody-
namic arguments or models that have not been substantiated
at the atomic level. As a result, understanding the dynamic mole-
cular structure of buried functional electrochemical interfaces
remains a great challenge.
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Of particular interest is the prototypical interface between
platinum and aqueous sulfuric acid [Pt—H,SO,(aq)]. Despite
the substantial amount of data on Pt electrodes in numerous
forms,”'**" the interfacial composition and speciation at the
Pt—H,S0,(aq) interface under various potentials remain
unresolved. There is general consensus on the composition of
the polycrystalline Pt—H,SO,(aq) interface at potentials E <
0.8 V vs RHE (or Egyy).” ' %*** In the anodic potential range
(Epyg > 0.8 V), however, the surface structure of the Pt electrode
and the composition of the electric double layer (EDL) are still
debated. In the conventional model, the evolution of the
Pt—H,SO,(aq) interface is described as follows: (1) Initial
adsorbates at the Pt—H,SO,(aq) interface at Epyp > 0.8 V are
assumed to be bisulfate (HSO,~) anions,”” based on the fact that
HSO,~ dominates the speciation in dilute H,SO, solutions, or a
mixture of SO,2~ and HSO,™ coadsorbed with water and/or
hydronium, a poorly defined system referred to as (bi)sulfate.
(2) The (bi)sulfate species desorb with increasing anodic poten-
tials, displaced by atomic oxygen (—O) and/or hydroxyl groups
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(—=OH).*~1923725 (3) Accumulation of —O/—OH at more
positive potentials further excludes (bi)sulfate ions from Pt
surface and leads to the formation of three-dimensional layers of
PtO,/Pt(OH),.***°

Studies using previously mentioned characterization techni-
ques have provided evidence supporting many aspects of the
conventional model, but the picture of the Pt—H,SO,(aq)
interface remains incomplete with several important questions
unanswered, in particular, the chemical nature of the surface
oxide/hydroxide. EQCM measurements'’~'* have confirmed
mass addition onto the Pt surface at Egyyy > 0.8 V; however the
assignment of the added mass typically relies on presumed
speciation at the interface. X-ray scattering and SEXAFS
experiments' *>”*® successfully detected variations in electron
density with increasing Epy; to above 0.8 V, which were typically
interpreted as resulting from surface oxide formation. Never-
theless, the electron density in this case is dominated by heavy
elements, such as Pt, which makes these measurements less
deterministic for light elements such as O or S.”> S-Labeled
radiotracer experiments’~ indicated that (bi)sulfate ions adsorb
on the Pt surface around Epyy ~ 0.8 V and partially desorb at
higher potentials, presumably replaced by surface oxide/hydroxide.
Such a conclusion, especially on the sulfate adsorption, is also in
line with a number of vibrational spectroscopy studies.'*'**%*’
However, some in situ IR studies,' > together with several
single-crystal EC-STM measurements,”>’ have called into
question the formation of such a surface oxide. In addition, a
recent surface-enhanced infrared absorption spectroscopy
study'® found that at anodic potentials the v(OH) band of
interfacial water molecules remains at ~3000 cm ™', instead of
shifting to 3200 cm™" as expected for water molecules forming
hydrogen bonds with an oxide surface.

Recent technological advances have made it possible to
extend powerful microscopy and spectroscopy characterization
techniques, such as transmission electron microscopy, X-ray
photoelectron spectroscopy (XPS), and X-ray absorption
spectroscopy (XAS), from vacuum to ambient environments
and under applied bias, thus providing new opportunities for
operando investigation of solid—liquid interfaces.”**™*® Here,
we use interface-sensitive electron-yield XAS (EY-XAS), based
on measuring the drain current between solution and electrode
resulting from the relaxation of core holes produced by absorp-
tion of X-rays.”*® The complexity of the absorption spectra,
however, requires complementary first-principles electronic struc-
ture calculations for unambiguous interpretation. Here, we apply
this approach and extend it by including multiscale simulations to
elucidate the long-standing question of the interfacial composition
and speciation at the Pt—H,SO,(aq) interface. Our measurements
and calculations indicate that under anodic potentials preceding
oxygen evolution the interface region (1—2 nm) is dominated by
adsorbed sulfate ions (SO,*”), hydronium ions, and solvating
water. In contrast to the conventional “oxide formation” model,
we found no trace of Pt—O/Pt—OH or bisulfate (HSO,”)
species within the sensitivity limit of the measurements. Our
results call for a review of models of electrochemical interfaces
based on conventional experimental methods that do not
involve unambiguous, interface-sensitive spectroscopy.

2. EXPERIMENTAL SECTION

Thin films (~15 nm) of Pt (or Au) working electrodes were deposited
via e-beam evaporation onto X-ray transparent Si;N, membrane
windows (100 nm in thickness). Prior to film deposition, a 2 nm Ti layer
was deposited, also by e-beam evaporation, to act as an adhesion layer

between the Si;N, surface and the metal film. The films were poly-
crystalline with 2 nm average corrugation, as shown by the AFM
topographic images (Figure S1). The metal-covered SizN, window was
then assembled in a liquid cell,** containing a Pt wire acting as a counter
electrode and a miniature Ag/AgCl reference electrode (~0.25 V vs
RHE in 0.05 M H,S0,). Operando XAS measurements were performed
at BL8.0.1.3 of the Advanced Light Source synchrotron facility at the
Lawrence Berkeley National Laboratory. Bulk-sensitive total fluo-
rescence yield (TFY) and interface-sensitive total electron yield (TEY)
XAS spectra were collected simultaneously during each experiment.

Concurrent first-principles molecular dynamics (FPMD) calcula-
tions were performed, with the Pt electrode modeled by a 4 X 4 X 6
supercell of 96 atoms, with the (111) surface exposed to an aqueous
solution comprising 119 water molecules and various amounts of sulfuric
acid species (H,SO,, HSO,™ and SO,*"), neutralized by appropriate
amounts of H;0* molecules. Umbrella sampling®”*® free energy
calculations were performed to determine the binding free energy of
the individual sulfuric acid species to the Pt electrode. A description of the
EDL at various surface charge densities with open-boundary conditions
was obtained from a self-consistent continuum model, based on a free
energy functional and a modified Poisson—Boltzmann equation for-
malism.* Input parameters for the continuum model were provided by
FPMD calculations. The simulated K-edge XAS of the various oxygen
containing species were obtained using the eXcited electron and Core—
Hole method,* critically employing a self-consistent energy alignment
scheme' that allows us to unambiguously resolve the absolute XAS
peak positions of different oxygen containing species in the unit cell.

More details regarding the experimental setup and computational
procedure are described in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. XAS at the Pt—H,S0,(aq) Interface. Using the liquid
cell shown schematically in Figure S1 for operando EY-XAS
measurements, we collected cyclic voltammograms (CV) of our
Pt electrode in 0.05 M H,SO, (Figure S2). The CV is very simi-
lar to those published for polycrystalline platinum electrodes.”
Notably, between hydrogen desorption and oxygen evolution
potentials a broad anodic wave starting around E = 0.6 V vs
Ag/AgCl (corresponding to Egyg ~ 0.85 V) is observed,
followed by a strong peak around Ejg/z.c; = 0.5 V in the cathodic
sweep. These features have been commonly attributed to Pt
oxide formation or —O/—OH adsorption and oxide reduction,
respectively. >+

Under open-circuit potential (OCP; typically 0.3—0.4 V vs
Ag/AgCl for a fresh Pt film), the O K-edge EY-XAS spectrum is
similar to that found at the interface of the Au—H,O system,*”
showing a substantial suppression of the pre-edge feature at
535 eV (due to preferential water orientation and orbital
hybridization with the metal substrate) compared to the bulk
XAS spectra of pure water and H,SO, solution (TFY spectra in
Figure S3). Such similarity indicates that at OCP the Pt—
H,S0,(aq) interface is dominated by water. This conclusion is
supported by our equilibrium first-principles molecular
dynamics (FPMD) simulations which reveal that the water
density profile across the Pt—H,SO,(aq) interface in a 0.4 M H,SO,
solution is similar to that of Pt—H,0 and Au—H,O interfaces,
with the first layer mass density peak at ~3 A (Figure S4). At the
Au—H, 0 interface we also observed that negative bias potentials
modify the hydrogen-bonding network by increasing the
fraction of water molecules with broken hydrogen bonds, result-
ing in a pronounced pre-edge feature.”> We find a similar effect
at both Pt—H,SO,(aq) and Au—H,SO,(aq) interfaces at
voltages below the OCP (Figures S5 and S6).

In the potential region more positive than the OCP (E Ag/AgCl >
0.3 V), the O K-edge EY-XAS spectra of the Pt—HZSOjaq)
interface species (Figure 1a) exhibit a pre-edge peak at 535 eV.

DOI: 10.1021/jacs.8b09743
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09743/suppl_file/ja8b09743_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09743/suppl_file/ja8b09743_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09743/suppl_file/ja8b09743_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09743/suppl_file/ja8b09743_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09743/suppl_file/ja8b09743_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09743/suppl_file/ja8b09743_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09743/suppl_file/ja8b09743_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b09743

Journal of the American Chemical Society

a b
1.0
1.13V b
\P\\“ N +
0.8
>
N 2 +
g [t}
< o6l + 5 61
> os o
3 [+~ "vsagingei V]
rel K 4
N £ o4k \/
>
<. 0.2F 1 1
~ 0.5 1.0
2 Potential vs Ag/AgCl / V
g c
9]
=
- 3 — lo7av - loatv
1.27V vs Ag/AgCI s l1.13v - loaty
9]
=
[a]
.J z
ocP B
C
2
£
|,_~_/ 1 1 1 1 _ 1 o 1 1
530 535 540 545 550 535 540 545 550
Energy / eV Energy / eV

Figure 1. Operando XAS measurements at the Pt—H,SO,(aq) interface
at open circuit and anodic potentials. (a) O K-edge EY-XAS spectra at
different potentials. (b) Variation of the intensity ratio between the
prepeak (535 eV) and the main peak (537 eV) as a function of potential.
The color of each data point matches the color of the spectrum from
which the value was calculated. The inset shows the anodic part of the
Pt—H,SO,4(aq) CV curve (full-range CV shown in Figure S2). The
colored number indicates the order of the spectra acquisition.
(c) Differences between the spectra measured at 0.73 and 0.31 V and
1.13 and 0.31 V (vs Ag/AgCl), respectively.

The position of this peak coincides with the pre-edge peak of
water with broken hydrogen bonds, visible both in the spectra of
bulk water and under negative potentials at the Au—H,O inter-
face, but notably absent under positive potentials. However, the
pre-edge peak at the Pt—H,SO,(aq) interface is narrower than
the pre-edge feature at the Au—H,0 interface (Figures S6 and
S7), which appears as a shoulder in XAS spectra obtained using
the same apparatus with identical settings. Moreover, Figure la
shows that the pre-edge peak observed at the Pt—H,SO,(aq)
interface at positive potentials becomes more intense with respect
to the main edge peak (537 eV) at higher potentials. These changes
are reversible, as shown by the potential-dependence of pre-edge-
to-main-edge ratio (Is3sev/Isz7ev) (Figure 1b and Figure S8): From
1.27 t0 0.31 V and back to 1.13 V, the ratios follow roughly the
same trend. Another variation in the spectra is the extension of
the XAS postedge plateau (>540 eV) toward higher energy at
more positive potentials, as exemplified by the intensity
difference between spectra collected at 0.73 and 1.13 V, and
that at 0.31 V (Figure 1c), where a broad feature can be discerned
above 540 eV. At the highest potentials examined, 1.13 and 1.27V,
the spectra exhibit a more extended flat tail that resembles
saturation effects commonly observed in fluorescence or low-
energy partial electron yield XAS.*’ This could be the result of a
substantial amount of low energy secondary electrons generated
deeper in the solution reaching the electrode at higher positive
potentials. As discussed in the Supporting Information (SM),
however, this effect is not severe enough here to distort the
EY-XAS spectra, at least for positive bias below ~1 V.

3.2. Speciation and lon Distribution at the Pt-—
H,S0,4(aq) Interface. To provide a molecular-scale model of
the Pt—H,S0,(aq) interface, we performed FPMD simulations
paired with continuum thermodynamic models. From this we

determined which of the multiple species, H,0, H;0, SO,~,
HSO,”, and H,SO,,** are most likely to be present at the
interface and contribute to the overall O K-edge spectra and,
thus, facilitate the interpretation of XAS spectra. The simula-
tions revealed that in contact with low concentration of H,SO,
(~0.4 M in the simulation, Figure 2a), the dominant species on
the neutral Pt surface are water molecules. A small number of
sulfate anions reside close to the surface (~2.7 A) together with a
small amount of H;O" in the neighboring water layer (8—10 A).
These results are in qualitative agreement with OK DFT
calculations of sulfuric acid anions on Pt(111).** We note that
even at this relatively low concentration in the simulation cell the
sulfate anions preferentially adsorb near the interface. For more
concentrated H,SO, solutions (~3.0 M in the simulation), we
find that sulfate ions displace interfacial water molecules, such
that the surface density of sulfate anions surpasses that of water,
with a concomitant increase in H;O" concentration in the first
interfacial layer (1.5—4.3 A), as shown in Figure 2b. This is in
line with free energy calculations in the thermodynamic (infinite
time) limit shown in Figure $9a, which show a minimum at ~2.7
A from the Pt surface in the free energy profile of solvated SO,>~
ions (similarly for HSO,™ and H,SO,). Notably, the calculated
binding free energy of an isolated SO,>” ion to the interface
is a relatively weak —34.8 kJ/mol/molecule at 298 K.
This is comparable to experimental estimates based on iso-
therms at equilibrium (~80%) surface coverage® of ~350 kJ /mol
or, equivalently, 35—45 kJ/mol. Further, for the charge-neutral
surface, our FPMD simulations further show that the adsorbed
sulfate ions act as free rotors near the Pt interface, consistent
with the experimental observation that at the potential of zero
charge (PZC) (0.16 V vs RHE) the S—O stretching frequencies
of the adsorbed sulfate ions coincide with those of free ions.”*
At higher positive surface charge (i.e., more anodic potential),
we expect increased population and more sgeciﬁc binding of the
sulfate anions, as observed experimentally.*"*®

We note that FPMD simulations have certain limitations in
predicting molecular speciation at interfaces and realistically
modeling biased interfaces, which arise from the periodic
boundary and neutrality conditions used in the simulations, as
well as the finite number of species in the simulation cells, and
limited computation time. We overcome these limitations by
developing a self-consistent continuum model (details in the
Supporting Information and Figures S10 and S11), which
provide information about the distributions of ions for open
systems under applied bias (Figure 2c and Figure S12). As shown
in Figure 2c and consistent with our FPMD simulations, this
model predicts that although in the calculation the bulk
concentration of H,SO, was set to 0.05 M, the interface con-
centration of sulfate and bisulfate species is substantially higher,
even on the charge-neutral surface. With increasing charge den-
sity on the electrode (or equivalently external bias), the surface
density of HSO,™ increases initially followed by a slow decay, as
more SO, ions are attracted to the interface, eventually becoming
the dominating surface species (Figure 2c and Figures S12 and
S13). These anions expel water molecules in the EDL and
create a local environment with a higher pH than in the bulk
solution.

Finally, we note that our FPMD calculations also indicate that
the adsorption and accumulation of sulfate ions at the interface
alters the hydrogen-bonding network of interfacial water mole-
cules. We performed hydrogen bond statistical analysis, with the
hydrogen bond defined by the method prescribed by Luzar and

Chandler.*” For each water molecule, we separately considered
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those with both hydrogens participating in hydrogen bonding aligned either perpendicular (SD.L) or parallel (SD||) to the Pt

with neighboring water molecules (double donors, or DD), surface, as well as those with two broken hydrogen bonds
those with one broken hydrogen bond (single donors) that are (nondonor, or ND). As shown in Figure 2d, sulfate adsorption at
D DOI: 10.1021/jacs.8b09743
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Figure 4. Comparison between experiment and theory. (a) Experimental O K-edge XAS spectra of the Pt—H,SO,(aq) interface measured at OCP,
0.31 and 1.13 V vs Ag/AgCl. (b) Composite simulated XAS spectra of Pt—H,SO,(aq) interface where there is no sulfate, low concentration, and high
concentration of sulfate, respectively, based on the speciation from equilibrium FPMD simulations. (c) Molecular illustrations of the electrical double
layer region of the Pt—H,SO,(aq) interface for three interfacial sulfate concentrations: low, medium, and high.

the Pt surface promotes hydrogen bonding, leaving more fully
coordinated water molecules (DD species; 73—77% depending
on concentration) compared to the case without sulfate ions
(48%), as shown in Figure 2d.

3.3. First-Principles Simulated XAS of the Pt—
H,SO,(aq) Interface. Having determined the thermodynamic
average speciation and molecular configurations at the interface
we can deduce what molecular structural motifs give rise to the
spectral signatures observed in experiment. To our knowledge, no
experimental O K-edge spectra have been obtained for solvated
sulfate or hydronium species in the bulk solution, due to
overwhelming signal from bulk water molecules. XAS spectra of
sulfate salt crystals (Figure S14) are not meaningful in this con-
text because the electronic structure of the sulfate ions confined
in a crystal matrix is different from that of mobile sulfate ions
hydrogen bonded to surrounding water molecules. Similarly, the
XAS of highly concentrated H,SO, is of little use due to the
drastically different dissociation mechanism and coordination
chemistry when very few water molecules are present. Moreover,
electronic interactions between adsorbate and substrate can
modify the XAS, as illustrated in the case of the Au—H,O
interface.*® Therefore, first-principles XAS calculations™ based
on a self-consistent energy alignment scheme*' were performed
to provide atomic-scale insights into the molecular structure and
electronic transitions that give rise to the observed spectra.

Figure 3a presents the simulated XAS of the various species,
including solvated H;0*, H,SO,, HSO,, and SO,*", as well as
H, 0 molecules with different configurations (DD, SD, or ND),
both in the bulk solution and at the Pt—H,SO,(aq) interface.
We find that H,O molecules at the Pt interface have XAS
signatures similar to those at the Au interface, where the
intensity of the pre-edge feature at 535 eV related to SD species
is suppressed due to delocalization of the molecular orbitals of
excited H,O molecules into the metal substrate.”” On the other
hand, the XAS features of solvated H;O" ions, which are located
in the second solvation layer and are thus not electronically
coupled to the metal band structure are blue-shifted to the
region above 537 eV compared to those of water, reflecting the
core-level chemical shift due to the additional H* (Figure 3b,c).

The simulated XAS of the SO,*~ anion is characterized by two
prominent peaks at 534.5 and 537 eV, which align closely to the

pre-edge and main-edge peaks of bulk water. These XAS spectral
signatures do not shift appreciably with different amounts of
positive surface charge on the Pt-electrode (Figure SIS).
A similar pair of prominent peaks are present in the simulated
spectrum of the solvated HSO,,~ ion but red-shifted to ~533 and
~536 eV and would be clearly distinguishable from the
SO,>” spectrum. Analysis of the ground-state electron density
(Figure 3c) of the solvated HSO,™ ions reveals an asymmetric
charge distribution among the four oxygen atoms: the three
nonprotonated oxygen atoms have increased electron charge
density (—0.0Se on average), whereas the oxygens in the —OH
group have slightly less electron density (+0.0le on average)
compared to SO,>”. This splits the degeneracy and results in an
additional pair of blue-shifted features at ~534 and ~537 eV
associated with excitations involving oxygen atoms in the —OH
group. However, the —OH group actively participates in hydro-
gen bonding with the surrounding water molecules, and the
resulting core-excited state is delocalized over several molecules.
Such delocalization substantially reduces its XAS intensity and
makes the feature at 534 eV completely overwhelmed by a main
peak of nonprotonated oxygen atoms at 533 eV. The simulated
XAS of H,S0, species next to the Pt interface show quantum
mechanical effects even more pronounced than in HSO,”,
manifested in the red-shift to 532.5 and 535.5 eV of the peaks
associated with nonprotonated oxygen atoms. Similarly, because of
the increased electron density on these atoms in the ground state,
the excitations involving the protonated oxygen atoms display two
prominent shoulders at energies slightly higher than the main peaks.

The simulated XAS of solvated Pt—O/Pt—OH species, at the
top of Figure 3a, exhibit a distinctive spectroscopic signature:
a sharp peak at ~531 eV, resulting from Ols — hybridized
O2p-PtSd transitions. These spectral features are prominent
because the core-excited states are localized along the Pt—O (H)
bonds, which are primarily ionic with occupied orbitals that lie
deep in the valence band. These calculated Pt—O(H) XAS
spectra are consistent with experimental partial electron yield
XAS results from various surface Pt oxides measured with
ambient-pressure XPS under partial pressure of O, gas."”

3.4. Structure of the Pt—H,S0O,(aq) Interface at Anodic
Potentials. Our multiscale theoretical analysis of the
thermodynamics and corresponding XAS simulations provides
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strong evidence for the preferential adsorption of sulfate species
at the Pt—H,S0,(aq) interface, especially at positive potentials.
The increase in the surface density of both SO,>~ and H;0* ions
obtained in the simulations is in line with the observed growth of
the sharp peak around 535 eV and the features at and above
540 eV, as illustrated in the composite simulated XAS spectra
using the speciation from our equilibrium FPMD simulations at
various sulfate concentrations (0, low, and high; Figure 4b) with
the experimental XAS spectra at different potentials (OCP,
0.31V, and 1.13 Vvs Ag/AgCl; Figure 4a). The pre-edge feature
observed at anodic potentials originates from the SO,*~ ions
alone, with no contribution from interfacial H,O molecules.
This is because the H,O reorientation behavior at the positively
charged surface results in a suppressed prepeak, as demonstrated
in the case of Au—H,0.%

Of particular interest is the lack of evidence for the existence
of Pt—O(H) layers in our experimental spectra, even at the
highest potential tested here (EAg/AgCl = 1.27 V). This finding
goes against the widely accepted model of competitive replace-
ment of adsorbed anions by oxygenated species and formation of
oxide/hydroxide at the Pt—H,SO,(aq) interface at Egyyy > 0.8 V.
It is also hard to justify the desorption of sulfate anions from the
more gositively charged surface due to competitive —O(H) adsorp-
tion.**® Given the relatively weak Pt—OH,, bonding compared to
the strength of the Pt—O bond, estimated to be 136—225 kJ/mol
and ~350 KkJ/mol, respectively,26 at equilibrium coverage, one
would conclude that sulfate and bisulfate anions that provide
two or three bonding oxygen atoms should be the dominant
species at increasingly positive potentials. Indeed, in situ vibra-
tional spectroscopy studies'®***" confirmed the adsorption of
sulfate ions on the Pt surface and its increase with potential, with
no sulfate desorption. EC-STM studies on flat single crystals
(e.g, Pt, Au, Pd, and Cu)'**""** also provide evidence for sulfate
adsorption, or more accurately coadsorption of water and
(bi)sulfate ions, forming superstructures on the electrode surfaces.
Our XAS measurements on Au electrodes (Figure S6) confirm the
occurrence of sulfate adsorption and the concomitant accumu-
lation of H;0O" at the Au—H,SO,(aq) interface.

The differences between the conclusions from our XAS results
and those from other electrochemical studies may arise from the
fact that our XAS measurements are performed while holding
the voltage steady during the data acquisition at each voltage for
about 20 min. As a result, our results more closely report the
thermodynamic equilibrium structure at that voltage. This is
fundamentally different from the transient, rate-dependent CV
measurements, which probe the slow dynamics of physical or
chemical transformations.

4. CONCLUSIONS

Using interface-sensitive operando EY-XAS, together with MD
simulations, continuum modeling, and XAS simulations, we
could determine the chemical structure and speciation in the
electric double layer at the Pt—H,SO,(aq) interface in the poten-
tial range above the hydrogen evolution and below the oxygen
evolution reactions. We have demonstrated that for positive
electrode potentials the surface is decorated with sulfate (SO,>")
ions with nearby H;O" in the first few layers (depending on the
voltage) with no appreciable contribution of bisulfate or sulfuric
acid (HSO,~, H,SO,). We have also shown that Pt—O/Pt—OH
does not form at least up to 1.3 V. In addition to a more com-
plete determination of the EDL structure and composition, our
study demonstrates the power of surface sensitive and element
specific EY-XAS experiments combined with first-principles

theory to probe the structure of buried, solid—liquid, func-
tional electrochemical interfaces with molecular-scale detail.
It solidifies the connections between time- and ensemble-aver-
aged XAS measurements and the underlying thermodynamic
mechanism for adsorption of species from the electrolyte to the
electrode surface. These results open the way for future atomi-
stic studies of the chemistry of interfaces relevant to electro-
chemistry and its applications to electrolysis, fuel cells, and
energy storage, from batteries to supercapacitors.
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