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ABSTRACT: Understanding the surface chemistry of electro-
catalysts in operando can bring insight into the reaction
mechanism, and ultimately the design of more efficient materials
for sustainable energy storage and conversion. Recent progress
in synchrotron based X-ray spectroscopies for in operando
characterization allows us to probe the solid/liquid interface
directly while applying an external potential, applied here to the
model system of Pt in alkaline electrolyte for the hydrogen
evolution reaction (HER). We employ ambient pressure X-ray photoelectron spectroscopy (AP-XPS) to identify the oxidation
and reduction of Pt-oxides and hydroxides on the surface as a function of applied potential, and further assess the potential for
hydrogen adsorption and absorption (hydride formation) during and after the HER. This new window into the surface chemistry
of Pt in alkaline electrolyte brings insight into the nature of the rate limiting step, the extent of H ad/absorption, and its
persistence at more anodic potentials.

■ INTRODUCTION

Goals to sustainably store and convert fuel motivate the
continued development of electrolyzers and fuel cells to
convert between electrical and chemical energy.1−6 These
systems require not only efficient, durable, and cost-effective
materials but also the precise design of electrochemical
interfaces. Progress can be greatly aided by the availability of
operando techniques to probe the structure and composition of
the dynamic electrified solid/liquid interface.7−13 Platinum,
while scarce and expensive,14 offers a model system to provide
surface chemical and structural transformation insights under
various (electro)chemical reaction environments. In depth
study of the material aims to expedite the development of Pt
alternatives with tailored physical/chemical properties that
surpass current state of the art alkaline electrocatalysts.15−17

The hydrogen evolution reaction (HER) has been the
subject of intense investigation as a critical reaction in
electrochemical energy storage.5,18,19 Pt, a prototypical electro-
catalyst highly active for the HER under acidic conditions,20 is 2
orders of magnitude less active under alkaline conditions.21 The
initial formation of the active adsorbed hydrogen from water is
typically considered kinetically difficult under alkaline con-
ditions,22,23 although the hydrogen binding energy has been
used as an activity descriptor for HER on Pt24 and other metals
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under alkaline conditions as well.25 pH dependence of the
hydrogen binding energy has been proposed to be responsible
for the lower activity under alkaline conditions, where the H-
binding is stronger.26,27 Others have suggested that the HER
activities can be enhanced in alkaline solution by the inclusion
of more oxophilic sites to enhance OH adsorption, such as in
Pt0.1Ru0.9

28 and Pt−Ni.16 However, the ubiquitous adsorption
of water on the electrode interface and its orientation may also
influence the reaction kinetics.29

The hydrogen “charge” current can be used to estimate
surface area on the basis of the presence of a single monolayer
(ML) coverageone H atom for every Pt30under relatively
well-defined conditions of electrochemical potential and sweep
rate.31 However, in some circumstances, H may be absorbed
interstitially32 among the first layer of metal atoms.33,34

Diffusion of H into the metal could also be possible with
extended polarization at cathodic potentials,35 and the
formation of Pt hydride has been discussed for small particles
and alloys.36,37 Probing adsorbed H and the possibility of
absorbed H within buried layers is experimentally challenging,
yet it could offer great insight into the chemical speciation of Pt
in operando.
To achieve a molecular-level comprehension of the HER

mechanism, we studied a polycrystalline Pt electrode surface
under cathodic conditions in an alkaline electrolyte, by means
of operando APXPS performed with “tender” X-rays (hν = 4
keV) directly at the electrified solid/liquid interface.38,39 We
report the surface speciation of Pt and its oxides as a function of
applied potential, and find under HER conditions Pt(II)O and
Pt(IV)O2 species are reduced. However, a new Pt component at
higher binding energies is present in the Pt 4f but not observed
in the O 1s spectra. We propose this arises from the formation
of Pt−H species, which persist after HER where the open
circuit potential is more cathodic from the adsorption of H.40

Electrochemical cycling to strip adsorbed H reduces protonated
species at the binding energy of Ptδ−OHads, while the
persistence of a Pt−H feature suggests this species may exist
within Pt subsurface layers.

■ METHODS
“Dip and Pull” Method and operando Measurements.

The working electrode (WE), reference electrode (RE), and
counter electrode (CE) were mounted into a PEEK electrode
housing. Electrical feedthrough within the multiaxis manipu-
lator connected the electrodes to an external potentiostat/
galvanostat (Biologic SP 300) to perform operando electro-
chemistry measurements. The WE and the analyzer front cone
were commonly grounded.
The 0.1 M KOH aqueous electrolyte was outgassed prior to

introduction into the experimental chamber for >30 min at low
pressure (∼10 Torr) in a dedicated offline chamber. After
placing the manipulator and the outgassed electrolyte into the
APXPS experimental chamber, the pressure was carefully
lowered down to the water vapor pressure (between 16 and
20 Torr, at room temperature, r.t.).
To create a solid/liquid interface (WE/electrolyte), all three

electrodes were immersed into the electrolyte and then slowly
extracted from the electrolyte solution by raising the
manipulator at a constant vertical rate. This procedure results
in a thin layer of liquid electrolyte film remaining on the Pt
electrode (typically 10−30 nm) above the bulk electrolyte,
moved to the focal point of the analyzer in order to perform an
XPS investigation of the solid/liquid interface as a function of

the applied potential. During the measurements, the bottom
parts of the electrodes were kept in the bulk electrolyte, in
order to ensure electrical continuity between the thin
electrolyte layer on the WE surface and the bulk electrolyte
itself.

Electrochemical Measurements. Milli-Q water (DI, ρ =
18.2 MΩ cm) and potassium hydroxide (KOH, 99.99%,
Aldrich) were used as solvent and supporting electrolyte,
respectively. A miniaturized leakless Ag/AgCl/Cl(sat.)

− RE
(ET072-1, eDAQ) was used (standard electrode potential
E°Ag/AgCl(sat.) = 197 mV with respect to the normal hydrogen
electrode, NHE). All of the potentials reported in this work are
referred to this RE. The WE and CE (Pt polycrystalline foils,
99.99%, thickness 0.5 mm, Aldrich) were polished to a mirror
finish with silicon carbide papers of decreasing grain size
(Struers, grit: 2400 and 4000). The samples were then cleaned
by two cycles of ultrasonic treatment in a mixture of Milli-Q
water/ethanol (Aldrich, 1:1) for 10 min. A third ultrasonic
cleaning was then conducted in pure Milli-Q water for 15 min,
followed by a thorough rinsing and drying in N2 stream.
An electrochemical cleaning procedure was conducted by

holding the Pt WE at −1200 mV (within the hydrogen
evolution reaction, HER, region) for 30 min, in order to obtain
a pure metallic (Figure S1) and a homogeneous surface,
increasing in this way the experimental reproducibility. Survey
spectra (Figure S2) verify no unexpected elements are present
on the Pt electrode or KOH electrolyte. The cleaning
procedure was stopped after reaching the current open circuit
potential (OCP) of the cell from the cathodic side. The data
acquisition started only when the OCP reached a stable value
over the observation time (about 30 min). All cyclic
voltammetry measurements were conducted at a scan rate of
20 mV s−1. The WE was held potentiostatically under OER
(900 mV) and HER (−850 mV) conditions. Electrochemical
impedance spectroscopy was performed with a peak-to-peak
voltage amplitude of 10 mV (Table S1).

Beamline 9.3.1 and APXPS Experimental Details.
Beamline 9.3.1 at Advanced Light Source (ALS, Lawrence
Berkeley National Laboratory) is equipped with a bending
magnet and a Si(111) double crystal monochromator (DCM)
having a total energy range between 2.0 and 7.0 keV (“tender”
X-ray range).38,39,41−43 The minimal spot size at the beamline is
0.7 mm (w) × 1.0 mm (h).
The pass energy of the Scienta analyzer (R4000 HiPP-2) was

set to 200 eV, using a step of 100 meV and a dwell time of 300
ms, to give a total resolution (X-rays and analyzer) of ∼250
meV at r.t. and at 4 keV. The measurements were taken using a
photon energy of 4 keV at r.t. and in normal emission, at a
pressure in the experimental chamber matching the water vapor
tension at r.t. (16−18 Torr). The detection stage in the
analyzer (multichannel plate) was kept under high vacuum
conditions (∼10−7 Torr) by a differentially pumped electro-
static lens system. To limit the evaporation from the
electrochemical cell, a larger outgassed solution buffer was
placed in the analysis chamber.
Spectral fitting (Table S2) was carried out using CasaXPS

and employing a Shirley background. A Doniach−Šunjic ́ shape
was used for the metallic Pt0 4f photoelectron peaks, calibrating
the binding energy (BE) scale such that the metal component
was at 71.2 eV.41 The use of a line shape with greater
asymmetry did not influence the observed trends in surface
speciation. The gas phase water (GPW) and liquid phase water
(LPW) in the O 1s spectra were fit with a 25:75
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Lorentzian:Gaussian symmetrical Voight function, and all other
peaks were fit with a 20:80 Lorentzian:Gaussian ratio. Variation
in this ratio for the dominant GPW and LPW peaks did not
influence the observed trends in surface speciation. Differential
charging, likely from salt on the analyzer cone, required the O
1s BE scale to be separately calibrated from the Pt 4f. The LPW
peak for the initial OCP (−200 mV) was fixed to that of ref 41
and in subsequent spectra calibrated to the expected LPW
location accounting for a 1:1 increase in BE with reducing
potential. Similar to how Kolb measured a change in work
function from adsorbed layers,44 such a correlation between
applied potential and electrolyte BE relative to the grounded
WE has been reported previously with the dip-and-pull
technique.38,39,41,43

■ RESULTS AND DISCUSSION

Operando Spectroscopy of the Solid/Liquid Interface.
The surface chemistry of a Pt electrode was studied by APXPS
in operandoas a function of applied potential at a solid/liquid
interfaceas shown in Figure 1a. The “dip and pull”
procedure38,39,41−43 enables simultaneous photoelectron spec-

troscopic characterization of the ∼20 nm 1.0 M KOH aqueous
electrolyte and ∼10 nm of the Pt WE41 while undergoing
electrochemical reactions at the electrified solid/liquid inter-
face. The polycrystalline Pt WE and analyzer share a common
ground, with potential controlled relative to the Ag/AgCl/
Cl(sat.)

− RE and current balanced by the CE in the three-
electrode electrochemical cell.
We performed cyclic voltammetry (CV) measurements

(Figure 1b) to study the evolution of the current as a function
of applied potential. The current associated with the thin
electrolyte film is ∼1/3 that of the total current.

41 Sweeping to
more anodic (positive) potentials, the Pt surface adsorbs
hydroxyl species and oxidizes,45−47 eventually evolving O2 from
soluble hydroxyl species in OER. Reversing the sweep direction
results in oxide stripping prior to the return to OCP. Going to
more cathodic (negative) potentials, H atoms adsorb on the
surface prior to their evolution in HER, and returning to OCP
pass through a region of H2 desorption.48 After HER
polarization, H atoms can be stripped from the surface, and
dissolved H2 oxidized in the hydrogen oxidation reaction.49

In order to examine changes in the Pt adsorbates and surface
chemistry under these conditions, we held the WE at constant
select potentials to perform chronoamperometry while
simultaneously characterizing the surface species using
APXPS. The following conditions were considered, with the
corresponding potentials indicated in Figure 1b: 1, the initial
OCP (E = −200 mV); 2, OCP following potential holding at
OER conditions (−250 mV); 3, HER (−850 mV); 4, OCP
following potential holding at HER conditions (−600 mV); 5,
OCP following stripping (−240 mV).
The O 1s spectra exhibit spectral components originating

from both the solid and liquid phases (Figure 2a). Species
present on the WE remain at constant BE regardless of applied
potential, and include oxidized platinum (Pt(II)O)47,50 centered
at 530.4 eV, adsorbed hydroxyls (Ptδ−OHads) at 531.3 eV, and
chemisorbed water (H2Ochem) centered at 532.4 eV.41 Species
that remain in the liquid phase shift linearly to higher BE with a
more negative applied potential (Figure 2b),38 including LPW
and soluble hydroxyls (OHsol), with similar behavior observed
in the GPW. At the initial OCP (−200 mV), some Pt(II)O
persists on the surface, and remains after performing OER
(−250 mV). Furthermore, under alkaline conditions, hydroxyl
species adsorb on activated Pt sites (Ptδ−OHads),

51−53

observable both before and after OER. Polarizing to cathodic
conditions for HER (−850 mV), Pt(II)O species are reduced
and no longer present on the surface, and remain negligible
upon resting to OCP after HER (−600 mV) and at OCP after
stripping (−240 mV). In contrast, Ptδ−OHads and H2Ochem
remain on the surface at all potentials investigated.

Understanding the Pt Surface in operando. We next
consider speciation of the Pt WE via the metal 4f core level.
The spectra (Figure 3) can be deconvolved into four
components known to persist under oxidative conditions,47,54

noting the BE of the 4f7/2 level (with a 3.3 eV spin−orbit
splitting): Pt0 metal (71.2 eV), Ptδ−OHads (71.8 eV), Pt(II)O
(72.5 eV), and Pt(IV)O2 (74.6 eV). Fitting the initial OCP with
these constraints yields a composition consistent with that
obtained from the O 1s, with both Ptδ−OHads and Pt(II)O
present with comparable intensities. Comparison of the
intensities with the respective components in the O 1s spectra
leads to an empirical estimation of the O:Pt relative sensitivity
factor (RSF) at the electrode surface, providing quantitative
bounds for the Ptδ−OHads and Pt(II)O in the Pt 4f by fitting of

Figure 1. (a) Schematic of the operando experimental setup at
beamline 9.3.1 at the Advanced Light Source. The manipulator holds
the Pt working electrode (WE), reference electrode (RE), and Pt
counter electrode (CE). The photoelectron inelastic mean free path in
the Pt WE (λ1) is smaller than that in the liquid−gas atmosphere (λ2).
(b) Cyclic voltammetry (CV) at room temperature and p ∼ 18 Torr
(obtained with a scan rate of 20 mV s−1) with the electrodes
immersed, noting the potential ranges for changing surface chemistry,
the oxygen evolution reaction (OER), and the hydrogen evolution
reaction (HER). The potentials at which APXPS was performed are
noted in chronological order: 1, initial open circuit potential (OCP); 2,
OCP after OER; 3, HER; 4, OCP after HER; 5, OCP after stripping.
The orange CV reflects the so-called “stripping” when the working
electrode is polarized to oxidizing conditions after potentiostatic
holding under HER conditions.
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the O 1s spectra (Figure 4). With this constraint on the
intensity of oxygenated Pt species, we observe the intensity at
∼72.1 eV is underfit at reducing potentials (Figure S4). To
account for that, a new spectral component of unconstrained
BE and intensity is added, which ranges from 71.9 to 72.1 eV
and is notably present only during and after cathodic
polarization, consistent with a partial transformation to a Pt−
H phase under HER conditions.37

The chemical composition of the Pt WE can be
quantitatively compared as a function of applied potential by
considering the ratio of the surface species to that of the Pt0

metal (Figure 5). In comparison to the initial OCP (−200 mV),
driving OER under alkaline conditions leads to a partially
irreversible oxidation of Pt, increasing the amount of Pt(II)O,
Ptδ−OHads, and the formation of Pt(IV)O2 on the surface, which
persists upon returning to OCP after OER (−250 mV).41

Pt(II)O and Pt(IV)O2 species are fully reduced under HER
conditions (−850 mV), however, and the amount of Ptδ−
OHads decreases to an amount comparable to starting OCP
conditions. Of note, we identify in operando an additional,
oxygen-free species during HER at higher BE than Pt0, likely
arising from Pt−H species.37

Allowing the WE to relax following ∼1 h of polarization
under HER conditions results in a lower OCP (−600 mV),
attributed in the literature to adsorbed H.40 The surface
chemistry remains largely unchanged under these conditions,
consisting of both Ptδ−OHads and Pt−H with comparable
intensities. Anodic polarization is reported to “strip” adsorbed
H and potentially adsorbed OH from the Pt surface, and
following 10 cycles sweeping from −400 to +700 mV (Figure
1b, orange), the OCP returns to −240 mV. Stripping at such
positive potentials leads to a notable decrease in the Ptδ−OHads,
consistent with adsorbed protonated species being stripped

Figure 2. (a) Operando APXPS O 1s photoelectron peak at 4 keV at
OCP. The gas phase water (GPW), liquid phase water (LPW),
chemisorbed water (H2Ochem), soluble hydroxyls (OHsol), adsorbed
hydroxyls (Ptδ−OHads), and oxidized platinum (Pt(II)O) features are
noted. (b) The BE of solution species LPW and OHsol shift 1:1 with
applied potential, while species on the surface remain fixed. (c)
Magnification of the O 1s, background subtracted and normalized to
the intensity of the Pt0, as a function of applied potential, illustrating
the changing surface species. The full spectrum for the HER condition
is presented in Figure S3.

Figure 3. Operando APXPS Pt 4f photoelectron peak at 4 keV for the
starting OCP condition. Indicated is the position of the Pt0 metal,
Ptδ−OHads, Pt−H, Pt(II)O, and Pt(IV)O2 peaks.

Figure 4. Operando APXPS Pt 4f photoelectron peak at 4 keV as a
function of applied potential. Indicated is the position of the Pt0 metal,
Ptδ−OHads, Pt−H, Pt(II)O, and Pt(IV)O2 peaks. The scale is normalized
to the background-subtracted intensity of the Pt0 and magnified to
highlight the changing surface species.

Figure 5. Stacked ratio of respective components in the Pt 4f relative
to the Pt0 metal peak as a function of applied potential. Error bars
determined from Monte Carlo simulations (Supporting Information)
are shown at the top of each component in corresponding hue
(indicated as a line in the legend).
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from the surface. In contrast, the Pt−H component remains
similar, suggesting that the Pt−H transformation and/or H
intercalation persisted into the subsurface layer(s) during HER
under alkaline conditions.
The presence of a feature >0.5 eV above the metal peak has

been observed after H2 exposure of Pt/MoO3 composites.37

The greater electronegativity of H compared to Pt can explain
the formal oxidation of the metal during Pt−H formation. We
note the formation of a potential hydride-like phase is
suspected to be favorable only for small particle sizes;36,37

however, the porous nature of Pt after electrochemical
oxidation in alkaline solution41 may impact the morphology
during the present HER measurements which follow OER
polarization, after the reduction of the Pt(IV)O2 overlayer and
Pt(II)O species. Although the formation of a Pt-hydride phase is
not frequently considered, its formation could have a dramatic
impact on our understanding of the HER under alkaline
conditions. In the case of Pd, well-known to form multiple
hydride phases under cathodic polarization,55 the too-strong
adsorption (and subsequent absorption) of H limits HER
activity.56,57 While future experiments are needed to quantify
the distribution of the potential hydride-like phase on Pt under
alkaline conditions, its formation could be indicative of a H
adsorption energy so strong under alkaline conditions that the
formation of a near-surface hydride phase becomes energeti-
cally comparable, coming at a consequence to HER activity.
The coexistence of Pt−H and Ptδ−OHads may be promoted by
the abstraction of H from water in alkaline environments,58,59

and OHads species have been suggested to play a key role in
strengthening the hydrogen adsorption energy under alkaline
conditions.28,60 Although we cannot make definitive claims
regarding the reaction mechanism on Pt in alkaline environ-
ments, the accumulation of Pt−H in operando is consistent with
the kinetics being determined by the discharge of Hads.

■ CONCLUSIONS

This study brings new insight into the complexity of Pt surface
speciation in operando during electrochemical polarization in
alkaline environments. Pt(II)O and Pt(IV)O2 species formed
during Pt oxidation and the OER, while exhibiting some
hysteresis in their persistence at OCP following OER, are fully
reduced at HER potentials and the subsequent OCP. In
contrast, Ptδ−OHads species are present under all conditions,
potentially lending credence to the idea that OHads species can
stabilize adsorbed H and impact the kinetics of HER under
alkaline conditions. Furthermore, we observe an additional Pt
species at higher BE during HER which does not correspond to
any feature in the O 1s, indicative of adsorbed and absorbed H
on or near the surface. Pt−H species persist after HER, and
even following so-called “H-stripping” polarization to more
anodic potentials, which instead decreases the amount of Ptδ−
OHads. The complexity of the Pt speciation in operando suggests
a unique reduction and oxidation behavior of Ptδ−OHads and
Pt−H in the subsurface layers during operation in alkaline
electrolyte. This study highlights the need for operando
techniques to develop new kinetic models for electrified
interfaces under realistic operating conditions. Extending this
experimental strategy to earth abundant materials will aid in the
rational design of novel tailored materials for HER under
alkaline conditions.
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