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ABSTRACT: Alkali metal cations (AM+) have profound influences on catalytic activities of
platinum (Pt) in aqueous solutions, but the underlying mechanisms remain unclear mainly
because of limited knowledge of the interactions between AM+ and Pt surfaces within the
interface. Herein, in situ X-ray absorption spectroscopy (XAS) coupled with ab initio FEFF
calculations rule out specific adsorption of AM+ and hydroxyl (OHad) but not interfacial water
with the oxygen facing toward the Pt surface (H2O↓ad) within the hydrogen underpotential
deposition (HUPD) potential region in alkaline solutions. We further show that AM+ greatly
affects the HUPD peaks and the kinetics of the hydrogen evolution/oxidation reactions (HER/
HOR) of Pt in alkaline solutions. We accordingly propose that H2O↓ad is specifically adsorbed
on undercoordinated Pt surfaces and bonded with the water molecules coordinated to AM+,
forming the sandwich structure of Pt−H2O↓ad···[(H2O)x−AM]+ across the interface; and the
exchange between the H2O↓ad···[(H2O)x−AM]+ and Had yields the sharp HUPD peaks. The
AM+ weakens the Pt−H2O↓ad bond via noncovalent interactions and in turn positively shifts the
HUPD peaks and hinders the HOR by delaying the oxidative removal of Had. The AM

+ promotes the HER of Pt by facilitating the
removal of the OHad in the form of OHad···[(H2O)x−AM]+ subsequent to the dissociation of H2O↓ad.
KEYWORDS: alkali metal cations, specific adsorption, interfacial water, Pt cyclic voltammetry, HER/HOR, XAS

1. INTRODUCTION

When studying the electrochemistry of platinum (Pt) electro-
des in acidic solutions, a dilute HClO4 electrolyte is a common
choice owing to the minimal interaction between the Pt surface
and ClO4

− ions within the potential range of 0−1 V versus a
reversible hydrogen electrode (RHE). In contrast, HCl and
H2SO4 have rarely been the choice since both Cl− and SO4

2−

actively interact with Pt surfaces.1 Likewise, when studying the
electrochemistry of Pt electrodes in alkaline solutions, it is
critical to recognize whether and how alkali metal cations
(AM+) such as Li+, Na+, or K+ interact with Pt surfaces under
reactive conditions. However, this topic has remained unclear,
leaving the foundation of alkaline electrochemistry unsound.
The need to understand the interactions between AM+ and

Pt surfaces is manifested by the profound influences of AM+ on
the electrochemical behaviors of Pt electrodes even in dilute
alkaline solutions. For instance, Markovic’s group reported that
when changing the alkaline solution from 0.1 M KOH to 0.1 M
LiOH, the kinetics of the hydrogen evolution and oxidation
reactions (HER/HOR) of stepped Pt surfaces such as Pt(110)
improves markedly; however, that of the Pt(111) remains
unchanged.2 On the contrary, the kinetics of the oxygen
reduction reaction (ORR) of both stepped Pt and Pt(111)
surfaces slows down dramatically as the electrolyte switches
from 0.1 M KOH to 0.1 M LiOH.2 On the basis of these
experimental observations, Markovic et al.3,4 proposed there

exist noncovalent interactions between hydrated alkali metal
cations [(H2O)x−AM]+ and adsorbed OH (OHad) species on
Pt surfaces, and the interactions increase with increasing
hydration energies of the AM+ (K+ < Li+). In other words, the
AM+ is nonspecifically adsorbed onto Pt surfaces without
direct Pt−AM+ interactions, and the AM+ affects the catalytic
activity of Pt via affecting the Pt−OHad binding energy
indirectly. One merit of this hypothesis is that the absence of
the AM+ effects on the HER/HOR kinetics of Pt(111) can be
explained as the OHad is absent on Pt(111) within the HER/
HOR kinetic potential region (<0.3 V) but can be present on
stepped Pt surfaces. Within the ORR potential region (>0.7
V), the Pt(111) is covered by OHad that triggers the AM+

effects via noncovalent interactions. Recently, we proposed
that the AM+ affects the HER kinetics of undercoordinated Pt
surfaces that include both stepped facets and corners, edges,
apex, and so on via the noncovalent interaction between
[(H2O)x−AM]+ and OHad generated from water dissociation
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(Pt-OHad···[(H2O)x−AM]+) as per the hard−soft acid−base
(HSAB) mechanism,5 which is also based on the nonspecific
adsorption of hydrated AM+ on Pt surfaces. However, the
presence of OHad on undercoordinated Pt surfaces within the
underpotential deposition of hydrogen (HUPD) potential region
in alkaline solutions, which is the basis for the noncovalent
interactions between the [(H2O)x−AM]+ and OHad, has been
under extensive debate.6,7 It is predicted to be possible by
density functional theory (DFT) calculations8 but disproved
by microkinetic modeling.9 Experimentally, it is supported by
infrared reflection absorption spectroscopy10 but not by CO
stripping.11,12

In contrast, Koper et al.8,13 proposed that the AM+ is
specifically adsorbed onto the stepped Pt surfaces together
with OHad, in an attempt to explain the AM+ effects on the
cyclic voltammetry (CV) of Pt surfaces in aqueous solutions
with a wide pH range of 1−13. They proposed the sharp HUPD
peaks of stepped Pt surfaces such as Pt(110) are caused by the
exchange between Had and the OHad that is coadsorbed on
stepped Pt surfaces with AM+.8,13 In addition, they showed by
density functional theory (DFT) calculations that the
specifically adsorbed AM+ positively shifts the HUPD peaks to
higher potentials by weakening the Pt−OHad bond, which fully
accounts for the non-Nernstian pH shift of the HUPD peaks of
stepped Pt surfaces. On the other hand, the absence of the
specifically coadsorbed AM+ and OHad on the Pt(111) surface
accounts for the absence of sharp HUPD peaks and their regular
Nernstian pH shift. However, the specific adsorption of AM+

on undercoordinated Pt surfaces within the HUPD potential
region has not been observed experimentally. In contrast, Xu et
al.14 recently ruled out specific adsorption of AM+ on Pt
surfaces based on the combined experiments of CVs and
surface enhanced spectroscopy. They alternatively proposed
that the non-Nernstian pH shift of the HUPD peaks of stepped
Pt surfaces is caused by the pH-dependent structure of
interfacial water.14 Although this hypothesis drops the

requirement of specific adsorption of AM+ and OHad on
stepped Pt surfaces, it has not accounted for the profound
influences of AM+ on the CV features and catalytic activities of
Pt surfaces.
We recognize from the contradictory hypothesis briefed

above that AM+ plays important roles in the electrochemical
behaviors of Pt in alkaline solutions, but the specific roles
remain elusive due largely to the poor understanding of the
interactions between AM+ and Pt surfaces under in situ
electrochemical conditions. This recognition drives us to probe
the interactions between AM+ and Pt surfaces in aqueous
solutions with varying concentrations of AM+ within the
relevant potential region by means of electrochemical and in
situ X-ray absorption spectroscopy (XAS) methods. XAS
detects neighboring atoms (AM+ here) around the absorbing
atom (Pt here) based on the interference between the
outgoing and backscattering waves in association with the
photoelectrons emitted by the absorbing atom and back-
scattered by neighboring atoms, respectively. It is thus a
suitable technique to identify the Pt−AM+ interactions in situ
because the specifically adsorbed heavy AM+ such as Na+ will
be detected by XAS once its abundance exceeds the detecting
limits of XAS, whereas the nonspecifically adsorbed AM+ is
invisible by XAS since it is located far away from the Pt with
H2O and/or OHad in between. We were previously able to
identify the specifically adsorbed species such as Cl−,15

SO4
2−,1,15 OH,16 and H17 on Pt surfaces under in situ

electrochemical conditions by coupling ab initio FEFF
calculations18 to the Δμ technique. The Δμ is a surface
sensitive technique pioneered by Ramaker et al.17 that is based
on extracting the differences of the X-ray absorption near-edge
structure (XANES) spectra collected at different potentials.
Herein, direct Pt−Na+ interactions are not observed by in situ
XAS in NaOH solutions with the Na+ concentration up to 0.5
M within 0.1−0.6 V (all potentials here are versus RHE),
which rules out specific adsorption of Na+ on Pt surfaces in

Figure 1. Pt L3-edge FT-EXAFS spectra of Pt/C collected in an Ar-saturated electrolyte of (a) 0.1 M HClO4, (b) 0.1 M NaOH, (c) 0.1 M NaOH +
0.1 M NaClO4, or (d) 0.1 M NaOH + 0.4 M NaClO4 at various potentials. The FT-EXAFS spectrum of the Pt reference foil with the intensity
scaled by 0.8 is also displayed for comparison purpose.
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alkaline solutions. The in situ XAS suggests specific adsorption
of interfacial water with the oxygen pointing toward the Pt
surfaces (denoted as H2O↓ad). We further show that the
profound effects of AM+ on the CV and HER/HOR activities
of the Pt electrode can be accounted for by the noncovalent
interactions between the [(H2O)x−AM]+ and Pt−H2O↓ad or
Pt−OHad.

2. RESULTS

2.1. In Situ X-ray Absorption Spectroscopy Studies.
We conducted in situ XAS on Pt/C (Tanaka Kikinzoku Kogyo,
47.2 wt %, ∼3 nm) in an Ar-saturated 0.1 M HClO4 electrolyte
and 0.1 M NaOH electrolyte with varying concentration of
NaClO4 up to 0.4 M. The XAS spectra were collected at the Pt
L3-edge as a function of applied potentials ranging from 0.1 to
1.0 V in acid and 0.1−0.6 V in alkaline. A lower upper
potential limit of 0.6 V was chosen for alkaline to avoid Pt
dissolution.19 The in situ Fourier Transform of the extended
X-ray absorption fine structure (FT-EXAFS) spectra of Pt in
various solutions are displayed in Figure 1. For all cases, the
FT-EXAFS spectra are essentially reminiscent of that of the Pt
reference foil but with lower intensities of the Pt−Pt scattering
peaks (Figure 1), owing to the small size of Pt/C (∼3 nm)
nanoparticles enriched with undercoordinated Pt atoms. In
addition, all the first-shell FT-EXAFS spectra can be well fitted
with a pure Pt cluster model (Figure S1 and Table S1). These
results confirm that direct Pt−Na interactions are not observed
by FT-EXAFS with the Na+ concentration up to 0.5 M.
Meanwhile, the Pt−OHad interaction is observed at 1.0 V in
0.1 M HClO4, as shown by the increase in the intensity of the
Pt−O scattering peak around 1.7 Å (Figure 1a). It is also
reflected by the concurrent decrease of the intensity of the Pt−
Pt scattering peaks centered at 2.4 Å as this is caused by the
blocking of the Pt−Pt scattering by the Oad and/or OHad
(O(H)ad).

16

The intensity of the major FT-EXAFS peaks of Pt/C
generally increases with decreasing potentials and reaches the
highest at 0.1 V in all four electrolytes (Figure 1). The higher
peak intensity and correspondingly the higher coordination
numbers of Pt/C within the HUPD potential region versus the
double layer potential region (0.5−0.7 V) were previously
reported by Ramaker et al.17 They attributed the phenomenon
to Had that makes the Pt particles more spherical and in turn
increases the coordination number and the Pt−Pt scattering
peak intensity. Alternatively, it can be explained as the Pt−Pt
scattering is being blocked by oxygen species within the whole
potential range of 0.1−1.0 V but not just at elevated potentials
(>0.7 V). By this speculation, the Pt−Pt peak intensity
gradually increases as the oxygen coverage gradually reduces
with decreasing potential. This speculation is in line with the
arguments that the adsorption of OHad can start as low as 0.1
V on stepped Pt surfaces.10,13 The specifically adsorbed
H2O↓ad is another possible oxygen adsorbate.20 Because the
Pt−O bond is not observed by FT-EXAFS below 0.6 V, which
is probably due to the low sensitivity of FT-EXAFS, we apply
XANES and Δμ analysis that are more sensitive to adsorbates
to probe the identity of surface adsorbates and their
configuration in situ.
In situ XANES spectra of the Pt/C in NaOH electrolytes

with varied concentrations of Na+ are displayed in Figure 2.
The corresponding Δμ spectra (Δμ(U) = μ(U) − μ(0.6 V)
where U represents applied potentials) are displayed in the
insets. The XAENS at 0.6 V is chosen as the baseline spectrum
because 0.6 V is within the double layer region and the Pt
surface has been traditionally assumed to be free of OHad and
Had. The full set of spectra collected at more potentials is given
in Figure S2. In parallel, we employ the FEFF9 code21 to
calculate the XANES spectra based on the Janin’s cluster of
Pt6

22 with or without an adsorbate (Ad) located at the atop,
bridge, or face centered cubic (fcc) site. The calculated

Figure 2. Pt L3-edge XANES spectra of Pt/C collected in Ar-saturated (a) 0.1 M HClO4, (b) 0.1 M NaOH; (c) 0.1 M NaOH + 0.1 M NaClO4, or
(d) 0.1 M NaOH + 0.4 M NaClO4 at various potentials. Experimental Δμ signals derived from the XANES spectra are displayed in the inset.
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XANES spectra are displayed in Figure 3, and the
corresponding Δμ spectra (Δμ = μ(Pt6−Ad) − μ(Pt6)) are
displayed in the insets. Four adsorbate species including H, O
(O and OH give essentially the same signal),16 Na, and H2O↓
are chosen for calculations to cover relevant adsorbates. The
H2O with the H binding to the Pt that represents the H2O
with the H facing toward the Pt electrode (H2O↑ad) is not
included since the Pt−H bond is too long (>3 Å)23 to be
detectable by XAS. We stress that the FEFF calculations are
not to quantitatively fit the experimental XANES spectra based
on the simplified Pt6 cluster model but to identify the nature of
adsorbate and its binding configuration by comparing the
adsorbate-induced change of the calculated XANES spectra
with the adsorbate-induced difference of experimental XANES
spectra collected at different potentials.
As in the case of 0.1 M HClO4 without the presence of Na

+,
the white line intensity of the major XANES peak around
11566 eV is higher at 1.0 V than at 0.6 V (Figure 2a), which is
caused by the adsorption of O(H)ad at 1.0 V. The electron
transfer from the Pt surface to O(H)ad increases the d-band
vacancy of Pt and in turn increases the white line intensity that
is associated with the transition of electrons from the 2p orbital
to the unoccupied 5d orbital.16 In parallel, adding one oxygen
atom onto the Pt6 cluster increases the Pt white line intensity
as well (Figure 3c), and the Δμ spectra closely mimic the
Δμ(1.0 V). The experimental Δμ(1.0 V) and the correspond-
ing FEFF simulations agree well with previous Δμ studies,16,24

verifying that the oxygen adsorbate can be readily detected by
XANES and Δμ spectra.
However, no Na+ is observed by XANES and Δμ in the

alkaline solutions with the Na+ concentration up to 0.5 M,
despite that Na is bigger and heavier than O. In all three
alkaline electrolytes, the XANES and Δμ spectra closely
resemble those of Pt/C in acid (Figure 2) and those of Pt/C in
0.1 M KOH reported previously,25 signifying a Pt surface with
only Had at lower potentials. On the other hand, the white line
intensity of the calculated XANES spectrum of the Pt6 cluster

drops dramatically upon addition of a Na atom in either atop,
bridge, or fcc site, resulting in a prominent dip in the
corresponding Δμ spectra (Figure 3a). The significant
mismatch between the calculated spectra and the experimental
ones rules out specific adsorption of Na+ in alkaline solutions
with the Na concentration up to 0.5 M. This result
corroborates the absence of the Pt−Na interactions in the
corresponding FT-EXAFS spectra (Figure 1). We therefore
conclude that the AM+ is not specifically adsorbed on Pt
surfaces within the HUPD region in alkaline solutions with the
AM+ concentration up to 0.5 M, in line with the recent study
by Xu et al.14 This result is not surprising as the solvation
energy of AM+ is typically much higher than that for
electrostatic adsorption, inhibiting the specific adsorption of
AM+.26

Next, we examine the presence of Had within the HUPD
potential region based on the XAENS and Δμ results.
Although the Δμ spectra of the Pt/C in all the four electrolytes
displayed in Figure 2 exhibit a similar s-shape feature, the
origins of the s-shape feature are different. The dip of the
Δμ(0.1 V) spectrum of the Pt/C in 0.1 M NaOH plus 0.4 M
NaClO4 is mainly caused by the positive shift of the XANES
spectrum toward higher energies when shifting from 0.6 to 0.1
V. Meanwhile the XANES spectrum becomes wider and its
white line intensity remains unchanged (Figure 2d).
Consequently, the dip of the Δμ(0.1 V) is centered around
11563 eV. In perfect agreement with these observations, the
XANES spectrum of the Pt nanoclusters with adsorbed H2 gas
in comparison to under vacuum environment also (i) shifts
positively; (ii) becomes wider; and (iii) its white line intensity
remains unchanged, and consequently, the dip of the
corresponding Δμ spectrum is centered around 11563
eV.27,28 All three occurrences are also observed when putting
the H atom onto the Pt6 cluster in the bridge or fcc site (Figure
3b) and can be explained by the charge transfer from the Pt
surface to Had.

17,28 Since the bridge binding configuration of
Had on Pt surfaces is not supported by literature,17 we

Figure 3. XANES spectra of the Pt6 cluster with (a) Na, (b) H, (c) O, (d) H2O↓ad, located in the atop, bridge, or fcc site calculated by the FEFF9
code, with the corresponding Δμ signals displayed in the insets. (e) The calculated spectra of ΔμH−OH, ΔμH−H2O, and ΔμH. (f) schematic
illustration of the Pt6 cluster with an adsorbate in the atop, bridge, or fcc site. The blue, purple, red, and white balls represent Pt, Na, O, and H
atoms, respectively.
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conclude that when switching from 0.6 to 0.1 V the major
occurrence in the electrolyte of 0.1 M NaOH + 0.4 M NaClO4
is predominately the adsorption of Had on the fcc site of the
Pt/C surface.
On the other hand, the dips of the Δμ(0.1 V) spectra of the

Pt/C in 0.1 M HClO4 and 0.1 M NaOH are mainly caused by
the lower white line intensity in 0.1 V than in 0.6 V, which is
observed neither by adding H2 gas onto Pt nanoclusters28 nor
by adding an H atom onto the Pt6 cluster model (Figure 3b);
meanwhile the shift of the XANES spectra is insignificant.
These dips are thus centered around 11 566 eV (Figure 2a,b).
The mismatches between the experimental Δμ(0.1 V) and the
calculated ΔμH indicate that the H adsorption is not the only
occurrence of the Pt/C in 0.1 M HClO4 and 0.1 M NaOH as
the potential shifts from 0.6 to 0.1 V.
By far we use the calculated Δμ spectra (Δμ = μ(Pt6−Ad) −

μ(Pt6)) to compare with the experimental Δμ spectra (Δμ(U)
= μ(U) − μ(0.6 V) based on the assumption that the Pt
surface at 0.6 V is free of Had, OHad, or H2O↓ad. However,
recent studies suggest the presence of OHad or H2O↓ad on Pt
surfaces within a wide potential range of 0.1−1.0 V in aqueous
solutions.10,14 We therefore examine the possibility of the
presence of OHad and H2O↓ad on Pt surfaces by extending the
Δμ analysis to water molecule adsorbates. The Pt−O bond
distance is set to be 2.0 Å for OHad based on experimental FT-
EXAFS fits16 and to be 2.3 Å for H2O↓ad according to a
previous study.29 The calculated XANES of the Pt6 cluster
remains largely unchanged except for a slight increase in the
white line intensity when putting the H2O↓ad in atop or bridge
site the XANES. On the other hand, its white line intensity
drops dramatically when putting the H2O↓ad on the fcc site.

Since the dramatic drop of white line intensity is never
observed experimentally, the H2O↓ad in the fcc site can be
excluded, whereas the H2O↓ad in the atop or bridge site
cannot. These calculation results agree with previous DFT
calculations that the atop and bridge adsorptions of H2O↓ad are
the most stable water adsorption orientations for Pt(100) and
Pt(111) facet, respectively.20 Since the AM+ effect is absent for
the Pt(111) surface2 and the Pt(111) surface does not bind
H2O↓ad within the HUPD potential region,8 here we focus on
the atop adsorption of H2O↓ad only.
We use Pt6−OHatop or Pt6−H2O↓atop as the baseline

spectrum to calculate the Δμ spectra, that is, ΔμH−OH =
μ(Pt6−Hfcc) − μ(Pt6−OHatop) or ΔμH−H2O = μ(Pt6−Hfcc) −
μ(Pt6−H2O↓atop). The calculated ΔμH−OH or ΔμH−H2O spectra
(Figure 3f) represent the replacement of OHad or H2O↓ad by
Had, respectively. The ΔμH that represents the adsorption of
hydrogen on a clean Pt surface is codisplayed for comparison.
As seen in Figure 3d, while the ΔμH−H2O has a s-shape feature
like the ΔμH, the ΔμH−OH is dramatically different, exhibiting a
prominent dip and a wide and flattened plateau. This is
essentially because adding one H2O↓ad molecule onto the Pt6
cluster changes the XANES spectrum slightly, whereas adding
OHad makes a dramatic change because of the profound charge
transfer from Pt to the OHad. These results suggest that the
exchange between Had and OHad on the surface of Pt/C within
the HUPD potential region can be ruled out, whereas the
exchange between Had and H2O↓ad cannot. Moreover, the
replacement of the H2O↓ad by Had at 0.1 V means that fewer
Pt−Pt bonds are blocked by H2O↓ad at 0.1 V than at 0.6 V,
which accounts for the higher intensity of the Pt−Pt FT-

Figure 4. Cyclic voltammograms (CVs) recorded on a Pt/C (a) and Pt polycrystalline electrode (b) in Ar-saturated 0.1 M HClO4 or0.1 M LiOH
with varying concentration of LiClO4 with a scan rate of 20 mV/s. (c) Summary of the area (charge) of the anodic HUPD peak of Pt(110) around
0.28 V of the Pt/C and Pt polycrystalline electrode in 0.1 M LiOH with varying concentration of LiClO4 or in 0.1 M NaOH with varying
concentration of NaClO4; The error bars derived from variations generated by three measurements. (d) The CVs recorded on the Pt
polycrystalline electrode in an Ar-saturated 0.1 M LiOH, NaOH, or KOH electrolyte with a scan rate of 20 mV/s.
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EXAFS peaks at 0.1 V (Figure 1). It also accounts for the lower
white line intensity of the XANES spectrum at 0.1 V than at
0.6 V observed in 0.1 M HClO4 and 0.1 M NaOH (Figure
2a,b) because the H2O↓ad increases the Pt white line intensity
through the charge transfer from Pt to the O (Figure 3d).
However, the exchange between Had and H2O↓ad is not
observed in 0.1 M NaOH with 0.4 M NaClO4, for which the
Δμ signal is dominated by the adsorption of Had on a clean Pt
surface. This result suggests that the Na+ suppresses the
exchange between Had and H2O↓ad on Pt surfaces in alkaline
solutions.
Collectively, the in situ XAS results discard specific

adsorption of Na+ on Pt surfaces and the exchange between
Had and OHad within the HUPD potential region in alkaline
solutions and alternatively suggest the exchange between Had
and H2O↓ad. These results therefore pose questions on the
previous argument that explains the sharp HUPD peaks of
stepped Pt surfaces and their non-Nernstian pH shift based on
specific adsorption of AM+ and OHad.

8,13 In an attempt to
consolidate alternative explanations on the basis of the in situ
XAS results, we explore the AM+ effects on the HUPD peaks as
well as the HER/HOR kinetic of Pt surfaces electrochemically.
The HER/HOR is chosen here not only because they are the
most fundamentally important electrochemical reactions but
also because the HER/HOR rates of Pt are intimately related
to the HUPD peak position.30

2.2. Electrochemical Studies. We first evaluate the AM+

effects on the CV features of Pt surfaces including the same Pt/
C subject to XAS measurements and a Pt polycrystalline
electrode in both acidic and alkaline solutions. Detailed
rotating disk electrode (RDE) measurements are provided in
the Experimental Methods.
The CVs of Pt/C and Pt polycrystalline electrodes in 0.1 M

HClO4 or 0.1 M LiOH with varying concentrations of LiClO4
are displayed in Figure 4a,b, respectively. The integral area of
the anodic HUPD peak (∼0.28 V) of the Pt(110) facet in the
Pt/C gradually decrease around 20% as the Li+ or Na+ (Figure
S3) concentration increases from 0.1 to 0.5 M; meanwhile,
those of the Pt polycrystalline electrode remain nearly
unchanged (Figure 4c). These different results indicate that
the poisoning caused by the impurities in the highly purified
LiClO4 (99.99%) and NaClO4 (99.99%), if there is any, has
minimal impacts on the reduction of the Pt(110) peak
intensity of the Pt/C. We therefore relate the reduction of the
Pt(110) peak intensity of the Pt/C primarily to the increased
AM+ concentration. In other words, the AM+ suppresses the
occurrence that generates the sharp HUPD peaks of Pt(110). In
parallel to this electrochemical observation, the XAS results
suggest that the AM+ suppresses the exchange between Had
and H2O↓ad on Pt surfaces, which leads to the deduction that
the sharp HUPD peak of Pt(110) originated by the exchange
between Had and the H2O↓ad. The sharpness feature of the
HUPD peak of Pt(110) can be ascribed to the attractive
interaction between Had and H2O↓ad, following the previous
one attributing the sharp HUPD peaks of stepped Pt surfaces to
the exchange between Had and OHad.

31 In acidic solutions, this
reaction can be expressed as

− + ↓ ↔ − ↓ + ++ −Pt H H O Pt H O H ead 2 2 ad (1)

The H2O↓ represents the water molecule with the O pointing
toward the Pt surface leading to a direct Pt−O bond. The
specific adsorption mode of H2O↓ad may be either atop or
bridge as suggested by Δμ (Figure 3f). This reaction also

occurs in alkaline solutions upon the anodic sweep, followed
by H+ migrating into the electrolyte reacting with OH−

forming water there:

+ ↔+ −H OH H O2 (2)

and the sum of the Reaction 1 and 2 gives

− + ↔ − ↓ +− −Pt H OH Pt H O ead 2 ad (3)

The backward direction of Reaction 3 represents the hydrogen
adsorption in alkaline solutions during the cathodic sweep.
Therefore, the exchange of the Had and H2O↓ad on stepped Pt
surfaces is a reversible process in acid (Reaction 1) but is not
in alkaline because while H2O↓ad dissociation generates OH−

(Reaction 3, backward direction), it is the H2O↓ rather than
OH− that removes Had (Reaction 1, forward direction). This
argument agrees with the experimental observations by Tang et
al.9 that the HUPD peaks of Pt(110) are reversible in acid but
not in alkaline.
By this hypothesis, the AM+ suppresses the exchange of Had

and H2O↓ad by reducing the abundance of H2O↓ad by means of
converting free water molecules to water molecules coordi-
nated to AM+ (coordinating water) ([(H2O)x−AM]+).32 As a
result, more Pt sites are underneath the [(H2O)x−AM]+

inaccessible by H2O↓ and thus undergo the “regular” H
adsorption/desorption process involving H2O↑. The H2O↑
represents the water molecule with the H facing toward the Pt
surface. It can be either free water or coordinating water.
No significant shifts of the HUPD peak position are observed

for both Pt polycrystalline electrode and Pt/C as the Li+

concentration increases to 0.5 M (0.1 M LiOH + 0.4 M
LiClO4). This result is consistent with the recent observation
by Xu et al.14 that the HUPD peaks of the single crystals of
Pt(110) and Pt(100) do not exhibit a discernible shift in the
alkaline solution of 0.1 M KOH plus varying concentrations of
KClO4. In a comprehensive study, Koper et al.13 showed that
the AM+-induced shift of the HUPD peak position of Pt(110) is
pH dependent. The HUPD peak position of Pt(110) does not
shift with AM+ in the acidic solution with the pH of 1−2. It
shifts anodically around 30 mV as the AM+ concentration
increases to 0.1 M in the acidic solution with the pH of 3.
However, the shift becomes insignificant in the alkaline
solution with the pH of 11,13 which is consistent with our
and Xu et al.’s14 results. Meanwhile, the HUPD peak position of
Pt(110) shift markedly when changing the identity of the AM+

in the aqueous solutions within a wide pH range of 3−13.13
The same phenomenon is also observed by us in the alkaline
solution with a pH value of 13 (Figure 4d). These results
together conclude that the AM+ does affect the HUPD peak
position of Pt(110), despite the debate on the adsorption
mode of AM+. Koper et al.13 ascribed the shift of the HUPD
peak of stepped Pt surfaces with pH exclusively to the
weakening of the Pt−OHad bond by the specifically adsorbed
AM+. Since in situ XAS identifies neither specifically adsorbed
AM+ nor OHad but rather H2O↓ad, we alternatively propose
that the AM+-induced shift of the HUPD peak of stepped Pt
surfaces originates from the weakening of the Pt−H2O↓ad bond
by the noncovalent interaction with [(H2O)x−AM]+, which
leads to the sandwich structure of Pt−H2O↓ad···[(H2O)x−
AM]+ across the interface.
By taking the Pt−H2O↓ad···[(H2O)x−AM]+ into consid-

eration, the Reaction 1 can be rewritten as
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− + ↓+[ − ]

↔ − ↓ ···[ − ] + +

+

+ + −

Pt H H O (H O) AM

Pt H O (H O) AM H e
x

x

ad 2 2

2 ad 2 (4)

and the Reaction 3 can be rewritten as

− ↓ ···[ − ] +

→ − + −[ − ]

+ −

− +

Pt H O (H O) AM e

Pt H OH (H O) AMx

2 ad 2 x

ad 2 (5)

Reactions 4 and 5 represent the exchange between the Had and
H2O↓ad···[(H2O)x−AM]+ on undercoordinated Pt sites and
are responsible for the anodic and cathodic HUPD peaks of
stepped Pt surfaces, respectively (Scheme 1). The stronger the

noncovalent H2O↓ad···[(H2O)x−AM]+ bond, the weaker the
Pt−H2O↓ad bond, and the more positive the corresponding
HUPD peak. Among various AM+ species, Li+ is the hardest
Lewis acid and therefore the [(H2O)x-Li]

+ has the weakest
bond with H2O↓ad that is a soft Lewis base as per the HSAB
theory. Li+ thus weakens the Pt−H2O↓ad bond the least, and
correspondingly, the HUPD peak of Pt surfaces is located in the
lowest potential vs. RHE. This argument agrees with the
previous one that AM+ weakens the Pt−OHad bond and Li+

weakens the least,13 despite the different oxygen adsorbate
(H2O↓ad vs. OHad) and adsorption mode of AM+ (nonspecific
vs. specific). It however conflicts the argument by Markovic et
al.2 that the noncovalent bond within OHad...[(H2O)x−AM]+

is the strongest with Li+, despite the agreement on the
nonspecific adsorption of AM+.
While the AM+ affects the Pt−H2O↓ad bond strength from

the H2O↓ad side, the pH affects the Pt−H2O↓ad bond strength
from the Pt side. By using Quantum Mechanics Molecular
Dynamics simulation, Goddard et al.23 recently showed that
increasing pH makes the stepped Pt surface repel the H2O↓ad,
thereby weakening the Pt−H2O↓ad bond. This result
consistently relates to the previous argument that as the pH
increases, the potential of zero free charge shifts positively
toward higher potentials,33 which in turn makes the Pt surface

more negatively charged and in turn repels the negatively
charged O in the H2O↓ad. Therefore, the non-Nernstian pH
shift of the HUPD peaks of stepped Pt surfaces originates from
the weakening the Pt−H2O↓ad bond by pH as well as AM+.
Another possible contribution from the partial oxidation of
H2O↓ad cannot be excluded here.34,35 This notion provides a
reasonable explanation of previous observations13 that
changing either pH or AM+ concentration/identity can shift
the HUPD peaks of stepped Pt surfaces.
Our new hypothesis can also account for the profound

effects of AM+ on the HER/HOR kinetics of stepped Pt
surfaces in alkaline solutions. The HER/HOR rates of the Pt/
C and Pt polycrystalline electrode with increasing Li+

concentration in the 0.1 M LiOH solution are assessed in a
RDE. The polarization curves displayed in Figure 5 are IR-
corrected to account for the reduction of the electrolyte
impedance with increasing Li+ concentration (Table S2). As
the Li+ concentration gradually increases to 0.3 M, the HER
current density of Pt/C increases first and then drops, whereas
the HOR current density drops monotonously (Figure 5a).
Additionally, both the HER and HOR kinetic current density
of the Pt polycrystalline electrode drop monotonously with
increasing Li+ concentration (Figure 5d). For both cases, the
same trends are also observed on the exchange current density
(Figure 5b and 5d, inset), and the kinetic current densities in
the Tafel plots (Figure 5c,e) that are normalized by the Li+

concentration induced variation of the HOR limiting current
density. The HOR limiting current density for both cases
drops slightly with increasing concentration of Li+ (Figure 5a
inset and Figure 5d), which is primarily caused by the
increasing kinematic viscosity, decreasing H2 diffusion
coefficient and solubility of the electrolyte.36 To quantitatively
summarize the HER/HOR current density trends of the Pt/C
and Pt polycrystalline as a function of Li+ concentration, the
current densities at ±0.06 V acquired from the Tafel plots are
displayed in Figure 5f. As seen, the HER/HOR rates of the Pt
polycrystalline electrode drop simultaneously with increasing
Li+ concentration. The HOR rate of the Pt/C also drops with
increasing Li+ concentration, whereas the HER rate increases
until the Li+ reaches 0.2 M, and then drops (Figure 5f).
The increasing HER rate of Pt/C with increasing Li+

concentration up to 0.2 M was previously reported by us5

and ascribed to the Li+-facilitated removal of the OHad
generated from water:

− ···[ − ] +

↔ + ···[ − ]

+ −

− +

Pt OH (H O) AM e

Pt OH (H O) AM
x

x

ad 2

2 (6)

Wherein OHad···[(H2O)x−AM]+ is generated from dissocia-
tion of the H2O↓ad in H2O↓ad···[(H2O)x−AM]+. We
previously proposed that Reaction 6 is the rate-determining
step (rds) for the HER of Pt in alkaline as part of the Volmer.5

Reaction 6 is kinetically faster than the counterpart one
without the coordinating water: Pt−OHad···(H2O)x + e− ↔ Pt
+ OH−···(H2O)x because the coordinating water facilitates
OHad removal as per the HSAB theory.5 Therefore, enriching
the content of Pt−OHad···[(H2O)x−AM]+ or essentially the
Pt−H2O↓ad···[(H2O)x−AM]+) improves the HER kinetics.
The content of Pt−H2O↓ad···[(H2O)x−AM]+ is limited by the
content of either undercoordinated Pt sites or AM+ depending
on which one saturates. As for the case of Pt/C, the HER rate
increases as the content of the Pt−OHad···[(H2O)x-Li]

+

increases until the undercoordinated Pt sites saturate with

Scheme 1. Schematic Illustration of the Exchange between
Had and H2O↓ad···[(H2O)x−AM]+ as the Causes of the Sharp
HUPD Peaks of Stepped Pt Surfaces in Alkaline Solutions
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∼0.2 M Li+. As the Li+ concentration increases further, the
content of the H2O↓ad···[(H2O)x−AM]+) starts to decrease
because the content of the free water H2O↓ in the electrolyte
decreases, resulting in the decrease of the content of Pt−
H2O↓ad (eq 4) and in turn the decrease of the HER rate of Pt/
C. We previously showed that the OHad anchor sites of Pt/C
can be increased by surface doping Ni, and consequently, the
HER rate of the Pt−Ni/C system continuously increases as the
Li+ concentration increases to 0.3 M.5 Additionally, further
increasing Li+ in 0.1 M LiOH only reduces the HER rate of the
Pt polycrystalline electrode (Figure 5f). This is because the
undercoordinated Pt sites of the Pt polycrystalline electrode
are much less than those in Pt/C as reflected by the much
lower roughness factor of Pt polycrystalline electrode
compared with that of Pt/C,29 which is essentially because
the number of surface undercoordinated sites decreases with
increasing Pt particle size.37 As a result, the undercoordinated
Pt sites of Pt polycrystalline electrode are already saturated in
0.1 M LiOH. Moreover, the saturation of undercoordinated Pt
sites of the Pt polycrystalline electrode in 0.1 M LiOH also
accounts for the observation that its HUPD peak intensity does
not drop with increasing Li+ concentration (Figure 4c) like Pt/
C.
The rds of the HOR of undercoordinated Pt surfaces in

alkaline solutions is the Reaction 4 that is also part of the
Volmer step. Since the presence of AM+ weakens the Pt−
H2O↓ad bond thereby delaying the Had oxidation, increasing
AM+ concentration only decreases the HOR rate of under-
coordinated Pt surfaces, as observed on the Pt/C and Pt
polycrystalline electrode. Furthermore, since the Li+ weakens
the Pt−H2O↓ad bond the least among AM+, the HOR rate of
stepped Pt surfaces in LiOH is the highest.5 In a recent study,

we propose that the surface Ru promotes the HOR of Pt in
alkaline solutions by hosting H2O↓ad at low potentials without
dissociating it and the H2O↓ad removes the Had on the nearby
Pt via L-H mechanism,38 which is consistent with the proposed
notion here. By this new notion, the AM+ effects on the CV
features of Pt surfaces and the HER/HOR kinetics are unified
by the noncovalent interactions between hydrated AM+ and Pt
surfaces with oxygen adsorbates. Because the sharp HUPD peak
of undercoordinated Pt surfaces arises from the exchange
between Had by H2O↓ad (Scheme 1), which are the rds of the
HER/HOR of Pt, the HER/HOR rate of Pt in high pH
solutions closely correlates with the HUPD peak position.
This study focuses exclusively on the adsorption mode of

AM+ and the catalytic effects on the Pt electrode in alkaline
solutions, providing insights into fundamental alkaline electro-
chemistry. It can be extended to organic cations on other metal
electrodes in other interfacial environments (aqueous and
nonaqueous) for both fundamental and practical applications.
For instance, recent studies showed that quaternary
ammonium cations, which are used in polymer ionomers and
membranes to provide anionic conductivity, adsorb specifically
on a Pt electrode and have profound effects on the HER/HOR
activity of the Pt electrode.39,40 Such insights will help to guide
the design of catalysts, ionomer, and membrane for alkaline
fuel cells.

3. CONCLUSIONS

In summary, the in situ XAS experiments coupled with FEFF6
calculations rule out specific adsorption of AM+ and OHad but
not H2O↓ad on the surface of Pt/C within the HUPD potential
region in alkaline solutions with the AM+ concentration up to
0.5 M. Meanwhile, electrochemical measurements highlight the

Figure 5. (a) The HER/HOR polarization curves of Pt/C in 0.1 M LiOH plus increasing concentration of LiClO4. The zoomed region of the
HOR limiting current is present in the inset. (b) The exchange current region of the HER/HOR curves displayed in (a). (c) The Tafel plots of the
HER/HOR curves displayed in (a), with zoomed in regions to show the trend. (d) The HER/HOR polarization curves of the Pt polycrystalline
electrode in 0.1 M LiOH plus increasing concentration of LiClO4. The zoomed region of the exchange current density region is present in the inset.
(e). The Tafel plots of the HER/HOR curves displayed in (d). (f) The HER/HOR current densities acquired at ±0.06 V in (c) and (e) as a
function of Li+ concentration. The current densities of the Pt polycrystalline electrode are scaled by a factor of 2 to ease the display.
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profound and comprehensive effects of AM+ on the HUPD
peaks and HER/HOR activity of Pt surfaces in alkaline
solutions. We propose the presence of the sandwich structure
of Pt−H2O↓ad···[(H2O)x−AM]+ across the interface in which
the H2O↓ad is specifically adsorbed on undercoordinated Pt
surfaces and interacts with the [(H2O)x−AM]+ via non-
covalent interactions, and underscore the Pt−H2O↓ad···
[(H2O)x−AM]+ as the key species determining the catalytic
properties of undercoordinated Pt surfaces in aqueous
solutions. Specifically, the sharp HUPD peaks of stepped Pt
surfaces arise from the exchange between Had and H2O↓ad···
[(H2O)x−AM]+, and their non-Nernstian pH shift is caused by
the weakening of the Pt−H2O↓ad bond by the [(H2O)x−AM]+

as well as by the pH increase. The AM+ is detrimental to the
HOR of Pt since the [(H2O)x−AM]+ weakens the Pt−H2O↓ad,
thereby delaying the oxidation of Had. On the other hand, the
AM+ can be beneficial to the HER of Pt by facilitating the
removal of the OHad in the form of OHad···[(H2O)x−AM]+

that is formed upon the dissociation of H2O↓ad. In a broad
context, the H2O↓ad···[(H2O)x−AM]+ is believed to be widely
present in the interface in aqueous solutions dictating the
catalytic activity toward many reactions such as oxygen
reduction/evolution reactions on catalysts with affinities
toward interfacial water.

4. EXPERIMENTAL METHODS
Chemicals. Carbon supported platinum nanoparticles (Pt/

C, 47.2 wt.%) were purchased from Tanaka Kikinzoku Kogyo.
Nickel(II) perchlorate (Ni(ClO4)2, 98%), lithium perchlorate
(LiClO4, 99.99%), lithium hydroxide (LiOH, > 98%), sodium
hydroxide (NaOH, > 98%), potassium hydroxide (KOH,
99.99%), and perchloric acid (HClO4, 70%, PPT grade) were
all purchased from Sigma-Aldrich. All aqueous solutions were
prepared using deionized (DI) water (18.2 MΩ·cm) obtained
from an ultrapure purification system (Aqua Solutions).
Electrode Preparation. The preparation of the thin-film

electrodes of Pt/C and Pt polycrystalline electrode was
followed our previous study.5 The average particle size of the
Pt/C determined by transmission electron microscopy was 2.0
± 0.4 nm based on around 200 particle counts. 2−3 mg
catalyst powders were added into the mixture of 1 mL of DI
water (18.2 MΩ·cm), 1 mL of isopropyl alcohol, and 5 μL of
Nafion (5%). The aqueous suspensions were sonicated for 45
min with an ice bath, and deposited onto the electrode surface
with a rotation rate of 500−700 rpm, and dried in air at room
temperature for 20 min to achieve a Pt loading of ∼10ug·cm−2.
Prior to the electrodeposition, the glass carbon electrode
embedded in PTFE or the Pt polycrystalline electrode was
polished mechanically by 0.5, 0.3, and 0.05 μm alumina
powder and then sonicated in sequence for 5 min in DI water
and ethanol.
Electrochemical Measurements. All the electrochemical

experiments were conducted using a three-electrode cell
system. The working electrode was a glassy carbon rotating
disk electrode (RDE) from Pine Instruments, and the glassy
carbon geometry area is 0.2463 cm2; or a Pt polycrystalline
from Pine Instruments with the geometry area of 0.2124 cm2.
Pt wire and Ag/AgCl (1 M Cl−) were used as the counter and
reference electrodes respectively. All potentials reported in this
paper are referenced to the reversible hydrogen electrode
(RHE), calibrated in the same electrolyte by measuring the
potential of the HOR/HER currents at zero corresponding to
0 V versus RHE (VRHE).

Prior to the RDE testing, the RDE electrode with the
catalyst was cycled with a rotation rate of 1600 rpm in an Ar-
saturated 0.1 M HClO4 electrolyte with a scan rate of 500 mV·
s−1 between the potential range of 0.05−1.2 V for 100 cycles.41

This harsh acid conditioning process sufficiently clears and
stabilizes the Pt surfaces and makes the subsequent RDE
measurements repeatable. Then the electrode was immersed in
a fresh Ar-purged 0.1 M HClO4 electrolyte for the CV
measurements with a scan rate of 20 mV·s−1. Afterward, the
same electrode was immersed in a fresh Ar-purged 0.1 M
NaOH or LiOH electrolyte for CV measurements. The CVs of
both Pt/C and Pt polycrystalline electrodes reached stable
status after five scans. Then varying amounts of high purity of
solid LiClO4 or NaClO4 (Sigma-Aldrich, > 99.9%) were
dissolved in 0.1 M LiOH or NaOH, and the solution was
added into the 0.1 M LiOH or NaOH electrolyte to reach the
desired AM+ concentration. The HUPD charge was derived with
identical parameters in the alkaline electrolyte with increasing
concentration of AM+.
HER/HOR tests were conducted in a H2-saturated alkaline

electrolyte at room temperature with a scan rate of 10 mVs−1

and a potential range of −1.2−0 V vs Ag/AgCl with a rotation
rate of 2500 rpm. The CVs were recorded in Ar-saturated
LiOH between 0.05 and 1.1 VRHE at a scan rate of 20 mV s−1

after it reached the steady state. The HOR kinetic current
densities (ik) were obtained from correcting the polarization
curves by the hydrogen mass transport in the HOR branch
using the Koutecky−Levich equation. All the electrochemical
active surface area (ECSA) was determined by integrating
hydrogen adsorption charge on CV curves by assuming a value
of 210 μC·cm−2 for the adsorption of one hydrogen monolayer
unless mentioned otherwise. Double-layer correction was
applied.

Impedance Measurements. The impedance spectra were
measured with frequencies from 105 to 0.1 Hz with amplitude
of 10 mV by Autolab. Equivalent circuits were fitted to the data
with Zview software. The solution resistances measured at
room temperature as a function of Li+ concentration, and
applied potentials were systematically evaluated.

Adding LiClO4. LiClO4 was dissolved into 0.1 M LiOH
resulting in a concentration of 1 M LiClO4 solution. A selected
amount of solution was then added into the 0.1 M LiOH
electrolyte (∼80 mL) to vary the Li+ concentration in the
electrolyte in a controlled manner.

In Situ XAS Data Collection and Analysis. The
preparation method of the XAS electrodes can be referred to
our previous work.24 The final Pt geometric loadings were
chosen to give 0.3 transmission spectra edge heights at the Pt
L3 edge. The XAS experiments were conducted at room
temperature in a previously described flow half−cell42 in which
continuously Ar-purged 0.1 M KOH or 0.1 M HClO4 was
circulated. The voltage cycling limits were 0 to 0.6 VRHE. The
data at the Pt edge of the Pt/C were collected in the
transmission mode at the beamlines QAS 7-BM and ISS 8-ID
of the National Synchrotron Light Source (NSLS) II,
Brookhaven National Laboratory (BNL). Typical experimental
procedures were utilized with details provided in our previous
work.24

The XAS data were processed and fitted using the Ifeffit-
based Athena43 and Artemis44 programs. Scans were calibrated,
aligned, and normalized with background removed using the
IFEFFIT suite.45 The χ(R) was modeled using single scattering
paths calculated by FEFF6.46 The Δμ analysis technique has
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been described in great detail elsewhere.16,17,24,47 Briefly,
difference spectra were calculated using the equation:

μ μ μΔ = −(U) (U) (0.6V)

where μ(U) is the absorption coefficient of the sample at a
potential of interest and μ(0.6 V) is the reference signal at 0.6
V, which is considered the clean double layer region for
platinum (i.e., free of any adsorbed H, O(H), or oxygen
adsorbates).
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