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ABSTRACT OF THE DISSERTATION

Molecular-level Understanding of Electrode-Electrolyte Interface in Hydrogen Evolution Reaction

by

Aamir Hassan Shah
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2024

Professor Xiangfeng Duan, Chair

The hydrogen evolution reaction (HER) is one of the most fundamental and critical reactions in
renewable energy conversion. The recent advancement in various platinum (Pt) nanocatalyst designs
has led to greatly improved HER activity. It is well recognized that the HER kinetics is drastically
slower in alkaline media compared to acidic media, but the descriptors of the HER kinetics are still
elusive. Specifically, in the presence of alkali metal cations and hydroxyl anions, the electrode—
electrolyte (platinum—water) interface in an alkaline electrolyte is far more complex than that in an
acidic electrolyte. The effects of different alkali metal cations (AM") and pH on these reactions are
poorly understood due to a lack of suitable experimental methods. We are combining surface-sensitive
electrical transport spectroscopy (ETS) with other electrochemistry techniques and computational
studies to probe and understand the fundamental role of different AM" and pH on the reaction kinetics
of HER. Our study provides fundamental insights into how and why AM" and pH influence the HER
in alkaline media. We expect that this research will provide the molecular-level understanding that will
shed new insights into electrolyte engineering as an alternative pathway to control electrochemical

reaction kinetics.
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CHAPTER 1

Introduction

The electrocatalytic hydrogen evolution reaction (HER) is essential for water electrolysis that can
directly convert renewable electricity (from solar cells or wind mills) into chemical energy in the
form of molecular hydrogen. The electrochemical water-splitting reaction is comprised of two
half-reactions: the cathodic hydrogen evolution reaction (HER) and anodic oxygen evolution
reaction (OER). The acidic electrolysis features facile cathodic HER kinetics, although the anodic
OER typically requires costly precious metal catalysts. On the other hand, the OER in the alkaline
condition can be readily facilitated with non-precious metal oxide/hydroxide catalysts, while the
HER kinetics in the alkaline condition are considerably slower. Platinum (Pt) represents the state-
of-the-art electrocatalyst for the HER and hence intensive efforts have been invested in
understanding the fundamental reaction mechanism and kinetics on Pt-based electrocatalytic
systems for HER!'"2. In general, the HER could involve three elementary steps depending on
electrolyte pH and display intriguing pH-dependent kinetics. The first step is one electron
reduction of proton from solution on Pt electrode to form Pt—Ha.q (Volmer step, Equation 1-1 and

1-2):
H30" + e + Pt <> Pt—Haq + H20 (acidic) (1-1)
H>O + e + Pt <> Pt—Hag + OH" (alkaline) (1-2)

In the second step, molecular hydrogen (H2) can form either via recombination of two adsorbed

hydrogens (Pt—Haq) (Tafel step, Equation 1-3):

2 Pt—Ha <> Hy +2 Pt (1-3)



or by a simultaneous proton reduction on electrode surface and its reaction with the surface bound

H (Pt—Haq) to form molecular hydrogen (Heyrovsky step, Equation 1-4 and 1-5):
Pt—Haa + H3O" + e~ <> Hy + Pt + H,O (acidic) (1-4)
Pt—Haq + HO + e <> Ho + Pt + OH™ (alkaline) (1-5)

It is commonly perceived that H3O" is the primary proton donor for the Volmer or
Heyrovsky step in acidic electrolytes, while H>O molecules are proton sources in alkaline
electrolytes, which is much more difficult to dissociate, thus leading to far more sluggish HER
kinetics in alkaline electrolytes®. It is also generally recognized that the Tafel step is rate
determining step in acidic media due to the facile Volmer step*®, whereas in neutral and alkaline
media, the Volmer step (water dissociation) is often considered the rate determining step, but not

without debate'®.

Beyond the elementary Volmer, Tafel and Heyrovsky steps, other important factors
including the specific Pt surface sites and local chemical environment could also substantially
modify the reaction kinetics. For example, Koper et al. argued that the rate determining step in
alkaline media depends on the exact alkali metal cations and suggested the Heyrovsky step as the
rate determining step in 0.1 M LiOH, while the Volmer step being the rate determining step in 0.1
M KOH (ref.!%). Nonetheless, our recent experimental results suggest that although the cations
could modify the HER activity, the reaction mechanism or rate determining step is independent of

the nature of cations'!, and only depends on the local pH near Pt surface!?.

In general, the electrode-electrolyte (Pt-H>O) interface in alkaline media is far more

complex because of near surface presence of positively charged alkali metal cations and possible

8, 13-16

involvement of hydroxyls , which could fundamentally modify local chemical environment

(e.g., local pH, water orientation, surface water protonation status, binding of reaction



intermediates) and the HER kinetics. Furthermore, if additional buffers were included to tailor the
bulk solution pH, the competitive adsorption or enrichment of buffer molecules near
electrochemical interface could further complicate situation and lead to apparently inconsistent
results among studies using different buffer molecules and ambiguous or sometimes conflicting
conclusions. Overall, the exact evolution/switching of HER kinetics with the electrolyte pH and
the underlying molecular mechanism remain a topic of considerable debate, with different schools

of thought being under active consideration.

1.1.  The current understanding and misunderstanding

It is well recognized that the binding energy of the reaction intermediates in a catalytic
process determines how well a catalyst works. In general, following Sabatier principle, the optimal
catalyst should bind with intermediate strongly enough so that the reagents would likely bind and
react, but weakly enough so that the product could readily desorb and leave. It has been found that
the HER rate on different metal surface is closely correlated with the work function or hydrogen
binding energy (HBE) of the respective metal'”?°. In particular, by correlating HER exchange
current density in acidic media with computationally determined hydrogen chemisorption energies
of different metals, Norskov ef al. have generated a volcano plot and found that Pt exhibits the
highest HER activity for its nearly optimal HBE that ensures both efficient adsorption and
desorption of Haqin acidic electrolytes (Fig. 1.1 a,b)?. Similarly, Yan et al. also revealed a volcano-
type relationship between the HER exchange current density and the HBE in alkaline electrolytes

(Fig. 1.1 ¢)?'.

Although the HBE represents a good physical descriptor for HER, experimental
determination of the HBE of different metal electrodes is nontrivial, particularly in presence of the

complex electrolytes with multiple possible surface adsorbates. In this regard, Zeradjanin and



coworkers have suggested that change of the work function (A®) upon adsorption of hydrogen
through a water layer (measured in humid hydrogen) as an experimental interfacial descriptor to
interpret the electrocatalytic activity of HER on different metals. They found that HER activities
exhibits a similar volcano relationship with the derived A® of different metals??, highlighting the

effectiveness of A® in approximating the trend of computationally derived HBE (Fig. 1.1 d).
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Figure 1.1: Correlation between exchange current densities and hydrogen binding energies (HBE) of
different metals. (a) Experimentally measured exchange current (log (ip) for HER over different metal
surfaces as a function of calculated hydrogen chemisorption energy per atom in acidic media. The open and
filled symbols are for single crystal and polycrystalline samples, respectively and (b) Calculated HER
exchange current (log (io) obtained from the simple kinetic model plotted as a function of the free energy
for hydrogen adsorption AGy+ = AEy + 0.24 €V (data replotted with permission from ref.> Copyright 2005
IOP Publishing, Ltd). (¢) Exchange current densities, log(io), on monometallic surfaces as a function of the
calculated HBE in alkaline media (Reprinted from ref.>! with permission from the Royal Society of
Chemistry). (d) Experimental “volcano”-plot where the HER exchange current in acidic medium is
correlated to the experimentally determined change in the work function of the metal upon adsorption of
hydrogen through the water layer (Reprinted from ref.?? with permission from the Royal Society of
Chemistry.).

Although the A® measured in humid hydrogen effectively captures the interplay between
metal-hydrogen (M—H) and metal-water (M—H>O) interaction and its critical role in HER process,

it cannot capture the more complex electrode-electrolyte interactions in realistic electrolytes

4



containing many other cationic or anionic species. Additionally, it has also been suggested that
HBE is an intrinsic property of the metal independent of the exact electrolytes. For example,
Jerkiewicz et al. have experimentally shown that the bond energy between Pt and underpotential-
deposited hydrogen (Hupa) at the electrified solid/liquid interface is close to the bond energy
between Pt and chemisorbed hydrogen (Hchem) under gas-phase conditions, indicating a similar
binding mechanism regardless of the external environment®. Likewise, Norskov et al. have
computationally investigated the effect of molecular water on the hydrogen adsorption and found
that adding a water overlayer changes the adsorption energy of hydrogen on Pt(111) by less than
0.02 eV?, indicating that the water molecules on Pt(111) surface shows no significant effect on

HBE.

To interpret the pH-dependent HER kinetics, Yan et al. suggested the concept of apparent
HBE (HBE,yyp) in realistic electrolytes®*. In this case, the HBE,yy is represented by underpotential-
deposited hydrogen (Hupa) peak potential value in cyclic voltammetry (CV) (Fig. 1.2a), which
evaluates the competitive *H binding and water adsorption (Fig. 1.2 b)** . With this approach, they
found a systematic increase of HBE.p, with increasing electrolyte pH, which was used to explain
the decreased HER activity in alkaline electrolytes in their studies?®. Quantum mechanics
molecular dynamics (QMMD) of the Pt(100)/H>O interface revealed that the Pt surface in high pH
(12.8) electrolyte is more negatively charged than that in low pH electrolyte, and thus the water on
the Pt surface prefer a hydrogen down (OHz;) instead of oxygen down (H2O;) configuration,
resulting in less hydrogen bond with the Haq that could weaken the Pt-H bond strength and thus

leading to higher HBE,py at higher pH?®.
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Figure 1.2: Correlation of HBE,,, determined from the Hyyq peak potential in CV with solution pH. (a) iR
corrected CVs of Pt collected in selected Ar-saturated electrolytes at a sweep rate of 50 mV s™! (Reprinted
with permission from ref.?* Copyright 2015 Springer Nature); (b) HBEp, on Pt(110) facet of polycrystalline
Pt obtained from Hupq peak potential in CVs as a function of solution pH (data replotted with permission
from ref.”® Copyright 2015 Springer Nature) ; (¢) pH dependent overpotential deposited hydrogen binding
energy (HBEmeasured) determined from surface-enhanced infrared absorption spectroscopy (Reprinted with
permission from ref.2” Copyright © 2020, American Chemical Society).

Although the current HBE or HBE,;, theory has been successful in interpreting various
experimental HER results, there is no lack of debates whether the HBE,, determined from Hupd
peak position is accurate or sufficient descriptor for elucidating HER. In particular, a number of
studies have reported a higher HER activity with increasing pH in the pH range from 11-13
(ref.?82%), which cannot be satisfactorily explained by the HBE,p, theory discussed above. Koper
et al. further suggested that the HBE descriptor can’t explain the pH dependent catalytic behavior
on Pt(111) that shows little Hupa peak potential shift with pH but a clear pH dependent HER
kinetics'®. Additionally, Koper et al. attributed the Hypa peak to the replacement of OHad by Had
and suggested that the shift in Hupq peak potential with increasing pH is due to a decrease in OHaq

stability with increasing local cation concentration near catalytic surface®*-!,

It should be noted the HBE is dynamically dependent both on the intrinsic binding energy
measured at low coverage and the lateral interaction between Ha.q and other surface species,
including Hag, OHag, H2O, or metal cations®?. Therefore, the surface coverage of these different
species could fundamentally alter the HBE, via lateral attraction or repulsion. For example, the

Pt (111) features a rather broad Hupa peak while the Pt(100) and Pt(110) show sharp Hupa peaks



with well-defined peak positions. The broader Hupa peak on Pt (111) may be ascribed to the
stronger lateral repulsion effect between the Haq on the Pt (111).2? Analysis of the Hypa polarization
curve on Pt(111) shows lateral repulsion energy is linear with the surface coverage, consistent with
the Frumkin isotherm assumption®*. Simulation of hydrogen adsorption energy Pt(111) surface at
1/9, 2/9, 4/9, and 9/9 monolayer coverage also shows a consistent trend with experimental
observations**. Similarly, Pt (100) or (110) also exhibit coverage-dependent HBE, but with much
smaller repulsion between the Haq due to the lower surface density*. According to Markovic’s
calculation, the Pt(111) has only achieved 66% coverage even at 0.05 V vs. reversible hydrogen
electrode (RHE), still far from the full coverage condition'* *. Therefore, the HBE,, evaluated
by the Hypa peak position at a potential (i.e. 0.05 — 0.4 V vs. RHE) with a relatively low Haq
coverage could differ substantially from the HBE in the HER region where there is a nearly full

coverage of Hag, and thus may not be a reliable descriptor for HER.

Indeed, it has been suggested that there are two types of hydrogen, the strongly adsorbed
Hupq at the 4-fold hollow sites on Pt (100) and the 3-fold hollow sites on Pt (111), and the relatively
weak overpotential deposition hydrogen (Hopd) at the atop sites of Pt atoms*®=7. The Hypq usually
starts at 0.4 V vs. RHE, while the Hopa typically starts below 0.1 V vs. RHE. Conway et al. pointed
out that the Hypa binds too strongly on the Pt surface to be the intermediate for HER?’, while the
weakly adsorbed Hopa matches the near zero adsorption free energy, making Pt the best catalyst
material for HER (located near the peak of the Volcano plot)*’%. Indeed, theoretical studies by
the Peterson group indicated that Hypq is almost inert compared to Hopa®®. In situ Raman studies
have revealed that a new Pt-H band at 2092 cm™' emerges at Hopa potential regime (but not present
in Hypd regime), indicating the nature of the surface hydrogen are remarkably different in the Hupq
and Hopa regions*’. By using surface-enhanced infrared absorption spectroscopy, Shao et al. probed

and suggested the HBE for Hopa weakens with increasing pH from 1.1 to 12.9, opposite to the



increasing trend determined from Hypd (Fig. 1.2 ¢)*’. The surface-enhanced infrared spectroscopy
also suggested that the Hopa is the primary intermediates involved in the Tafel step for HER*!. We
note that there is also the opposite opinion that Hopd 1s unlikely to contribute to the HER mechanism
due to its positive adsorption energies*’. Although there is increasing indications that the Hypq is
unlikely the key reaction intermediates and the Hopa 1s more likely the active intermediates for
HER, particularly considering that the Hypa occurs at a very different potential regime from HER
potential window, there is still no consensus regarding the exact role of the Hypa and the Hopa in
HER due to the lack of direct experimental evidence. Additional studies are necessary to fully

resolve this matter.

Alternatively, it has also been suggested that the interfacial water structure could greatly
affect the HER kinetics. Rossmeisl et al. suggested that the pH-dependent change of interfacial
water dipole and water structure may fundamentally affect interfacial proton transfer and lead to
more sluggish HER kinetics in alkaline media'®. Likewise, Jia et al. also highlighted the roles of
interfacial water in shuffling the HER intermediates through the interface and their role in HER
kinetics®’. In a more systematic study, Koper et al. found that there is a pH-dependent evolution
of potential of zero free charge (pzfc) on Pt (111) surface, and suggested that the pzfc at different
pH could greatly affect the water structure in the electrical double layer, which in turn modulates
proton and OH~ transport and thus the HER kinetics'®. Specifically, the pzfc is closer to the
HER/HOR region in acidic media (~ 0.34 V vs. RHE)!®, featuring a relatively weak electrical field
and small interfacial water reorganization energy to move a proton through electrical double layer,
which is favorable for HER process. While in alkaline media, the pzfc is far from the HER region
(~ 1 V vs. RHE), and thus there is a strong electric field that leads to a larger interfacial water
reorganization energy for the OH to transfers through the double layer'¢. Nonetheless, although

the interfacial water is expected to play a significant role in HER kinetics, the pzfc theory can
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neither explain the higher HER activity in more basic pH (i.e., from pH 11-13) compared to neutral

28,29

media (pH 7-10) as observed in a number of studies and our own systematic investigations.

1.2. Towards molecular level interpretation

Despite the apparent consistencies in certain studies, neither the HBE (particularly that
determined from Hupd) nor the pzfc theory can offer a fully satisfactory interpretation of the pH-
dependent HER kinetics. In fact, it is inappropriate to use a sole macroscopic descriptor (e.g., HBE
or pzfc) to provide a unified picture regarding the HER kinetics across the entire pH 0-14 range,
as the HER in these vastly different conditions could undergo entirely different molecular
pathways with different rate determining steps. Moreover, the local chemical environment, source
of Had, involvement of different cations and adsorbed hydroxyl (OHaq4) are drastically different in
different pH media, some of which may fundamentally modify the reaction pathways and kinetics.
Thus, it is necessary to develop a molecular picture of the charge/atom transfer and molecular

transformation pathway to properly and fully understand the pH-dependent HER kinetics.

Markovic et al. and Chan et al. attributed the more sluggish HER activity in alkaline media
than that in acid to a change of proton source from H3O" in acid to H,O in alkaline and the higher
energy barrier for H>O dissociation® *, although the exact switching point has been ambiguous.
Our recent experimental and theoretical studies in acidic and neutral electrolytes revealed that the
switch of proton source occurred at around pH 4 instead of the acid/base boundary, which is
attributed to a change of Pt surface H,O protonation status and associated with the Pt-surface
hydronium pKa (4.3)'2. When the pH is below the pKa (~4), the Pt-surface water are mostly
protonated, H3O™ is the proton source and the Pt-H,q formation (Volmer step) is rather facile, thus
the Hag recombination to form molecular H> (Tafel step) is the rate-determining step, resulting in

a Tafel slope of 30 mV/dec. When the pH is above the pKa, the Pt-surface water is mostly



deprotonated, H>O represents the primary proton source. In this case, the water dissociation barrier

surpasses the Haq recombination barrier to make the Volmer step the rate-determining step, as

13,45

evidenced by a clear switch of the Tafel slope from 30 mV/dec to 120 mV/dec
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Figure 1.3: Schematic representation of water dissociation facilitated by oxophilic metals and or Pt-OHaq
in alkaline electrolytes. (a) Transition metal hydroxide [e.g., Ni(OH),] on Pt surface promotes water
dissociation and Pt-Ha.q formation, followed by subsequent recombination of two H.s atoms to form
H, (magenta arrow) and OH desorption from the domains (red arrows) and adsorption of another water
molecule on the same site (blue arrows) (Reprinted with permission from ref. * Copyright © 2011, The
American Association for the Advancement of Science) (b) Schematics showing the Pt-surface OHaq may
function as electronically favored proton-acceptors and geometrically favored proton-donors to interfacial
water molecules, which facilities water dissociation and promotes alkaline Volmer step (Reprinted with
permission from ref.!'! Copyright © 2022, The Author(s), under exclusive license to Springer Nature
Limited).

Moreover, it is noted that, beyond pH or the exact proton source for Haq, there are other
factors that affect the HER activity. For example, Markovic et al. had previously found that the
HER kinetics in alkaline media can be improved by presence of oxophilic groups that could
facilitate H2O dissociation (Fig. 1.3a)*. Later, the same group reported a monotonic relationship
between HER activity and oxophilic group’s affinity to OHag with Ni(OH)2/Pt(111) being the most
active and Mn(OH)2/Pt(111) being the least active®, and proposed a bifunctional mechanism—
where the edges of M(OH): clusters function as the water dissociation catalyst to promote the H,O
dissociation and the nearby Pt sites function as the optimum binding sites for Hag that recombine
and form molecular hydrogen (Fig. 1.3a). They further suggested that there should be an optimal
balance between facilitating water dissociation and preventing ‘poisoning’ by OHag¢ (water

dissociation product)®. Jia and coworkers experimentally verified the bifunctional mechanism and
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robustly demonstrated that the presence of hydroxyl groups on surface Ru sites in the HER
potential region plays a key role in promoting the rate-determining Volmer step*> *°. Likewise,
Koper et al. also show that the rate of alkaline HER exhibits a volcano-type relationship with the
hydroxide binding strength*’. The conclusion was further supported by Tian’s work using in-situ
Raman to probe the Ru-OH on PtRu and Ni-OH on PtNi surface in the HER potential window*®-
49

Although substantial studies are supporting the bifunctional mechanism*® -2 there are
no lack of alternative interpretations*> -6, For example, Schwimmlein et al. suggested that the
participation of oxophilic active sites in a bifunctional mechanism is of minor importance with
respect to the HER activity compared to its influence on the electronic structure of Pt>*, and
similarly Zhuang et al. argued that the oxophilic metals promote HER kinetics by electronically
weakening the Pt—Haq binding energy®. Moreover, bifunctional mechanism only explains the
HER activity change by introducing another oxophilic metal, and is viable only in alkaline media.
Together, although it is recognized the oxophilic metals on Pt surface could substantially modify
HER kinetics, there is no general consensus on the exact role of the oxophilic metals, facilitating

the water dissociation, altering the HBE of the Pt or both?

Beside the pH, the exact electrolyte cations could also play a role in modifying the HER
activity. For example, it has been shown that the HER activity at pH 13 follows the trend of
LiOH>NaOH> KOH>RbOH>CsOH?>"¢, Different interpretation have been suggested to interpret
such activity trend. Bandarenka and colleagues suggested that the interaction between the alkali
metal cations with the reaction intermediates on the electrode surface could alter the HER
activity’’; Koper and co-workers recently suggested that different AM*-Pt interactions lead to a
change in the rate-determining step from the Heyrovsky step in Li"-containing electrolytes to the

Volmer step in K*-containing electrolytes with suppressed HER activity'’; Huang et al. suggested
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that the larger cations (e.g., Cs” accumulate at electrode surface, increase the static dielectric
constants at the interface®®, which in turn causes a greater reorganization energy and a higher
entropic barrier for water dissociation®®; Resasco et al. also proposed that the larger cations (e.g.,
Cs") accumulate on near the electrode surface could block the transport of interfacial hydroxide

ions (product of water dissociation) to the bulk, which adversely impacts the HER activity>’.

A number of mechanistic understandings have been suggested to interpret the pH-
dependent or electrolyte-dependent HER kinetics. The progresses to date are largely guided by
over simplified approaches with a single macroscopic descriptor. On the other hand, the exact
nature of electrode-electrolyte environment and molecular reaction pathway in different electrolyte
could be substantially different, depending on the surface water protonation status, water
orientation, as well as other unavoidable cations, anions, buffer molecules that may fundamentally
alter the local chemical environment near the electrode-electrolyte interface. In particular, the HER
in acid, neutral and alkaline media follows different reaction pathways with different rate
determining steps (Fig. 1.4). Thus, a single descriptor can hardly give a fully satisfactory
interpretation the evolution of the HER kinetics in different pH environment. For example, in
acidic electrolyte (pH 1-4), the source of Hag is H3O" with the Tafel step being rate determining
step and hence HBE as a key descriptor. Whereas, above surface hydronium pKa (4 < pH <10),
the water molecules are proton source and hence the water dissociation (i.e., Volmer step) becomes
the rate determining step. Therefore, introducing oxophilic metal atoms can help in facilitating
water dissociation and thus enhance the HER activity® **°. In the alkaline media (pH > 10), the
Heyrovsky step becomes the rate determining step and hence the HER activity increases at higher
pH since a higher OH™ concentration may lead to higher OHa.q on Pt surface, which act as proton
donors and acceptors to near surface water and promote water dissociation!!. Furthermore, it is

also suggested that even within the alkaline media, the HER can have multiple descriptors*’- 0-6!,
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Thus, the attempt to use a single macroscopic descriptor to explain the electrocatalytic reaction in

these very different situations can be misleading.

pH<4 4<pH<10 pH>10
Tafel RDS Volmer RDS ” Heyrovsky RDS
\

Figure 1.4: Schematic illustration of various rate determining steps (RDS) of HER in different pH regions.
Tafel step as RDS in acidic media (pH < 4), Volmer step as RDS in neutral and near neutral regions (4 <
pH < 10) and Heyrovsky step as RDS in alkaline media.

In Chapter 2, we have shown that the AM" play an indirect role in modifying HER
kinetics: with the smaller cations (e.g., Li") favor a higher hydroxyl (OHa4) coverage on electrode
surface in the HER potential window that acts as both electronically favored proton-acceptors and
geometrically favored proton-donors to promote water dissociation in alkaline media, thus
boosting the HER activity (Fig. 1.3b)!!. In Chapter 3, we combined on-surface electrical transport
spectroscopy (ETS) and near-surface electrochemical impedance spectroscopy (EIS) with ab initio
molecular dynamics simulations (AIMD) to probe and understand the fundamental role of weakly
hydrated alkali metal cations (Rb" and Cs" vs. K" as a reference) in HER kinetics. Besides, the role
of electrolyte cations, we note that the explanation of the different HER activity on Pt surface in
acid, neutral and alkaline media is still a topic of considerable debate. To resolve the apparent
inconsistencies among different interpretations, it was essential to develop a molecular level
picture of the exact reaction pathways so that we can properly evaluate the relevance and
importance of different descriptors and understand the fundamental origin of different HER

kinetics in different electrolytes. For fundamental investigations, it is beneficial to keep the
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electrode-electrolyte interface as simple as possible. For example, by using “native” electrolyte
(i.e. without adding any buffer) of pH 1 to 7, we have recently quantitatively determined Pt-surface
hydronium pK, (4.3) using an exclusively surface-specific electrical transport spectroscopy, which
agrees well with the theory prediction by quantum mechanics and reactive dynamics, and gives a
precise interpretation of the pH-dependent switch of HER kinetics (fundamentally originated from
a switch of proton source from hydroniums to neutral water at a pH around pK, value)!?. On the
other hand, at the higher pH beyond 7, the neutral water molecules remain to be the proton source
throughout the pH range 7-14, while the HER activities show notable enhancement with increasing
pH?*?°. In Chapter 4, we combined cyclic voltammetry (CV) and electrical transport spectroscopy
(ETS) approaches to probe the Pt surface at different pH values and develop molecular-level
insights into the pH-dependent HER kinetics in alkaline media. The change in HER Tafel slope
from ~110 mV/decade in pH 7-10 to ~53 mV/decade in pH 11-13 suggests considerably
enhanced kinetics at higher pH. The ETS studies reveal a similar pH-dependent switch in the ETS
conductance signal at around pH 10, suggesting a notable change of surface adsorbates. Fixed-
potential calculations and chemical bonding analysis suggest that this switch is attributed to a
change in interfacial water orientation, shifting from primarily an O-down configuration below pH
10 to a H-down configuration above pH 10. This reorientation weakens the O—H bond in the
interfacial water molecules and modifies the reaction pathway, leading to considerably accelerated
HER kinetics at higher pH. Our integrated studies provide an unprecedented molecular-level
understanding of the nontrivial pH-dependent HER kinetics in alkaline media. Throughout this
work, we have combined experimental electrical transport spectroscopy (ETS), voltammetric and
electrochemical impedance spectroscopy (EIS) with theoretical studies to simultaneously probe

the on-surface and near surface species during active HER.
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CHAPTER 2

The role of alkali metal cations and platinum-surface hydroxyl in the alkaline

hydrogen evolution reaction

2.1. Introduction and background

The HER is one of the most fundamental and critical reactions in renewable energy conversion
and storage devices including electrolysers that convert and store intermittent renewable electricity
in chemical form by producing hydrogen. On the other hand, the hydrogen oxidation reaction
(HOR) plays a critical role in fuel-cell technologies that convert stored chemical energy into
electricity. The HER/HOR mechanism and kinetics are drastically different in acidic and alkaline
media'> 2. Platinum (Pt) is a state-of-the-art electrocatalyst for these reactions, and thus significant
efforts have been devoted to understanding the reaction mechanism and kinetics of Pt-based
electrocatalytic systems>. Hitherto, various hypotheses have been proposed to identify and
understand the reaction descriptors that account for the effect of pH on the HER on Pt electrode
surfaces. It has been well recognized that the HER rate and mechanism are related to the strength
of the hydrogen binding energy (HBE) of the metal. For example, on the basis of a density
functional theory (DFT) database of hydrogen chemisorption energies, Norskov et al. introduced
the so-called volcano plot and confirmed that Pt represents an optimum HER catalyst, particularly
in acidic environments* Although the HBE of a pure metal surface can in principle serve as an
effective physical descriptor for the HER, the experimental determination of the relevant physical

parameters is often complicated by the presence of the electrolyte and different surface adsorbates,
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particularly in alkaline electrolytes where the adsorbates are more complex. For example, Yan and
colleagues studied the HER in different pH-buffered electrolytes and suggested that a monotonic
decrease in the HER activities by increasing the pH can be correlated with continuously
strengthened electrochemical HBE values®. On the other hand, Koper and co-workers suggested
that a positive shift in the peak for hydrogen underpotential deposition (Hupd) in cyclic voltammetry
(CV) is not because of HBE changes but originates from destabilization of the OHaq species on
Pt(100) and Pt(110) sites by the presence of alkali metal cations near the interface’> 8. Moreover,
Koper and colleagues have also shown that the HBE descriptor cannot fully explain the pH-
dependent catalytic behavior on Pt(111), which shows significant pH-dependent HER kinetics but
only a small dependence of the Hupa peak potential shift on the pH’. Thus, despite the undeniable
success of the HBE in acidic media, it is not an unambiguous descriptor for HER/HOR kinetics in
alkaline media, largely due to the more complex electrolyte environment and the elusive role of
different surface adsorbates that may modify the interfacial molecular structures and reaction
pathways. Markovic and others ascribed the slower HER kinetics in alkaline media to the high

energy barrier for H,O dissociation compared with H3O™ in acidic media'®!?

, and suggested that
the HER kinetics in alkaline media can be improved by the presence of oxophilic groups that can
stabilize OHag, which in turn facilitates H,O dissociation!®. Later, the same group observed a
monotonic relationship between the HER activity and the OHaq affinity of the oxophilic groups,
and concluded that the HER activity follows the Bronsted—Evans—Polanyi principle to promote the
HER kinetics; from this, they proposed a bifunctional mechanism in which the edges of oxophilic
metal clusters (M(OH),) promote H,O dissociation and the production of adsorbed hydrogen

atoms (Had) on nearby Pt surfaces that then recombine into molecular hydrogen'*. This

bifunctional mechanism has been supported by a number of studies'>"'*. For example, Jia and co-
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workers experimentally verified the bifunctional mechanism through combined electrochemical
and operando spectroscopic data'’, and robustly demonstrated that the presence of hydroxyl groups
on surface Ru sites in the HOR potential region plays a key role in promoting the rate-determining
Volmer step'®. Moreover, McCrum and Koper recently investigated the further role of OHaq on the
HER activity in alkaline media, and demonstrated that the HER activity exhibits a volcano-type
relationship with the hydroxyl binding strength, supporting the Bronsted—Evans—Polyani
relationship!'®. In addition to the HBE and the bifunctional mechanism, Koper and co-workers
suggested that the potential of zero free charge may play an important role’. In this picture, the
HER/HOR region in acidic media is closer to the potential of zero free charge (~0.34 VruE (the
voltage versus the reversible hydrogen electrode)), and the reorganization energy for interfacial
water to move a proton through the electrical double layer (EDL) is smaller; by contrast, the
HER/HOR region in alkaline media is far from the potential of zero free charge (~1.0 Vrug, that
is, closer to the OHaq region) and the strong electric field in the HER/HOR region leads to a larger
interfacial water reorganization energy that could limit the transfer of OH™ through the double
layer’.

Apart from the differences in these distinct theories and different levels of success in various
aspects, none of them consider the effect of alkali metal cations (AM") on the HER kinetics, which
can hardly be ignored in alkaline electrolytes. For example, Markovic and co-workers observed
that the HER activity on a Ni(OH),—Pt surface was promoted in the presence of Li* cations, which
they attributed to water dissociation'’. Bandarenka and colleagues reported a similar promotion of
the HER activity on a Pt electrode by AM" (ref.?), and suggested that the cations may alter the
HBE, thus altering the HER activity?. Jia and collaborators attributed the enhancement in HER

activity to the presence of OHa—(H20),—AM" in the double-layer region, which facilitates the
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removal/transport of OHag into the bulk, forming OH —(H,0),~AM" as per the hard-soft acid—
base theory, thereby promoting the HER'S. Koper and co-workers recently suggested a change in
the rate-determining step from the Heyrovsky to the Volmer step in Li- and K'-containing
electrolytes, respectively?!. Overall, although an enhancement of the HER activity on a Pt
electrode in the presence of Li" when compared with other larger AM™ has been consistently
observed, a full understanding of this phenomenon has been a topic of considerable debate.
Therefore, to more completely understand the descriptor that dictates the HER activity in alkaline
media, it is essential to investigate how the different cations alter the local (on-surface or near-
surface) chemical environment at the electrode—electrolyte interface.

Here we address this issue by systematically studying the influence of cations on the HER on a Pt
surface in alkaline media. We observed that the HER activity in alkaline media is clearly dependent
on the exact AM* (Li" > Na" > K*), which is consistent with previous studies**?2. We further use
a unique electrical transport spectroscopy (ETS) approach to probe the Pt-surface adsorbates
directly at variable potentials, and electrochemical impedance spectroscopy (EIS) to study the
near-surface environment in the EDL and the charge-transfer resistance (R.) at the electrode—
electrolyte interface. On the basis of these comprehensive on-surface and near-surface signals, we
conduct DFT calculations with explicit solvation, including static calculations, grand canonical
DFT calculations, ab initio molecular dynamics (AIMD) simulations and micro-solvation
molecular-cluster calculations to develop molecular-level insights into the surface-adsorption
properties, solvation structure and the Pt—water interface dynamics in the presence of cations and
surface OHaq species. Together, we experimentally and theoretically resolve the elusive role of
AM" and demonstrate that AM" play an indirect role in modifying the adsorption strength and

coverage of the hydroxyl species (—OHad@Li™>—OHa@Na>~OHa@K") under the Hypa/HER
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potential regime, where the higher OHag coverage with smaller AM" promotes the HER activity.
Specifically, our integrated studies reveal that Li* cations destabilize OHag on the Pt surface least
(compared with Na" and K*) and help to retain more OHaq that in turn act as both proton acceptors
and donors to the nearby water molecules and thus facilitate the Volmer-step kinetics and the HER
activity in alkaline media (similar to the bifunctional mechanism), as also confirmed via the greatly
reduced charge-transfer resistance observed in EIS studies. Our direct experimental and theoretical
evidences provide critical fundamental insights into how and why AM" influence the HER kinetics
in alkaline media. This could enable an important vision for the design of future electrolysers with

both improved energy efficiency and reduced cost.

2.2. Materials and methods

2.2.1. Chemicals

Lithium hydroxide (LiOH; >98%), sodium hydroxide (NaOH; 98%), potassium hydroxide (KOH;
87.4%) and perchloric acid (70%, PPT grade) were all purchased from Thermo Fisher Scientific.
All aqueous solutions were prepared using deionized water (18.2 MQ cm) obtained from an

ultrapure purification system (Aqua Solutions).

2.2.2. Electrochemical measurements

All of the electrochemical measurements were performed using a typical three-electrode setup. A
Pt rotating disc was used as the working electrode, and Pt wire and Ag/AgCl were used as the
counter and reference electrodes, respectively. All of the potentials reported are versus the RHE,
calibrated in the same electrolyte by measuring the potential of the HOR/HER currents at zero

corresponding to O VRHE.
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2.2.3. Impedance measurements

The impedance spectra were measured using frequencies from 10° to 1 Hz with an amplitude of
10 mVms at different applied voltages. Cyclic voltammograms were conducted between each
potential point in the EIS measurement to avoid any influence from surface passivation. Equivalent

circuits were fitted to the data using AfterMath software version 1.6.10513.

2.2.4. Synthesis of PtNWs

The PtNWs for the ETS measurements were synthesized following a previously reported protocol
23 Briefly, Pt(acac): (ac = acetylacetonate) (20 mg), Ni(acac) (30 mg), W(CO)s (1.6 mg), glucose
(135 mg) and 60 mg of polyvinylpyrrolidone (MW 40,000) were dissolved in 1-octadecene (2 ml)
and oleylamine (3 ml). After sonicating for 15 min, the solution was sealed with argon. The
mixture was then heated to 140 °C for 4 h. The product was centrifuged with ethanol for 15 min,
followed by cyclohexane for 20 min. Finally, the product was centrifuged in a mixture of
cyclohexane (5 ml) and ethanol (15 ml) for 20 min. The final product was dispersed in ethanol for

device preparation.

2.2.5. Preparation of PtNW films

A free-standing PtNW film was assembled on-chip from the as-prepared PtNW suspension using
a co-solvent evaporation method?*. Briefly, the PINW suspension in ethanol (400 ul, 0.4 mgml™)
was added dropwise into a beaker (about 9 cm in diameter) filled with deionized water. The thin

film of PtNWs from the top of the water surface was then transferred onto the device.

2.2.6. Fabrication of the PtNW electrochemical device

The device fabrication followed an approach similar to that previously reported by our group?*.

Typically, a poly(methyl methacrylate) (PMMA; A8, MicroChem) film was prepared via spin
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coating onto the surface of the substrate (p*" silicon wafer with 300 nm thermal oxide) with pre-
patterned Au electrodes (Ti/Au, 50/50 nm). E-beam lithography was then used to open windows
on the PMMA, which created the desired patterns on the substrate. After removal of the PMMA
template, PtNWs were deposited on the device substrate with the desired patterns. To rule out the
influence of the electrolyte and to avoid electrochemical reactions on the Au electrodes, another
layer of PMMA (~500 nm thick, electrochemically inert) was then deposited on the PtNW device
via spin coating. A smaller window that only exposed PtNWs was opened using e-beam
lithography. The device was finally used for in-device electrochemistry and in situ ETS

measurements.

2.2.7. In-device CV and in situ ETS

A two-channel source/measure unit (SMU; Agilent B2902a) was used for the measurements. The
first SMU channel was used as a potentiostat to control the potential of the source electrode
compared with the reference electrode (VG), while collecting the current (/) through the counter
electrode at a scan rate of S0mV s'. An SR830 lock-In amplifier (Stanford Research Systems)
was used to supply a small sinusoidal current (10 pA) between the source and drain electrodes and
for collecting the corresponding source—drain voltage (¥sp). The source—drain voltage was then

used to measure the conductance.

2.2.8. Slab model setup and DFT methods

The Pt—water interface is modelled using a Pt(111) slab and an explicit water slab on top of it. The
Pt slab is a three-layer 4 x 4 supercell of Pt(111) termination with an area of 1.10 nm?. The explicit
water slab is 6 A thick, and contains 22 water molecules (estimated from the water density of

1.0 g cm ™ at room temperature). The bottom two layers of the Pt slab are constrained as the bulk
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region, and everything else is allowed to relax as the interface region. A vacuum slab of 10 A
thickness was added in the Z direction to avoid spurious interactions between periodic images.

The solvation configuration for the production run was sampled through the random placement of
water molecules in the water-slab region followed by local optimization at the DFT level, with a
sampling size of 50 configurations, using our open-source Python package GOCIA

(https://github.com/zishengz/gocia). The cation is introduced by replacing a water molecule and

then re-optimizing the geometry. The surface OHaq 1s introduced by placing an OH species onto
the Pt surface and then re-optimizing the geometry. Although our calculations use Pt(111) as the
model system, we expect a similar conclusion to hold true for other surfaces, and it is noted that
the stepped surfaces have even more favourable OHaq compared with the Pt(111) terrace'®.

The geometry optimizations were performed using the Perdew—Burke—Ernzerhof functional 2° and
projector augmented-wave pseudopotentials’® with the Vienna ab initio simulation package
program (version 5.4.1)?’3° D3 correction was used to better account for the dispersion
interactions®!. The convergence criteria for geometry (self-consistent field) are set to 107 eV for
energy and 0.02 eV A™! for forces. Due to the relatively large system and sampling size, only the
I" k-point is sampled in the reciprocal space of the Brillouin zone throughout, and the cutoff energy
for the kinetic energy of the plane waves was 400 eV. The Bader charges are calculated from the

charge density output using Bader Charge Analysis code’?.

2.2.9. Grand canonical DFT calculations

Under a constant applied potential, the electrode surface is effectively a grand canonical ensemble
where the number of electrons is varied to adapt to the change in the work function of the surface
(caused by adsorbates or near-surface species). The potential-dependent electronic free energy of

the surface (G(U)) can be approximated using the surface-charging method>?:
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GW) = EW) —q(U) - FU ~ E(Ug) =5 C(U — Up)? 2-1)

Here, E(U) is the electronic energy of the surface under a potential U, which is calculated by
referencing the Fermi level of the system against the vacuum level; g(U) is the surface charge
difference referenced against the neutral system, and F is the Faraday constant; Up is the potential
of zero charge in the vacuum scale, and C is the effective capacitance of the electrochemical
interface. By varying the number of electrons in the system, the E(U) of the system at the
corresponding U and g(U) can be obtained, and thereby a parabolic relationship between G(U) and
U can be fitted by sampling a series of g values. The U (in the vacuum scale) can be converted to
the RHE scale by referencing it against the experimental Usue (standard hydrogen electrode,

4.44 V)** and adding a pH correction of 0.0592 x pH.

2.2.10. AIMD simulations

The AIMD simulations are performed on the optimized structures using the same DFT setting as
for the geometry optimization using the VASP program (version 5.4.1). The simulations were
performed in the NVT (canonical) ensemble at 300 K using the Nosé—Hoover thermostat. The time
step was set to 1 fs, and the 100 ps trajectory after the equilibration of the system was collected for
analysis. Multiple independent simulations starting with different cation height values were
performed, and we observed little dependence of the obtained equilibrium on the initial conditions.

The RDF analysis was performed using the VMD program (version 1.9.4a48)>.

2.2.11. Calculation of adsorption energies

The adsorption energy of OH on the surface to form OHaq is calculated using

Egis = E(x OHyq) — E(*) — E(OH) (2-2)

ads
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Here, the energy E is from the static calculation on a single configuration; the symbol, *
denotes the Pt—water interface, and OH denotes an isolated OH species (via implicit solvation
calculation or experimentally determined solvation free energy. we calculate OH binding energy
from three protocols: (i) Static calculation with constant charge, which gives binding energy; (ii)
Static calculation with grand canonical treatment for electrons (constant potential), which gives
potential-dependent binding free energy; and (iii) potential energy averaged over a 100-ps AIMD

trajectory, which is binding enthalpy.

The desorbed state of the OH™ (solvated in bulk solution) is not explicitly included in the
calculation, since the simulation box does not have a sufficiently thick explicit water layer to
converge to bulk solution behavior. The free energy of the desorbed state of OH™ is expected to be
the same for all three cationic cases. Since we focus more on the cationic trends (AAG) instead of
the absolute binding energies (AG), the choice of solvation free energy calculations scheme would
not affect the main conclusions of this work, but merely translate the binding energies by a same
value. In the main text, we used the solvation free energy from a polarizable implicit solvation
model (with the linearized Poisson-Boltzmann equation). Alternative references for calculating
binding energies can be used, which will cause a shift of the binding energies in all cases by the
same amount, but the cationic trends will not be affected. For example, we have recalculated
adsorption energies using experimentally determined solvation free energy of hydroxide in water
(—106.4 £ 0.5 kcal/mol) reported in ref 3¢, which is expected to underestimate the adsorption
energy, as the adsorbed state is not as fully solvated as the starting ion. In Fig. 2.1, the binding

energies are shifted to a more positive value, but the cationic trend persists.
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Figure 2.1: Adsorption energy of adsorbed hydroxyls (OHa.q) on Pt surface. (a) Adsorption energy of OH
in presence of Li*, Na®, and K" ions, from static calculation and from AIMD simulation. The dotted

horizontal line marks the adsorption energy in absence of any cation. (b) The potential-dependent Gz?dH in
presence of Li*, Na*, and K* ions in the potential window of 1.0 V to -1.0 V vs. RHE.

The static DFT energy E can be replaced by the trajectory-averaged potential energy £ from the
AIMD simulation to yield the trajectory-averaged adsorption enthalpy:

Egit = E(x OHaq) — E(+) — E(OH) (2-3)
We can also replace £ with the potential-dependent free energy G(U) to yield the potential-
dependent free energy of adsorption:

GOR(U) = G(U; * OHuq) — G(U; ¥) — E(OH)  (2-4)

2.2.12. Micro-solvation model setup and DFT methods

The isolated forms of the hydrated cations are Li(H>0)4", Na(H,0)s" and K(H20)s", which are the
typical hydration structures taken from ref.*’. The outer-shell solvation configuration around the
water and hydrated cations is sampled as a micro-solvation molecular cluster via the random
placement of water molecules within a spherical region of 7 A radius (around the species to be
solvated) followed by local optimization at the DFT level, with a sample size of 50 configurations,
using the Genmer module in the Molclus program?®,

The geometry optimizations were performed using the B3LYP functional®® ** and def-TZVP basis
sets*! using the Gaussian 16 program **(Revision C.01). D3 correction’! with Becke—Johnson

damping* was used to better account for the dispersion interactions. Hirshfeld population analysis
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and Mayer bond order analysis were performed using the Multiwfn program** on the converged

wavefunctions from DFT calculations.

2.3.  Results and discussion
2.3.1. Cation-dependent HER activity and surface adsorbates

Using CV and linear sweep voltammetry (LSV) we first examined the influence of cations on the
Pt disc electrode with a conventional three-electrode system in alkaline electrolytes at pH 13 with
different AM" (Li", Na* and K"). The cyclic voltammograms in the HER/HOR regime show that
the Hupa peak exhibits a clear dependence on the specific AM" (Fig. 2.2a). The peak potential is
more positive in 0.1 M KOH, followed by NaOH and LiOH (inset in Fig.2.2a). A consistent and
even more prominent trend has previously been observed on single-crystal Pt surfaces by Koper
and co-workers” *° in which the Hypa peak was attributed not only to H adsorption but also to the
replacement of OHaq by Had (ref.*). Thus, our work is in agreement with the previous reports that
the negative peak shift with smaller AM" is an indication that Li* cations better stabilize (or lesser
destabilize) OH,q4 in the lower potential regime compared with Na“ and K* cations. Linear sweep
voltammograms demonstrate that the highest HER activity was observed in the case of Li"

followed by Na* and K* cations (Fig. 2.2b), which is also consistent with previous studies'® *°.
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Figure 2.2: Voltammetric studies in alkali electrolyte with different alkali metal cations. (a) Cyclic
voltammograms on a stationary polycrystalline Pt disc electrode at a scan rate of 100 mV s™! (the inset
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shows an expanded view of the normalized Hupa peak) and (b) HER polarization curves (iR-corrected; i,
current; R, resistance) collected at room temperature on a polycrystalline Pt disc electrode in N»-saturated
0.1 M MOH (M =Li, Na and K) at a scan rate of 5mV s™! with a rotation speed of 1,600 revolutions per
min.

To understand the impact of these different AM" on the surface adsorbates in the Hyps/HER regime,
we next carried out ETS studies to probe the adsorbed species directly on the Pt surface. The ETS
approach uses ultrafine Pt nanowires (PtNWs) as a model catalyst>**’, and involves the concurrent
measurement of the PtNW conductance during electrochemical studies at different electrochemical
potentials (Fig. 2.3a) (see Methods and ref.?* for the detailed working principle). The PtNWs
(~2 nm in diameter) used in ETS studies show qualitatively similar CV and LSV results (Fig. 2.3)
with a consistent trend of AM" dependence to other types of Pt catalyst (for example, the Pt disc

electrode).

— U, A
a 0.1 M LiOH
0.06 f—0.1M NaOH
) —0.1 M KOH

(=

0 —0.1 M LiOH
——0.1 M NaOH
—0.1 M KOH

J mA/em?)

01 02 03 04 05 -008 004 000 004 008
E (V vs. RHE) E (V vs. RHE)

Figure 2.3: Voltammetric studies in different alkali metal cations. (a) CV and (b) LSV of Pt NWs collected
at room temperature in Np-saturated 0.1 M MOH (M= Li*, Na*and K*).

Using the ETS approach, when the diameter (d) of the ultrafine PtNWs is smaller than the electron
mean free path (1= 5 nm)*, their resistance is particularly dependent on the surface adsorbates due
to surface-adsorbate-induced scattering of the conduction electrons, producing a resistance change

according to equation (2-1)**:

p= po ((1‘—") x%) (d <) @D
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where p and po are the resistivity of the one-dimensional PtNWs and the bulk metal, respectively,
A 1s the mean free path of the electron and p is a specularity parameter, which has a value ranging
from O (for highly diffusive scattering) to 1 (completely specular scattering) (Fig. 2.3b)*®. The
different surface adsorbate modifies the specularity value (p) and thus the resistance of the
nanowires. It should be noted such surface scattering is wholly sensitive to the surface adsorbates
and is not sensitive to the electrostatic or electrochemical potential. For example, previous studies
have shown that a constant conductance at different electrochemical potentials is obtained when
there is a stable surface-adsorbate layer (for example, CO or I") that does not change with
potential®* *’, confirming the insensitivity of the metallic PtNWs to the varying electrochemical
potential. Thus, the ETS approach offers a unique signal-transduction pathway to probe the surface
adsorbates exclusively, with little interference from the electrochemical potential or the bulk
electrolyte environment, which is difficult to achieve with other analytical approaches that are
often convoluted with the near-surface (for example, EDL) or bulk electrolyte background. In
addition, compared with interfacial-charge-transfer-based CV studies that cannot usually resolve
the surface adsorbates during the active catalytic process (for example, in HER potential regime)
due to the dominance of the much larger catalytic current over the surface-adsorbate charge
transfer, ETS is wholly sensitive to the surface adsorbates and is insensitive to the catalytic current.
Thus, the ETS approach can enable probing of the surface adsorbates of active catalytic surfaces
in action, which is essential for deciphering catalytic molecular pathways.

We first closely compared the ETS measurements with the corresponding the CV curve when the
potential was gradually changed from 1.10 to —0.05 VruE (Fig. 2.4¢) and four distinct regions were
consistently shown: (1) the O/OHag/des region (1.10—0.52 Vrug); (2) the EDL region (in which OHag

is replaced by H>0) (0.52—0.35 VruE); (3) the Hupa regime (0.35-0.08 Vrug); and (4) the HER
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regime (from 0.08 to —0.05 Vrug). The lowest conductance observed in the high-potential regime
is attributed to the larger scattering from the strongly bonded OHaq on the Pt surface, which
significantly reduces the conductance of the PtNWs. Scanning the potential toward the lower
potential regime results in a monotonic increase in conductance due to the gradual replacement of
OHaq by H20. The conductance increase slowed in the double-layer regime where the Pt surface
is nearly completely reduced and most of the OHa.q are replaced by H,O. Further sweeping of the
potential to the more negative regime results in Hypa on the electrode surface (replacement of
surface-adsorbed H>O and residual OHa¢ by Hupd), which further reduces the scattering and
increases the conductance. The conductance eventually saturates at a nearly stable value below
0.15 Vrye (beyond the Hupq peak in the CV curve) due to the high coverage of adsorbed hydrogen.
The ETS conductance measurement retains the nearly saturated conductance well into the HER
regime (0.08 to —0.05 VruEg), suggesting a largely similar surface-adsorption status in the HER
regime.

We further compared the ETS data obtained for the three different cations (Li*, Na" and K*). It
was found the ETS data show essentially the same conductance in the high-potential regime (1.10—
1.00 VruE), suggesting a similar hydroxyl adsorption state at such potentials. As we scan the
potential towards the lower potential regime, a notable conductance increase is observed in all
cases, following a largely similar trend. However, it is interesting to note that the conductance
increase is less pronounced with a smaller slope in the case of Li* cations compared with that of

Na" and K* (Fig. 2.4d).
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Figure 2.4: Schematic illustration and working principle of the ETS measurements. (a) On-chip PtNW
device for ETS measurements, where RE, CE and PtNWs (WE) are the reference, counter and working
electrodes, respectively, and S and D represent the source and drain terminals, respectively. (b) Electron-
scattering mechanism of various adsorbate molecules (red and white color represents O and H atoms
respectively) on the PtNWs. (c) Typical cyclic voltammogram (black), negative sweeping branch to the
HER region (red) and ETS spectrum (blue). The red curve is divided by ten due to the much larger HER
current in the HER potential window. The hydroxyl desorption (OHqes), EDL, Hypd and HER regions are
highlighted with different background colors. (d) Normalized ETS conductance signal versus potential of
the PtINW device in 0.1 M MOH (M =Li, Na and K) electrolyte solutions with different AM*.

Considering that the conductance increase primarily results from the replacement of OHaq by H>O
and then by Hypd, the smaller increase in conductance in the presence of Li* cations suggests that
fewer OHaq are being desorbed or replaced by H>O or Had compared with that of the other larger
cations (Na* and K*). We note that the difference among these three cations persist throughout the
entire potential regime down to —0.05 Vrug, suggesting that different amounts of OHaq remained

on the Pt in the Hups/HER potential window.
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2.3.2. Theoretical insight into the role of cations on surface adsorbates

Although it has commonly been perceived that OHa.q may not be stable in the Hupa/HER potential
regime, there are occasional suggestions that some level of OHa.¢ may persist at this potential
range”> ¥, which is consistent with our ETS studies. To understand these experimental findings, we
performed theoretical studies to investigate the extent of OHagq in the presence of different cations.
To gain insight into how and why different cations influence the surface-adsorption properties,
DFT calculations were performed on the Pt(111)—water interface, which is modelled by the Pt(111)
slab covered with an explicit water layer (Fig. 2.5) and the DFT-optimized geometries are shown

in Fig. 2.6.

Figure 2.5: Explicit solvation slab model for the Pt(111)/water interface. (a) Top view and (b) side view of
the Pt(111)/water interface model. A water slab of 6 A thickness is added above a 3-layer 4x4 Pt(111) slab.

Figure 2.6: DFT-optimized geometries of Pt(111)/water and Pt(111)-OHage/water with cations. Side views
of the optimized geometry of Pt(111)/water interface with (a) Li*, (b) Na*, (¢) K*, and Pt(111)-OHad/water
interface with (d) Li*, (e) Na*, (f) K".
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The adsorption energy of OHaqg (ng) on Pt(111) is calculated to be —3.46¢e¢V, —2.81 ¢V and
—2.32 ¢V in the presence of Li*, Na" and K*, respectively (Fig. 2.7a) (see below for estimation of
the statistical fluctuations from solvent dynamics). Compared with the case of a pure water
environment (—3.50 eV), the presence of cations destabilizes the OHa.g, and the extent of such
destabilization follows the trend of K™ > Na" > Li". Grand canonical DFT calculations (Fig. 2.7b)
confirm that this trend persists for the potential-dependent adsorption free energy of OH (G2

throughout the entire electrochemical window (—1.0 to 1.0 Vrug), and that OHaq is favorable even

under a more negative potential.
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Figure 2.7: Effect of cations on adsorption of OH,q4 at the Pt(111)-water interface. (a) Adsorption energy
of OH (ESY) in the presence of Li*, Na* and K* from static calculations and AIMD simulations (the
statistical spread is omitted here for clarity). The dotted horizontal line marks the adsorption energy in the
absence of any cation. (b) The potential-dependent (Gg’é{) in the presence of Li*, Na* and K" in the potential
window of 1.0 Vrue to —1.0 Vrae. (¢) Bar plot showing the dipole moment of OH,q based on Bader charges.
(d—f) Electron density difference maps of the Pt(111)-OH.q—water interface after introducing Li* (d), Na*
(e) and K* (f) plotted at the isovalue of 0.0025 electrons A~. Yellow and cyan isosurfaces represent spatial
regions experiencing an increase or decrease in electron density, respectively. The insets are expanded
views of the OHad regions, with the key isosurfaces and Bader charges on O (¢(O), in |e|) labelled.

Our DFT calculations show that the adsorption strength of OHag follows the order of Li* > Na" >

K", which is consistent with the experimental observations in ETS studies (Fig. 2.4d). To
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understand the origin of such a difference in adsorption strength, we further calculated the electron
density difference (Ape) at the Pt(111)—water interface after introducing different cations. Overall,
the interaction between the cation and the OH.q is mostly electrostatic (decays via an inverse square
law) and its effect on the electronic structure of the Pt surface is mild. The yellow isosurfaces
between the cation and the nearby water molecules show the redistribution of the electron density
on water to form the cation—water bonds, where a larger lobe indicates a higher extent of such
redistribution (Fig.2.7d-f). The more pronounced electron density redistribution in the presence of
Li" can be attributed to the stronger local electric field from its higher charge density (that is, the
same net charge but with a much smaller ionic radius) compared with Na" and K. The electric
field exerted by the cation also causes redistribution of the electron density in the OHag4, reducing
the electron density of the lone pair closest to the cation (region A in each inset) while increasing
for the farther lone pair (region B in each inset). It is interesting to note that the region
corresponding to the Pt—O bond (region C in each inset) also experiences an increase in electron
density, which is due to charge compensation from bulk Pt to the polarized OHag.

To quantify further such polarization and charge redistribution for OHag, we performed Bader
charge analysis on the interface (Fig. 2.8), and the net charge on O in OHaq is calculated to be
—0.52 |e|, —0.49 |e| and —0.48 |e| in the presence of Li", Na* and K, respectively. Based on these
Bader charges, the dipole moment of the O—Haq (Pt—O) bonds are calculated to be 2.37 D (2.09 D),
2.19D (1.69 D) and 2.15 D (1.06 D) for Li*, Na" and K™, respectively (Fig. 2.7c). Hence, it is clear
that the extent of charge redistribution and polarization for OHaq both follow the trend of Li* >
Na" > K", which is probably caused by the stronger electric field of Li*, analogous to polarization

of the first hydration sphere.
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Figure 2.8: Bader charges of the key atoms in Pt(111)-OHa.s/water with cations. The geometry of Pt(111)-
OH.g/water interface with (a) Li", (b) Na', (c¢) K, with calculated Bader charge values labeled on each
atom. Chemically irrelevant atoms are hidden for clarity.

Since the hydration sphere and water configuration at the Pt—water interface are not static, we
further performed AIMD simulations at the Pt(111)—water interface with near-surface hydrated
cations in the canonical ensemble at 300 K to account for the dynamics and to better sample the

configurational space. A 100 ps trajectory is obtained for each system after pre-equilibration, with

a variance of potential energy within 0.15 eV, marking proper equilibration of the system (Fig.

2.9).
-618 - + +
a — o b — e | € 617 — e
-618
<~ -619 < <
d "W‘,\’W/Uml/\-w s W Ok
g % 619 g WWM"WM
- w W
w -620 619
-621 620
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Simulation time (ps) Simulation time (ps) Simulation time (ps)
d -629 __ Li*woOH e __ Na"w/OH f __ K"w/OH
var=0.102 -628 var=0.120 -628 var=0.116
2 -630 3 2
‘é DN g P, 3—629 W ‘é—629 WM\V\"W
w w w
-631 -630 -630
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Simulation time (ps) Simulation time (ps) Simulation time (ps)

Figure 2.9: Potential energy during the 100-ps AIMD simulations after pre-equilibration. The plot of
potential energy versus simulation time of (a-c) Pt(111)/water interface and (d-f) Pt(111)-OHas¢/water
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interface, with near-surface hydrated cations in the AIMD simulation. The moving average (over 1 ps) is
plotted as darker curves, and the variance of potential energy is labeled in each panel.

To test our model, we have performed additional AIMD simulations for Li* with a thicker layer
of water (~10 A) or with a larger supercell (6x6, 16.87 A x 14.61 A, a size that is considered
sufficient for studying interfacial behavior of water®. The resulting Li-O RDF and integrated CN
from the larger supercell (Fig. 2.10) show that the first and second hydration shell stay about the
same after adding more water or enlarging the cell. The peaks of the “thicker water slab”
simulation is slightly broader than the other two conditions, which can be attributed to a better
convergence to bulky solution behavior on the far end, but with little difference in the coordination
number. Hence, we conclude that the originally adopted model in our study can yield meaningful

solvation dynamics of near-surface cations.

a —— Original b 15 —— Original
150 —— Thicker water slab Thicker water slab /
Larger cell size — Larger cell size

Figure 2.10: Justification of the simulation box size and the water layer thickness. (a) Radial distribution
function and (b) integrated coordination numbers of Li-O from equilibrated AIMD simulations using the
original model in this work, vs. those with a thicker water slab (~10 Angstroms) or a larger cell size (6x6).

The cation—oxygen radial distribution function (RDF; gcation-o(7)) data (Fig. 2.11) obtained from
the AIMD trajectory simulations are consistent with the results of large-scale molecular mechanics
simulations>® and test simulations with a larger cell size or thicker water layer, demonstrating the

correct hydration structure of the cations.
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Figure 2.11: Radial distribution function of cation-O. The radial distribution function gcation—o ()
between O and H atoms in the Pt(111)/water interface in presence of Li*, Na* and K" ions, calculated from
a 100-ps AIMD trajectory. Earlier peak position suggests shorter cation-O bond length, and sharper peak
suggest rigid (or incompressibility) of the hydration sphere.

The adsorption enthalpy (approximated by the molecular dynamics average of potential energy)
of OH (E2H) is calculated to be —2.71 eV, —2.51 eV and —2.40 eV in the presence of Li*, Na" and

K", respectively (Fig. 2.7a), which is largely consistent with the trend of Egé{ and potential-

dependent Ggé{ calculated for static models (Fig. 2.7a,b), further confirming more the favorable
OHaq in the presence of Li".

The reduction of the adsorption energy (Fig. 2.7a) with increasing AM" size (from Li" to Na' to
K") is contributed by the interface dynamics. We note it has been a debated topic as to whether the
cations adsorb directly or simply accumulate in the outer-Helmholtz plane in the double layer>!->,
Hence, we further studied the cation dynamics and the hydration structure. The representative
snapshots of each system at equilibrium and at the position closest to the surface (Fig. 2.12) show

that the cation stays in the double layer most of the time, oscillating between the first and second

water layers.
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Figure 2.12: AIMD snapshots of the Pt(111)/water interface. The representative snapshots of the
Pt(111)/water interface in presence of (a) Li*, (b) Na*, and (c) K* ions from equilibrated AIMD trajectory.

The typical equilibrium configurations are shown on the top row, while the configurations with shortest
cation-surface distances are shown on the bottom row. The height of the first and the second water layers

are marked by dashed lines.

During the 100 ps AIMD simulations, Li" maintains a coordination number (CN) of 4 and
oscillates in the upper half between the first and second water layers. The CN fluctuates between
4 and 5 for Na' and oscillates in the lower half between the first and second water layers. By
contrast, K does not have a specific CN and frequently penetrates the first water layer but never
stays specifically adsorbed on the Pt surface. The cation CN values (4 for Li*, ~4-5 for Na" and
~4-6 for K*) obtained in our simulations are consistent with ref.>*, and the position of the cations
is consistent with ref. 3. The average distance between the cation and the Pt(111) surface for Li",
Na® and K" is, respectively, 4.44 A, 4.42 A and 3.95 A without surface OH and 5.38 A, 4.43 A and
3.88 A with surface OH, which is due to the different rigidness of their hydration spheres as also
characterized by the sharpness of the RDF peak (Fig. 2.11). Notably, only Li" is observed to have
a well-defined second hydration sphere, and only K" experiences instantaneous penetration of
water inside its first hydration shell (Fig. 2.11). The variation in the cation—surface distance
partially smears the difference in OH adsorption for different cations, while leaving the overall

trend qualitatively unchanged. The distinct interfacial dynamics are attributed to the different
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charge density of the cations, the cation—water interaction strength and the mass of the cations
(heavier cations are less dragged by the friction of their water environment). It is noted that the
observation that the cations do not stay dehydrated and form bonds with the Pt surface contradicts

the hypothesis previously proposed in refs.”- 3% %6

, the discrepancy of which is probably the result
of undercoordination of the cations through insufficient explicit solvation, which leads to an
overestimation of the cation—surface binding strength. We also note that previous studies indicated
that large cations (for example, Cs*) may show a stronger interaction and direct adsorption on the
electrode surface due to their less tightly bound solvation shell*. Indeed, our preliminary ETS
studies also suggested that larger cations (Rb" or Cs") may directly adsorb on the electrode surface

and are expected to influence the HER activity in a very different way. Therefore, we investigated

the effect of Rb* and Cs" ions separately.

2.3.3. Cation modulation of the local chemical environment and HER Kinetics

The aforementioned experimental ETS results and theoretical calculations confirm that the AM"
do not specifically adsorb on the electrode surface but instead accumulate in the outer-Helmholtz
plane. To probe the distribution of cations in the outer-Helmholtz plane of the EDL, we performed
EIS analyses in different cation electrolytes and determined the double-layer capacitance (Caqi) at
different applied potentials (Fig. 2.13a). In the simplified equation, the Cq is directly related to the
relative permittivity (¢) of the solvent at a constant electrolyte concentration (C), as well as the

vacuum permittivity (o), as shown below’’:

Cq = €5,VC (2-2)
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Figure 2.13: EIS and DFT investigation of role of OH.q. (a) Double layer capacitance (Cq) on the Pt disc
electrode at different applied potentials in 0.1 M MOH solutions (M= Li, Na and K) (b) The RDF gp_q(r)
between Pt and O atoms in the Pt(111)-OH,¢-water interface in presence of Li", Na*, and K" ions calculated
from AIMD trajectory. (¢) The r.m.s.d. of the position of Li*, with and without OH,q on the Pt surface,
during the 100 ps AIMD simulation. (d) Charge transfer resistance (Rc) on Pt disc electrode at different
applied potentials in 0.1 M MOH solutions (M= Li, Na and K).

The EIS studies reveal a larger Cq in the high-potential regime (1.1-0.6 Vrug) for K than for Na*
and Li", which can be attributed to the lower hydration energy, the shorter cation—surface distance
and the less rigid hydration sphere (and hence a smaller effective hydration-sphere radius) of K*
compared with Na* and Li* (ref.’®). However, an opposite trend was observed when the potential
entered the Hupa/HER regime, with a larger Cai shown in the case of Li". This reversal in Cq is
attributed to the change in the local cation concentration induced by the change in surface species.
With the interaction between the hydrated cation and surface OHag shown in our DFT calculations,
we hypothesize that the local cation concentration may be highly dependent on the coverage and
polarity of the surface OHaq4, and may be substantially different from the bulk concentration.

To explore further how the surface OHaq and near-surface cations influence the dynamic properties

of each other, we analyzed the AIMD trajectories of the Pt(111)—water and Pt(111)-OHa¢—water
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interfaces with near-surface hydrated cations. The first peak in the RDF of Pt-O (Fig. 2.13b)
corresponds to the Pt—~OH bond, and is the leftmost and the sharpest in the presence of Li", followed
by Na' and K", suggesting that the strongest Pt—~OH bond is with Li", which is consistent with the
experimental and theoretical results discussed in the previous sections. The second peak
corresponds to the first water layer, which it is about the same distance for the three cations,
showing the consistent distribution of near-surface water that is independent of the identity of the
hydrated cation.

Interestingly, the polarized OHag¢ in turn could stabilize the hydrated cation to stay in its
surroundings. The root mean squared deviation (r.m.s.d.) of the Li" position from the Pt surface
shows a considerably larger fluctuation in the absence of OHa.q (Fig. 2.13c¢), suggesting the large
and frequent oscillation and the drifting of Li* away from its equilibrium position (zero reference).
After introducing OHaq, the r.m.s.d. flattens and seldom goes beyond 1.5 A from the equilibrium
position, suggesting the anchoring of Li" cations to the Pt surface by OHaq. A similar anchoring
effect is also observed for Na” and K" ions, although to a lesser extent due to the weaker cation—

OH interactions (Fig. 2.14).
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Figure 2.14: RMSD showing the oscillation of cation away from the equilibrium position. The root mean
square deviation of the position of (a) Li* (b) Na® and (c) K, with and without OH.q on the Pt surface,
during the 100 ps AIMD simulation.

We note that such anchoring differs from the specific adsorption since the cation and OHaq are

separated by the first hydration shell (~4 A apart) without forming any direct cation—-OH bond or
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OHag-induced dehydration. Our simulation showed that the AM™ is not directly bonded to the
OH.4, but separated by a water molecule in the first hydration shell. In addition, the AM" does not
forms direct bond with the Pt surface either. Note that the hydration/dehydration dynamics of the
three investigated cations are also different: the hydration shell of Li" and Na' stays intact
throughout, whereas K" oscillates between the hydrated state and a partially dehydrated state. The
degree of hydration is not affected by the presence of OHaq, which stays beyond the first hydration
sphere. This can be illustrated by the evolution of cation-OH distance during the AIMD simulation
(Fig. 2.15). The distance equilibrates at around 4 A, which is well beyond the first hydration shell
and suggest no direct bond between cation and OHa.g4. Hence, the picture proposed by this work
differs from that suggested previously by Koper and Janik and provides additional insights into

hydration dynamics, although the apparent trend is similar’-®
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Figure 2.15: Evolution of height and distance of AM cations. Height of AM cations relative to the Pt
surface (a) in absence and (b) presence of OH.q. (¢) The distance between AM cations and OH,q4. All results
are obtained from a 100-ps AIMD simulation after pre-equilibration.

Since the OHa,qg has the highest surface coverage and polarity in the presence of Li’, followed by
Na" and K, this means more anchors and a stronger anchoring effect, leading to a higher local
concentration of cations (Li" > Na" > K*) near the Pt surface.

To conclude, the crossover of Cqi in the EIS results near 0.60 Vrue is induced by the change in the
surface coverage of OHaqd: (1) at a higher potential (>0.60 Vrug) where there are abundant surface

OHa.q species, the capacitance (K" > Na" > Li") is more determined by the inverse of the cation—
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surface distance and the hydration-sphere size; and (2) at a lower potential (<0.60 Vrug) when
there is only a limited number of OH,4 species, the capacitance (Li" > Na" > K) is more dictated
by the local cation concentration, which is in turn related to the coverage of remaining OHaq due
to its anchoring effect.

The charge-transfer resistance was also determined from the EIS data. The electrode—electrolyte
interface was largely capacitive over the entire potential range except for the HER region (Fig.
2.13d). The charge-transfer resistance in the oxidation region (~1 V) is not meaningful as it is
largely capacitive with a minimal charge-transfer process. However, in the hydroxyl-desorption
potential regime (~0.9-0.4 Vrug), the charge-transfer resistance is larger for Li" ions when
compared with Na* and K" ions, suggesting the more difficult desorption of OHag and replacement
by H20 molecules in the presence of Li" ions, which is consistent with our ETS results. By contrast,
in the Hypa and HER regimes (<0.4 Vrug), the charge-transfer resistance is the lowest for Li* ions,
followed by Na" and K" ions, which consistent with the improved Volmer-step kinetics for Hupd
and HER for Li" ions followed by Na* and K" ions (Fig. 2.2b).

To further understand the HER activity trend, we focused on the behavior of water molecules in
the AIMD because water is the major proton source in the alkaline HER. With the alkaline Volmer
step (involving water dissociation) being the rate-determining step'®, the O—H bond strength in
near-surface water could work as a metric to explain the HER activity. To this end, we examined
the RDF of O—H of water with different surrounding species (Fig. 2.16a). Compared with water in
the regular bulk water environment, the water O—H bond length in the first hydration shell of the
cation experiences a downshift in the peak position and a slight sharpening of the peak, suggesting
the strengthening of the O—H bond of water in the hydration shell of the cation. On the other hand,

the O—H peak of a water molecule next to both O and H of OHaq show a longer tail on the stretching
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side (~1.05-1.1 A), indicating that OH,4 can function as both a proton acceptor and donor to

weaken the O—H bond in nearby water, hence leading to a lower barrier for water dissociation.
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Figure 2.16: AIMD and micro-solvation simulations of cation and OH.q. (a,b) The RDF gg_ (1) between
O and H atoms in the Pt(111)-OH.qg-water interface in presence of Li" in the covalent O-H region (a) and
the non-covalent O...H hydrogen bond region (b). The decomposed curves belong to water molecules in
the hydration sphere of Li', in the bulk water, or near the surface OH,q as its hydrogen bond donor or
acceptor. Inset in (a) shows zoomed-in view of the tail region corresponding to O-H stretching. (¢)
Integrated gg_y (r) showing the coordination number (CN) of O by H at different r(O-H) distances, with
dotted and dash-dot lines marking CN=2 and CN=4, respectively. (d) Schematics showing the promotion
of alkaline Volmer step by surface OH,q at the Pt(111)-water interface. (¢) Optimized geometry of H>O and
Li(H,0)4" in isolated state (top row) or in solvated state (bottom row). (f) Bar chart of the Mayer bond order
of O-H in H,O and Li(H>0)," in isolated state or in solvated state.

The variation in water reactivity near different species can also be partly explained via the different
hydrogen-bond strengths with their environment, which is characterized by the hydrogen-bond
peak in the O---H RDF. The earlier and sharper peaks in the =~ 1.5-2.0 A region (Fig. 2.16b)
suggest stronger and more directional hydrogen-bond interactions on the water molecules by its
environment. Compared with the bulk water case (peak position at ~1.76 A), the water in the first
hydration shell of the cation has a broader shape and later peak position (~1.80 A) due to the

blockage/restraint of hydrogen-bond formation through the steric arrangement of the cation and

the hydration shell. It is interesting to note the water molecules near the O in OHaq show a shorter
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hydrogen-bond peak (~1.73 A), indicating a considerably strengthened hydrogen bond, which
fundamentally originates from the highly polar OHa¢ with a much higher negative charge density
on O atoms than that in the near-surface water, as indicated by the Bader charges (—0.52 |e| on O
in OHaq compared with around —0.2 |e| on O in near-surface water) (Fig. 2.8a). These analyses
indicate that the OHaq species function as strongly polarized H acceptors for nearby water
molecules and thus facilitate water dissociation. The peak area, which corresponds to the CN of O
by H (Fig. 2.16¢), is smaller than the case of bulk water, probably due to the blockage of hydrogen-
bond sites by the steric hindrance of the Pt surface.

The water near the H in OHag (with OHag being a hydrogen-bond donor) has a similar peak
height/area to that in bulk water (Fig. 2.16b), indicating a similar hydrogen-bond strength. The
Bader charge analysis indicates that there is a less positive charge on H in OHaq (0.04 || for H in
OHaq versus ~0.1 le] on H in water), and the surface OHaq is thus an electronically weaker
hydrogen-bond donor. On the other hand, the longer tail in the O—H stretching region for water
near H in OHaq (Fig. 2.16a inset) indicates that OH.gq does function as a proton donor to weaken
O-H in nearby water molecules, which is probably due to the synergistic geometric effect of the
surface-bound OHaq and near Pt-surface water dynamics.

Together, by combining systematic experimental and theoretical studies, we reveal that the cations
play an indirect role in the alkaline HER on Pt. It is the enhanced surface coverage of OHaq that is
induced by the presence of smaller cations (Li"), instead of the cation itself, that enhances the HER
activity in alkaline media (Fig. 2.16d). The smaller cations lead to a higher OHaq coverage on the
Pt surface in the HER potential window, and the OHaq can act as electronically favored proton

acceptors and geometrically favored proton donors to promote water dissociation and the Volmer-
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step kinetics in alkaline media. The higher OHaq coverage in the case of Li* ions (followed by Na*
and then K) leads to the higher HER activity.
We note in our findings that cations stabilizing their first hydration shell is in stark contrast to the

3339 "and hence we

common perception that the cations can directly activate the hydration sphere
performed a sanity check using a finer micro-solvation model at a higher level of theory and
evaluated the Mayer bond order of the O—H bonds based on DFT-optimized geometries (Fig. 2.16
e,f). Without explicit solvation, the Mayer bond order of O—H in the hydration shell of Li* (0.906)
is lower than that of isolated water (0.949), which results from polarization by the electrostatics of
the cation. Interestingly, the trend is reversed when the system is subject to explicit solvation. In a
hydrogen-bond network, each water molecule is connected to four neighboring water molecules
via hydrogen bonds, which causes a significant weakening of the O—H bond in water to result in a
Mayer bond order of 0.808. However, each water molecule in the first hydration shell of Li" can
only connect to two or three neighboring water molecules due to the blockage of hydrogen-bond
sites by the steric effect of the cation. The Mayer bond order of the O—H in the hydration shell of
the cation (0.827) is therefore weakened to a lesser extent since the effect of the water environment
outcompetes the effect of the cations. In other words, the water in the hydration shell of the cation
is stabilized compared with the water in bulk water. Hence, the argument that a cation activates its
hydration sphere is probably the result of underestimating the role of the water environment. We
recognize that the models adopted in this study have certain limitations from various aspects due
to computation—cost limitations discussed below and we believe that this example highlights well
the necessity of including sufficient explicit solvation to properly describe the reactivity of water

in both the bulk solution and at an electrochemical interface:
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(1) The water layer thickness adopted in this work, although is sufficient for studying solvation
dynamics of the near-surface cations, is not thick enough for converging to bulk solution behavior
which requires a water slab thickness of ~10-20 A. This makes a rigorous free energy calculation
difficult due to insufficient solvation of final states (cations or hydroxides solvated in bulk solution

region).

(i1) The electrostatic interaction may not be sufficiently screened across neighboring images,
especially after considering the size of the whole hydration shell. Hence, the adopted model should
represent a condition of relatively high interfacial concentration of cations, and such concentration
is assumed to be the same for all three studied cations. In addition, the relatively small size of the
simulation cell in Xy dimension can lead to spatial correlation between neighboring images. Such
correlation, although has been shown in our benchmark to have very little impact on the hydration
dynamics, may affect the prediction of diffusion property or vibrational spectra. To eliminate the

two sources of artifact, a larger supercell is needed.

(ii1) Due to the constant charge nature of the AIMD simulation, the workfunction may vary during
the simulation and also among the different cation cases. This can lead to slight inconsistency in
water orientation and error in adsorption strengths. To rigorously study the potential dependent
interfacial dynamics, one would need a grand canonical treatment (constant potential DFT) which
adjust the charge state of the system to align the workfunction with the energy level of an applied

electrode potential.

(iv) The affordable timescale of the AIMD simulation with explicit solvation makes it difficult to
equilibrate some properties, such as diffusion of solvated cations (especially the heavier ones with
weaker AM-water interaction and larger mass). To achieve proper equilibration of such property

and ergodicity, one would need a much longer simulation time, which is challenging for DFT but
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may be tackled by well parametrized reactive force field or machine learning interatomic

potentials.

2.4. Conclusions

In conclusion, we have combined a unique surface-adsorbate specific ETS approach with EIS
experiments and DFT calculations to directly probe the on-surface and near-surface chemical
environment, deciphering the elusive role of AM" on Pt-surface chemistry and the alkaline HER.
Our integrated studies suggest that the cation is not directly bonded to the Pt surface or OHaq but
is separated by a water molecule in the first hydration shell of the cation, which is distinct from
previous studies’. Moreover, smaller cations favor a higher OH,4 coverage on the Pt surface in the
HER potential window, where the OH,q in turn function as electronically favored proton acceptors
or geometrically favored proton donors to promote water dissociation and Volmer-step kinetics on
the Pt surface in alkaline media, leading to improved HER activity in the presence of smaller
cations (Li"). Our studies resolve the fundamental role of AM" in the HER kinetics, which has
remained elusive in recent decades, and could offer valuable insights for the design of more

efficient electrolysers for renewable energy conversion.
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CHAPTER 3

Specific adsorption of weakly hydrated alkali metal cations on platinum and

the anomalous effect of Rb* on hydrogen evolution reaction

3.1. Introduction

The hydrogen evolution reaction (HER) is one of the most fundamental reactions for water
electrolysis, an essential strategy for renewable energy conversion and storage. Platinum (Pt)
represents the most common electrocatalyst for HER!. Considerable efforts have been invested
in understanding this critical reaction®>. The cathodic HER on Pt-based electrodes typically
exhibits far more sluggish kinetics in alkaline electrolytes than that in acidic electrolytes, while
the anodic oxygen evolution reaction (OER) is generally much more facile in alkaline media. Thus,
to understand the underlying factors responsible for the sluggish HER kinetics in alkaline
electrolytes is a topic of both fundamental interest and technological significance for alkaline

electrolysers.

Alkaline media has a more complex electrolyte environment than acidic one with many
more competing surface adsorbates (e.g., different alkali metal cations, hydroxyl anions) that may
modify the interfacial molecular structures and reaction pathways, which has been a topic of
considerable debate. In particular, alkali metal cations (AM") can be present in the immediate
surroundings or behave as competitive adsorbates to protons and hydronium ions at the catalytic
interface in the HER potential window to fundamentally modify the reaction kinetics. Thus, to
fully understand the role of AM" in HER, it is essential to investigate their distribution in the

electric double layer (EDL) and/or on the electrode surface in the reaction conditions.
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A number of recent studies have attempted to resolve the role of AM" on the HER activity
of the Pt surface, with various hypotheses suggested®!!. Bandarenka et al. studied the HER activity
on the Pt surface in alkaline media with various choices of cations (Li*, Na*, K", Rb", and Cs"),
and concluded that the weakly hydrated larger cations (Rb" or Cs") are detrimental to the reaction
activity, which was tentatively attributed to resulting increase in hydrogen binding energy
(HBE)'°. On the other hand, Koper et al. argued that the HBE derived from the hydrogen
underpotential deposition (Hypa) can’t serve as an unambiguous descriptor for HER activity on the
Pt surface since the Hupq region in alkaline media involves complex changes in hydrogen-cation-
hydroxyl behavior’®, and proposed that weakly hydrated cations in alkaline media could
accumulate at the outer Helmholtz plane and inhibit HER®. Jia and coworkers proposed that
smaller AM" stabilize the presence of OHag-(H20)x-AM" in the double-layer region that facilitates
the removal of OHag into the bulk and promotes HER®. Huang et al. suggested that the smaller
cations (such as Li" ions) feature a water structure-making tendency that can induce higher HER
activity’, while the larger cations (e.g., Cs") have a structure-breaking tendency at the electrified
interface, which leads to a higher static dielectric constant at the interface, greater reorganization

energy and higher entropic barrier for water dissociation and hydrogen adsorption°.

These distinct observations and interpretations suggest that the cations may intricately
modify interfacial water structure, and fundamentally alter the HER activity. Although a consistent
HER activity trend has been observed on Pt: 0.1 M LiOH > 0.1 M NaOH > 0.1 M KOH > 0.1 M

CsOH in a number of studies'> !¢

, it is intriguing that RbOH electrolyte is rarely included in such
studies, suggesting possible anomalies. To the best of our knowledge, to date, there are only two

studies that included RbOH, which reported an activity trend following the size of the AM™ series>

19 However, our studies reveal an anomalous HER activity trend with the HER in 0.1 M RbOH
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showing the lowest activity (i.e., 0.1 M KOH > 0.1 M RbOH < 0.1 M CsOH), which is at odds
with these previous studies™'?, but may explain the lack of RbOH data in most studies.
Additionally, we note that one previous study on the Ir(111) electrode surface reported a similar

anomalous effect of lowest HER activity in 0.1 RbOH, but without any explanation'’.

It has also been suggested that the AM™ can specifically adsorb to metal electrode surfaces
at lower (HER) potentials, and these specific interactions could fundamentally impact the rates of
electrochemical reactions at the electrified interface®!%!7. Previous simulations suggested that
larger AM" (e.g., Cs*) show a greater tendency to accumulate at the electrochemical interface>!2.
However, to date, there is no direct experimental evidence substantiating the specific (direct)
adsorption of AM™ on the Pt electrodes. Therefore, it remains unclear whether these effects occur
due to specific cation adsorptions or longer-range interactions from nonspecific adsorptions in the

EDL. The physical origin of cation-dependent HER kinetics thus remains a topic of vigorous

debate.

The fundamental origin of such HER activity evolution is intriguing and could be attributed
to the complex interactions of different AM" with water molecules and the Pt surface: (i) smaller
AM* (Li", Na", and K") that do not specifically adsorb on the electrode surface, and are separated
from the Pt surface by at least one water molecule layer in the first hydration shell of the AM"
(ref.'®), and (ii) the larger weakly hydrated AM" i.e. Rb" and Cs" ions that show quasi-specific and
specific adsorption respectively. Our recent studies confirmed that the smaller cations (Li", Na*
and K") play an indirect role in modifying surface hydroxyls that are critical for the water

dissociation step in alkaline HER process'®.

Herein, we aim to resolve the role of the weakly hydrated AM" (i.e., Rb" and Cs") that

could quasi-specifically and specifically adsorb onto the electrode surface. We employ the recently
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developed electrical transport spectroscopy (ETS) approach to directly probe the Pt-surface
adsorbates at variable potentials and use electrochemical impedance spectroscopy (EIS) to probe
EDL and investigate the local environment near the electrode surface. Our ETS and EIS studies
reveal that the Rb" cations quasi-specifically adsorb on the Pt surface and Cs" cations specifically
adsorb on the Pt surface. Our computational results further confirm our hypothesis and show that
Rb" both specifically adsorb on the Pt surface and accumulate in EDL, whereas Cs* tend to
specifically adsorb on the surface. The anomalously lower HER activity in the presence of Rb* is
attributed to its quasi-specific adsorption (partial de-solvation) and accumulation in the EDL that
blocks water or hydroxyl anion transport and suppresses HER activity. Our combined experimental
and computational studies for the first time experimentally confirm the quasi-specific adsorption
of Rb" and specific adsorption of Cs* cations on the Pt surface and provide an unprecedented
molecular-level understanding of the intricate role of electrolyte composition in modifying the

electrochemical reaction kinetics.

3.2. Experimental details

3.2.1. Chemicals

Lithium hydroxide (LiOH; >98%), sodium hydroxide (NaOH; 98%), Potassium hydroxide
(KOH, 87.4%), Rubidium hydroxide (RbOH, 99.9%) and Cesium hydroxide (CsOH, 99.9%) were
all purchased from Thermo Fisher Scientific. All aqueous solutions were prepared using deionized

(DI) water (18.2 MQ-cm) obtained from an ultrapure purification system (Aqua Solutions).

3.2.2. Electrochemical Measurements

All of the electrochemical measurements were performed using typical three electrode setup.

Platinum rotating disk was used as working electrode, Pt wire and Hg/HgO were used as the
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counter and reference electrodes, respectively. All of the potentials reported are versus 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).

3.2.3. Impedance measurements

The impedance spectra were measured using frequencies from 10° to 1 Hz with an amplitude of
10 mV s at different applied voltages. Equivalent circuits were fitted to the data using AfterMath

software version 1.6.10513.

3.2.4. Synthesis of Pt nanowires (PtNWs)

The PtNWs for the ETS measurements were synthesized following a previously reported
protocol!’. Briefly, Pt(acac): (ac = acetylacetonate) (20 mg), Ni(acac)z (30 mg), W(CO)s (1.6 mg),
glucose (135mg) and 60 mg of polyvinylpyrrolidone (MW 40,000) were dissolved in 1-
octadecene (2 ml) and oleylamine (3 ml). After sonicating for 15 min, the solution was sealed with
argon. The mixture was then heated to 140 °C for 4 h. The product was centrifuged with ethanol
for 15 min, followed by cyclohexane for 20 min. Finally, the product was centrifuged in a mixture
of cyclohexane (5 ml) and ethanol (15 ml) for 20 min. The final product was dispersed in ethanol

for device preparation.

3.2.5. Preparation of PtNW films

A free standing PtNW film was assembled on chip from as-prepared PtNW suspension by a co-
solvent evaporation method?. Briefly, PtNW suspensions in ethanol (400 ul, 0.4 mg ml™!) was
added dropwise into a beaker (about 9 cm in diameter) filled with DI water. A thin film of PtNWs

from top of water surface was then transferred onto the device.
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3.2.6. Fabrication of the PtNW electrochemical device

The device fabrication was followed by the similar approach as previously reported by our group?’.
Typically, a PMMA (A8, MicroChem Corp.) film was prepared by spin coating on the substrate
(pt++ silicon wafer with 300 nm thermal oxide) surface with pre-patterned Au electrodes (Ti/Au,
10/50 nm). E-beam lithography was then used to open windows on PMMA, which created desired
patterns on the substrate. After the removal of PMMA template, PtNWs was deposited on the
device substrate with desired patterns. To rule out the influence of electrolyte and to avoid
electrochemical reactions on the Au electrodes, another layer of PMMA (~500-nm thick,
electrochemically inert) was then deposited on the PtNW device with spin coating. A smaller
window that only exposes PtNWs was opened by e-beam lithography. The device was finally used

for in-device electrochemistry and in situ electrical transport spectroscopy measurement.

3.2.7. In-device CV and in situ ETS

A two channel SMU (Agilent B2902a) was used for the measurement. The first SMU channel was
used as a potentiostat to control the potential of source electrode as to the reference electrode (V),
while collecting the current (/) through the counter electrode with a scan rate of 50 mV/sec. The
SR830 Lock-In Amplifiers from Stanford research system was used to supply a small sinusoidal
current (10 pA) between source and drain electrodes and collecting the corresponding voltage

(Vsp). Source drain voltage (Vsp) was then used to measure the conductance.

The electrical conductivity of the metallic PEINWs is sensitive to surface environment, due to
surface scattering of the conduction electrons, producing a resistance change?”. It is important to
note such surface scattering is exclusively sensitive to surface adsorbates, with little impact for the

electrostatic or electrochemical potential. For example, previous studies have clearly shown a
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constant conductance at different electrochemical potentials when there is a stable surface

adsorbate layer (e.g., CO or I) that does not change with potential®® 2!

, clearly demonstrating the
insensitivity of the metallic PtNWs to the varying electrochemical potentials. Thus, the ETS
approach offers a unique signal transduction pathway to exclusively probe the surface adsorbates,
with minimum interferences from the electrochemical potentials or the bulk electrolyte
environment, which is difficult to achieve with other analytic approaches that are often convoluted
with near surface (e.g., EDL) or bulk electrolyte background. The close comparison of the ETS
measurement with the corresponding CV curve, when the potential is gradually changed from 1.10

—0.05 V vs. RHE is previously reported by our group'® 22,

3.3. Computational Methods

Constant-charge (+1 on cation) ab initio molecular dynamics (AIMD) simulations were
performed using Vienna Ab-initio Simulation Package (VASP) version 5.4.4%-% PBE

127-28 | with projector-augmented-wave pseudopotentials®®, using a KE cutoff of 400 eV,

functiona
Grimme’s D3 dispersion correction’®, and convergence criteria of 10e~> eV and 0.02 eV/A~!, with
the Nose-Hoover thermostat in the NVT (canonical) ensemble, with a time step of 1fs on a 3-layer
5x5 Pt (100) surface with dimensions 13.859x13.859 A. The bottom two layers were fixed to bulk
positions. A total of 55 water molecules, number estimated from the density of a previous work'®
were randomly placed above the surface, along with K, Rb" or Cs* placed either close to the
support, or within the water layer. A vacuum gap of 18 A along the z axis was added to avoid
interactions between the water and the bottom of the Pt support. A short (1500 fs) AIMD
simulation was run to equilibrate the systems. The simulations resulted in both adsorbate-free
surfaces, as well as ones with varying coverages of adsorbed H and OH; the simulations containing

K" and Cs" resulted in far more adsorbates than Rb". Taking a simulation with no adsorbates, one
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water molecule close to the support was then manually split, placing OH on the support, and
putting the remaining proton in the water away from the surface. 3 trajectories were run for each
cation type and location, each on for 30000 steps. The cation starting locations and adsorbed OH
were the same for all trajectories with the cation on the surface or in the water layer. The first 500
steps of each simulation were discarded, and the remaining 75ps of simulation were used for

analysis. RDF analysis was performed with vasppy (https://github.com/bjmorgan/vasppy).

3.4. Results and discussion

3.4.1. Cation-dependent HER activity

We have first compared the HER polarization curves obtained on polycrystalline Pt disc
electrode in 0.1 M LiOH, NaOH, KOH, RbOH, and CsOH electrolytes (Fig. 3.1a). Our studies
showed that the HER overpotential values (at —5 mA/cm?) generally increase with increasing AM™*
size, although the electrolyte with Rb* shows the highest overpotential despite its intermediate size
(Fig. 3.1b). The corresponding Tafel slope analysis also showed the largest Tafel slope for the
electrolyte with Rb" (Fig. 3.1¢), confirming the most sluggish HER kinetics in the presence of Rb"
cations. Our previous studies revealed that the smaller AM" (Li*, Na', and K*) don’t specifically
adsorb on the Pt surface but favor a higher coverage of hydroxyl adsorbates that could facilitate
the water dissociation step to promote HER'®. Here we focus on the weakly hydrated AM" (i.e.,
Rb" and Cs", with K" also included as a reference) that may specifically adsorb on the Pt electrode

surface and attempt to understand the anomalous role of Rb* in modifying HER kinetics.
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Figure 3.1: Voltammetric studies in electrolytes with different AM" cations. (a) The IR-corrected HER
polarization curves collected at room temperature on polycrystalline Pt disc electrode in Nz-saturated 0.1
M MOH electrolytes with different AM* (Li*, Na*, K*, Rb"and Cs") at a scan rate of 5 mV/sec and a rotation
speed of 1600 rpm. (b) Comparison of the overpotential values at a current density of —5 mA/cm? for
different AM". (c¢) Comparison of the Tafel slopes in 0.1 M MOH with different AM* (Li*, Na*, K*, Rb",
and Cs").

3.4.2. Cation-dependent surface adsorbates

To assess the effects of cations on electrocatalytic reactions, it is essential to understand
their distributions on the electrode surface and in the electric double layer. We first employed the
recently developed electrical transport spectroscopy (ETS) to directly probe the surface adsorbates
during HER. The working principle of the ETS approach was detailed in our previous reports!'® 2%-
22, Briefly, the ETS involves a concurrent measurement of conductance change of Pt nanowires
(PtNWs) (used as a model catalyst) during electrochemical studies at different electrochemical
potentials (Fig. 3.2a). The electrical conductivity of the ultrafine metallic PtNWs is highly

sensitive to the surface adsorbates due to surface adsorbate induced scattering of the conduction

electrons, producing a resistance change following Equation 3-1 (ref.!”):

p= po ((1‘—") x%) (d <) (3-)

1+p

Here p and po are the resistivity of the one-dimensional PtNWs and bulk metal respectively, A is
the electron mean free path, d is the diameter of the PtNWs, and p is a specularity parameter with

a value between 0 (for highly diffusive scattering) to 1 (for completely specular scattering)’!.
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Additionally, due to the metallic nature of the PtNWs, the electrostatic or electrochemical potential
has little impact on the resistance (or conductance). Thus, the PtNW conductance is exclusively
sensitive to surface adsorbates but not to the near-surface species. Indeed, previous studies have
shown a constant conductance at different electrochemical potentials when there is a stable surface
adsorbate layer (e.g., CO or I"), clearly demonstrating the insensitivity of the PtNWs to the varying

electrochemical potentials®® 2!,
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Figure 3.2: Schematic illustration and ETS measurements on Pt electrode in electrolytes with different
AM" (K*, Rb"and Cs"). (a) On-chip PtNW device for ETS measurements [RE, CE and PtNWs (WE) are
reference, counter and Pt nanowires working electrodes, respectively, S and D represents source and drain,
respectively]. Adapted from ref.?!; (b) Typical cyclic voltammogram (black), negative sweeping branch to
the HER region (red) and ETS spectrum (blue). The red curve is divided by 10 due to the much larger HER
current in the HER potential window. The hydroxyl desorption (OHq.s), EDL, Hypd and HER regions are
highlighted with different background colors (adapted from ref.'®), (¢) Normalized ETS conductance signal
versus potential of PtNWs device in 0.1 M MOH electrolytes with different AM* at scan rate of 50 mV/sec
(K" ions show stable conductance curve due to little specific adsorption, while Rb* and Cs* ions show
decreasing conductance over time due to increasing specific adsorption until reaching a stabilized state; and
(d) Stabilized conductance curves.

A close comparison of the ETS curve with the cyclic voltammetric curve shows that there

are four distinct regions in the potential range from 1.10 V to — 0.05 V vs. reversible hydrogen
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electrode (RHE) (Fig. 3.2b): (i) surface oxidation and OH adsorption (Ox/OHagq) region (1.10 —
0.60 V vs. RHE); (i1) electrical double layer region (OHaq replaced by H20O) (0.60 — 0.40 V vs.
RHE); (ii1) hydrogen underpotential deposition region (Huypa) regime (0.40 — 0.08 V vs. RHE); and
(iv) HER regime (0.08 - —0.05 V vs. RHE). The lowest conductance observed in the high potential
regime is attributed to the larger scattering effect from the strongly bonded OHaq on the Pt surface,
which substantially reduces the conductance of the PtNWs. Scanning the potential towards a
negative potential regime leads to a notable increase in conductance due to the gradual replacement
of the OHaq by H20 in the OHaq desorption region and then by Haq adsorption in the Hypas/HER

region.

Our ETS results reveal a notable difference among the three different AM". The ETS in
0.1 M KOH show rather stable behavior with overlapping conductance curves during the repeated
cycles, while the ETS conductance curves obtained in 0.1 M RbOH and CsOH show a gradual
decreasing conductance with increasing scanning cycles (Fig. 3.2¢) until they reach a stabilized
state (Fig. 3.2d). Comparing the stabilized ETS curves observed in 0.1 M RbOH and CsOH with
that in 0.1 M KOH, the ETS from the same device show lower conductance and less conductance
modulation over the entire potential range. The more flattened ETS characteristics in the Cs* are
similar to previous studies in electrolytes with a more stable surface adsorbate layer (e.g., CO or
[N)?%21 suggesting that Cs* specifically adsorbs on PtNW surface and partly blocks the

electrochemically active sites from the electrochemical transformation (i.e., surface oxidation, OH

adsorption, and H-adsorption).

The conductance curve in the case of Rb" is less flat than that of Cs*, indicating a smaller
degree of specific adsorption (i.e., quasi-specific adsorption) of Rb" (than Cs") on the Pt electrode

surface, which is not surprising considering the smaller size of Rb" with a slightly stronger
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hydration shell than Cs". The specific adsorption of large cations causes a more severe scattering
effect on the conduction electrons and thus lowers the overall conductance?!. The quasi-specific
adsorption of Rb" and specific adsorption of Cs" is also consistent with the lower overall ETS

conductance compared with that of K*, which does not show specific adsorption.

It is also noted that in the case of Rb*, the ETS conductance at high potential (e.g., > 1V
vs. RHE) is the same as that of K", indicating surface adsorbates in this potential regime are
essentially the same as those of electrolyte with K™ and dominated by surface hydroxyls with little
direct impact (specific adsorption) of Rb" in this potential regime. On the other hand, in the case
of Cs*, the ETS conductance is considerably lower than that in K" or Rb" throughout the entire
potential regime, indicating that specific adsorption of Cs" persists throughout the entire potential
window, which is consistent with its higher specific adsorption trend due to its larger size and
weaker hydration sphere. Such a specific adsorption of Rb" and Cs* cations on Pt surfaces has

been proposed previously™12-32

, although there is no direct experimental evidence to date, to the
best of our knowledge. Thus, our study, for the first time, provides direct evidence supporting the

quasi-specific and specific adsorption of large AM™.
3.4.3. Cation-dependent electrical double layer

We note that ETS only provides information on on-surface (specific) adsorbates and is not
sensitive to near-surface species. To further investigate the distribution and concentration of
cations in the electrical double layer (EDL), we have performed electrochemical impedance

spectroscopy (EIS). The EIS studies reveal that the electrolyte with Rb" shows substantially larger

Ca, followed by Cs" and K* (Fig. 3.3a).

At the macroscopic level, the double layer capacitance (Ca) can be expressed as:*>
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Cq === (3-2)

Where ¢ is the relative permittivity of the solvent, €, is dielectric permittivity of vacuum, A is the
electrode area, and d is the double layer thickness, which is inversely proportional to the square

root of the electrolyte concentration (C) as shown in Equation 2-3 (ref.'®).

1
d o — (2-3)

The larger Cqi in the case of Rb" suggests a smaller double layer thickness and a greater local

concentration (C) of Rb" in the EDL compared to Cs" or K" (Fig. 3.3a).
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Figure 3.3: EIS studies of the Pt electrode in electrolytes with different AM™ (K*, Rb*and Cs"). (a) Double
layer capacitance (Ca), (b) pseudocapacitance (C,q) obtained from Pt disc electrode 0.1 M KOH, 0.1 M
RbOH and 0.1 M CsOH. (c) Schematic view of electrostatic adsorption of K* ions (dark blue circle) and
Rb* ions (purple circle) residing at the outer Helmholtz plane (OHP) separated by hydration sphere and
water molecules (blue circles); quasi-specific adsorption of Rb" ions describe the partial de-solvation and
separation of the cation adsorption by water molecules on the surface. These cations do not directly interact
with the electrode. Specifically adsorbed Cs* cations (green circle) residing at the inner Helmholtz plane
(IHP), which are chemically bonded to the surface and partially or completely discharged.

Considering the hydration energy of AM" ions and the size of hydrated cations that follows
the order of K" > Rb" > Cs", it is natural to expect the double layer capacitance to follow the order
of K" < Rb" < Cs" (ref.>**) since the smaller hydrated cations tend to accumulate more on the
interface. However, in the HER potential regime in alkaline media, the electrode potential is far
below the potential of zero free charge (pzfc)®, the surface is highly polarized (negatively

charged), and thus the weakly hydrated cations (Rb" and Cs") could partly or completely de-solvate
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and specifically adsorb on the inner Helmholtz plane (IHP) (Fig. 3.3c), which could substantially

modify the Ca.

Our ETS studies above indicate that K* shows no de-solvation, while Rb* and Cs* show an
increasing trend of de-solvation and specific adsorption (Fig. 3.2b). A partial de-solvation of Rb"
reduces effective cation size and results in an accumulation of Rb™ in EDL and thus an increase in
the double layer capacitance Cqi. The accumulation of Rb" in EDL results in a more compact cation
layer at the interface, which could retard water or hydroxyl anion transport and suppress the HER
activity, to be further discussed later. The immediate effect of Rb" accumulation can be seen in the
observed pseudocapacitance (Caq) resulting from H-adsorption that is the lowest in the presence of
Rb" compared to K™ and Cs" (Fig. 3.3b). This finding implies that the process of water dissociation
and subsequent formation of Had is more favorable in the presence of K* ions within the electrolyte,
followed by Cs" and Rb" ions. Notably, this trend aligns well with the observed HER activity.
Sweeping the electrode potential towards a more negative regime further partially de-solvates Rb*,
leading to an increasing accumulation of the Rb" in EDL and a continued increase in Cq with
decreasing potential (Fig. 3.3a). On the other hand, a complete de-solvation in case of Cs* leads to
specific adsorption (chemisorption) on the Pt surface with full or partial charge transfer between
the electrode and adsorbed Cs', i.e., the ionic charge is reduced in the process of specific

adsorption, as shown in Equation 3-4 (ref.*’).
Cs(H,0)%" +n*(H,0) + Se~ & Cs(H,0)%8* + (n +x) (H,0) (3-4)

where Cs(H20),™" and *H,O represent the hydrated Cs* cation and surface adsorbed water,
respectively; oe™ represents the partial electron transfer from the electrode to the cation. Moreover,
as the Cs” prefers to specifically adsorb on the surface, it doesn’t accumulate in EDL (as confirmed

by Ca measurement) that could block water or hydroxyl anion transport and thus retains a

76



relatively larger pseudocapacitance (hydrogen adsorption). The hydrogen adsorption and charge
transfer from the electrode to Cs" result in the charge dissipation of the Pt electrode and thus the

lowest Cq in the case of Cs™.

3.4.4. AIMD simulations reveal cation-dependent adsorption behavior and water

structuring at the Pt-water interface

4 Wy

Figure 3.4. AIMD simulations reveal cation behavior on the Pt(100)-water interface. Snapshots of the
simulations for (a) K*y (b) Cs*s(c) Rb*s and (d) Rb*y, with OHaq on the surface, are shown in purple.

In general, the weakly hydrated cations could suppress the HER activity by: (i) reducing
the availability of free surface sites (due to specific adsorption on electrode surface); or (ii) limiting
the access of water to the reaction interface (forming dense cation layer in EDL). Here, we further
employ AIMD studies to probe these effects at the molecular level. First, we investigated where
cations preferentially aggregate relative to the surface and how they affect the structure of near-
surface water. AIMD simulations show that K* preferentially reside in the EDL, with at least one
water layer separating them from the Pt surface (Fig. 3.4a), while Cs" tend to be located directly
on the Pt surface with no water molecules in-between (i.e., specific adsorption) (Fig. 3.4b). In

contrast, Rb" ions can reside both on the Pt surface (denoted Rb"s) (Fig. 3.4¢) and within the EDL
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(denoted Rb*y) (Fig. 3.4d). Clearly, as cation size increases, the solvation shell is looser,*® leading
to a partial de-solvation at the electrified interface, with Cs* being the easiest to de-solvate and
specifically adsorb on the Pt surface, K" being the more difficult one, and Rb" being the
intermediate one. These results agree well with the ETS studies that reveal an increasing tendency
for specific adsorption on the Pt surface with increased cation size. On the other hand, although
the lowered HER activity for Cs* compared to K* can be attributed to blocking of the Pt surface
sites by specifically adsorbed Cs*, which limits reactant access, this trend alone does not explain

the anomalously lower HER activity observed in electrolyte with Rb" than that with Cs".

Since Cs" blocks sites on Pt, we can attribute the lower HER activity in the case of Cs" to the
surface blockage. From the EIS experiment, we note that the EDL is far denser in the case of Rb".
We cannot access the full EDL in the simulations due to the limited simulation cell size. However,
our AIMD clearly reveals two competing placements of Rb" near the Pt surface, which could lead
to a greater dynamism and interconversion between these two placements, and result in an effective
accumulation of Rb* in the EDL. The accumulation process results in a more compact cation layer,
as revealed by our EIS studies. This compact layer hinders the transport of water/hydroxyl ions to
and from the electrode surface, consequently suppressing the HER activity, as observed in our
voltammetric studies. Our Simulations also show that the cations differentially structure the water

layer at the interface.

3.4.5. Cation dependent water structuring around adsorbed hydroxyl (OHad) on the Pt

surface.

We analyze the structuring of water around adsorbed hydroxyl (OHaq) on the Pt surface as a
function of the cation type and preferred location (Fig. 3.5). In the absence of a cation, there is a

distinct Oag—H peak centered at ~ 1.6 A, and two O.c—O peaks at ~2.55 A and ~ 3.6 A, indicating
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that the OHaq 1s solvated with the hydrogen bonds to water protons, and a well-defined second
solvation shell. The presence of AM™ disrupt this solvation structure at varying degrees, leading
to a striking difference in the O.,¢—O and O.+—H radial distribution functions (RDFs). In
particular, K* causes significant OHa4 desolvation, shifting the first Oa,¢—O RDF peak to ~ 3.2 A
and fully destroying the second solvation shell. This effect would facilitate HER by reducing water
re-organization energy necessary for HER process. Specifically, during the alkaline HER reaction
without AM", the solvent dipoles need to substantially rearrange from the optimal solvation of the
reactant (water) to the optimal solvation of forming product (OHaq) (Supplementary Figure 1, black
line). This reorganization costs the system a reorganization energy penalty. In contrast, the
presence of K prevents the formation of the optimal solvation structure around OH,q, presumably
by tightly binding its solvation shells and organizing the solvent around K™ itself (Fig.3.5, blue
line). In other words, K™ holds onto the solvent, and hinders its reorganization dynamics from
solvating the water reactant, toward then solvating the polar product. This must reduce the entropic

part of the free energy barrier of HER in the presence of K compared to the system without AM™.

Next consider the solvent structure in the presence of the cations located near the surface, Rb*s and
Cs". Strikingly, Rb*s shows a nearly identical solvation profile for OH,q4 to that in pure water
(compare black and pink RDF plots in Fig. 3.5). This means that the solvent would fully reorganize
during HER, pay the full reorganization entropic penalty, and the barrier will be similar to that in
the absence of AM", and higher than in the presence of K. On the other hand, the specifically
adsorbed Cs” slightly reduces the number of water molecules in the first solvation shell of OHag
(green line), and slightly increases the number of waters in the second solvation shell. Thus, the

solvation structure is disrupted compared to that in pure water only modestly, far from the effect
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of K, suggesting that Cs" will feature worse intrinsic kinetics for HER than K*, but better than

Rbs. Note that this effect is additional to simple site-blocking that Cs" and Rb"; share.

Furthermore, Rb"y located in EDL (purple line) behaves differently than Rb's, and shows a
greater reduction of the first OHaqg solvation peak in RDF than Cs™ and Rb's. Thus, this form of the
cation in the proximity of the surface would reduce the free energy barrier for HER, though not to
the same extent as does K. Overall, if local solvent reorganization is taken as a descriptor of the
intrinsic HER activity of a site on Pt, the activity should follow the non-trivial trend: Rb*s < Cs* <
Rb'yw < K'. Thus, the worst HER kinetics for Rb" is attributable to the closer-to-the-surface, Rb"s
sub-population. Since Cs™ and Rb"; also blocks sites on Pt, we can further argue for the Rb*s < Cs”
<< Rb*y, < K" qualitative trend. Finally, form the experiment, we saw that the EDL is denser for
Rb". We cannot access the full EDL in the simulations due to limited simulation cell size.
However, because we see two competing placements of Rb" near the Pt surface, a greater
dynamism and interconversion between these two placements can be proposed, leading to the
observed effective EDL thickening, and worse transport to and from the electrode surface, further
hindering the HER activity in the presence of Rb". Details of the mechanistic implications of water

structuring will be subject of future investigations.
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Figure 3.5: AIMD simulations reveal cation behavior at Pt(100)-water interface. Radial distribution
functions (RDFs) for OH.q, with different cations, as well as the absence of any cations, with the OH,q-
cation distances shown.

This can provide a secondary influence on the mass transport to and from the interface, electronic
structure of the adsorbates, and reaction kinetics, through both enthalpic and entropic effects. Thus,
on the basis of our combined experimental and theoretical results, we propose that the anomalous
HER activity trend of the order K" > Cs" > Rb" can be explained by two effects: (1) the specific
adsorption of weakly hydrated cations (Cs" and sub-populations of Rb* cations) on the Pt surface
that partially blocks the surface active sites for HER; and (2) the formation of a denser EDL in the

case of Rb*, which hinders the transport of water to and hydroxyls away from the electrode surface

and further suppresses HER.

3.5. Conclusions

In summary, by using an integrated study to probe both the on-surface (ETS) and near-
surface (EIS) signals, we experimentally proved that Cs" specifically adsorbs on the Pt electrode
surface to such an extent that they can lower the availability of free surface sites and hence decrease
the HER activity, whereas Rb" quasi-specifically adsorbs on the Pt surface and accumulates in the
electrical double layer to form a denser cation layer, likely facilitated by its unique dynamism near
the surface, which hinders the water transport and suppresses the HER activity. To the best of our
knowledge, this study provides, for the first time, experimental evidence confirming quasi-specific
and specific adsorption of Rb" and Cs" on the Pt electrode surface, which allows us to rationalize
the trend in HER kinetics following K™ > Cs" > Rb" as resulting from a dual mode of deactivation:
blocking the active site (found in Cs") and blocking the transport through EDL (found in Rb"). Our

study provides a molecular-level understanding of the fundamental role of weakly hydrated AM"
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in HER kinetics that has remained elusive for decades and is expected to offer valuable insights

for the design of more efficient alkaline electrolyzers.
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CHAPTER 4

The platinum-surface water orientation dictates hydrogen evolution reaction

Kinetics in alkaline media

4.1. Introduction and background

The hydrogen evolution reaction (HER) represents a critical step in water electrolysis, a process
used to produce hydrogen gas (H2) from water. This reaction is fundamental to the production of
green hydrogen, which is considered a clean and sustainable energy carrier, especially when
coupled with renewable energy sources'. In general, the HER involves three elementary steps
depending on the electrolyte conditions. The first step is one electron reduction of a proton on the

Pt electrode to form Pt—Haq (the Volmer step, Equation 4-1, 4-2):
H30" + e + Pt <> Pt—Haq + H20 (acidic) 4-1)
H>O + e + Pt <> Pt—Hag + OH" (alkaline) (4-2)

In the second step, molecular hydrogen (H2) can form either via recombination of two adsorbed

hydrogens (Pt—Haq) (Tafel step, Equation 4-3):
2 Pt—Ha <> H2+2 Pt (4-3)

or by a simultaneous proton reduction on electrode surface and its reaction with the surface bound

H (Pt—Haq) to form molecular hydrogen (Heyrovsky step, Equation 4-4, 4-5):
Pt—Haq + H3O" + e <> Hy + Pt + H20O (acidic) (4-4)

Pt—Haq + H2O + ¢ <> Ha + Pt + OH™ (alkaline) (4-5)
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The HER kinetics on platinum (Pt) surface typically displays a distinct dependence on
electrolyte pH, with the HER kinetics in alkaline conditions are considerably slower than in acidic
media®?, which has been attributed to a switch of proton donor from H3O" in acidic conditions to
H,O in alkaline conditions®®. However, the precise switching point and the underlying molecular
mechanism has been elusive and a topic of considerable interest. Our recent studies in acidic and
neutral electrolytes revealed that the switch of proton source occurred at a pH around 4 instead of
acid/base boundary, which is attributed to a change of Pt surface-H>O protonation status and
associated with Pt surface hydronium pKa (4.3)”. However, the change of proton source from H;O"

to H>O cannot explain HER activity difference in alkaline media.

The hydrogen binding energy (HBE), widely accepted as a thermodynamic descriptor of the
HER activity, has been frequently used to interpret the pH-dependent HER kinetics''4. For
example, Sheng et al.' and Durst et al.'> independently suggested that HBE derived from the pH-
dependent hydrogen underpotential deposition (Hupd) peak may serve as an effective descriptor for
interpreting pH dependent HER kinetics. However, it has been argued by Koper and coworkers
that the Hupa peak is not solely associated with the hydrogen adsorption but also convoluted with
the hydroxide desorption on step sites'¢. Thus, the pH dependent Hypa peak potential is not an

unambiguous indicator of the HBE.

To this end, Koper et al. introduced potential of zero free charge (pzfc) theory to explain the
different HER kinetics in acid and alkaline media®. They argued that in acidic media, the pzfc is
closer to the HER region and reorganization energy of interfacial water associated with
transporting a proton through electrical double layer is smaller and hence the HER kinetics is more
facile’>. Whereas, in alkaline media the pzfc is far from the HER region (i.e., closer the OHag

region), leading to a stronger electric field in HER region and a larger interfacial water
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reorganization energy, which impedes OH~ transfers through double layer®. However, the pzfc
theory cannot explain the higher HER kinetics at pH 13 compared to pH 7 as the reorganization
energy at pH 13 is expected to be considerably larger than that at pH 7'7. Besides the
aforementioned theories, it has also been suggested that the other factors including water
dynamics'®!, transport of related intermediates (H,O*/OH*) at the electrode/electrolyte interface
20,21

and interfacial hydrogen bond networks®? in alkaline media may also play a critical role in

HER kinetics.

Despite extensive aforementioned efforts in comparing the acidic and alkaline media, the
HER kinetics within the alkaline (pH > 7) media was often considered pH independent on Pt (111)
surface®? and much less explored!”**2°, Koper et al. recently investigated the pH-dependent HER
kinetics on Au electrode in alkaline media, found higher HER activity at higher pH, and attributed
it to the increased local cations concentration at higher pH that stabilizes the transition state of the
rate-determining Volmer step via a favorable interaction with the dissociating water molecule
(*H-OH® —cation®)"”. Likewise, Qiao et al. attributed the higher activity in high-pH electrolytes
to the locally generated H3O" intermediates that create a unique acid-like local reaction
environment on nanostructured catalytic surfaces and reduce the energy barrier for the overall
reaction®*. Recently, Surendranath et al. also observed a decrease of HER overpotential on Au and
Pt electrodes with increasing pH above 10, although the underlying reason was not substantially
discussed?. Despite these interesting studies and suggestions, a molecular level understanding of
the HER on Pt electrode in alkaline media has not been developed due to the lack of robust

experimental techniques that can reveal molecular level insights across the Pt-electrolyte interface.

Herein, we address this issue by systematically studying the HER kinetics in non-buffered

alkaline media (pH 7 — 13) on polycrystalline Pt electrode surface. Our systematic studies reveal
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a sharp switch of Tafel slope (from ~110 mV/decade below pH 10 to ~53 mV/decade above pH
10) and exchange current density (from ~ 0.002 mA/cm? below pH 10 to > 0.5 mA/cm? above pH
10), signifying a switch of the HER kinetics. We further employed electrical transport
spectroscopy (ETS) to reveal the molecular level insights on interfacial water structure on Pt
surface. The ETS conductance signal reveals nearly constant conductance below pH 10, and a
notable increase above pH 10, suggesting a change in surface speciation in these two distinct pH
regimes. Static and dynamic fixed-potential (FP) density functional theory (DFT) calculations
show that the interfacial water molecules adopt the O-down configuration below pH=11 and flip
to the H-down configuration above pH=11, correlating well with the experimentally observed
switch of HER kinetics and ETS signals. The switching of the interfacial water molecule
orientation to H-down configuration changes the partial charge distribution and weakens the O—H
bond in the interfacial water molecule, which accelerates alkaline Volmer kinetics. This excellent
correlation of the experimentally observed switch in Tafel slope, exchange current density and the
ETS conductance signal, with the theory-predicted water orientation change, for the first time,
provides a robust molecular-level interpretation of the pH-dependent HER kinetics on Pt surface
in alkaline media. Such molecular level understanding will be instrumental in guiding further
fundamental understanding and eventually the rational design of optimized electrode-electrolyte

conditions for alkaline electrolysis.

4.2. Experimental details

4.2.1. Chemicals

Potassium hydroxide (KOH, 87.4%), potassium perchlorate (KClO4, 99% ) and perchloric

acid (HClO4, 70%, PPT grade) were all purchased from Thermo Fisher Scientific. Potassium
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hexachloroplatinate(IV) (K2PtCls), Ethylene glycol and Dimethylformamide were purchased from
Sigma Aldrich. All aqueous solutions were prepared using deionized (DI) water (18.2 MQ-cm)

obtained from an ultrapure purification system (Aqua Solutions).

4.2.2. Electrochemical and ETS measurements

All of the electrochemical measurements were performed using typical three electrode
setup. Platinum rotating disk was used as working electrode, Pt wire and Ag/AgCl were used as
the counter and reference electrodes, respectively. The electrolyte solution of 0.1 M ionic strength
was used in all measurements. A mixture of KOH and KClO4 was used for adjusting the pH of

electrolyte.

4.2.3. Synthesis of Pt nanowires (PtNWs)

PtNWs were synthesized as reported previously?’. Briefly, a mixture of KOH (0.6 g) and ethylene
glycol (4 ml) was dissolved in DMF (6 ml). Aqueous solution of K2PtCls (8 wt%, 0.1 ml) was then
added into the mixture. After stirring for 20 min, the reaction mixture was transferred into a Teflon-
lined autoclave, which was maintained at 150 °C for 15 h and then cooled to room temperature.
The black powders were collected after the reaction and washed with ethanol and deionized (DI)
water repeatedly for several times before use. The transmission electron microscopy (TEM) studies
revealed ultrafine nanowires structure of Pt (Fig. 4.1a). The powder X-ray diffraction study

showed the resulting PtNWs exhibit face centered cubic (fcc) structure of platinum (Fig. 4.1b).
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Figure 4.1: Structural characterizations of the PtNWs. (a) TEM image of the as-prepared PtNWs. (b) XRD
patterns of PtNWs. Pt peaks are labeled and can be ascribed to an underlying Pt fcc structure (JCPDS
database #04-0802).

4.2.4. Material characterization

SEM image was taken using a JEOL JSM-6610 SEM and TEM image was taken with an FEI
T12 TEM operated at 120 kV. X-ray powder diffraction pattern was collected with a Panalytical

X’Pert Pro X-ray powder diffractometer using Cu Ka radiation as an incident beam.

4.2.5. Preparation of PtNWs films

A free standing PtNWs film was assembled on chip from as-prepared PtNWs suspension by a co-
solvent evaporation method?’. Briefly, PtNWs suspensions in ethanol (400 pl, 0.4 mgml ') was
added dropwise into a beaker (about 9 cm in diameter) filled with DI water. A thin film of PtNWs

from top of water surface was then transferred onto the device.

4.2.6. Fabrication of the PtNWs electrochemical device

The device fabrication was followed by the similar approach as previously reported by our group?’.
Typically, a PMMA (A8, MicroChem Corp.) film was prepared by spin coating on the substrate
(pt++ silicon wafer with 300 nm thermal oxide) surface with pre-patterned Au electrodes (Ti/Au,
10/50 nm). E-beam lithography was then used to open windows on PMMA, which created desired

patterns on the substrate. After the removal of PMMA template, PtNWs was deposited on the
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device substrate with desired patterns. To rule out the influence of electrolyte and to avoid
electrochemical reactions on the Au electrodes, another layer of PMMA (~500-nm thick,
electrochemically inert) was then deposited on the PtNW device with spin coating (Fig. 4.2a). A
smaller window that only exposes PtNWs was opened by e-beam lithography (Fig. 4.2b). The
device was finally used for in-device electrochemistry and in situ electrical transport spectroscopy
measurement. The scanning electron microscopy (SEM) image of the ETS device shows the

PtNWs network connecting Au electrodes (Fig. 4.2¢)
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Figure 4.2: Structural characterizations of the electrical transport spectroscopy (ETS) device and schematic
illustration of experimental setup and working principle of the ETS measurement. (a) Microscopic image
of ETS device covered with PMMA. (b) Microscopic image of the micro-fabricated on-chip ETS device
with PtNWs network exposed in the opened PMMA window. (c¢) Scanning electron microscopy image of
the ETS device. (d) on-chip PtNWs device for ETS measurements. (¢) electrons scattering mechanism of
various adsorbate molecules on Pt NWs. (f) Typical ETS spectra and cyclic voltammogram with
representation of various regions 0.1 M KOH solution (Panels d and e adapted from ref.?* with permission.
Copyright 2022 The Author(s), under exclusive license to Springer Nature Limited).

4.2.7. In-device CV and in situ ETS

A two channel SMU (Agilent B2902a) was used for the measurement. The first SMU channel was
used as a potentiostat to control the potential of source electrode as to the reference electrode (V),

while collecting the current (/) through the counter electrode with a scan rate of 50 mV/sec. The
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second channel was used to supply a small voltage of (10 mV) between source and drain electrodes

and collecting the corresponding current (/sp) (Fig. 4.2d).

The electrical conductivity of the metallic PtNWs is sensitive to surface environment, due to

surface scattering of the conduction electrons, producing a resistance change following equation?’.

p= po ((1‘—") x 3) (d <) (4-6)

1+p

Here p and py are the resistivity of the one dimensional PtNWs and bulk metal respectively,
A is the mean free path of electron, d is the nanowire diameter, and p is a specularity parameter
with a value ranging from O (for highly diffusive scattering) to 1 (completely specular scattering)
(Fig. 4.2¢)*°. When the diameter (d) of the PINWs is smaller than the electron mean free path (A ~
5 nm)*, their resistance is highly dependent on the exact surface adsorbate that modifies the value
of specularity (p). It is important to note such surface scattering is exclusively sensitive to surface
adsorbates, with little impact for the electrostatic or electrochemical potential. For example,
previous studies have clearly shown a constant conductance at different electrochemical potentials
when there is a stable surface adsorbate layer (e.g., CO or I') that does not change with
potential?’*3, clearly demonstrating the insensitivity of the metallic PtNWs to the varying
electrochemical potentials. Thus, the ETS approach offers a unique signal transduction pathway
to exclusively probe the surface adsorbates, with minimum interferences from the electrochemical
potentials or the bulk electrolyte environment, which is difficult to achieve with other analytic

approaches that are often convoluted with near surface (e.g., EDL) or bulk electrolyte background.

We have first closely compared the ETS measurement with the corresponding CV curve at pH 13
when the potential is gradually changed from 1.10 —0.05 V vs. RHE (Fig. 4.2f), which consistently

shows three distinct regions: (1) O/OHag/des region (1.10-0.60 V vs. RHE); (ii) electrical double
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layer region (OHaq replaced by H20) (0.60-0.40 V vs. RHE); and (iii) Hupa and HER regime (0.40-
0.05 V vs. RHE). The lowest conductance observed in the high potential regime is attributed to
the larger scattering from the strongly bonded OHaq on the Pt surface, which significantly reduces
the conductance of the PtNWs. Scanning the potential toward lower potential regime results in a
monotonic increase in conductance due to the gradual replacement of the OHa.q by H>O. The
conductance increase slowed in the double layer regime where Pt surface are nearly completely
reduced and most of the OHaq are replaced by H>O. Further sweeping the potential to the more
negative regime results in Hypa on electrode surface (replacement of surface adsorbed H,O and
residue OHaq by Hupd), which further reduces scattering and increases conductance. The
conductance eventually saturates at a nearly stable value below 0.15 V vs. RHE (beyond the Hupd

peak in CV) due to the formation of a complete hydrogen monolayer adsorption.

4.2.8. Reliability of ETS method
The reliability/validity of our experiments was confirmed by repeating sets of experiments. For
example, Fig. 4.3 shows three different devices in different pH media showing the same trend.

Although the exact conductance value varies, the overall trend and pH-dependent switching point

are highly reproducible.
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Figure 4.3: Electrical transport spectroscopy (ETS) measurements on three different ETS devices. (a,d,g)
ETS spectra in pH 7-10 versus NHE scale, (b,e,h) pH 10-13 versus RHE scale in 0.1 M electrolyte (ionic
strength and pH was maintained by KOH and KC104) and (c,f,i) Plot of conductance versus electrolyte pH
at -0.59 V versus NHE (from pH 7-10) and 0 V versus RHE (from pH 10-13) (the dotted line is guide to
eye).

We have also calculated the noise level of the ETS by normalizing the total conductance changes
at 0 V versus RHE between 0 to 1 (Fig. 4.4). The maximum standard deviation of three different
measurements was considered as a noise and the difference in conductance at pH 10 and 11 was
considered as signal. In this case, the minimum signal to noise ratio (to identify the switching

point) was calculated as ~9.2.
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Figure 4.4: Average of normalized conductance from three devices. Plot of normalized conductance versus
electrolyte pH at -0.59 V versus NHE (from pH 7-10) and 0 V versus RHE (from pH 10-13) (the dotted
line is guide to eye).

4.3. Computational Details

4.3.1. Model Set-up

In the static calculations, the Pt/water electrochemical interface is modelled by an orthogonalized
4-layer 4x4 supercell of Pt(111) termination with one water molecule adsorbed atop. The bottom
two layers of the Pt slab are constrained as bulk region, and everything else is allowed to relax as
the interface region. A vacuum slab of the 15 A thickness is added in Z direction to avoid spurious

interactions between periodic images.

In the molecular dynamics simulations, 36 explicit water molecules (water slab is c.a. 10 A thick)
are placed above the Pt(111) surface for more realistic description of the interfacial solvation
structures. The water configurations are pre-equilibrated using TIP4P force field*’. Hydroxide is

introduced by removing one H from a surface-adsorbed water.

4.3.2. Electronic Structure Methods

The periodic electronic structure calculations are performed with density functional theory, using
PBE functional®® and PAW pseudopotentials®® implemented in the VASP program (version
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5.4.1)*% D3 correction is used to better account for the dispersion interactions**. The
convergence criterion for SCF electronic minimization is set to 10~ eV. Due to the relatively large
system and sampling size, only the I" A-point is sampled in the reciprocal space of the Brillouin

zone throughout, and the cutoff energy for the kinetic energy of the plane-waves was 400 eV.

The solvation effect and electrolyte distribution beyond the slab regions are described implicitly
by a polarizable continuum with linearized Poisson-Boltzmann model as implemented in VASPsol

code®. The dielectric constant is taken as 78.4 (water), and the Debye length is taken as 3 A.

All periodic electronic structure analyses are performed based on converged charge density or
wavefunction. The Bader charges are calculated using Bader Charge Analysis program*®. The

COHP analysis is performed using LOBSTER program with the pbeVaspFit2015 basis set*’.

The molecular fragment calculations are performed with @B97X-D functional®® and def2-TZVP
basis sets* using the Gaussian 16 program>® (Revision C.01). Molecular orbital visualization and
Mayer bond order analysis are performed using the Multiwfn program®' on the converged

wavefunctions from DFT calculation.

4.3.3. Fixed-potential Treatments

Under a constant electrode potential, the electrode surface is effectively a grand canonical
ensemble of electrons where the system can exchange electrons with the electrode (electron
reservoir) until the work function of the system aligns with the electrode potential. This treatment
has been demonstrated to be necessary in investigating the potential-dependent geometric changes

and energetics at an electrochemical interface®>>2.

Here we use the fixed-potential method as implemented in the EChO Python package

(https://github.com/zishengz/echo). To be specific, the number of electrons is being optimized in
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an outer iteration after SCF convergence of each ionic step (geometry optimization step or MD
step) to adjust the work function of the system to align with the given electrode potential. This
treatment does not depend on the constant capacity approximation or interpolation and hence can
exactly capture the potential-dependent geometric changes and the resulted shift in potential of

zero charge and effective capacity.

Due to difficulty in continuously adjusting the number of hydroxide ions in the explicit solvation
model within the pH range of interest, the pH effect at a constant potential in RHE scale is modeled

by shifting the potential in SHE according to the Nernst equation:

URHE = USHE + ln 10 kBT pH (4-7)

4.3.4. Fixed-potential ab initio Molecular Dynamics Simulations

The ab initio molecular dynamics simulations are performed on the pre-equilibrated structures and
with the same DFT settings as in the geometry optimization. The nuclear motions are treated under
the Born-Oppenheimer approximation. The simulation is performed within the NVT ensemble at
300 K using the Langevin thermostat (with a friction coefficient of 0.1) which has been
demonstrated to cause the least inconsistency of local temperature in solid/liquid interfacial
models®®. To study the interfacial dynamics at different pH at the same potential in RHE scale
(corresponding to different potential in NHE scale), the fix-potential treatment is introduced by
performing a potentiostating step (adjusting the number of electrons in the system by time a factor
of 0.5 e/V to the difference from the target potential) after each nuclear motion>*. The analysis of
pair radial distribution function and coordination numbers are performed using the VMD

software>>.
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The free energy profile of water dissociation under the fixed-potential condition are obtained by
sampling along the reaction coordinate ¢ for an interfacial water molecule. The configurational
samplings are performed using the slow-growth technique where ¢ is varied sufficiently slow
(0.001 A per MD step) to equilibrate all degrees of freedom other than the reaction coordinate,
which in the end yields a well-sampled blue moon ensemble. Thermodynamic integration is
performed within the blue moon ensemble to obtain the free energy gradient along the reaction

coordinate, which is then integrated to recover the free energy profile.

4.34.1. Details of the free energy calculation based on fixed-potential MD

To calculate the free energetic of water dissociation, a rare event, we employed the slow-grow
approach to sample uniformly along the reaction coordinate ¢ as defined in Fig. 4.5a. To be

specific, the reaction coordinate is constrained by the SHAKE algorithm®® and then varied at a
constant rate Z—i of 0.001 A/fs which is sufficiently slow for all degrees of freedom other than the
reaction coordinate to fully equilibrate. The resulted samples constitute a blue moon ensemble

. d )
where the free energy gradient (a_::) at any &* can be calculated based on the mass metric tensor
5*

and the Lagrange multiplier associated with the & in the SHAKE algorithm®’. The free energy
difference between any two states, £; and ¢, can be calculated by integrating the free energy

gradient:

$2
wriea= [ (), ()

By performing integration from the initial state up to any state along the reaction coordinate, we

can obtain the free energy profile as exemplified in Fig. 4.5b.
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Figure 4.5: Details of the fixed-potential free energy calculation of water dissociation at pH=14. (a) The
definition of reaction coordinate ¢ for the water dissociation reaction, with negative values and positive
values representing intact and dissociated states of the interfacial water, respectively. (b) The free energy
gradient and integrated free energy along the reaction coordinate. (c) Fluctuation of potential (SHE scale)
of the system along the reaction coordinate, with grey dotted line marking the target potential (Erue=0 V,
pH=14). (d) Fluctuation in the net number of electrons in the system along the reaction coordination, which
indicates the charge transfer between the surface and the electrode (electron reservoir) during the reaction.

Note that the whole configurational sampling is performed under a fixed-potential condition by a
theoretical potentiostat which stabilizes the potential of the system around the target potential with
minimal fluctuations (Fig. 4.5¢). The fluctuation of net number of electrons in the system
associated with the reaction can also be tracked along the reaction coordinate, and the charge

transfer accompanying the water dissociation is evaluated to be ca. 0.5 |e| (Fig. 4.5d).

4.3.4.2. Limitations and justifications of our fixed-potential MD simulations

In this work, we study the pH effect at the same electrode potential (RHE scale) by aligning the
workfunction of the system to different absolute potentials (SHE scale) according to the Nernst

equation. Such practice corresponds to adjusting the surface charge in response to pH changes,
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and we assume the charge transfer between the electrode and the catalyst surface to be much faster
than the solvation dynamics at the interface, so that the charge state and the workfunction can fully

equilibrate after every local optimization or MD step.

We do not include any explicitly solvated hydroxides in this work to model pH effect because: (i)
Given the affordable system size, it is not possible to continuously tune the hydroxide
concentration in the pH range of interest (7 to 14). (i1) Within the grand canonical DFT + hybrid
solvation scheme, presence of explicit charged solutes can cause artifacts where the counter charge
density leaks into the solvation shell and compete with the actual solvent molecules in solvating
the charged solute®®%’. Such artifacts would cause unphysical dynamics of the solvents and the
interfacial charge distribution; hence we do not include any explicit solvated hydroxide or cations
in the simulation box. (iii) The concentration of solvated hydroxide in the contact layer of the
cathode is expected to be negligible. Even if present, they would not disrupt the solvation structure
like the larger cations?® and hence should not alter the overall statistics of interfacial water

orientation qualitatively.

The effect of surface adsorbates are probed by additional simulations with surface coverage of *H
or *OH, at low or high pH (Fig. 4.6 a,b). The pH response of interfacial water orientation remains
qualitatively the same as the case of bare Pt surface. We do not consider a very high coverage case,

since the metal surface can undergo more complex H-induced restructurings® -3

, which would
require more sophisticated configuration sampling and is beyond the scope of this study. In

addition, herein we are particularly interested in the organization of water over the bare Pt sites

where water dissociation can take place, instead of the adsorbate occupied sites.
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Figure 4.6: Additional simulations with multiple factors considered. The spatial distribution of O and H in
the water layer from fixed-potential MD simulations (each of ca. 10 ps duration) at low and high pH values
for (a) Pt(111) with *H adsorbate of 1/16 ML coverage, (b) Pt(111) with *OH adsorbate of 1/16 ML

coverage, (c) Pt(100), (d) Pt(110), (e) a larger 5x5x4 slab of Pt(111), (f) with a higher K-points of 2x2x1
Gamma points for reciprocal space sampling.

Since the sample is a polycrystalline Pt nanowire, we have also performed additional simulations
at low or high pH on Pt(110) and Pt(100) surfaces which have different surface Pt coordination
states and different adsorption energetics from those pt Pt(111). The results of these simulations,
as shown in Fig. 4.6 c,d, indicate that while the shape of the spatial distribution of O and H may
be slightly different from those of Pt(111), the reorientation of interfacial water from O-down to
H-down when pH goes from low to high is qualitatively consistent with the case of Pt(111). This
suggests that the pH-dependent surface charge, rather than the surface structure, is the dominant

factor driving the observed water reorientation.

We have also performed simulations with a larger slab size of 5x5x4 Pt(111), which is
approximately 156% of the surface area of the original slab, and with a higher k-point of 2x2x1
Gamma point to sample the reciprocal space, at low or high pH values. Both sets of simulations
(Fig. 4.6 e,f) yield pH-response of the interfacial water orientation consistent with Fig. 3¢ and the

main conclusions of this study. While larger unit cells would be preferable, computational
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limitations and simulation time to equilibration make this challenging for ab initio molecular
dynamics simulations. Our previous works and those of others using similar methods?® ¢+-%¢ have
shown that our cell size is sufficient to avoid spatial correlation issues from periodic boundary
conditions and yield correct spatial of interfacial water. Moreover, the orientational switch of
interfacial waters has an electronic origin (pH-dependent surface charge) that is not strongly

dependent on the surface area or the thickness of the water slab.

While we acknowledge that many realistic factors (independent or interdependent) may influence
the solvation structure of the interfacial waters, our additional tests in Fig. 4.6 demonstrate that the
pH trend remains qualitatively consistent regardless of these additional complexities probed
herein. It is possible that the presence of other complexity may “shift” the distribution of water
orientation and account for the ~1 pH unit discrepancy compared to the experimental “critical pH”
of the orientational switch, but the probed complexities should not be the major factor in driving

this pH-dependent and phase transition-like reorganization of interfacial water.

4.4. Results and discussion

4.4.1. pH dependent voltammetric characteristics and HER activity

The pH dependence of the HER kinetics is an intriguing topic. If we assume protons (hydroniums)
as the reactant (H3O" + ¢ + * — Hag + H20), the thermodynamic onset potential for HER is
expected to be constant on the reversible hydrogen electrode (RHE) scale but negatively shifts 59
mV for each pH increase in the normal hydrogen electrode (NHE) scale (Erue=Enue + 0.059 pH),
according the Nernst equation (E = E° — 0.059 pH). On the other hand, the situation could be
different in the neutral or alkaline condition, in which the Volmer step (H2O + ¢ + * — Hag +

OH") is believed to be the rate limiting. In this case, the onset potential is expected to be
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independent of the electrolyte pH (thus constant on the NHE scale) because no proton or hydroxide
is involved on the reactant side. It has been previously suggested that HER in alkaline media does
not involve protons, and one should not expect a pH dependence® ?. Thus, a plot on the NHE scale
has been frequently used for alkaline media® 2*. We investigated the voltammetric response of
HER on a Pt surface using cyclic voltammetry (CV) in alkaline media of different pH between 7-
13. Our CV studies reveal that the Hupa peak potential from pH 7 to pH 9 is largely independent of
pH value, showing a nearly constant peak position or onset potential in the NHE scale (Fig. 4.7a),
while the Hupa peaks in pH 11-13 show clear pH dependence and thus were compared on the pH
dependent RHE scale (Fig. 4.7b). The CV of pH 10 is showing a transition from pH independent
to pH dependent Hypa peaks and hence presented both on the NHE and RHE scale as a reference
point. Overall, the Hupa peak intensity increases with increasing pH and is significantly larger
above pH 10. Likewise, the HER polarization curves in pH 7-9 is largely pH independent (Fig.
4.7¢) and show similar HER onset potential on the NHE scale, whereas show a clear pH
dependence in pH 11-13 with a comparable onset potential on the RHE scale but an apparently
increase HER activity with increasing pH (Fig. 4.7d). Previous studies of nanostructured Pt** or
Au'” electrodes have also shown a similar increase of HER activity with increasing pH in alkaline
media®>°. We note that there is a study reporting a decrease of HER activity on Pt(111) electrode
with increasing pH from 11 to 133, which is intriguing but not confirmed by other studies yet, to

the best of our knowledge.
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Figure 4.7: Voltammetric studies in 0.1 M electrolyte solution with different pH. (a) CV on stationary Pt
disc electrode in N»-saturated electrolyte of pH 7, 8, 9 and 10 versus pH independent NHE scale and (b) pH
10, 11, 12 and 13 versus pH dependent RHE scale at scan rate of 100 mV/sec (pH was adjusted by KOH
and KCIOs) (¢) IR-corrected HER polarization curves collected in N»-saturated electrolyte solution of pH
7, 8 and 9 versus pH independent NHE scale and (d) pH 10,11,12 and 13 versus pH dependent RHE scale
at scan rate of 5 mV/sec with rotation rate of 1600 rpm (electrolyte concentration was maintained 0.1 M in
all cases and the pH was adjusted by KOH and KCIOy).

Considering the potential ambiguity of the NHE to RHE conversion, the Tafel slope and
exchange current density give a more reliable evaluation of the reaction kinetics (Fig. 4.8 a,b).
Importantly, the Tafel slopes and exchange current densities show an apparent transition at pH 10
(Fig. 4.8b). In particular, the Tafel slopes display a notable switch from a value of ~110 mV/decade
below the pH 10 to ~53 mV/decade above pH 10 (Fig. 4.8b), suggesting a switch of rate
determining step at around pH 10 and a more favorable HER kinetics at higher pH alkaline media.
Likewise, the exchange current density versus pH plot also showed two distinct regimes: a much
lower value of ~ 0.002 mA/cm? in the electrolyte of pH 7 to 9 indicating slower kinetics in the
neutral pH regime. At pH 10, the intrinsic HER/HOR activity starts to increase with the exchange

current density value of ~0.1 mA/cm?, which reaches beyond ~ 0.5 mA/cm? at pH 11-13. This
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trend is largely similar to the Tafel slope. The slightly lower exchange current density and larger
Tafel slope in case of pH 13 compared to pH 11 and 12 is attributed to the higher local cation
concentration at the interface (due to higher pzfc and larger interfacial electrical field) that

negatively impacts the HER/HOR kinetics.
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Figure 4.8: Tafel slope and exchange current density in 0.1 M electrolyte solution at different pH. (a) Tafel
plots in different pH electrolyte collected on Pt disc electrode with rotation rate of 1600 rpm at a scan rate
of 5 mV/sec in N,-saturated 0.1 M ionic strength electrolyte solution (pH was adjusted by KOH and KC1O4)
and (b) Plot of Tafel slope values and exchange current density versus electrolyte pH (the dotted lines are
guide to eyes).

4.4.2. On chip in-situ monitoring of the pH dependent Pt-surface adsorbates

To understand the molecular level origin of the non-trivial pH dependence of HER kinetics in
alkaline media, we employed electrical transport spectroscopic (ETS) studies to directly probe the
Pt surface adsorbates at different pH. Using ultrafine Pt nanowires (PtNWs) as a model
catalyst’?’?% the ETS approach involves a concurrent measurement of the PtNWs conductance
during electrochemical studies in a micro-fabricated on-chip device at different electrochemical
potentials (see Fig. 4.2 and ref.?’ for detailed working principle of the technique). In general, the
conductance of the ultrafine metallic PtNWs measured in ETS studies is highly sensitive to the
exact surface adsorbates due to surface scattering of the conduction electrons, but insensitive to
the electrostatic or electrochemical potential. The ETS approach thus offers a unique signal
transduction pathway to exclusively probe the surface adsorbates, with minimum interferences
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from the electrochemical potentials or the bulk electrolyte environment, which is difficult to
achieve with other analytic approaches that are often convoluted with or dictated by the near

surface (e.g., electrical double layer) and bulk electrolyte background.

Prior to ETS measurements, the PtNW surface was sufficiently cleaned though repeated
cycles in 0.1 M HCIlO4 between 1.1 and 0.05 V vs. RHE in flow cell until reaching a stable
conductance signal. The chamber and device were then thoroughly washed with deionized water
to ensure a complete removal of any unintentional surface adsorbents. Finally, the device was used
in different pH media to obtain the ETS measurements. The ETS studies show the PtNWs generally
exhibit a lower conductance in the hydroxide adsorption/desorption potential regime, which is
attributed to the more pronounced scattering of the conduction electrons by the strongly bonded
OH.d/Oaq on the Pt surface in this potential regime®’. Sweeping the electrochemical potential to
the negative direction results in a gradual change of surface adsorbates and thus the corresponding
conductance behavior: (i) in the EDL region, the OHad/Oaq are replaced by interfacial H,O
molecules, which reduces the electron scattering and results in an increase in conductance; and (i1)
further sweeping of the electrode potential to negative direction, the interfacial H,O is largely

replaced by Haqg that further reduces the scattering and increases the conductance.
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Figure 4.9: Electrical transport spectroscopy (ETS) measurements. (a) ETS spectra in pH 7-10 versus NHE
scale, (b) pH 10-13 versus RHE scale in 0.1 M electrolyte (ionic strength and pH was maintained by KOH
and KClO4) and (c) Plot of conductance versus electrolyte pH at -0.59 V versus NHE (from pH 7-10) and
0 V versus RHE (from pH 10-13) (the dotted line is guide to eye).
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The ETS studies in electrolytes with different pH reveal that the conductance is nearly
constant in the electrical double layer regime (EDL) and HER/Hupa potential regime in the
electrolyte of pH 7-9 indicating little change in surface speciation on Pt surface within this pH
range (Fig. 4.9a). The shape of the ETS signal at and above pH 10 display notably different
characteristics (Fig. 4.9b). In particular, the conductance showed an increase above pH 10 in the
EDL and HER/Hypa potential regime (Fig. 4.9b). A plot of the conductance in the HER regime
versus pH shows a nearly constant conductance from pH 7-9 and a steep rise of the conductance
with increasing pH above 10 (Fig. 4.9¢). Considering the surface adsorbates in the EDL region is
dominated by H20.4’°, such an increase of the conductance suggests a change in H2Oad
configuration, likely from a more scattering (lower conductance) O-down configuration at lower
pH to a less scattering (higher conductance) H-down configuration at higher pH. Such change of
water orientation is also in line with previous experimental reports®!. Interestingly, this switch in
the ETS conductance signal at around pH 10 is largely consistent with the evolution of the pH-
dependent HER Tafel slopes. The transition point in ETS results indicate that there is an abrupt
change in surface speciation at pH 10, which leads to a switch in HER kinetics (Tafel slope) from
a Volmer-step dictated kinetics (with the Tafel slope of ~110 mV/dec) below pH 10 to a

Heyrovsky-step-dictated kinetics (Tafel slope ~ 53 mV/dec) above pH 10.

4.4.3. Theoretical insight into the role of pH on surface adsorbates

We performed theoretical calculations to further understand the change in surface speciation
and explore the molecular level origin of the switch in HER kinetics. To probe the nature of the
interfacial structural transition that underlies the switching behavior, we used the fixed-potential
density functional theory (FP-DFT) technique to locate the most stable adsorption configuration

of water on Pt(111) at 0 Vrug in the pH range of 7 to 14 (Fig. 4.10)2.
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Our calculations show that the adsorbed water adopts an O-down configuration below pH=11 but
switches to the H-down configuration above pH=11 (Fig. 4.11a). As a result of the configurational
change, the Pt—O distance increases from ca. 2.4 A to 3.3 A, and the angle between the H,O

orientation (defined by the vector from O to the midpoint of H’s) and the Pt surface normal

increases from ca. 60° to 170° (Fig. 4.11b).
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Figure 4.11: Static and dynamic fixed-potential DFT calculations of interfacial structure of Pt(111)/water.
(a) Structural models of low-pH and high-pH water configurations on Pt(111), with key geometric
parameters marked. (b) The Pt—O distance and the water orientation angle in pH range of 7 to 14. (¢)
Spatial probability distribution of O and H in water with respect to relative height to Pt surface from fixed-
potential ab initio MD simulations at selected pH levels. (d) Statistics of water orientation angle with respect
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to relative height to Pt surface at selected pH levels. The regions corresponding to adsorbed water (region
A) and the contact water layer (region B and C for H-down and O-down waters) are marked by black dashed
circle and red dotted box, respectively.

To better describe the realistic solvation and dynamics at room temperature®, we further
performed ab initio molecular dynamics (AIMD) with an explicit water slab of ca. 10 A thickness
and fixed-potential (FP) treatment (Fig. 4.12 and 4.13), and compared the spatial distribution of O
and H atoms (relative to the Pt surface) at selected pH (Fig. 4.11¢). As pH increase from 7 to 10,
the first O peak at ca. 2.2 A stays sharp and high, suggesting a large population of directly O-
adsorbed water. The H peak at 2.6 A is significantly higher than the one at 2.1 A, suggesting the
O-down orientation in the contact layer to be dominant. As the pH increases from 10 to 11, the
intensity of the first O peak is significantly reduced, suggesting a weakening of the water
adsorption via Pt—O. Moreover, the intensity of the H peak at ca. 2.1 A (corresponding to H-down
water) builds up to a comparable level to that of the O-down at pH 11 and becomes dominant
beyond pH=12, suggesting a flip of the majority of water molecules in the contact layer. Such a
flip is better visualized by the distribution map of water orientation angles (Fig. 4.11d): the
adsorbed O-down water (marked by region A) is depleted as the pH increases, and the majority of
the interfacial waters shifts from a O-down orientation (Region B) to a H-down orientation (Region
C). The flipping from O-down confuguration to H-down configuration upon increasing pH is
consistent with a swtich from low conductance state at lower pH to a higher conductance state at
higher pH observed in the ETS studies, in which the O-down configuration shows stronger electron

scattering and thus lower conductance than the H-down configuration.
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Figure 4.12: Algorithmic flowchart of the fixed-potential (FP) simulation (a) ab initio molecular dynamics
(AIMD) simulation and (b) A side view of the simulation box used for FP-AIMD.
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Figure 4.13: Validation of the proper potentiostating and thermosetting of the FP-AIMD scheme. The

evolution of (a) the work function and (b) the temperature of the systems during 5-ps simulation at different
pH levels.

The sharp crossover behavior at ~ pH 11 (Fig. 4.11) closely resembles the experimental
pH dependence of HER Tafel slope, exchange density (Fig. 4.8b), which inspires us to quantify
the influence of water configurational change on the HER activity. To this end, we performed
Crystal Orbital Hamilton Population (COHP) analysis on selected atomic pairs in the pH range of
7 to 14. The obtained COHP is integrated up to Fermi level to yield negative integrated COHP
(—ICOHPg,,), which acts at a descriptor of the strength of covalent or noncovalent interactions (Fig.
4.14a). It was observed that the Pt—O gradually weakens as the pH increases from 7 to 11, and
sharply reduces to 0.02 eV at pH=11 and stays nearly constant thereafter. The Pt—H, however, is
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strengthened from 0 to 0.08 eV after the orientational change from O-down to H-down, suggesting

a stronger interaction between H in water and the Pt surface at higher pH.
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Figure 4.14: Influence of interfacial water orientation on water dissociation reactivity. (a) The bond
strength descriptor, -ICOHP (negative integrated Crystal Orbital Hamilton Population) up to Fermi level,
for Pt—O, Pt—H, and O-H in pH range of 7 to 14. (b) Net Bader charge on H»O at the Pt surface in the pH
range of 7 to 14, with HOMO and LUMO of water shown as insets. (¢) The free energy profile of water
dissociation for H-down water at high pH and O-down water at low pH. The transferred H is marked by
dotted black circles. Notable configurations along the reaction coordinate are shown as insets.

Moreover, the O-H bond in interfacial water is significantly weakened by ca. 0.50 eV in
terms of —ICOHPg upon the orientational change (Fig. 4.14a). The change in effective pK, of H-
down water is estimated, by the fitted correlation between experimental pK. and calculated
—ICOHPg,, (Fig. 4.15), to be 8 units lower than the neutral O-down case, which agrees reasonably
well with acidic-like kinetics suggested in previous experimental reports®* %, In addition, the H-
down water could act as a relay for protons in the outer water layers to cascade to the Pt surface

via a hydronium-like intermediate, which is also in line with recent reports of higher local
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concentration of hydronium species near the Pt surface in high pH conditions.?* Therefore, more
facile Volmer kinetics is expected beyond pH=11 due to the orientational change, which results in

the switch of Tafel slope to a smaller value (Fig. 4.8b).
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Figure 4.15: Correlating pK, with calculated -ICOHP up to Fermi level on an experimental data set of
organic acids. The R-square of the fitting is 0.998.

The molecular origin of the O—H weakening is further analyzed by Bader charge analysis
(Fig. 4.14b) and molecular fragment analysis (Fig. 4.16). The net charge of water is ca. +0.10 |e|
in the O-down and —0.06 |e| in the H-down configurations. The partial charging of interfacial water
at higher pH can be attributed to the charge redistribution caused by shift of the work function of
the surface. Due to the non-bonding nature of the HOMO (O 2p lone pair), partial removal of
electron from it has little influence on the O—H bond strength. On the other hand, the LUMO in
water has O—H o™ characteristics (Fig. 4.14b inset), and the filling of this orbital would directly
lead to a weakening of O—H bond, as is evidenced by a decrease in Mayer bond order from 0.9
to 0.24 per electron. The diffuse nature of the H-side lobe of the HOMO also promotes the

interaction between H in water and the Pt surface.

115



im
H— 1b, ‘ fj C )
% 2a4

Figure 4.16: Molecular fragment analysis of charged H>O. (a) Molecular orbital diagram of H,O. The
isosurface of (b) positive charge on [H,O]" at isovalue of 0.02, (c) negative charge on [H,O]" at isovalue of
0.02 and (d) at 0.005.

To quantify the influence of interfacial water configuration on the kinetics of water dissociation,
we performed free energy calculations by slow-growth constrained MD sampling and
thermodynamic integration within the FP-AIMD scheme. Our calculations show that the O-down
water at low pH needs to rotate to a flat configuration before it can break the O—H bond and
transfer the H to the Pt surface, with a rather high free energy barrier of 1.10 eV (Fig. 4.14c¢). In
contrast, the H-down water at high pH do not need to go through this extra step and can directly
dissociate with a much lower free energy barrier of 0.55 eV. In other words, the interfacial
polarization and reorientation of interfacial water molecules to the H-down configuration at high
pH not only electronically weakens the O—H in water, but also modifies the water dissociation

reaction pathway by skipping an intermediate flat configuration, thus greatly reducing the kinetic

barrier and leading to considerably improved HER activity.

Additionally, we note that near-surface hydroxide may also play a role in modifying the
reaction kinetics, although for technical reasons it is infeasible to explicitly include solvated

hydroxide in the FP-AIMD. To explore this effect, we can derive the difference in thermodynamics
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of hydroxide binding on the surface from the trajectory averages with and without *OH, assuming
the initial state of hydroxide (solvated in the bulk electrolyte) to be pH-independent, so that we
can cancel out the energy of the solvated state. In this case, our calculations reveal that the
hydroxide binding with Pt at higher pH (where the majority of interfacial waters are H-down) is
stronger than that at lower pH (where the majority of interfacial water are O-down) by 0.25 eV.
This indicates the role of interfacial water orientation in stabilizing more surface hydroxide (via
water deprotonation or other means) at higher pH values. Such surface hydroxide could also
function as electronically favored proton acceptors and geometrically favored proton donors for

interfacial H-down water to promote water dissociation?’.

4.5. Conclusions

In summary, we have performed surface-sensitive electrical transport spectroscopy
measurements as well as static and dynamic fixed-potential DFT calculations to understand the
molecular level origin of the pH-dependent HER activity on Pt surface in alkaline media. The
intriguing switching behavior in the pH dependence of interfacial conductance and Tafel slope at
ca. pH=10 suggest a reorganization of interfacial water molecule structure and a change in HER
mechanism. Static and dynamic calculations reveal a sharp orientation transition of interfacial
water from the O-down to H-down configuration, which, as further shown by chemical bonding
analysis, leads to weakened O—H bond and enhanced HER kinetics. Our theoretical results show
that the hydroxide binding with Pt at high pH (where the majority of interfacial water are H-down)
is stronger than the case at low pH (where the majority of interfacial water are O-down) by 0.25
eV. Such surface hydroxide could function as electronically favored proton acceptors and
geometrically favored proton donors for interfacial H-down water to promote water dissociation.

The excellent correlation among experiment and theory provides, for the first time, a robust
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interpretation of the pH-dependent HER kinetics on Pt surface in alkaline media. These studies
provide a pathway toward a more complete understanding of pH effects on the electrode/water
interfacial structure and their critical role in the relevant electrochemical reactions and renewable

energy conversion.
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CHAPTER 5

Conclusion

In conclusion, a number of mechanistic understandings have been suggested to interpret the pH-
dependent or electrolyte-dependent HER kinetics. The progress to date is largely guided by
oversimplified approaches with a single macroscopic descriptor. On the other hand, the exact
nature of the electrode—electrolyte environment and molecular reaction pathway in different
electrolytes could be substantially different, depending on the surface water protonation status,
water orientation, as well as other unavoidable cations, anions, and buffer molecules that may
fundamentally alter the local chemical environment at the electrode—electrolyte interface. In
particular, the HER in acid, neutral, and alkaline media follows different reaction pathways with
different rate-determining steps. Thus, a single descriptor can hardly give a fully satisfactory
interpretation of the evolution of the HER kinetics in different pH environments. In alkaline media
(pH > 10), the Heyrovsky step becomes the rate-determining step, and hence the HER activity
increases at higher pH since a higher OH— concentration may lead to more OHaq on Pt surface,
which acts as proton donors and acceptors to near surface water and promotes water dissociation.
Furthermore, it is also noted that even within the alkaline range, the HER can have multiple
descriptors. Thus, the attempt to use a single macroscopic descriptor to explain the electrocatalytic
reaction in these very different situations can be misleading. In general, the explanation of different
HER activity on the Pt surface in acid, neutral, and alkaline media is still a topic of considerable
debate. To resolve the apparent inconsistencies among different interpretations, we developed a
molecular level picture of the exact reaction pathways so that we can properly evaluate the

relevance and importance of different descriptors and understand the fundamental origin of
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different HER kinetics in different electrolytes. For fundamental investigations, it is beneficial to
keep the electrode—electrolyte interface as simple as possible. For example, at higher pH beyond
7, the neutral water molecules remain the proton source throughout the pH range 7—14, while the
HER activities show notable enhancement with increasing pH. We have combined a unique
surface-adsorbate specific ETS approach with EIS experiments and DFT calculations to directly
probe the on-surface and near-surface chemical environment, deciphering the elusive role of alkali
metal cations (AM") on Pt-surface chemistry and the alkaline HER. Our integrated studies suggest
that the cation is not directly bonded to the Pt surface or OHaq but is separated by a water molecule
in the first hydration shell of the cation, which is distinct from previous studies. Moreover, smaller
cations favor a higher OHaq coverage on the Pt surface in the HER potential window, where the
OHaq in turn function as electronically favored proton acceptors or geometrically favored proton
donors to promote water dissociation and Volmer-step kinetics on the Pt surface in alkaline media,
leading to improved HER activity in the presence of smaller cations (Li"). Our studies resolve the
fundamental role of AM™ in the HER kinetics, which has remained elusive in recent decades, and
could offer valuable insights for the design of more efficient electrolysers for renewable energy
conversion. In another project, by using an integrated study to probe both the on-surface (ETS)
and near-surface (EIS) signals, we experimentally proved that Cs” specifically adsorbs on the Pt
electrode surface to such an extent that they can lower the availability of free surface sites and
hence decrease the HER activity, whereas Rb" quasi-specifically adsorbs on the Pt surface and
accumulates in the electrical double layer to form a denser cation layer, likely facilitated by its
unique dynamism near the surface, which hinders the water transport and suppresses the HER
activity. To the best of our knowledge, this study provides, for the first time, experimental evidence

confirming quasi-specific and specific adsorption of Rb* and Cs* on the Pt electrode surface, which
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allows us to rationalize the trend in HER kinetics following K™ > Cs™ > Rb" as resulting from a
dual mode of deactivation: blocking the active site (found in Cs*) and blocking the transport
through EDL (found in Rb"). Our study provides a molecular-level understanding of the
fundamental role of weakly hydrated AM" in HER kinetics that has remained elusive for decades
and is expected to offer valuable insights for the design of more efficient alkaline electrolysers.
Finally, we have performed surface-sensitive ETS measurements as well as static and dynamic
fixed-potential DFT calculations to understand the molecular level origin of the pH-dependent
HER activity on Pt surface in alkaline media. The intriguing switching behavior in the pH
dependence of interfacial conductance and Tafel slope at ca. pH=10 suggest a reorganization of
interfacial water molecule structure and a change in HER mechanism. Static and dynamic
calculations reveal a sharp orientation transition of interfacial water from the O-down to H-down
configuration, which, as further shown by chemical bonding analysis, leads to weakened O—H
bond and enhanced HER kinetics. Our theoretical results show that the hydroxide binding with Pt
at high pH (where the majority of interfacial water are H-down) is stronger than the case at low
pH (where the majority of interfacial water are O-down) by 0.25 eV. Such surface hydroxide could
function as electronically favored proton acceptors and geometrically favored proton donors for
interfacial H-down water to promote water dissociation. The excellent correlation among
experiment and theory provides, for the first time, a robust interpretation of the pH-dependent HER
kinetics on Pt surface in alkaline media. These studies provide a pathway toward a more complete
understanding of pH effects on the electrode/water interfacial structure and their critical role in the

relevant electrochemical reactions and renewable energy conversion.
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