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The hydrogen evolution reaction (HER) on platinum (Pt) surface typically displays a distinct
dependence on electrolyte pH and is notably more sluggish in alkaline electrolyte compared
to acid. The fundamental molecular level understanding of HER Kkinetics in alkaline media
remains a topic of considerable debate. Herein, we combine cyclic voltammetry (CV) and
electrical transport spectroscopy (ETS) approach to probe Pt surface at different pH and
develop molecular level insights on the HER Kkinetics in alkaline media. The pH-dependent
studies reveal a sharp switch of the HER Tafel slope from ~110 mV/decade in pH 7-10 to
~53 mV/decade in pH 11-13, suggesting considerably enhanced Volmer 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 density
functional calculations and chemical bonding analysis suggest that such a switch can be
attributed to a change of interfacial water molecule orientation from the O-down to H-down
configuration when the pH is increased above 10, which weakens the O-H bond in the
interfacial water molecules and boost alkaline HER Kkinetics. Our integrated experimental
and theoretical studies for the first time reveal direct evidence supporting the reorganization
of interfacial water molecule configuration at pH~10 and provide an unprecedented
molecular level understanding of the non-trivial pH dependent HER Kinetics in alkaline

media.



Hydrogen evolution reaction (HER) is a key process for water electrolysis and green hydrogen

production from renewable energy sources!-2. The HER kinetics on platinum (Pt) surface typically
displays a distinct dependence on electrolyte pH. In particular, it is well recognized that HER
kinetics on Pt surface in alkaline media is substantially slower than in acidic media®>?, which has
been attributed to a change of proton donor from H3O" in acidic conditions to H>O in alkaline
conditions®®. 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 the attributed to a change
of Pt surface-H>O protonation status and associated with Pt surface hydronium pKa (4.3) (ref.”).
However, the change of proton source from H3O" to H>O cannot explain HER activity difference
in alkaline media.

In parallel, 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

1914 For example, Sheng et al.! and Durst ef al.'> independently suggested that HBE

kinetics
derived from the pH-dependent hydrogen underpotential deposition (Hypa) 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 Hupa peak

potential is not an unambiguous indicator of the HBE.

To this end, Koper ef 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 OHagq
region), leading to a stronger electric field in HER region and a larger interfacial water
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 (ref.!”). Besides the
aforementioned theories, it has also been suggested that the other factors including water

18,19

dynamics'®"”, transport of related intermediates (H2O*/OH*) at the electrode/electrolyte



20,21

interface 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!”->*26, Koper et al. recently investigated the pH-dependent HER
kinetics on an Au electrode in the 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
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 Kkinetics.

This excellent correlation of the experimentally observed switch in Tafel slope, exchange current

3



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.

Results
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" + ¢~ + * — Haq + H20), the thermodynamic onset potential for
HER is expected to be constant on the RHE scale but negatively shifts 59 mV for each pH increase
in the normal hydrogen electrode (NHE) scale (Erue=Ennue + 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 + ¢ + * — Haq + OH") is believed to be the
rate limiting. In this case, the onset potential is expected to be 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®??

. 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. 1a), while the Hupa peaks in pH
11-13 show clear pH dependence and thus were compared on the pH dependent RHE scale (Fig.
1b). The CV of pH 10 is showing a transition from pH independent to pH dependent Hupq 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. 1c¢) 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

t24

(Fig.1d). 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 13 (Ref?),

which is intriguing but not confirmed by other studies yet, to the best of our knowledge.
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Fig. 1| Voltammetric studies in 0.1 M electrolyte solution with different pH. (a) CV on stationary
Pt disc electrode in N2-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 HCIOa) (c) IR-corrected HER polarization curves collected in N2-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 0.1 M KOH and 0.1 M
HCIOa).

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. 2 a,b).
Importantly, the Tafel slopes and exchange current densities show an apparent transition at
pH 10 (Fig. 2b). 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. 2b), suggesting a switch of
rate determining step at around pH 10 and a more favorable HER Kkinetics 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 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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Fig. 2| 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 N2-saturated 0.1 M ionic strength electrolyte solution (pH was adjusted by
KOH and HCIO4) and (b) Plot of Tafel slope values and exchange current density versus electrolyte
pH (the dotted lines are guide to eyes).

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
72728 the ETS approach involves a concurrent measurement of the PtNWs conductance during
electrochemical studies at different electrochemical potentials (Supplementary Fig. 1 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 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.

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 OHa.4¢/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 H2O molecules, which reduces the electron
scattering and results in an increase in conductance; and (ii) further sweeping of the electrode
potential to negative direction, the interfacial H>O is largely replaced by Haa that further reduces

the scattering and increases the conductance.
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Fig. 3| 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 KCIO4) 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).

The ETS studies in electrolytes with different pH reveal that the conductance is nearly
constant in the electrical double layer regime (EDL) and HER/Hup potential regime in the
electrolyte of pH 7-9 indicating little change in surface speciation on Pt surface within this pH
range (Fig. 3a). The shape of the ETS signal at and above pH 10 display notably different
characteristics (Fig. 3b). In particular, the conductance showed an increase above pH 10 in the
EDL and HER/Hupq potential regime (Fig. 3b). 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. 3c). Considering the surface adsorbates in the EDL region is
dominated by H2Oa4 *°, such an increase of the conductance suggests a change in H2O.q
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. The
flipping behavior 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.

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 Vrue in the pH range of 7 to 14 (Supplementary Fig. 2) 3!. 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. 4a). 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. 4b).

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 (Supplementary Fig. 3 and 4), and compared the spatial
distribution of O and H atoms (relative to the Pt surface) at selected pH (Fig. 4c). 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. 4d):
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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Fig. 4| 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. (c) 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 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.

The sharp crossover behavior at ~ pH 11 (Fig. 4) closely resembles the experimental pH
dependence of HER Tafel slope, exchange density (Fig. 2b), 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. 5a). 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 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.

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. 5b). The change in effective pKa of
H-down water is estimated, by the fitted correlation between experimental pK, and calculated

9



—ICOHPg,, (Supplementary Fig. 5), to be 8 units lower than the neutral O-down case, which agrees

reasonably well with acidic-like kinetics suggested in previous experimental reports®*3>. 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 concentration of hydronium species near the Pt surface in high pH conditions 2*. 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. 2b).
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Fig. 5| 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 H20 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 low pH and O-down water at high pH. The transferred H is
marked by dotted black circles. Notable configurations along the reaction coordinate are shown as

insets.

The molecular origin of the O-H weakening is further analyzed by Bader charge analysis
(Fig. 5b) and molecular fragment analysis (Supplementary Fig. 6). 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
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hand, the LUMO in water has O-H ¢* characteristics (Fig. 5b 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.

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 (see Computational Details and
Supplementary Note 1 for details). 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. 5c). 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
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 2°.

Conclusions
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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 also 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.
Methods

1. Experimental Methods
Chemicals

Potassium hydroxide (KOH, 87.4%), potassium perchlorate (KC1O4, 99% ) and perchloric
acid (HCIO4, 70%, PPT grade) 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).
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 Ag/AgCl were used as

the counter and reference electrodes, respectively.

Synthesis of Pt nanowires (PtNWs)
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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 KoPtCle (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.
Preparation of PtNWs films

A free standing PtNWs film was assembled on chip from as-prepared PtNWs suspension by a co-
solvent evaporation method 7. Briefly, PINWs 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.
Fabrication of the PtNWs electrochemical device

The device fabrication was followed by the similar approach as previously reported by our group
27, 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.
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
second channel was used to supply a small voltage of (10 mV) between source and drain electrodes

and collecting the corresponding current (/sp).
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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 equations
27.

1-— A
p= po ((1+Z>XE> (d < 2) (1)

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 0 (for highly diffusive scattering) to 1 (completely specular scattering)
(Supplementary Fig. 1b)*6. When the diameter (d) of the PtNWs 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?’?8, clearly demonstrating the insensitivity of the metallic PENWs 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 (Supplementary Fig. 1c¢),
which consistently shows three distinct regions: (i) O/OHag/des region (1.10-0.60 V vs. RHE); (ii)
electrical double layer region (OHaq replaced by H>O) (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 OH.q4 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 OHaq
by H20. 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
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the more negative regime results in Hupa on electrode surface (replacement of surface adsorbed
H>O and residue OHaq by Hupa), 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.

2. Computational Details
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 *7. Hydroxide is

introduced by removing one H from a surface-adsorbed water.
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 5.4.1)
40-43 D3 correction is used to better account for the dispersion interactions 4. The convergence
criterion for SCF electronic minimization is set to 10~ eV. 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 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 4. 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 4.
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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.
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 3132,

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

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 (2)
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

3, To study the interfacial dynamics at different pH at the save potential in RHE scale
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(corresponding to different potential in SHE 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

55

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. For more details, see

Supplementary Note 1.

The limitations and justifications of our fixed-potential MD simulations are probed and discussed

in Supplementary Note 2.

Data availability

The data that support the plots within this paper and other findings of this study are available from

the corresponding author upon reasonable request.
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Supplementary Fig. 1| Schematic illustration of experimental setup and working principle of the on-
chip electrical transport spectroscopy (ETS) measurement. (a) on-chip PtNWs device for ETS
measurements and (b) electrons scattering mechanism of various adsorbate molecules on PtNWs. (c)
Typical ETS spectra and cyclic voltammogram with representation of various regions 0.1 M KOH solution
(adapted from ref29).
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Supplementary Fig. 7| 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 (Erne=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.
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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.
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Supplementary Note 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 Supplementary Fig.

7a. 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 where the free energy gradient %) at an &* can be calculated based on the mass
08) Y

metric tensor 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:

P
o= [ (8), ()

1

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 Supplementary Figure 7b.

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 (Supplementary Fig. 7c). 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| (Supplementary

Fig. 7d).
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Supplementary Note 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,
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). (ii) 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 (Supplementary Fig. 8 a-b). The pH response of interfacial water
orientation remains qualitatively the same as the case of bare Pt surface (Fig. 4c). We do not
consider a very high coverage case, since the metal surface can undergo more complex H-induced

restructurings,5!-63

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.

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 Supplementary Fig. 8 c-d, indicate that while the shape of the spatial distribution of
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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 2 X2 X

1 Gamma point to sample the reciprocal space, at low or high pH values. Both sets of simulations
(Supplementary Fig. 8e-f) yield pH-response of the interfacial water orientation consistent with
Fig 3c and the main conclusions of this study. While larger unit cells would be preferable,
computational 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 Supplementary Fig 8
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.
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