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Understanding the structure and dynamic process of water at the solid-liquid
interfaceis an extremely important topic in surface science, energy science and
catalysis'. As model catalysts, atomically flat single-crystal electrodes exhibit
well-defined surface and electric field properties, and therefore may be used to
elucidate the relationship between structure and electrocatalytic activity at the
atomic level**. Hence, studying interfacial water behaviour on single-crystal surfaces
provides a framework for understanding electrocatalysis®’. However, interfacial
water is notoriously difficult to probe owing to interference from bulk water and the
complexity of interfacial environments®. Here, we use electrochemical, in situ Raman
spectroscopic and computational techniques to investigate the interfacial water on

atomically flat Pd single-crystal surfaces. Direct spectral evidence reveals that
interfacial water consists of hydrogen-bonded and hydrated Na*ion water. At
hydrogen evolution reaction (HER) potentials, dynamic changesin the structure of
interfacial water were observed from arandom distribution to an ordered structure
dueto bias potentialand Na*ion cooperation. Structurally ordered interfacial water
facilitated high-efficiency electron transfer across the interface, resulting in higher
HERrates. The electrolytes and electrode surface effects on interfacial water were also
probed and found to affect water structure. Therefore, through local cation tuning
strategies, we anticipate that these results may be generalized to enable ordered
interfacial water to improve electrocatalytic reaction rates.

The HER is a scientifically significant electrochemical reaction, as
many of the fundamental laws of electrode kinetics, as well as many
modern concepts in electrochemistry, were developed and verified
by probing HER mechanisms related to electron-transfer-induced
water dissociation® ™. Furthermore, regulation of the HER rate by
cations has been reported recently'®®, Nevertheless, despite the fact
that interfacial water is the most important player in HER, its struc-
ture and composition, and its interaction with cations in regulating
the potential dependence of the HER, remain somewhat obscure
and require further, more detailed understanding. To this end, a
host of in situ monitoring techniques have been developed, such as
vibrational spectroscopy (infrared absorption spectroscopy*** and
sum-frequency generation spectroscopy'®”) and X-ray spectroscopy®.
However, these techniques typically focus on probinginterfacial water
at potentials close to the potential of zero charge (PZC). Thus, they lack
practical applicationinrelation to interfacial water molecules react-
ing onsingle-crystal surfaces at significant HER overpotentials, which

clearly limits our understanding of the HER under real electrolysis
conditions.

Surface-enhanced Raman scattering (SERS) is a highly surface-
sensitive technique that is capable of single-molecule-level resolu-
tion. However, atomically flat single-crystal surfaces cannot effec-
tively support the surface plasmon resonance effect required for
accurate detection of surface chemical speciation with SERS. The
shell-isolated nanoparticle-enhanced Raman spectroscopy (SHIN-
ERS)®technique was invented to overcome the intrinsic morphologi-
cal limitation of SERS, and can be employed to study electrocatalytic
reactions on single-crystal surfaces with extremely high surface
sensitivity®.

Here, weinvestigate the structure and dissociation process of interfa-
cialwater onatomically flat Pd single-crystal (Pd(hk!)) surfaces by com-
bininginsitu Raman spectroscopy (SHINERS) and ab initio molecular
dynamics (AIMD) simulations. Pd is one of the most extensively studied
HER electrocatalysts and is the focus of this study. We elucidate the
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Fig.1|Probinginterfacial water on Pd(hkl) surfaces. a, Schematic of the
Raman experimental setup. CE, counter electrode; RE, reference electrode;
WE, working electrode. b, 3D-finite-difference time-domain (3D-FDTD)
simulation of electromagnetic field distribution 2 x 2 array of SHINs on the

mechanism of structural ordering of interfacial water and the effect
of local cation perturbation of the structure of interfacial water, and
consequently the electrocatalytic reaction rate.
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Fig.2|Ramanspectraofinterfacial water. a, Insitu Raman spectra of
interfacial wateronaPd(111) electrodeina0.1M NaClO, solution (pH11).
Gaussian fits of three O-H stretchingmodes are shownin blue, orange andred,
respectively. c.p.s., counts per second. b, Potential-dependent population of
interfacial water frominsitu Raman spectraand HER current density (HER
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Pd/Ausubstrate, where £ and E,denote the localized electric field and the
incidentelectricfield. ¢, Schematic of the interfacial model of the Pd/Au
surface.Pd, Au, O, Hand Naatoms are showninsilver, yellow, red, white and
purple, respectively.E, electric field.

Thethree-electrode experimental system consisted of an ultra-thin
(~50 pmthick) solution trapped between the working electrode surface
and a quartz window to reduce the influence of bulk water (Fig. 1a).
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current density wasrecorded inanelectrochemical cell). ¢, Frequency plot of
changesinthe O-Hstretching modesin Raman spectra of interfacial water.
Errorbarsinbandcrepresents.d.foreach datapoint (n=3independent
experiments), and points are average values.
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Fig.3 | Water dissociation. a, From AIMD simulations, calculated Pd-H
distances of Na-H,O (blue squares) and non-Na-H,O (blue circles), and the
Na-H,0 population (black) of interfacial water at different potentials. Na-H,O is
defined as water in which the distance between the O atom and Naisless than
3.2A (see Supplementary Fig.17). b, Schematic showing the change in

Avertically placed homemade electrochemical Raman cell was used
to eliminate the influence of evolved hydrogen bubbles during in situ
Raman measurements. Raman (SHINERS) is well suited to probing
interfacial water over bulk water, as the strong signal enhancement
comes from electromagnetic fields located at the junctions between
shell-isolated nanoparticles (SHINs) and the substrate (Fig. 1b). Moreo-
ver, based onthe Stern model (the Gouy-Chapman layer can be omitted
under highionic strength conditions), AIMD was used to simulate the
atomic structure of interfacial water on Pd/Au (Pd monolayer on Au)
when abias potentialis applied (Fig. 1c). The electric field was found to
locate between the metal surface and electrolyte solution, including
at the inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP),
with Na*ions acting as counterions to compensate for the negatively
chargedelectrode surface. Theinterfacial water molecules are defined
as being within 4.0 A of the Pd surface according to the oxygen and
hydrogen density distribution (detailed in Supplementary Fig. 14).
Figure 2a shows insitu electrochemical Raman spectraofinterfacial
water on a Pd(111) surface in 0.1 M NaClO, solution (pH 11) saturated
with Ar over the potential range from 0.29 Vto - 1.11 V (all potentials
arereferenced to thereversible hydrogen electrode (RHE)). At 0.29V,
two Raman bandsare visible: aband at 933 cm™from ClO,” and abroad
band extending from 3,000 to 3,800 cm™ from the O-H stretching
mode of H,O (ref.?°). Anew broad Raman band centered at ~550 cm™
appearsat—0.11V, attributed to the libration mode of H,0 (ref.?), and
its intensity gradually increases as the potential decreases to -1.11 V.
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the density of states for the main orbital interactions between H,O (red line)
and the underneath Pd atom (blackline) with decreasing potential using a
Na-H,O cluster model (original data are presented in Supplementary Fig. 18).
¢, Schematicshowinginterfacial water dissociation onaPd(111) surface
(Au(111) coated with Pd monolayer).

Theintensity of the ~550 cm™band s closely related to the orderliness
of the interfacial water structure®. Thus, the increasing intensity of the
~550 cm™band with decreasing potential implies thatinterfacial water
forms a specially ordered structure?. AIMD simulations describe the
dynamicrestructuring processes of interfacial water fromarandomto
amoreordered distribution, composed of asequence of one-H-down
followed by a two-H-down type interfacial water (Supplementary
Fig.15a,b). An additional band of the HOH bending mode of water at
1,622 cm™appearsat 0.09 Vand then shifts to 1,610 cm™as the potential
decreasesto-1.11V,whichindicates the weak hydrogen-bond interac-
tions between interfacial water at negative potentials®. The reduced
number of hydrogen-bond donors (N,,,.,) at the interface at negative
potential (Supplementary Fig.15c) also indicates weak hydrogen-bond
interactions.

Gaussian fitting of the spectra shows that the O-H stretching band
(Fig.2a) canberesolvedinto three distinct components, corresponding
to three types of O-H stretching vibrations?*?. The low wavenumber
component (Fig. 2a, blue) and main component (Fig. 2a, orange) are
associated with 4-coordinated hydrogen-bonded water (4-HB-H,0)
and 2-coordinated hydrogen-bonded water (2-HB-H,0), respectively.
The high wavenumber component (Fig. 2a, red) is attributed to Na*
ion hydrated water (Na-H,0) with weak hydrogen-bond interactions,
and this becomes the main interfacial water band in high concentra-
tion (8.0 M) NaClO, solution (Supplementary Fig. 9a). The ~550 cm™
Raman band of interfacial water at -1.11V (Supplementary Fig. 9b) is
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Fig.4 |HER profilesand Raman spectraofinterfacial water. a, HER profiles
and Ramanspectra of O-H stretching mode (inset). SmVs?scanrate and
1,600 r.p.m.b, Tafel slopes of the HER for Pd(111) in different concentration
NaClO, (pH11) solutions. ¢, HER profilesand Raman spectra of O-H stretching

much stronger at higher concentrations of NaClO,, indicating that
Na-H,0 is more ordered than hydrogen-bonded water.

Abetter description of the three types of water populations on the
Pd(111) surface can be described by comparing the proportion of O-H
stretching Raman band. Analysis of the results in Fig. 2b shows that as
the potential decreased, the populations of 4-HB-H,O decreased from
15.6% +1.3% (s.d.) t0 2.6% + 1.1%, 2-HB-H,0 varied between 79.1% + 1.3%
and 84.4% +1.3%, and Na-H,O increased from 0 to 18.3% + 1.0%. The
increase in Na-H,O population on the surface is mainly caused by
the electrostatic effect of the Na* cations migrating to the surface
to charge-compensate at negative potentials. Calculations of the
increased ratio of Na-H,O (Fig. 3a) and increased Na* ion concentra-
tion (Supplementary Fig. 16) at the interface at negative potentials
generally fit the experimental observations. A more ordered water
structureis formed at more negative potentials as aresult of the libra-
tion band (-550 cm™) and increased Na-H,0 population. Meanwhile,
the HER current density increases as the potential decreases (Fig. 2b).
A special relationship between the Na-H,O population and the HER is
deduced as they both tend to increase simultaneously.

Moreover, the vibrational frequency of adsorbate varies as a func-
tion of electrode potential and has been attributed to the vibrational
Stark effect®. Figure 2c shows the Stark slopes of Na-H,0, 2-HB-H,0
and 4-HB-H,0. The steeper Stark slope shows that the Na-H,O is more
sensitive to thelocal electric field than 2-HB-H,0 and 4-HB-H,O (ref. %).
According to the AIMD results pertaining to the interfacial water
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mode (inset). 5mVsscanrateand1,600r.p.m.d, The correlations of Na-H,0
populationsand HER current density at —0.71V on single-crystal surfacesin
NaClO, solution (pH11). Error bars represents.d. for each datapoint (n=3
independent experiments), and points are average values.

orientation (Supplementary Fig. 15d), the structure of Na-H,O0 is dif-
ferent to other water moleculesin that the vibrational dipole moment
of Na-H,O (the direction of the OH bond) is more parallel to the direc-
tion of the electric field under all potentials, indicating that Na-H,O is
morelikely to transforminto the two-H-down structure than 2-HB-H,0
and 4-HB-H,0.

The AIMD simulation results further show that the Pd-H distance
of Na-H,Ois shorter than that of non-Na-H,O at all potentials (Fig. 3a,
blueline). ANa-H,O cluster model (Supplementary Fig.18a) was used
to investigate the effect of shorter Pd-H distances in Na-H,O during
water dissociation. The results are shown in Fig. 3b; as the potential
decreases, the Pd-H distance decreases along with the Fermilevel (£;)
of Pd approaching the empty 4a,* antibonding orbital of water, which
strengthens the Pd-H bonding interaction and facilitates water dis-
sociation. Figure 3c describes the dissociation process (Volmer step)
of Na-H,0, including adsorbed hydrogen atom (H,,) formation and
subsequent hydrogen generation (Tafel step or Heyrovsky step)?.
In this regard, the interfacial Na* ions serve as a ‘co-catalyst’ by con-
tinuously supplying water to the interface, as well as improving the
electrontransfer efficiency between the electrode and the interfacial
water.

Therelationship betweeninterfacial Na-H,0 populationand the HER
performance was studied further on the Pd(111) surface (Fig. 4a,b). For
the same current density of -10 mA cm™, the potential for HER shifted
positively; approximately 314 mV (0.1 M), 416 mV (1.0 M) and 461 mV



(8.0 M) with respect to the 0.01 M NaClO, (pH 11). The HER activity-
notably increases as the NaClO, concentration increases. This trend
was also verified on Au(poly) in NaClO, solution (pH11), and on Pd(111)
in PBS buffer solution (pH 7.2) (Supplementary Fig. 5a,d). Spectral
analysis of the Raman spectra of the O-H stretching mode (inset in
Fig. 4a) reveals that the interfacial Na-H,0 populations at —0.71V are
10.6% +1.0%,13.3% +1.3% and 21.8% +1.4% in 0.1M,1.0 Mand 8.0 M
NaClO, (pH11, Supplementary Table 1), respectively. Figure 4b shows
HER Tafel slopes of 496, 250, 203 and 156 mV dec™ for 0.01M, 0.1 M,
1.0 M and 8.0 M NaClO, solutions, respectively. The decreasing Tafel
slope and overpotential of HER in NaClO, of higher concentrations
indicate that the HER rate is accelerated by the ordered Na-H,O struc-
tures. The HER performance in 0.1 M cation-varied (Li*, K*, Cs*, Ca**,
Sr*, Ba*) perchlorate solutions and 0.1 M NaF solution (pH 11) were
alsostudied on Pd(111) and Au(poly) surfaces (Supplementary Fig. 5b,c).
Similar cyclic voltammetry curves were observed in +1 valence cation
solutions, however the HER activity increased in +2 valence cation
solution, indicating that the increased HER performance is related to
theionic strength.

Next, theinfluence of the crystallographic orientation of interfacial
water on three low-index single-crystal surfaces, (111), (100) and (110)
facets, was studied. A better HER performance on Pd(111) was observed
(Fig. 4c), and the population of interfacial Na-H,0 was also relatively
high on Pd(111) at10.6% + 1.0%, compared to 9.6% + 1.2% for Pd(110) and
6.6% + 0.9% for Pd(100) (Fig. 4d) according to the Raman results shown
intheinset of Fig. 4c. Amore positive PZC on the Pd(111) surface (Sup-
plementary PZC section) indicates a higher surface charge density. For
electronicstructural effects, the HER activities of different Pd layers on
Au(111) single-crystal surface (Fig. 4c) decreased in the order Pd(111) >
Pd(111)-3ML > Pd(111)-5ML. Meanwhile, the population of interfacial
Na-H,O on Pd(111) (10.6% + 1.0%) is also higher than on Pd(111)-3ML
(7.8% + 0.8%) and Pd(111)-5ML (7.0% + 1.2%) (Fig.4d). The suppressed
atomic hydrogen (H;, Fig. 3c) in the Pd bulk lattice” and the more posi-
tive PZC on Pd(111) than on Pd(111)-3ML and Pd(111)-5ML accounts for
the higher HER activity. In summary, a higher Na-H,O population and
better HER performance on Pd(111) indicates high-efficiency electron
transference between water and the electrode at the interface. There-
fore, we propose that the ordered Na-H,O structure (whichis attributed
toNa"ions ‘tuning’ the degree of ordering in water overall at negative
electrode charges) boosts HER activity.

Here, we have developed a framework to correlate the cations and
the structure of interfacial water with the electrocatalytic perfor-
mance of a HER electrocatalyst. Under bias potential, hydrated cati-
ons bonded to water molecules are guided towards the Pd surface to
reduce the Pd-H distance and promote the charge transfer efficiency
toenhance the HER performance, whichis also directly proportional to
the concentration andionic strength of cations owing to the effect of
interface electrostaticinteraction. Fromthe perspective of thermody-
namics, throughlocal hydrated cation tuning strategies in the vicinity
oftheinterface, disordered bulk H,O can be effectively arranged into
orderedinterfacial H,O (thatis, an entropy decrease process) in afinite
region to minimize additional work and to maximize electrochemistry
energy conversion. In this regard, co-catalyst interfacial cations alter
the transmission route of reactants and productsin the HER, resulting
inimproved reaction rates. The findings and experimental capability
established here raise the exciting prospect of future work following
the onset of interfacial water structure in aqueous electrocatalytic
reactions and hence the use of cation tuning strategiesin other energy
conversion fields.
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Methods

Electrochemical measurement

All single-crystal electrochemical experiments were carried outin a
hanging meniscus configuration with a CHI760E bipotentiostat (CH
Instruments) and ahomemade glass three-electrode cell, using Pt wire
(orgraphiterod for HER measurements) as the counter electrode, and
ahome-made RHE or saturated calomel electrode (SCE) (KCl sat.) as
thereference electrode. The HER measurements were carried outina
hanging meniscus rotating disk electrode configuration system. Unless
stated otherwise, all potentials were referenced to the RHE, and all
HER polarization curves were current-resistance (iR) corrected. After
calibration, all of the polarization data were presented with respect to
theelectrode surface area. All solutions for electrochemical measure-
ments were deaerated by Ar and a flow of Ar was maintained over all
ofthe electrochemical tests. The pH value of the NaClO, solution was
adjusted by means of aNaOH solution.

Insitu Raman experimental setup

The electrochemical Raman measurements were carried outonacon-
focal microscope Raman system, including EC-Raman (Xiamen SHINs
Technology) and XploRA (HORIBA). A He-Ne laser with 637.8 nm exci-
tation wavelength and a 50x microscope objective with a numerical
aperture of 0.55 were used in all measurements. Raman frequency
was calibrated by a Si wafer during each experiment. In situ electro-
chemical Raman experiments were employed in ahomemade Raman
cell and an Autolab PGSTAT30 (Metrohm) potentiostat was used to
control the potential.

AIMD method

The calculations were performed by means of density functional theory
(DFT) using Vienna ab initio simulation pack (VASP) with the projector
augmented wave (PAW)*° method. A plane-wave cutoff energy of 420 eV
was adopted and the revised Perdew-Burke-Ernzerhof (RPBE)*
exchange-correlation functional was employed. Dispersion effects have
been considered within the semi-empirical D3 (ref. **) van der Waals
corrections. The properties of Pd(111) water models are derived from
AIMD simulations with a time step of 0.5 fs, and canonical ensemble
(NVT) conditions were imposed by a Nose-Hoover thermostat with a
target temperature of 330 K. For all of the molecular dynamics trajec-
tories, the initial ~3 ps (6,000 steps) was treated as the equilibration
period, and the statistical sampling was performed during the following

~7 ps (14,000 steps). Owing to the large size of the supercells, only
I point was employed.

Data availability

The data generated or analysed during this study are included in this
published article andits Supplementary information files. Source data
are provided with this paper.
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the corresponding authors upon reasonable request.
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