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Driven by the poor understanding of the electrocatalytic hydrogen evolution reaction
(HER) in alkaline medium, we studied the interfacial water structure at a polycrystalline
Au surface using in situ surface enhanced infrared and Raman spectroscopies.
Employing an isotopic dilution strategy, we investigated the fundamental O-H and O-D
vibrations of HOD molecules, where the study of the normal vibrational modes of water
is simplified due to symmetry reduction. From the water structure analyses at the
electrode—electrolyte interface, we unravelled the complementarities of infrared and
Raman spectroscopies in probing an electrochemical interface. The major conclusions
from our study are as follows: (i) interfacial water orients in a H-down manner
immediately negative of the potential of zero charge (pzc); (ii) there is no strongly
hydrogen-bonded ‘ice-like water" or poorly hydrogen-bonded ‘free water’ at the Au
electrode surface at any potentials; (iii) interfacial water forms a stable backbone of
water roughly parallel to the electrode surface, which survives orientation with one H
down at potentials negative to pzc [P. Gunasekaran et al., Chem. Sci., 2024, 15, 17469—-
17480], and a very high negative surface charge density is required for further
reorientation. Although experiments with H,O suggest that the maximum degree of
orientation, and therefore dielectric saturation, is reached around —0.3 V vs. RHE in 1 M
KOH, the analysis of the potential dependence of the O-H and O-D stretching modes
of HOD reveals that in fact, further orientation of the water dipoles continues at least
down to —0.9 V.
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1. Introduction

Water at interfaces plays a seminal role in processes right across different
branches of science. Water-metal interfaces are important in electrochemical
energy conversion and storage systems, where the orientation and bonding of
interfacial water molecules have significant impact on various electrochemical
reactions. Recent studies have shown the significant role of the interfacial water
structure in heterogeneous electron transfer reactions."” Many studies have tried
to understand and establish a correlation between the interfacial water structure
and the activity for the hydrogen evolution reaction (HER), especially in neutral
and alkaline media, due to the limited understanding of the sluggish kinetics
with increasing pH.>*° It has been suggested, using different in situ vibrational
spectroscopy techniques, that the interfacial microenvironment, especially the
activity of water (i.e., the product of the activity coefficient times the concentration
of water, ap,0 = Yu,0CH,0, With the standard activity of water, a°H20 =1, corre-
sponding to that of pure water) at the interface, serves as an important descriptor
of alkaline HER kinetics.****

Vibrational studies so far have focused on interpreting and analysing majorly
the O-H stretching mode (voy) of water, typically between 3000 and 3800 cm ™", in
the infrared (IR) or Raman spectra of water.>** The focus on voy is prompted by
the strong correlation between the frequency of vy vibration and the hydrogen-
bonding strength of water, where a stronger (weaker) hydrogen-bond leads to
a red-shift (blue-shift) of voy.*>*® Even though voy is an excellent indicator of the
overall degree of hydrogen-bonding of water, the interpretation of the »oy band as
composed of contributions from discrete molecular species with a given number
of hydrogen-bonds per water molecule, is inconsistent with: (i) the different band
shapes obtained in IR and Raman, and (ii) the vanishing of the 3250 cm ™" peak in
both the perpendicular-polarised Raman spectrum of H,O and in the IR and
Raman O-H stretching bands of HOD, as pointed out nearly 60 years ago by Falk
and Ford."” Work over the last 20 years'’~>* has shown that the vo band of water is
better interpreted as resulting from intra- and intermolecular intra-mode
coupling (i.e., coupling between the symmetric and asymmetric voy modes
either within the same - intramolecular - or between different — intermolecular -
H,0 molecules), as well as intra- and intermolecular inter-mode coupling
(specifically, a Fermi resonance between the symmetric voy mode and the first
overtone at ~3300 cm ™" of the bending mode of water, dgop)-

Due to the reduction in symmetry, HOD has two independent voy and vop
modes approximately 1000 cm ™~ away from each other, which slightly reduces the
degree of inter- and intramolecular intramode coupling when compared with H,O
or D,0. Furthermore, Fermi resonance of any of them with the overtone of dyop
(~2900 cm™") is not possible. This results in an overall narrowing of the vibra-
tional line shape of the voy and vop bands of HOD. HOD can be easily prepared by
isotopic dilution of H,0 with D,O or vice versa. Max and Chapados showed that
a solution with a 1: 3 H,0 : D,0 ratio, will have approximately 50% HOD and 50%
D,0, with H,O amounting to a negligible mole fraction.”*** Similarly, in a mixture
with a 3:1 H,0: D,0 ratio, there will be approximately 50% HOD and 50% H,O
with negligible amounts of D,O. Thus, the voy band in the former solution, and
the vop band in the latter, can be attributed to HOD alone.
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Recent work by some of us* employed such an isotopic dilution strategy to
understand the interfacial water structure at the Au-perchloric acid interface
using surface-enhanced IR absorption spectroscopy in the attenuated total
reflection mode (ATR-SEIRAS). It was observed that in H,O: D,O mixtures, the
interface is always enriched in H,O, due to the slightly larger dipole moment of
D,0. It was also understood that the potential-induced reorientation of interfacial
water occurs without significant disruption of the hydrogen-bond network (other
than that brought about by the mere absence of water on the metal side of the
interface), and that there is a stable backbone of hydrogen-bonds parallel to the
electrode surface, which needs considerable negative charge density to break.
Based on that novel insight, a detailed study of the interfacial water structure in
H,0:D,0 mixtures in alkaline medium at potentials within the HER region,
where the orientation and rigidity of interfacial water molecules have been
proposed to determine the poor HER activity, seems promising to assess.

Both IR and Raman spectroscopies are widely used to gain information about
the interfacial electrolyte structure and reaction intermediates. However, few
studies make use of both techniques, assuming they provide largely overlapping
information. In recent years, studies have started to look into the differences of
these spectroscopic techniques when probing the interface.”®*” Chang et. al.*®
developed Au film electrodes suitable for both in situ IR and Raman spectroscopy,
and Xu et al.”” designed and validated an instrumental set-up with dual IR and
Raman spectroscopic capabilities. These studies were focused on understanding
the reaction intermediates during an electrochemical reaction, or the potential-
induced adsorption/desorption of molecules on the electrode surface. The
applicability of combining these spectroscopic techniques to understanding the
double layer structure, especially the interfacial water molecules with applied
bias, is worth exploring.

In this study, using the isotopic dilution strategy discussed above, we probed
the interfacial water structure in alkaline aqueous electrolytes employing in situ
ATR-SEIRAS?® and surface enhanced Raman scattering (SERS).* IR and Raman
spectroscopies are complementary vibrational techniques that provide informa-
tion about the molecular structure. Both techniques probe vibrational transitions
between the same vibrational energy levels, but they rely on different mechanisms
(absorption in IR spectroscopy and inelastic scattering in Raman spectroscopy)
and obey different selection rules. Au was chosen as a model electrode and 1 M
KOH (pH = 14) as the electrolyte. We find that the electrolyte volume probed in
SERS, in spite of the surface enhancement, is much larger than in ATR-SEIRAS,
thanks to the differential nature of the latter. Making use of the recently found
enrichment in H over D at the Au surface* to aid the interpretation of the
differences observed between ATR-SEIRAS and SERS data, we get a better picture
of the interfacial water structure, thereby leading to a better understanding of the
complementarities of these two spectroscopies.

2. Results and discussion

In the following sections we discuss the IR and Raman spectra of HOD molecules
in two different isotopically diluted systems: 1 M KOH in both 1:3 and 3:1 H,O:
D,O mixtures. We start with an analysis of the bulk spectra of both solutions and
discuss the general differences between the two vibrational spectroscopic
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techniques. Following which, we will discuss the interfacial IR and Raman spectra
of water, without any isotopic dilution. Later we will compare the interfacial and
bulk IR and Raman spectra of the isotopically diluted systems and analyse their
differences. Finally, we review the potential-induced changes in the interfacial IR
and Raman spectra of the isotopically diluted systems at potentials well into the
hydrogen evolution region, and unravel the complementarities of both spectro-
scopic techniques in elucidating the structure of interfacial water.

2.1 Raman and IR spectra of bulk isotopically diluted alkaline water

The IR absorbance spectra of bulk 1 M KOH solutions with H,O : D,O ratios of 1 :
3 and 3:1 in the spectral region corresponding to the voy and vop bands of HOD,
with their corresponding fit to one Gaussian curve, are shown in Fig. 1A and B,
respectively. The bandwidth of both voy and vop of HOD is considerably narrower
than that of H,O or D,O, due to the absence of any possible inter-mode
couplings.”"** For voy, the Gaussian fit yields a full width at half maximum
(FWHM) of 286 cm ™' with the peak centre at 3390 cm ™. For vop, FWHM was

OH band in H,0:D,0 = 1:3 OD band in H,0:D,0 = 3:1
IR IR
4000 3800 3600 3400 3200 3000 2800 2800 2600 2400 2200 2000
Wavenumber (cm™) Wavenumber (cm™)

T T T T T T T T T T T T
2800 3000 3200 3400 3600 3800 4000 2000 2100 2200 2300 2400 2500 2600 2700 2800

Raman shift (cm™) Raman shift (cm™)

Fig.1 ATR-IR (A and B) and Raman (C and D) spectra of bulk 1M KOH in1:3 H,O : D,O (A
and C) and 3:1 H,O:D,0O (B and D) showing the O-H (A and C) and O-D (B and D)
stretching bands of HOD. In (A) and (B), the black traces correspond to the experimental
ATR-IR spectra and the purple line to the corresponding Gaussian fit. The spectrum of the
Si—air interface was used as the background in (A) and (B). In (C) and (D), the black traces
correspond to the experimental Raman spectra and the red, blue and green lines corre-
spond to the corresponding deconvolution into three Gaussian components. The purple
trace corresponds to the sum of those three components.
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190 cm™ " with the peak centre at 2500 cm™". O-D stretching bands are always

narrower than O-H ones due to the reduced anharmonicity of O-D bonds.****

The full range ATR-IR spectra of bulk 1 M KOH in H,0,1:3 H,0:D,0and 3:1
H,0:D,0 are shown in Fig. S1A. In addition to voy and vop, the other bands in
Fig. S1A are identified as follows. The band at 1650 cm™ ' corresponds to the H-O-
H bending mode (dyon), that at 1200 ecm ™" to the D-O-D bending (dpop), and the
H-O-D bending (dnop) appears at 1454 cm ™. The dpop at 1200 cm™ " overlaps
with the Si-O band of silicon dioxide (always present with Si ATR prisms), and
hence will be excluded from our analysis. The negligible intensity of the 6yon and
dpop bands in 1:3 and 3:1 H,0:D,0 mixtures, respectively, testifies that the
concentrations of H,O and D,0, respectively, are insignificant in these solutions.

Fig. 1C and D show the Raman spectra of bulk 1 M KOH solutions with H,O :
D,O0 ratios of 1:3 and 3: 1, respectively, in the spectral region corresponding to
the voy and vop bands of HOD. The Raman voy and vop bands fit well to three
well-resolved Gaussian distributions. It is well known that Raman and IR vibra-
tional spectra of water have different line shapes, which is understood to be
a result of the difference in their sensitivity to intermolecular coupling, where
Raman is more sensitive to the coupling than IR. This is because, while in IR only
dipole-dipole coupling is relevant, in Raman induced dipoles also contribute to
coupling between vibrational modes.*® The vy and vop bands appear as strong
peaks in the IR spectrum due to the strong dipole moment change, while in the
Raman spectrum they may appear weaker or at different relative intensities due to
the nature of the scattering process.'* Raman spectra of 1 M KOH in pure H,0, 1:
3 H,0:D,0, and 3:1 H,O:D,0 in the spectral range between 1000 and
4000 cm ™! are shown in Fig. S1B. The inset in Fig. $1B shows the bending mode
region. As in the IR spectra, dyon is absent in 1 : 3 H,O : D,O solution, and dpop is
absent in 3:1 H,O: D,O solution confirming once again that the concentrations
of H,O and D,O0, respectively, are negligible in these solutions.

Parallel-polarised Raman spectra of bulk H,O show peaks around 3250 cm™
and 3400 cm ™" and a shoulder around 3600 cm™ "% The peak at 3250 cm ™" is
due to a collective mode delocalised over up to 12 chromophores* (intermolec-
ular intra-mode coupling), and has been shown by Sovago et al.*’ to also be
affected by a Fermi resonance between the symmetric voy of water and the
overtone of the dyop (an intramolecular inter-mode coupling). The component
around 3400 cm ™! corresponds to a maximum in the local-mode distribution of
frequencies, and the shoulder around 3600 cm ! is due to hydrogen atoms not
involved in hydrogen-bonds.*® The 3250 cm ™" peak is reduced to a shoulder in the
perpendicular-polarised Raman spectrum and in the Raman vy of HOD, both of
which confirm the assignment to a coupling between modes.?>*

The different IR and Raman line shapes, as well as the vanishing of the
3250 cm ™! peak in both the perpendicular-polarised Raman spectrum of H,0 and
in the Raman and IR voy band of HOD are incompatible with the interpretation of
the voi band as composed of contributions from discrete molecular species with
a given number of hydrogen-bonds per water molecule” (e.g., trihedrally and
tetrahedrally coordinated water). Hence, despite being highly common, such
interpretations are inconsistent; we would obtain different distributions of
specific populations of water molecules with a specific number of hydrogen-
bonds from analysing, e.g., either the voy (Fig. 1C) or the vop (Fig. 1D) of HOD,

1
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which does not make sense. Nevertheless, the position of the voy (and vop) is still
a very good reporter of the average degree of hydrogen-bonding of water.

2.2 ATR-SEIRA and SER spectra of interfacial alkaline water

We recorded interfacial IR spectra of 100% H,O using the spectrum at 0.8 V as
background (Fig. 2A). The potential dependence of the integrated intensity of voy
is shown in Fig. S2. The background was chosen to be 0.8 V as it is close to the pzc,
as well as the onset potential for Au oxidation (please note that, in alkaline
solution, the pzc of Au falls within the oxide region). Towards more negative
potentials beyond 0.8 V, there is an obvious increase in the intensity of vo and
duou- As expected, voy is a broad band from 3000-3700 cm ™. Given the broad
nature of the band, and the absence of a clear main peak, any potential-induced
shift of the band is difficult to identify. This contrasts with recent results by Zhu
et al.* in 0.1 M NaOH, who identified a clear red shift of the main peak of the voy
band. The different shapes in each case may be attributed to the different spectral
contributions of water in the solvation shells of Na* and K'. In agreement with
Zhu et al.,"* we see that the integrated intensity initially increases with increas-
ingly negative potential, then levels-off around 0 V and finally remains constant
below —0.4 V (the HER overpotential for Au is at ~—0.4 V vs. RHE).

The increase in the intensity can be assigned to the increased degree of
orientation of interfacial water molecules with the positive end of their dipole
moment pointing towards the negatively charged gold surface. The potential-
induced red shift negative from the pzc can be attributed to the resulting
increasingly stronger interaction of the hydrogen atoms of interfacial water with
the negatively charged Au electrode.

We also performed SERS measurements with applied bias. The potential was
varied between 1 V to —0.8 V, hence starting from the onset of oxidation to the
double layer region, to finally the HER region. Fig. 2B shows the SERS spectra of
1 M KOH (100% H,0) as a function of the electrode potential. The voy band of
H,O, similar to IR, is rather broad, extending from 3000 to 3700 cm™". It can be
deconvoluted into two major bands, at 3200 cm ' and ~3400 cm ™' down to
—0.2 V, with an additional band at ~3650 cm ' emerging beyond —0.4 V. In

A ATR-SEIRAS B SERS
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Fig. 2 (A) ATR-SEIRA and (B) SER spectra of the Au-electrolyte interface in 1 M KOH
solution (100% H,0) within the potential regions between 0.8 and —1.2 V (A) and between
1and —0.8 V (B). The differential spectra in (A) used the spectrum at 0.8 V as background.
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previous work, these deconvoluted contributions have been interpreted in terms
of multiple water environments: dangling OH bonds (free O-H) ~3600 cm ™', OH
oscillators of trihedrally coordinated hydrogen-bonded water (liquid-like water)
~3400 cm™'; and tetrahedrally coordinated hydrogen-bonded water (ice-like
water) ~3200 cm™.3**2 As we discussed in the Introduction, this interpretation,
although widely popular, is not consistent with the changes observed in the
spectrum when switching from H,O to D,0, using isotopic mixtures, or switching
from perpendicular to parallel polarisation.

In the double layer region, there were minimal changes in the water bands
with potential. Only below —0.4 V is there a gradual increase in the intensity of
dnou at ~1644 cm™ " and of the libration band at ~500 cm™" with increasingly
negative potential, which has been attributed to interfacial water forming an
ordered structure,*® an assignment that has been repeated in more recent
work.>'>%3 An alternative assignment of the libration band at ~500 cm ™" to OH ™~
was discarded* based on the absence of a band at ~3500-3700 cm ™, the typical
wavenumber region for the OH ™ stretching. However, in the subsequent work>*>*?
as well as in this work, the increase in the intensity of the libration band around
500 cm ™' and of dyop; at ~1644 cm ™ * does occur in parallel with the emergence of
a band in the 3500-3700 cm ' range. Furthermore, this band in the 3500-
3700 cm ' range was not observed in acidic medium (0.1 M HCIO,) ? where the
HER will not produce OH™. It is also intriguing that SERS, which shows no
sensitivity to changes in the structure of interfacial water in the double-layer
region, suddenly becomes surface sensitive as soon as the HER starts. For these
reasons, we believe that the assignment of the bands at 3500-3700 c¢cm
~1644 cm™ ' and ~500 cm ™' to OH~ cannot be discarded. Further experiments to
understand the origin of the libration band at ~500 cm ™" and the OH stretching
band at 3500-3700 cm™ " are worth exploring but are beyond the scope of this
work.

2.3 Raman and IR analysis of isotopically diluted interfacial water in alkaline
medium

ATR-IR and Raman spectra of the bulk 1 M KOH solutions in both 1:3 and 3:1
H,0: D,0 spanning the voy and vop regions are shown in Fig. 3A-D. Represen-
tative interfacial ATR-SEIRA and SER spectra are shown in Fig. 3E-H. The ex-
pected ratio between the integrated intensity of the voy and vop bands (1:3 in
a 1:3 mixture of H,0:D,0, 3:1 in 3:1 H,0:D,0) was obtained in both the
Raman and ATR-IR spectra of the bulk solutions (Fig. 3A-D). However, interest-
ingly, the von:vop ratios differed between the interfacial ATR-SEIRA and SER
spectra.

In ATR-SEIRAS, the vy : vop ratio of a 1 : 3 mixture of H,O : D,O changed from
1:3 in the bulk to 1:1.5 at the interface (Fig. 3E), and from 3:1 in the bulk to
4.15: 1 at the interface in 3 : 1 H,O : D,0O. In other words, ATR-SEIRAS suggests the
depletion from the interface of the component of the mixture containing more
deuterium. On the contrary, in SERS the voy:vop ratio became 1:3.72 at the
interface in 1:3 H,0:D,0 solution (Fig. 3D) and 2.15:1 in 3:1 in H,0:D,0
solution. Hence, SERS suggests exactly the opposite, namely, an enrichment at
the interface of the component of the mixture containing more deuterium. An
increase of the intensity of the voy band in ATR-SEIRAS has been recently

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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Fig. 3 ATR-IR ((A) and (C)) and Raman ((B) and (D)) spectra of bulk 1 M KOH in H,O/D,0O
mixtures. The spectrum of the Si-air mterface was used as background in (A) and (C).
Representative in situ ATR-SEIRA ((E) and (G)) and SER ((F) and (H)) spectra of interfacial
water in the same electrolyte. Representative simplistic cartoons depicting the interfacial
water populations in (I) 1:3 H,O:D,0 and (J) 3:1 H,O: D,O solutions. The interfacial
spectra in (E)—(H) were all recorded at 0.5V vs. RHE. The ATR-SEIRA spectra in (E) and (G)
were calculated using the spectrum at 1 V as background.

reported at the Au/0.1 M HCIO, interface,> where it was attributed to the lower
polarity of the O-H bond and the slight hydrophobicity of Au. This hypothesis was
supported by the clearly larger contact angle of D,O than H,O on a Au-coated Si
prism.>

To verify that the complete opposite effect (i.e., a more intense vop band at the
interface than expected from the H,0:D,O ratio) observed in SERS is not
a consequence of the different surfaces employed for SEIRAS and SERS, we
checked the contact angles of H,O and D,O on the Au nanoparticle (~50 nm)
coated Au electrode surface used for SERS (Fig. S3). The contact angle with H,O
was 66.0 £ 0.3°, which increased with D,O to 82.0 £ 0.4°, very similar to the values
reported for the Au-coated Si prism used for ATR-SEIRAS.”> Hence, we can
conclude that the difference in the interfacial voy : vop ratios observed between
the two techniques is a consequence of the differences in spectroscopic method
and data collection.

In SERS, the incident laser has to penetrate the bulk electrolyte layer to reach
the electrode, the whole of which contributes to the spectrum because Raman
spectra are absolute, not differential. The Rayleigh range, or the effective spot
area, of the laser beam in Raman spectroscopy, when calculated for the laser
objective that we employed (50 x large) was found to be ~3 pm (calculation details

Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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in SI). Taking into account the typical thickness of the electrolyte layer between
the electrode and the electrolyte window (~1 mm) and the concentration of water
in pure water (~55.6 M), a rough estimate of 10~° mol of bulk water contribute to
the Raman spectrum in SERS. One monolayer on Au corresponds roughly to
a surface excess of 10~° mol cm 2. Within the ~3 pum spot area, approximately
10~ mol of interfacial water molecules will be probed by the beam. Even with the
SERS effect and assuming an enhancement factor of 10°, as discussed elaborately
by Wang et al.,” the interfacial spectra will therefore have a significant contri-
bution by bulk water. Hence, the combination of the plasmonic enhancement of
the Au nanoparticles and the thin water layer between the working electrode and
the quartz window where the Raman laser is focused, cannot completely avoid the
SER spectrum being dominated by the bulk contribution, even though that
minimises it.

On the contrary, ATR-SEIRAS takes advantage of the attenuated total reflection
(ATR) configuration to minimise the thickness of the electrolyte layer through
which the IR beam has to travel, and can cancel the still dominating contribution
of interfacial water by subtraction of an adequate background (IR absorbance
spectra are always differential and, by subtracting a background, only bands due
to changes in the amount of IR radiation absorbed contribute to the spectrum;
because the electrode potential is screened beyond the electrical double layer,
bulk water will not react to a change in the applied potential, and absorbance by
bulk water in the sample spectrum will be cancelled by that of bulk water in the
background). Furthermore, due to damping of the evanescent wave by the metal
film (the skin depth of Au in the IR frequency range 4000 cm ™" to 1000 cm™ " is
~24 nm, calculation details in SI), with typical thickness of the Au films around
~10-20 nm, only a layer of electrolyte between some nm and some tens of nm is
probed, with species absorbing the more strongly the closer to the electrode
surface, due to the SEIRA effect.

Hence, it is reasonable to believe that with ATR-SEIRAS we probe exclusively
water within the double layer region of the electrode surface. Hence, we can
conclude that there is always an H enrichment at the interface. This implies in
a 3:1 H,0:D,0 solution, with only H,O and HOD molecules (and no D,0O
molecules), there will be a higher proportion of H,O at the interface than HOD.
On the other hand, in a 1:3 H,0: D,0 solution, with only HOD and D,0O mole-
cules (and no H,O molecules), it is expected that HOD molecules dominate the
interface. Representative cartoons with simplified views of both these scenarios
are shown in Fig. 31 and J.

In SERS, as discussed above, the amplified signal contains information of
interfacial water along with water away from the interface due to the spatial
distribution of hotspots within several layers of water plus the contribution from
molecules in the optical path of the excitation beam. Because the overall H: D
ratio must remain 1:3 or 3:1, a hydrogen enrichment at the electrical double
layer must imply a D enrichment in the layers above it. Adding the contribution of
an H-enriched electrical double layer to that of the D-enriched layers adjacent to it
should return a 3 :1 ratio and SERS bands approaching an intensity ratio similar
to that in the bulk Raman spectra, maybe with a slightly more intense-than-
expected O-H band due to the larger SER effect affecting species closer to the
surface. However, the SER effect also depends strongly on the wavelength-
dependent magnitude of the plasmon resonance. Au spherical nanoparticles
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typically show a plasmon resonance maximum close to 500 nm with a decaying
tail at higher frequencies. Given the smaller Raman shift of the O-D stretching,
the corresponding Stokes scattered photons will be closer to the excitation
wavelength (632 nm) than those corresponding to the O-H stretching, and can
experience a larger SER effect.** Even a modest plasmonic advantage for the OD
scattered wavelength could result in a non-negligible larger SER effect because the
latter depends on the square of the electric field, and could compensate for the
hydrogen enrichment at the interface. Hence, direct correlation between SERS
intensity and quantitative composition is not as straightforward as in the case of
ATR-SEIRAS, where enhancement factors are smaller and wavelengths far from
the plasmon resonance maximum are used.

2.4 Potential dependence of the ATR-SEIRA spectra of isotopically diluted
interfacial water

The potential-dependent structure of interfacial water was probed by in situ ATR-
SEIRAS to gain insight about the potential-induced reorientation and the
hydrogen-bonding network of water at the Au surface. The cyclic voltammogram
(CV) of the Au film (Fig. S4A) confirms that the prepared film is a neat poly-
crystalline Au surface. We have focused our attention on understanding the voy
band in the case of the 1:3 H,0:D,0 solution, as it arises solely from the HOD
molecule. Similarly, and for the same reason, in 3 :1 H,0 : D,O solution, we have
analysed the vop band.

During the in situ ATR-SEIRA spectra, the potential was first scanned from 0 to
1V at a scan rate of 5 mV s~ ' (CV shown in Fig. S4B), with an interval of 0.09 V
between spectra. We will refer to this as the double layer region (dl region),
although it includes the onset of surface oxidation at its positive limit. Similarly,
the potential was also scanned from 0 V to —1 V (CV in Fig. S4C), which is referred
to as the HER region. Fig. 4A and B show the in situ ATR-SEIRA spectra in the vox
region in 1: 3 H,0 : D,0, while Fig. 4C and D show spectra in the vop region in 3 :
1 H,0:D,0. In all cases, although the background was recorded at 0 V, the
spectra were recalculated using the spectrum at 1 V as background (i.e., closest to
the pzc) for the dl region, and that at —1 V for the HER region, for easy inter-
pretation of the spectra.

As expected, other than the narrower bandwidth of vop, the potential depen-
dence of voi and vop in the spectra in Fig. 4A-D is very similar. Furthermore, the
evolution of the spectra in the dl region (Fig. 4A and C) is consistent with recent
work in acidic medium.*® We observe that the voy and vop bands increase in
intensity and red-shift as the potential is scanned away from the pzc towards less
positive potentials (please note that such red-shift was not so evident in the
potential dependent spectra in 1 M KOH in 100% H,O0, Fig. 2A). Here again, same
as the case of 100% H,O, the increase in the intensity can be assigned to the
reorientation of interfacial water molecules at the negatively charged gold surface.
The red shift with increasing negative potential continues into the HER region
(Fig. 4B and D), which is consistent with the expected increase in the degree of
interaction of the hydrogen atoms of water with the metal surface.

It is intriguing however that, instead of the intensity saturation observed in the
von band in 100% H,O (Fig. S2), the intensity of the voy and vop bands of HOD
remains roughly constant between 0 and -0.3 V and then clearly decrease with
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Fig. 4 In situ potential-dependent ATR-SEIRA spectra in the vop (A and B) and vop (C and
D) region of HOD in the double layer (A and C) and HER (B and D) regions. Spectra were
recorded using 0.1 M KOH solutions eitherin1: 3 H,O : D,O (Aand B) orin 3: 1 H,O : D,O
(Cand D). The vertical blue (A and C) and red (B and D) lines are a guide to the eye showing
the trend in the potential evolution of the von and vop frequencies.

increasing negative potential. Fig. 5A and B track the changes with potential in
the integrated peak intensity and peak position of voy and vop. Between 0.1 and
—0.5 V, the integrated intensity is nearly independent of potential (vop) or
decreases rather slowly (von), and starts decreasing faster beyond —0.5 V, roughly
mirroring the HER current in the CV.

A possible explanation for this is the following. Two O-H bonds are involved in
the oy of H,0, while only one O-H (or O-D) bond is probed in voy (or vop) of
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Fig.5 The change inthe integrated band intensity and the peak position of the HER region
(A and B) and dl region (C and D). (E) The range of wavenumbers of the von and vop bands
in the dl and HER region as compared to the bulk solution.

HOD. Hence, the angle between the relevant transition dipole moment and the
normal to the surface will be different in each of these cases. We can understand
the intensity maximum of voy (Or rop) of HOD at a less negative potential than
vou of H,O (maximum intensity of voy and vop of HOD is reached between 0.15
and —0.15 V, Fig. 4, maximum intensity in voy of H,O is reached at —0.4 V,
Fig. 2A) as a consequence of this. As water continues to respond to the applied
electric field, the population of HOD molecules with either the O-H (or O-D) bond
perpendicular to the surface will decrease. This can explain why after reaching
a maximum, the intensity of voi and vop of HOD shows a decrement. But, unlike
the direction of the transition dipole moments of voy (or vop) of HOD (that are in
the direction of the O-H or O-D bond, respectively), that of the transition dipole
moment of vy of H,O is not well-defined. It will be centred around the mole-
cule’s bisector, but, because the mode is the result of inter- and intramolecular
coupling, there will be a distribution of transition dipole moments around that
central direction. Hence, as water reorients, initially the population of H,O with
transition dipole moments perpendicular to the surface increases, but it will not
increase beyond a maximum even if water is continuously orienting, leading to
a constant intensity and apparent dielectric saturation. We conclude therefore
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that water dipoles continue to reorient and the population of water molecules
with their dipole moments perpendicular to the surface continue to increase as
the potential is scanned in the HER region, at least down to —1 V. This is contrary
to what was concluded by Zhu et al.** where, as they only looked at H,O instead of
also examining HOD, they suggested a dielectric saturation before the HER
overpotentials were reached.

Fig. 5C and D show the changes in the integrated peak intensity and peak
position in the dl region. As we discussed previously, the potential dependence of
vou and vop bands were similar, with the band increasing in intensity and red-
shifting as the potential scanned is less positive (away from pzc). From Fig. 5E
we understand that for both voy and vop there is a larger change in the peak
position in the dl region when the potential is brought down from 1 V to 0 V. In
the HER region despite the reaction and subsequent hydrogen generation, the
change in the peak position is comparatively smaller than in the dl region. This
indicates that interfacial water ordering and bonding with the Au electrode
surface occur to a larger extent at potentials immediately negative of the pzc. This
is in line with what was observed in the Au-perchloric acid system where water was
found to be already oriented in a H-down fashion at potentials negative of pzc.*
At the same time, once a given number of molecules have one of their O-H bonds
pointing towards Au, there is a barrier for further orientation with both O-H
bonds pointing to the surface. Only when the barrier is overcome, does the
population of water molecules with both H pointing to the surface start increasing
with high negative potentials.

Another important observation from Fig. 5E is that the voy band in the dl
region is blue-shifted, and that in the HER region is red-shifted with respect to the
bulk vy band. However, in the case of vop, both in the HER and the dl region, the
band is always blue-shifted with respect to bulk vgp. The blue shift of both vy
and vop in the dl region with respect to their values in bulk HOD is consistent with
a lower degree of hydrogen bonding in interfacial water due to the presence of the
electrode surface, while the continuous red-shift of these bands with increasingly
negative potential reflects the increasingly stronger interaction of the H and D
atoms of HOD with gold as the O-D and O-H bonds become more perpendicular
to the electrode surface. However, based on the observed enrichment of the
interface in hydrogen, we would expect the interaction of H with the gold surface
to be stronger than that of D, which would lead to the observed faster decrease of
the O-H stretching frequency with potential, eventually leading to vy of inter-
facial HOD becoming lower than that in bulk HOD, whereas that of o, remains
slightly higher.

The full range ATR-SEIRA spectra as obtained for all the potentials from 1V to
—1 V for both 1:3 and 3:1 H,0:D,0 electrolyte solutions, respectively, are
shown in Fig. S5 and S6 with background taken at 0 V. Along with voy and vop,
dron and dgop can also be observed in the spectra. Fig. 6 shows only the bending
region of H,O and HOD extracted from Fig. S6 and S7. The nature of the bending
bands in the dl region is in line with the oy and vop bands, where all the bands
are aligned in the same direction. Compared to the dyop band in the bulk at
1454 cm ™, we find the dyop band of interfacial water in the dI region to be red
shifted to 1417 cm ' and 1421 cm ' in 1:3 and 3:1 H,0: D,0, respectively
(Fig. 6A and C), which is also consistent with the changes in the voy and vop
bands (Fig. 4A and C).
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Fig. 6 The bending band region of 1: 3 H,O : D,O in (A) the dl region and (B) HER region.
The bending band region of 3:1 H,O : D,O in the (C) dl region and (D) HER region.

Although the potential dependence of the intensity of both dyon and dyop
(6pop overlaps with the silicon oxide band and is difficult to analyse) with
potential in the dl region follows, as expected, that of »og and vop and can be
easily explained as resulting from the reorientation of HOD in response to
changes in the interfacial electric field, the potential dependence of dyon and
dnop in the HER region is intriguing. Based on the conclusions reached above
from analysing the evolution of the intensity of oz and vop of HOD regarding the
reorientation of interfacial water in the HER region, we would expect the intensity
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of dyon and dyop and dpop to increase with increasingly negative potential (the
transition dipole moment of these modes is parallel to the molecule’s bisector).
However, in 3:1 H,0:D,0, the intensity of dgop decreases with increasingly
negative potential (the potential dependence of épop can unfortunately not be
properly analysed due to its overlap with the silicon oxide band at 1200 cm ™),
while in 1:3 H,0:D,0, the intensity of dyon decreases while that of dyop
increases. These results cannot be explained based on the reorientation of
interfacial water. Instead, they might just reflect a kinetic isotope effect of the
HER.

Due to the mass of D being twice that of H, we would expect breaking an O-H
bond to be faster than breaking an O-D bond. Typical values for H/D primary
kinetic isotope effects (i.e., when, as in this case, a bond to the isotopically
labelled atom is being formed or broken) lie between 2 and 7, but can be as high
as 20 (i.e., the rate of breaking an O-H bond can be as much as 20 times faster
than breaking an O-D bond) or even higher at low temperatures.*” In such
a scenario, the component of the mixture with more H, (HOD in 3:1 H,0: D,0,
H,0 in 1:3 H,0:D,0) will be consumed faster, resulting in the interface being
depleted of HOD and enriched in D,0 in 3:1 H,O: D,0, as in Fig. 6C, and being
depleted from H,O and enriched in HOD in 1:3 H,0:D,0, as in Fig. 6D.

2.5 Potential dependence of the SER spectra of isotopically diluted interfacial
water

In an attempt to add to our understanding of the interfacial water structure and
its dependence on the applied potential by examining the vibrational modes of
HOD, we performed in situ SERS measurements with isotopically diluted
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Fig.7 The changesin (A) von band in1: 3 H,O : D,O solution and (B) vop band of H-O-D
3:1H,O:D,0 with applied bias.
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solutions of 1 M KOH. Fig. 7A and B show the voy and vop bands of HOD in 1: 3
and 3:1 H,0:D,0, respectively. The voy (Fig. 7A) and vop (Fig. 7B) bands of
interfacial HOD are much narrower than vy of interfacial H,O (Fig. 2B), for the
reasons already explained above, and can be fit to a single Gaussian peak at
~3400 cm ™" (voy) and 2450 cm™ " (vop).

Very little changes, if any, can be seen in the spectra as the potential is scanned
negatively, except for shoulders around 3600 cm ' (Fig. 7A) and around
2650 cm ™" (Fig. 7B) emerging at E < —0.4 V. These high-frequency components
have been assigned in the past to dangling OH bonds (free O-H) but, as discussed
above, we find an assignment of these bands to either OH™ produced in the HER
or to weakly hydrogen-bonded water molecules in the solvation shell of K" more
reasonable. In other words, SERS provides very little information regarding
potential-induced changes in the structure of interfacial water. This contrasts
with the high sensitivity of ATR-SEIRAS, which we have shown to be capable of
monitoring with high accuracy, changes in the orientation and in the degree of
hydrogen bonding of interfacial water through analysing changes in the intensity
and frequency of vou, Yop and dyop of HOD, as well as of dyon of H,O in isotopic
mixtures of H,O and D,0.

Fig. S7 shows the full range potential-dependent SER spectra for 3:1 H,O:
D,0, capturing the evolution of dyoy and dyop at 1604 and 1411 cm™*, respec-
tively, and of the libration band at 500 cm ™. In the SERS spectra in 1: 3 H,O: D,0
(Fig. S8), we observed dpop at 1201 ecm ™' and dyop at 1414 cm ™. The OD libration
bands were difficult to observe in our spectra, as they occur well below 200 cm ™.
In all cases, we only observe changes in these bands at E < —0.4 V, which supports
our argument that they are not due to changes in the orientation and structure of
interfacial water, but rather to either the production of OH™ or the migration of K*
into the electrical double layer. As these were absent in the ATR-SEIRA spectra,
and are not showing any significant stark shift with potential, we understand that
these molecules are located beyond the first few layers of water molecules from
the Au surface.

3. Conclusions

We have used in situ ATR-SEIRAS and SERS with the aim of identifying their
suitability and complementarity to improve our understanding of the structure of
water at the electrical double layer. In doing so, we have simplified the inter-
pretation of the O-H stretching band of water by focusing on the O-D and O-H
stretching of HOD, prepared by making isotopic mixtures of H,O and D,O of the
adequate composition. We have paid particular attention to the structure of
interfacial water in alkaline medium (1 M KOH) at potentials within the hydrogen
evolution region.

The first conclusion of our work is that, while ATR-SEIRAS is very sensitive to
potential-induced changes in the average orientation and degree of hydrogen
bonding of interfacial water, SERS is dominated by bulk water and provides only
limited information, if any, about the double layer structure of the interface.
Wang et al.*® have discussed this issue in detail, and have suggested the need for
a manual subtraction of the Raman spectrum at a particular potential to extract
the interfacial contribution. We tried this method, and subtracted the SER
spectrum at 1 V from the rest of the spectra (Fig. S9). However, the subtraction
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made the spectra uninterpretable due to poor signal-to-noise ratio. Raman
methods are therefore not well suited to study the structure of water at the
electrical double layer, with the only possible exception of tip-enhanced Raman
scattering®® which can probe exclusively the few water molecules trapped within
the electrode surface and the tip of a scanning tunnelling microscope located at
tunnelling distance. SERS also fails at detecting the enrichment in the component
of the H,0 : D,0 isotopic mixture richer in hydrogen, due to the sensitivity of the
enhancement factor to the proximity of the inelastically scattered photons to the
plasmon resonance maximum.

Regarding the structure and hydrogen-bonding network of interfacial water in
alkaline medium, the prime conclusions of our work in a nutshell are:

(1) The population of water molecules oriented in a one H-down fashion starts
increasing immediately negative to the pzc of the system.

(2) There is no strongly hydrogen-bonded ‘ice-like water’ or poorly hydrogen-
bonded ‘free water’ at the interface in alkaline media at any potentials. In
general, water at the interface is more weakly hydrogen-bonded than in the bulk.

(3) Interfacial water forms a stable hydrogen-bond backbone roughly parallel
to the electrode surface that survives orientation with one H down,? but needs to
be broken when water orients with both H down. There is a barrier to breaking
that hydrogen backbone, which only happens at potentials well into the hydrogen
evolution region in alkaline medium (between approximately —0.2 and —0.4 V vs.
RHE) and very negative (between approximately —1.02 and —1.22 V) in the SHE
scale. After this potential, the population of water molecules with both hydrogen
atoms pointing towards the surface starts increasing with increasingly negative
potential, an effect which can only be seen in the potential-dependent spectra of
HOD, but not in those of H,O or D,0. For this reason, Zhu et al.** concluded that
dielectric saturation of water occurs around 0.15 V vs. RHE in alkaline medium
(ca. —0.62 V vs. SHE at pH 14), whereas our work by looking into HOD instead of
H,O shows that this must happen more negative than —1.73 V vs. SHE.

Zhu et al.** have provided evidence that, at least on Au, the slower kinetics of
the HER in alkaline media is not due to the consequence of a disruption of the
hydrogen-bond network connectivity or to slower dynamics of water reorganiza-
tion within the electrical double layer. Instead, they have proposed that it is due to
a smaller electrochemical driving force because of the low electric potential at the
reaction plane. Our results are in general consistent with this conclusion. It is true
that, at pH 14, we do observe that a significant increase in the population of water
molecules with both H atoms pointing towards the surface, starts occurring
around the potential at which the onset of the HER should be seen if the kinetics
were as fast as in acidic medium. It might be argued based on this that the
resulting disruption of the hydrogen-bond backbone parallel to the electrode
surface is connected with the slower kinetics in alkaline media. However, this
would not be the case at lower alkaline pHs (pH < 13), at which this effect would
occur at more negative potentials in the RHE scale but slower HER kinetics are
still observed.

4. Experimental methods

Fig. S10 shows the schematic cell set-up of the spectro-electrochemical cell used
for in situ ATR-SEIRAS; and the flow cell set-up used for in situ SERS experiments.
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Both are home-made set-ups optimised in our labs. Photos of both the IR and
Raman experimental set-ups are shown in Fig. S11. The detailed procedures for
conducting ATR-SEIRAS and SERS are explained below.

Since surface enhanced spectroscopic techniques are extremely sensitive, even
minor amounts of contamination in the sample can have a large impact on the
quality and interpretation of the spectroscopic data. In ATR-SEIRAS, freshly
prepared Au films on well-polished Si prisms were used, which minimised the
influence of impurities. Contamination from carbon impurities were a major
concern in SERS even with freshly prepared Au nanoparticles deposited on
a flame cleaned Au electrode. Following the protocol described in detail by
Hartman et al.,*” where the substrate is cleaned with heat and oxidation treat-
ments, we obtained featureless impurity-free SERS spectra. The effects of Raman
laser power and exposure time were also optimised to ensure the changes in the
water bands were laser intensity independent.

4.1 Absorbance IR spectroscopy (ATR-IR)

Absorbance IR spectra of the bulk of 0.1 M KOH solutions were recorded using the
spectrum collected by totally reflecting the IR beam at the Si-air interface as
background. The surface of the same Si prism was then fully covered by a drop of
the 1 M KOH solution and then the sample spectrum was recorded.

4.2 ATR-SEIRA spectroscopy

ATR-SEIRA spectra were collected with a Nicolet iS50R FTIR spectrometer
equipped with an MCT detector (liquid N, cooled) and a home-made ATR
accessory, using unpolarized light. Each spectrum, including the background
spectrum, consisting of 120 interferograms with a spectral resolution of 4 cm ™"
were recorded during the positive cycle of a cyclic voltammogram at a scan rate of
5 mV s~ '. Experiments were conducted at room temperature, approximately 22 ©
C, and normal atmospheric pressure. Time taken to acquire an individual spec-
trum at a resolution of 4 cm ™ was 17.3 s. Spectra were calculated in absorbance
units as A = _Iog(Rsample/Rbackground); where Rbackground and Rsample are the
reference and sample spectra, respectively. The working electrode was a gold film
deposited on the totally reflecting plane of a Si prism bevelled at 60°, and it was
attached to the spectro-electrochemical cell using an O-ring seal. The gold layer
was coated on the Si prism following an electroless deposition method.*®* An
EmStat3 Potentiostat from PalmSens was used to control the potential of our
working electrode during the ATR-SEIRAS experiments. Before any IR measure-
ments, the film was cycled in the corresponding electrolyte to check its stability,
clean the surface, and obtain a reproducible surface morphology. A gold mesh
was used as a counter electrode and a leak-proof Ag/AgCl (KClsat) electrode was
used as a reference electrode. All of the potentials in the report are referred to the
RHE scale.

4.3 SERS spectroscopy

Gold nanoparticles, synthesised using a previously reported method,**° (the UV
data and SEM image are shown in Fig. S12) were diluted and drop-casted on
a polycrystalline Au electrode surface before electrochemical SERS experiments.
The gold particle drop-casted Au electrode was dried and cleaned to ensure the
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electrode surface is impurity free.*” In situ SERS were taken using a micro-Raman
spectrometer (Renishaw Invia Spectrometer) with 633 nm laser excitation using
an L50x lens using a homemade electrochemical cell. All the Raman spectra were
recorded in reflection mode using an edge filter where only Stokes lines can be
observed. The time for recording data was optimized to 5 s with 10% laser
intensity for a better signal-to-noise ratio and minimal destruction. An EmStat3
Potentiostat from PalmSens was used to control the potential of our working
electrode. A graphite rod was used as a counter electrode, and a leakproof Ag/AgCl
(KClsa) as the reference electrode.
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