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Abstract. While water's oxygen is the electron source in the industrially important oxygen
evolution reaction, the strong absorber problem clouds our view of how the Stern layer water
molecules orient themselves in response to applied potentials. Here, we report nonlinear optical
measurements on nickel electrodes held at pH 13 indicating a disorder-to-order transition in the
Stern layer water molecules prior to the onset of Faradaic current. A full water monolater (1.1 x
10%5 cm?) aligns with oxygen atoms pointing towards the electrode at +0.8 V and the associated
work is 80 kJ mol!. Our experiments identify water flipping energetics as a target for
understanding overpotentials, advance molecular electrochemistry, provide benchmarks for
electrical double layer models, and serve as a diagnostic tool for understanding electrocatalysis.

Main. Much microscopic insight into the Stern layer water structure and the electric fields at
electrolyte:electrode interfaces currently comes from atomistic simulations (/-7), with joint
theoretical and surface-specific experimental studies just emerging (8-/2). Probing interfacial
solvent structure and electrostatic fields at electrode:electrolyte interfaces directly, in real time,
and without the need for electrochemical, spin, or spectroscopic labels, plasmonic structures, or
arbitrarily chosen reference states remains a major challenge despite the topic's importance for
many electrochemical transformations (7, 73-18). The major challenge is water's strong absorber
problem, complicating the detection of water's stretching and bending modes at

electrode:electrolyte interfaces. Compounding the problem is that linear spectroscopies are
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insensitive to whether water molecules point one way or the other. Non-resonant second-order
optical techniques could overcome these issues and be the method of choice for probing water
orientation and flipping in response to applied potentials.

Consider the amphoteric nature of the oxides that terminate many electrodes used for the
oxygen evolution reaction. This reaction is typically carried out at high pH (/9) where, at open
circuit potential, many of the interfacial water molecules point their protons to the electrode
surface. In this configuration, access of the electrode's active sites to the electrons in water's oxygen
atoms would be blocked by water's protons. An externally applied potential would need to be
sufficiently high to weaken the interfacial hydrogen bond network so that the water molecules can
flip to point their electron source (the oxygen atoms) towards the electrode's active site (the high
oxidation state metal oxo site). The energy associated with water flipping is a likely contributor to
the water oxidation overpotential.

The sensitivity of nonlinear optical processes to interfacial structure and electrostatics
should make it possible to quantify and track the number of Stern layer water molecules that are
flipping, and the associated energetics, as a function of the applied potential, provided the strong
absorber problem can be overcome. Given the prominent role of water's oxygen atoms as an earth-
abundant electron source and the aforementioned need for water flipping to access them,
quantifying how 1) the number net of-aligned water molecules, 2) the electric field, and 3) the
Stern layer energy density depend on externally applied potential would add new fundamental
insights into our molecular understanding of electrochemical water oxidation. As we will show

below, these three properties are readily accessible via the total interfacial potential, @y, and the

second-order nonlinear susceptibility, ¥, which we demonstrate here are both encoded in the

https://doi.org/10.26434/chemrxiv-2023-m9d1z-v4 ORCID: https://orcid.org/0000-0001-8569-4045 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-m9d1z-v4
https://orcid.org/0000-0001-8569-4045
https://creativecommons.org/licenses/by/4.0/

Speelman and Geiger page 3

experimental observables, namely the amplitude and phase of the second harmonic generation
(SHG) response.

Prior nonlinear optical studies of electrode:electrolyte interfaces have largely been based
on SHG intensity measurements (see Gruen's (20) and Nagy and Roy's (2/) pioneering work on
nickel electrodes). These studies hark back to nonlinear electroreflectance studies from silver
electrodes (please see Supplementary Information Note S1) (22-24). Recent approaches have
focused on potential-of-zero charge quantifications via SHG amplitude and phase measurements
on a platinum electrode (9). We now use optically transparent thin nickel nanolayers for which we
quantify the Stern layer structure, the interfacial field, and the Stern layer energy density via
®(0)40r and .

In the experiments, we begin with a ten-nanometer thin nickel layer (5.1 A £ 0.5 A rms
roughness) prepared by physical vapor deposition on a glass microscope slide that is subsequently
placed into a custom-designed spectro-electrochemical cell (please see Supplementary
Information Fig. S1a, and Methods section) connected to an electrochemical workstation. Probing
with a femtosecond laser oscillator (80 fs, 1034 nm, 75.5 MHz) and employing single photon
counting, we record the SHG intensity simultaneously with the current density as a function of
applied potential at pH 13 (as well as pH 7, 9, and 11) and 1 M ionic strength (NaClO4 as well as
alkali chlorides). The SHG intensity is quadratic in input power (Supplementary Information Fig.
S1b). We find SHG intensity minima that precede the peak potentials of the well-known Ni?*/Ni**
redox pair (Fig. la), which follows the expected (scan rate)? dependence (Supplementary
Information Figure S2c¢-d) (25).

To obtain the SHG amplitude and the absolute phase, we record SHG interference patterns

generated by beating the SHG signals from two sources against one another (Fig. 1b): source 1 is
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the electrode:electrolyte interface (producing the "signal") and source 2 is a 50 um thin piece of z-
cut a-quartz wafer (producing the local oscillator, "LO") (26). The sample and the a-quartz wafer
bracket a phase shifting unit consisting of a 1 mm thin fused silica plate mounted on a
computerized rotating stage. Collecting the SHG intensity as a function of the rotational angle of
the phase shifting unit produces signal + LO interference fringes that whose amplitudes and phases
change as we vary the applied potential between -0.5 V and +0.9 V vs Ag/AgCl (Fig. 1c). At each
applied potential, the SHG amplitude and phase are obtained through a custom fit function (please
see Supplementary Information Note S2).

Using the SHG amplitude and phase we estimate the total interfacial potential, ®(0);;,
and the second-order nonlinear susceptibility, x®. Using air as opposed to electrolyte, we first
obtain the absolute zero phase from the uncoated portion of a glass microscope slide having one
half coated with 10 nm nickel and then move the sample cell over by a few millimeters to determine
the phase difference of the glass:air vs nickel:air interface to be = -76° + 19° (standard deviation
obtained from Gaussian histogram analysis of 15 electrodes, please see Supplementary
Information Methods and Fig. S3a). We then add electrolyte, determine the phase difference of the
nickel:air vs nickel:electrolyte interface to be 4° + 18°, and obtain the point estimates (and
associated uncertainties) for the SHG signal phase, @sig , at a given applied potential, @, from @sig
= Qfi,® - Qfiock - (76° £ 19°). We then normalize the SHG amplitude to the amplitude obtained at
OCP. Fig. 2a shows that ¢y, decreases with increasing applied potential in a sigmoidal fashion,
with a total phase change relative to OCP of -90° at +0.9V applied. On the reverse scan, the phase
advances back to 0°. The amplitude goes through minima at the applied potentials that coincide
with the SHG intensity minima seen in Fig. 1a. The experiment reproduces reasonably well over

seven different electrodes (Supplementary Fig. S3b). We calibrate the SHG response from our
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optical window against the second-order nonlinear susceptibility of another z-cut a-quartz piece
put in place of the electrolyte solution (26, 27), accounting for the normalization factor at OCP,
the Fresnel coefficients, and the wave vector mismatch in our experimental geometry (please see
Supplementary Information Fig. S5 and Note S3). We then expand an optical model for
quantifying ®(0),; and ¥® from the SHG amplitude and phase measured at silica:water
interfaces for high ionic strength (26) to include the metal-specific contributions to the second-
order nonlinear susceptibility discussed earlier by Guyot-Sionnest et al. (for Ag) (28) and Nagy
and Roy (for Ni) (27). We obtain the following expression for the total potential drop across the

electrode:electrolyte interface (see Supplementary Information Note S4):

CD(O)tot - _ C'Esig,norm{5'cos((ﬂsig)+5in(§osig)} (1)

(5+1.5)x3)

Here, C is the calibration factor that also accounts for OCP normalization of the measured SHG
intensities and the Fresnel coefficients (C=3.1 x 1022 m*V-! in our case, please see Supplementary
Information Note S3), Egignorm 1S the measured SHG amplitude normalized to the value obtained

at OCP (the condition at which we calibrate to quartz, see Supplementary Information Note S3),

@sig 1s the phase relative to the zero phase from the glass:air interface, and )(‘gizter is the third-order

nonlinear susceptibility of the diffuse layer (1x10-2! m?V-2 from experiment and theory) (27, 29),
which is invariant with ionic strength, pH, and surface composition (30). Eqn. 1 accounts for the
ca. 5x larger nonlinear optical response we obtain from the nickel nanolayer when compared to a
fused silica window, both at pH 13 and 1 M ionic strength. This experimentally determined factor
of 5 is in excellent agreement with the computed factor of 4.5 in eqn. 7 of Nagy and Roy and the
1/2 term in eqn. 1 of Guyot-Sionnest et al. that account for metals' bulk magnetic dipole
contribution to y® (21, 28). With eqn. 1 establishing ®(0).,,, the second-order nonlinear

susceptibility is given by (see Supplementary Information Notes S4 and S5):
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2@ = ={C " Eyignormsin(@sig) + 1.5 ®Oeor  Xmer}/5 (@)
Fig. 2b shows the second-order nonlinear susceptibility and the total interfacial potential as a
function of externally applied potential. From -0.4 V applied to zero V applied, the total surface
potential is near zero mV (x 100 mV from the -60° to -100° range in the phase relative to that of
the glass:air interface), consistent with slight negative C-potentials at pH 11 and 12.5 of -12 mV
and -15 mV, respectively, in 0.1 M NaNOs (points of zero charge of nickel oxides are at or below
pH 11) (31-33). We note that the total potential is sum of the Gouy-Chapman-Stern potential
associated with the mobile charges (ions) and the contributions from the immobile charges
(electrons bound to the molecules and ions), like from dipoles and quadrupoles (34). The total
potential increases with increasingly positive applied potential until it plateaus near +0.8 V (£0.2
V uncertainty from the replicate electrode measurements, Fig. S3c) at an applied potential of +0.9
V. We note that the absolute potential at an electrode:electrolyte interface cannot be measured
using electrochemical means, which only provides the potential difference between two electrodes.
The optical approach here does provide the total potential from a single electrode:electrolyte
interface, similar to what is in principle possible with (significantly slower) X-ray spectroscopic
or electrical impedance measurements on field effect transistors (35-40).

Fig. 2b also shows that at OCP, )((()ZC)P is ~1.1 x 1022m?V-!. This non-zero value is attributed
to the net aligned dipoles from the interfacial NiOH, NiO-, and NiOH," groups. Its positive value
indicates a net "up" orientation of the interfacial dipoles, i.e. the positive end (Ni**) pointing into
the electrode and the negative end (OH, O, or OH>") pointing into the electrolyte. This
interpretation is consistent with SHG results from colloidal (29) and macroscopically flat (26)
surfaces showing that positively (resp., negatively) signed values of y® correspond to water

dipoles pointing their negative end (oxygen) away from (resp., towards) the surface. Fig. 2b
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indicates that the second-order nonlinear susceptibility becomes smaller in magnitude as the
applied potential becomes more positive, and that it crosses zero to become negatively signed at
+0.4 V (resp., 0.2 V) applied potential on the forward (resp., reverse) scan, just where the SHG
intensities goes through their minima (Fig. 1a). At +0.8 V applied, y® approaches -1.6 x 1022 x
1022 to -3.1 x 1022x 1022 m?V-!, about two times larger in magnitude, albeit oppositely signed,
when compared to the value at OCP. Supplementary Fig. S3c shows that the x® and ®(0)ot
estimates reproduce reasonably well over seven different electrodes, while Supplementary Fig.
S3d shows no apparent pH dependence of the ¥ vs applied potential response between pH 13
and 7, while the ®(0)«: estimates increase to slightly over 1V at the highest positive potential
applied, with a pH dependence of (-0.09 + 0.04) V pH™!, encompassing the theoretical 0.059 V pH-
' Nernst slope at room temperature.

As the interfacial NiOH, NiO-, and NiOH;" groups cannot flip their net orientation, we
subtract )(éZC)P (1.1 x 1022 x 1022 m>V™") from the y® values obtained at each applied potential to
compute the change in the second-order nonlinear susceptibility, Ay . The aim is to estimate the
x® contribution from the mobile Stern lay water molecules, which can change their orientation
distribution in response to the applied potential. When ®(0),,, is zero, we find that Ay is near
zero (Fig. 2¢), which indicates a largely isotropic arrangement of the Stern layer water molecules,
in which an approximately equal number of interfacial water molecules point their dipole moments
up vs down or are all fully disordered. In other words, N'<a®?>=0, where IV is the total number
of Stern layer water molecules and <o®> is water's orientationally averaged molecular
hyperpolarizability), consistent with the small negative {-potential at pH 12 (37).

We then proceeded to estimate the number of water molecules that flip their dipole

orientations. To this end, we employ the molecular hyperpolarizability for a liquid water model
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estimated by Gubskaya and Kusalik at the MP2 and MP4 level of theory (®=5.3 x 102 C m*V-

2) (41). This value was used recently by the Roke group (29) to estimate the non-resonant third-
order nonlinear susceptibility, ¥, of liquid water, which is in good agreement with the
experimental value reported by the Wen group (27). Dividing the Ay® values shown in Fig. 2¢
by a® and multiplying by a Stern layer water permittivity estimate of 1.9 (the mean of £=1.77,
the square of water's index of refraction at 515 nm, and £=2.0, from recent experiments (42)) and
the vacuum permittivity, &, according to V1= |Ax®| ¢ &/(10* cm> m2a?) yields the number of
water molecules per cm? that point their oxygen atoms down towards the electrode. Fig. 2d shows
that at the most positive applied potential (+0.9 V), ca. 1.1 x 10> water molecules per square cm
have a net orientation with their oxygen atoms pointing towards the electrode. Larger values for
Ny would arise from larger values for the Stern layer relative permittivity. In addition, the angular
orientation distribution of the Stern layer water molecules relative to the surface normal is not
known and could very well be multimodal. Yet, under the s-in/p-out polarization combination
employed here, our estimate for N1, max=1.1 x 10'> cm? matches the geometric number density of
water molecules on the surface of a 1 cm? cube of liquid water at standard temperature and pressure
(1 x 10'° cm2), i.e. one water monolayer, consistent with the notion that the experiments report, to
leading order, on the surface normal projection of the dipole orientations.

In contrast to the sigmoidal dependence of the number of net-aligned Stern layer water
molecules on applied potential shown in Fig. 2d, the right-hand axis of Fig. 2c shows that water
flipping is linear in the total potential across the electrode:electrolyte interface. Flipping all the
Stern layer water molecules requires a field of close to -1 x 107 V cm! (top x-axis in Fig. 2¢) —an
experimental match with estimates from classic electrochemical textbooks (43), now obtained

using purely optical means. To investigate the energetics associated with Stern layer water
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flipping, we computed the total energy density in the Stern layer by multiplying the total potential

by the elemental charge and the number of oriented Stern layer water molecules according to
Epip= Orore N watert, showing a sigmoidal variation with applied potential (Fig. 3a). In contrast, we
find a parabolic variation of the Stern layer energy density with f, the fraction of Stern layer water
molecules pointing their oxygen atoms towards the electrode (Fig. 3b, note that for f;=0.5, NV',=0,
i.e. there is no net order, and for f;=1.0, N'y= N'|max, 1.€. all water molecules have flipped). The
experimental results can be interpreted using a 2-dimensional, two-state Ising model in which we
express F, the Helmholtz free energy mean field solution for the square lattice model (z=4),
according to (44)
F = (M)~ B infcosh(B - (zIN| + e D)) ()

Here, NVj=—3 x 1013 — ®,,; x 1 x 10" (the linear least squares fit result of NV'| vs ®,,, Fig. 2C),
S=(ksT)! with ks being the Boltzmann constant, T is the temperature (300K), and e is the
elementary charge. The model recapitulates the experimental data with a coupling constant, J, of -
1 x 1034 J for the aligned Stern layer water molecules, again using &=1.9. With z = 6, we find J= -
0.6 x 103* J best recapitulates the experimental data. These results support the notion that the
experiments are largely sensitive to the dipole "up" vs "down" orientations of the Stern layer water
molecules. At the highest applied potential, where N, = Nimax = 1 x 10'> molecules, the work
associated with water flipping corresponds to 80 kJ mol!, exceeding the cohesive energy of ice by
20 kJ mol™! (45). Fig. 3¢ shows that the water flipping process begins prior to the onset of Faradaic
current flow (the nickel oxidation wave at +0.4 V), indicating that the oxygen evolution reaction
in this case requires water flipping first, followed by electron transfer.

In conclusion, we report the development of a facile optical readout for estimating the

number of Stern layer water molecules that point their electron-rich oxygen atoms towards an
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anode as a function of applied potential. We obtain estimates for the total surface potential, the
electric field, and the work in the Stern layer under operando electrochemical conditions. At the
highest potentials applied (+0.9V vs Ag/AgCl, pH 13), we find 1.1 x 10'> water molecules per
square centimeter are net aligned oxygen atoms towards the electrode. A two-dimensional Ising
model recapitulates the experimental results. Prior to starting the Faradaic process at +0.4 V, the
work associated with water flipping is negligible and approximately 2/3 to 3/4 of a monolayer of
Stern layer water molecules are already net-aligned with their oxygen atoms pointed towards the
electrode. These results indicate that water orientation is a necessary condition for the oxygen
evolution reaction to occur in case of the nickel electrodes studied here (Fig. 3d). At+0.6 V applied
potential, the Stern layer energy density has increased to match the cohesive energy of liquid water.
At ~+0.9 V applied potential, all the Stern layer water molecules (N1, max= 1.1 x 10'> cm™2) have
flipped to point their oxygen atoms towards the electrode and the associated Stern layer energy
exceeds the cohesive energy of ice by ~20 kJ mol™'.

We expect that our fundamental insights will add to the ongoing rapid development of
molecular electrochemistry. Noting that the level of quantification presented here would not be
possible with the information and models that have existed until now, the experimental data we
present can serve as benchmarks for theoretical models of the electrical double layer and
electrochemistry. They establish that the Stern layer water molecules flip prior to the onset of the
oxygen evolution reaction and thereby open the possibility to pursue the energy barrier for water
flipping as a means for addressing the OER's high overpotential on nickel anodes. Beyond the new
physical insights and experimental benchmarks, the ability to 1) count the number of Stern layer
water molecules, 2) determine their net absolute orientation, and 3) quantify the electrostatic field

and energy density at electrode:electrolyte interfaces under operando conditions represents a new
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diagnostic toolkit that we envision to help elucidate why the platinum group elements are better
water oxidation catalysts when compared to, say, catalysts comprised of earth abundant metals
such as nickel or iron, particularly from a perspective of the electron source, i.e. that of the
interfacial water molecules. Our new capabilities and insights into solvent structure and energetics

should be equally applicable to the ongoing development of synthetic electrochemistry.
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Fig. 1 a) SHG intensity (left ordinate) and current density (right ordinate) recorded as a function

of applied potential during three replicate cyclic voltammograms collected at 20 mV s''. b) Top
view of the beam path for the SHG signal and local oscillator pair. OAP=off-axis parabolic mirror,
TDC=time-delay compensator, PSU=motorized phase shifting unit, QW=quartz wafer,
Sig=signal, LO=local oscillator, SPF=short pass filter, PMT=photomultiplier tube. Beams offset
for clarity. ¢) Interference fringes recorded from the electrode:electrolyte interface as a function of

applied potential, with 1 M NaClO4 and pH 13, adjusted using NaOH.
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potential. Uncertainties in the fit parameters are 1.5° in the phase and 3% in the intensity and are
obscured by the circle diameter. b) Second order nonlinear susceptibility (left ordinate) and total
potential (right ordinate) as a function of applied potential. Uncertainties from propagating +/- 19°
phase uncertainty. ¢) Second order nonlinear susceptibility at a given total surface potential minus
the second order nonlinear susceptibility obtained at open circuit potential (left ordinate) and
number of net-aligned Stern layer water molecules (right ordinate) as a function of total surface
potential (lower abscissa) and electric field (upper abscissa). d) Number of net-aligned Stern layer
water molecules pointing their oxygen atoms towards the electrode as a function of applied

potential.
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Fig. 3. a) Work associated with Stern layer water flipping as a function of applied potential. The

cohesive energies of liquid water and ice are indicated. b) Work associated with Stern layer water

flipping as a function of the fraction of water molecules having a net-orientation with their oxygen

atoms pointed towards the electrode. Upper and lower bounds of shaded area indicate range of

cohesive energies of liquid water and ice, respectively. Blue crosses indicate 2D-Ising model with

J=-1x107*]J. ¢) Number (left ordinate) and fraction (right ordinate) of net-aligned water molecules

pointing their oxygen atoms towards the electrode as a function of measured current density

(bottom abscissa) and applied potential (top abscissa). d) Cartoon of water flipping concept.
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Supporting Information for

Quantifying Stern Layer Water Alignment Prior to and During the Oxygen Evolution
Reaction
Raiden Speelman and Franz M. Geiger*
Department of Chemistry, Northwestern University,
2145 Sheridan Road, Evanston, IL 60660, USA

*f-geiger@northwestern.edu
The Supporting Information includes experimental and procedural details as well as nanolayer
characterization and additional information, as referred to in the main text.
Methods. The electrochemical workstation is a Metrohm Autolab model (PGSTAT302N with a
SCAN250 true linear analog sweep module). The nickel (working), counter (platinum), and
reference (Ag:AgCl) electrodes in contact with aqueous electrolyte (pH 13 and 1 M NaClOg).
FKM O-rings are used for sealing the spectro-electrochemical cell housing the electrodes, which
is unstirred and consists of a double-paned custom-designed assembly (redox.me) manufactured
from PEEK (please see Supplementary Information Fig. Sla). The open circuit potential is
measured before each electrochemical experiment to be -0.094V +/-0.007 V (vs Ag/AgCl, at pH
13, 1 M ionic strength, average of 33 measurements). One window consists of a standard 1 inch x
3 inch VWR microscope glass slide onto which a ten-nm thin nickel nanolayer is deposited from
nickel sources having a purity of 99.98 (Kurt J. Lesker) using a physical vapor deposition method
that minimizes the presence of low-boiling point impurities (K, Ca, Mg) in the deposited nanolayer
(1). The second window is a fused silica window that allows for the incident laser pulses at the
fundamental frequency to exit the electrochemical assembly towards a beam stop.

X-ray photoelectron spectroscopy shows the presence of nickel oxide on the electrode

surface (7). The nickel oxidation and reduction waves integrate to between 1.1 x 103 A s and 1.3
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x 102 A's, corresponding to 7 x 10" to 8 x 10'° electrons transferred (comparable to undoped NiO

electrodes) (2) and thus 7 to 8 monolayer equivalents of Ni**/Ni**, or an electrochemically active
oxide thickness of 1.4 to 1.6 nm, assuming a Ni-O bond length of 2A. This oxide thickness is on
the order of what we reported earlier from atom probe tomography for iron nanolayers (3) prepared
using the same low-impurity PVD method that is employed here for the nickel nanolayers. Atomic
force microscopy (Bruker ) shows the electrodes to have a root mean square roughness of 5.1 A +
0.5 A over 1 x 1 um? and 300 x 300 nm? areas before and after the electrochemical measurements
(please see Supplementary Information Figs S6), matching that of the substrates onto which they
are deposited. Optical imaging shows no pinholes, but they are found on rare occasions in SEM
images (please see Supplementary Information Figs S7). Water contact angles recorded
immediately after nanolayer formation are <10° but increase to over 50° when the nanolayers are
left in ambient laboratory air for several hundred hours (please see Supplementary Information
Figs S8), indicating hydrocarbon buildup. We therefore subject each electrode, once mounted in
the e-chem cell, to replicate cyclic voltammograms (-0.3 V to +0.8V) until they are
indistinguishable from one another, typically five to ten cycles.

We direct 0.2 W from a LightConversion Flint oscillator (model FL1-02) producing 80
femtosecond pulses at 1034 nm at a 75.5 MHz repetition rate onto the electrode:electrolyte
interface using a defocused (-1 cm) 10 cm lens (spot size ca. 100 um diameter) and block the
reflected fundamental light from the external air:window interface. We direct the SHG signal
pulses along with the reflected fundamental pulses from the electrode:electrolyte interface towards
an off-axis parabolic mirror and a 0.5 mm thin uncoated calcite time delay compensator (Newlight
Photonics, CAL12050-A) to account for spatial and temporal dispersion at the detector, as
described in our earlier work (4). The fundamental and SHG pulses are then sent through a I mm

thin fused silica phase shifting unit (Edmund Optics) on a rotating stage (Standa model 8MR174-
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11), and then through a 50 um thin z-cut a-quartz wafer (Precision Micro-Optics PWQB-368252)

producing the local oscillator (LO). The SHG pulse pair (signal+LO) then interferes at the detector
(Hamamatsu H8259-01) as a function of the phase shifting unit (PSU) angle.

At each PSU angle, we collect the SHG signal at 100 ms acquisition time for 5, 10, or 20
seconds, so it takes as little as a minute to record one fringe and reset the PSU motor position. We
employ an applied voltage staircase in 100 mV steps that parks at a given voltage for the time
required to record three fringes, of which we employ the third for fitting. We then obtain the signal
(i.e., electrode:electrolyte interface) amplitude and phase from a trigonometric fit function detailed
in Supporting Information Section S2.

Replicate measurements of the SHG phase in air were performed using various laser spot
positions on a given glass slide or nickel electrode with 15 in different electrodes so as to account
for variations in the measurements that come along with slight variations in how the sample cell
is assembled and mounted between replicates/trials (please see Supplementary Information Fig.
S3a). We first obtain the absolute zero phase from the uncoated portion of a glass microscope slide
having one half coated with 10 nm nickel and then move the sample cell over by a few millimeters
to determine the fitted phase of the metal nanolayer. We mount the slide in the electrochemical
cell and contact it with air (no electrolyte present). The uncoated part of the glass slide is fully
transparent at the wavelengths employed here, not birefringent, and the surface potential is zero,

so that the SHG response is purely real, i.e. Esyg, giass:air € ¥9'%5 = real, with @ j445.qir =0°.

We collect a fringe on the uncoated glass side and obtain a fitted phase, ¢, using a trigonometric
fit function detailed in Supplementary Information Section S2. This fitted phase is the offset we
apply to the phases we obtain when moving the cell such that the laser beam hits the nickel
nanolayer. Replicate measurements obtained by assembling and reassembling 15 glass/nickel

slides in our cell show @uicket:air - Pglass:air = -76° = 19° (standard deviation obtained from Gaussian
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histogram analysis, please see Supplementary Information Fig. S3a), with the upper limit close to

the 90° phase shift reported for non-resonant sum frequency signals from gold (5). Keeping the
laser focused on the nickel portion of the cell, we fill the cell with electrolyte using a peristaltic
pump and obtain @uickerair = Pnickel:electroive = 4° £ 18° (again with 15 replicates) at open circuit
potential (OCP, -0.1 V vs Ag/AgCl in our cell, please see Supplementary Information Fig. S4).
Given these results, we first offset the fitted phase obtained at each applied potential by the one
obtained at OCP. We then subtract another 57° to 95° to estimate the absolute phase from the
electrode:electrolyte interface under applied potential.

Attempts to obtain the absolute phase from a z-cut a-quartz crystal aligned along the x-
axis (6, 7) and pressed against a glass slide in our electrochemical cell were unsuccessful. While
the interference fringes are readily observed, the fitted phases vary tens to 100s of degrees as we
move from one sample spot to the next, or from one sample assembly to the next. The problem
persists with index matching fluid. We attribute this result to imperfect flatness and the resulting
gap between the two solids and conclude that the air-first and electrolyte-second approach is a

reliable means for the phase estimate.
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was changed using a peristaltic pump. Inset: ®(0)wr at +0.9V applied vs pH, and slope of 0.09

+0.04 V pH! from weighted linear least squares fit (solid line).
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Fig. S6. a) Atomic force microscope image (Bruker Icon, tapping-in-air mode, 2 Hz scan rate) of

a 10 nm nickel electrode on a VWR glass microscope slide after cyclic voltammetry. b) Line
profile along the diagonal indicated in a).

Fig. S7. a) Optical image of a mounted 10 nm thin nickel nanolayer on a standard 3 x 1 in? VWR

glass microscope slide. b) Scanning electron microscope image of a thin nickel nanolayer showing
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what appears to be three small pinholes that are observed on rare occasion. The red circle indicates

the approximate laser spot size (100 um). Scale bar=500 pum.
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Fig. S8. Water contact angles measured on nickel nanolayers (green) and uncoated glass slides
(black) left in ambient laboratory air for the number of hours indicated.

Supplementary Note S1. SHG signals from aqueous electric double layers were first reported by
Wang in 1969 (8). Heinz and Shen employed electrochemical conditions (9, /0), Richmond (/-
16), Corn (17, 18), and Guyot-Sionnest (/9) pioneered the method in chemistry as electric-field
induced second harmonic, and Eisenthal established it for insulators (20). The field grew(27-24)
to include vibrational sum frequency generation (SFG) spectroscopy (25-37). Homodyne-detected
SFG spectroscopy and SHG microscopy imaging under electrochemical control have now been
realized by the Campen and Roke groups for Au electrodes in the electrochemical stability window
as well as for the OER (32-35). Liu and Shen reported phase-resolved nonlinear optical
measurements of optically thin, gate-controlled Si:SiOx:water interfaces (36), while the Suntivich

group applied phase-sensitive SHG to Pt electrodes to identify potentials of zero charge (37, 38).
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Supplementary Note S2. We employ a rotating phase shifting unit based on the design by Huang

and Lewis (39). The interference fringes are fit to the following function, taken from Stolle et al.
(40):

f(0) = a + b - (0+80) + ¢ - (0+80)*+Esig - cos{4r - [0.00107566/(1.03 - 10°)] - eqn. S1

{1.4619 -cos[asin(sin((6+00)/1.4619)]-1.4501 - cos[asin(sin((6+50)/1.4501)]}+ ¢ric}

Here, a is y-axis offset, b and c account for the parabolic profile of the fringes that is due to slight
reflection losses at increased angles, 6, of the phase shifting unit (PSU angle, varied by +40°
around 0°), 60 accounts for not being able to mount the PSU to be exactly perpendicular to the
entering beams (the true 0°), Esig is the SHG amplitude, the factor 0.00107566 is the value of the
fused silica plate thickness from replicate caliper measurements (in meters), 1.03 - 10 is the value
of the fundamental wavelength (in meters), 1.4619 and 1.4501 are the refractive indices of fused
silica at the second harmonic and fundamental wavelength obtained from a four-parameter Cauchy
equation fit to tabulated IR grade fused silica values available from ISP Optics, and g is the fitted
SHG phase. Eqn. S1 is fit to each fringe, with a, b, ¢, 86, Esiz and @ as fit parameters. Uncertainties
from the IgorPro fitting algorithm are <3% in Esig and <1.5° in @ sig. This technique has also been
successfully applied to determine the nonlinear optical phase of gold surfaces in vibrational sum
frequency spectroscopy (40).

Supplementary Note S3. We obtain the calibration factor, C, used in eqns. 1 and 2 as follows:
We first measured the SHG intensity from a nickel electrode at pH 13 and 1 M NaCl at OCP
(determined to be -0.1 V vs Ag/AgCl using the Autolab OCP-determination program sequence) to
be 200 counts per 100 ms, with 0.2 mW input power and the -1 cm defocused lens arrangement
described in the main text (see Fig. 1B in the main text). We then replaced the aqueous solution

with a piece of z-cut a-quartz aligned as described previously (4, 4/) and affixed to a glass
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microscope slide (no Ni present) using a drop of index matching fluid. The resulting SHG intensity

saturated the detector, so we reduced the input energy of the fundamental to 0.1 W. The resulting
SHG intensity was measured to be 400,000 counts per 100 ms. Dividing the SHG intensity from
the nickel:electrolyte interface measured before by a factor of 4 and taking square roots to obtain
the electric field response difference resulted in a factor Esampie/Equarz=1/90=0.011.

We then compute the effective second-order nonlinear susceptibility of the a-quartz piece
sampled in our optical setup by dividing its bulk second-order nonlinear susceptibility by the

wavevector mismatch (2.2 x 10’ m™! in our setup, using the angles and optical constants indicated

(2

in Fig. S5) to obtain a Xeff.quartz

=3.0 x 1022 m?V-!. Multiplying this value by the ratio of the

Fresnel coefficients in our window/quartz vs window/electrolyte interface (computed as
previously described (4, 47) using the angles indicated in Fig. S5, this ratio is 0.58/0.68) yields an
estimate for C of 3.1 x 102 m?V-!,

We note that the model described above treats the ten-nanometer thin nickel:nickel oxide
as non-refractory, which experiments confirm that verify the lack of spatial displacement of a
visible laser beam passing through the glass slide/nickel electrode as opposed to an uncoated
portion of the electrode. We also treat the optical absorbance of the nickel nanolayer at the
fundamental and the second harmonic (<20%) to be minor.
Supplementary Note S4. We express the nonlinear optical response from the electrode:electrolyte

interface as follows:

€ Esignorme™®sis = x® = 5ix® — y®®(0) (1 + 1.50) eqn. S1
Here, C is the calibration factor estimated as described above, Ejignorm 18 the measured SHG
amplitude normalized to the value obtained at zero applied volt (OCP, the condition at which we

calibrate to quartz, as described above), and @sig = @fio - Procp - 76° + 19°, as described in the
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main text. On the right-hand-side of the equation we have )((2), the second-order nonlinear

susceptibility, the ca. 5-fold larger resonant contribution and its phase of -90° (¢'*= -1, within the
range of the measured 76° + 19° glass:air to nickel:air phase difference described in the main text),
the third-order nonlinear susceptibility of water, )(&,3 ), and the total interfacial potential, ®(0);,.

We express the left-hand-side of eqn. S1 using the Euler identity and collect the real and imaginary

terms to obtain

C- Esig,normcos(wsig) = X(Z) - X&?)(D(O)tot eqn. S2
C - Eg in(@sig) = —5x@ — 1550 ®(0) S3
stg,normSln((pszg) X DXy tot eqn.

Eqn. 3 is rearranged for )((2) to yield

Fo. ; 3)
X(z) _ c ESlg,nOTmSln((pség)-l_l'SXW D(0) 40 eqn. S4

)

Placing this expression for )((2 into eqn. S2 then yields the total interfacial potential as

_C'Esig,norm{s'cos(‘l’sig)+5in(‘Psig)} ean. S5
5+1.5) 3 an.

water

D(0)¢or =

Supplementary Note S5. The second-order nonlinear susceptibility and (eqn. S4) and especially

the total potential (eqn. S5) vary little if the factor 5 in eqn. S1 is changed by +1 to 4 or 6 (Fig.

— 1.0
S9). 3 3
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Fig. S9. Second-order nonlinear susceptibility and total surface potential as a function of applied

potential computed using a factor of 5 (thick solid lines), 4 (dashed lines), and 6 (dotted lines).
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