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Abstract: Molecular-level insight into interfacial water at a buried electrode interface is essential in electrochemistry, bu
spectroscopic probing of the interface remains challenging. Here, using surface-specific heterodyne-detected sum-
frequency generation (HD-SFG) spectroscopy, we directly access the interfacial water in contact with the graphene
electrode supported on calcium fluoride (CaF,). We find phase transition-like variations of the HD-SFG spectra vs.
applied potentials, which arises not from the charging/discharging of graphene but from the charging/discharging of the
CaF, substrate through the pseudocapacitive process. The potential-dependent spectra are nearly identical to the pH-
dependent spectra, evidencing that the pseudocapacitive behavior is associated with a substantial local pH change
induced by water dissociation between the CaF, and graphene. Our work evidences the local molecular-level effects of
\pseudocapacitive charging at an electrode/aqueous electrolyte interface. )

0)

Water at a potentiostatically controlled electrode surface is
relevant for a wide range of scientific and technological
systems.!'”) Knowledge of the structure and orientation of
water at the electrode surface is an indispensable prereq-
uisite to comprehending the mechanism of those systems.
For instance, the reorganization of interfacial water mole-
cules and their spatial arrangement are closely linked with
capacitive charge storage,™® and with the electron transfer
mechanism across electrode/water interfaces,>’ ' such as in
electrocatalytic water splitting,>”® and pseudocapacitive
energy storage.”'! Nevertheless, the molecular-level in-
sights remain enigmatic at the electrode/aqueous electrolyte
interface. Probing such an electrode/aqueous electrolyte
interface possesses two inherent challenges. One lies in the
complexity of the water molecules and local electric field at
interfaces:'? the interfacial water molecules are
heterogeneous,"* ' and their response to the electric field is
supposed to be asymmetric.'>!®! Furthermore, probing the
buried interface is challenging, because the probe often
cannot reach the target interface.l'" "

To overcome the first difficulty, heterodyne-detected sum-
frequency generation (HD-SFG) spectroscopy is ideal, owing
to three advantages: interface specificity, molecular specificity,
and additivity of the molecular response.”®”! An SFG signal
originates solely from the interface, because it naturally
excludes contributions from the bulk due to the selection
rule.* An SFG signal is enhanced when the infrared (IR)
frequency is resonant with the molecular vibration, providing
molecular specificity. Furthermore, a HD-SFG signal (3®) is
additive and thus allows us to disentangle the contributions.
The separation of the contribution further enables us to
compute the surface charge at the interface.>!

The second difficulty can be overcome by using graphene
as an electrode; graphene, an atom-thickness metal-like
material, can serve as the electrode while allowing the IR light
to reach the electrode surface."*”>" As such, combining SFG
with a graphene electrode allows us to explore the molecular-
level insight into the interfacial conformations under electrified
conditions."*!
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Here, we perform HD-SFG measurements at the CaF,-
supported electrified graphene/water interface. We observe
that the Im (%) spectra of the O—H stretching mode of water
change drastically between —0.63 V and —0.03 V versus the
reversible hydrogen electrode (RHE, Pd/H,). We find that it is
not due to the variation of charges on the graphene, but due to
the charging/discharging of the CaF, substrate through a
pseudocapacitive process, likely accommodated by water
trapped between the CaF, and the graphene. From HD-SFG
measurements at various pH conditions, we identify that the
pseudocapacitive process occurs primarily due to the hydrogen
evolution reaction (HER)-induced local pH change (by
~5 units, even at 1pAcm™? current density) at the CaF,/
graphene interface. This work provides molecular-level insights
into the dissociation and reorganization of interfacial water on
a potentiostatically controlled electrode surface and highlights
the role of the pseudocapacitive processes at the interface. Our
molecular-level details of the interfacial water structure and
the pseudocapacitive behavior are relevant for a wide range of
scientific and technological systems such as water desalination,
biosensing, energy storage, and catalysis.

To understand the structure of the interfacial water on the
electrified graphene surface, we measured Im(y®) spectra in
the O—H stretching mode frequency region (2900-3700 cm™)
from the graphene samples on CaF, substrates in contact with
1 mM NaClO, aqueous solution. The experimental setup is
shown in Figure 1A (see Section 1-2 in the Supporting
Information for more details.). The data at different potentials
with respect to the Pd/H, electrode are displayed in Figure 1B.
At +0.57 V, the Im(y"®) spectrum exhibits a negative band
spanning from 2950 cm™' to 3550 cm™'. This negative band is
assigned to the O—H stretching mode of water molecules
hydrogen-bonded (H-bonded) to the other water molecules,
and the negative sign of this band indicates that the H-bonded
O-H group points down (towards the bulk solution).">*"l This
negative band contribution is insensitive to the variation of the
applied potential in the range of +0.57 V to —0.03 V.

When we decreased the potential from —0.03V to
—0.63 V, the sign of the H-bonded O—H stretching band flips
from negative to positive, illustrating that the orientation of
the interfacial water molecules changes from down to up (H-
bonded O—H group pointing away from the bulk solution).
During this transition, we further observed the appearance of
a negative 3630 cm ™' O-H stretch peak. Since a negative peak
indicates that the O—H group points down to the bulk solution,
this peak might originate from the O-H stretch of the
Ca—O-H species on the CaF, surface.’*! From —043V to
—0.63 V, both the positive H-bonded O—H stretching band
and the negative Ca—O—H stretch peak were further enhanced.
From —0.63V down to —123V, the Im(y”) spectra were
found to be again insensitive to the applied potentials. Note
that the graphene samples were electrochemically intact during
these measurements (See Supporting Information-Section 3.1).
A different electrolyte, NaCl, instead of NaClO,, gave similar
electrochemical SFG responses (Supporting Information-Sec-
tion 4).

To examine whether the variations of the Im(y'*) spectra
arise from the interfacial water conformation change or surface
charge change, we estimated the net surface charge (o,.) at
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Figure 1. O—H stretching spectra at the CaF,-supported graphene/water
interface measured by HD-SFG, at different electrochemical potentials
versus Pd/H,. A) Experimental setup for the in situ electrochemical
HD-SFG measurements. Monolayer graphene, Pd/H, wire, and gold
wire are denoted as the working electrode (WE), reference electrode
(RE), and counter electrode (CE), respectively. B) The O—H stretching
Im(%"®) spectra at the CaF,-supported graphene/water interface under
various applied voltages. We used 1 mM NaClO, aqueous solution.
The spectra are offset for clarity. The dashed lines indicate the zero

line.

the CaF,-supported graphene/water interface. The net charge
can be obtained from the differential spectra, Ay® at different
ion concentrations based on the electric double-layer model
(For details, see Supporting Information-Section 5.1).%-34
The Im(A4yx"®) spectra are shown in Figure 2A, while the
obtained o, is displayed in Figure 2B.>*! g, decreases
nonlinearly from +23 mCm ™ to —14 mCm > when we change
the potential from +0.57V to —1.23 V. Remarkably, the
nonlinear change of the o, differs significantly from the
variation of charges on the graphene electrode (o) obtained
from the Raman G-band data in Figure 2C (see Supporting
Information-Section 5.2).%*! Assuming that o, is the sum of
os and the surface charge density of the CaF, substrate (
Ocar, ), We obtained oc,r,, which is displayed in Figure 2B. The
nonlinear variation of oc,p, is striking, unlike o5. We note that
the water response to changes in the substrate’s charge is very
plausible, considering that the supported graphene is trans-
parent, at least in part, in terms of substrate-water interactions
(see Supporting Information-Section 6).3

The nonlinear variation of oc,r, indicates a pseudocapaci-
tive process occurs at the CaF,-supported graphene/water
interface. To obtain further insight into the interfacial

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. Surface charges at the CaF,-supported graphene/water inter-
face. A) The differential Im(A%®) spectra obtained from taking the
difference between ¥ spectra recorded at 1 mM and 100 mM NacClO,
aqueous solutions. B) Potential-dependent net surface charge at the
CaF,-supported graphene/water interface (0, from Ay® spectra),
charge density of the graphene (o, from Raman spectra), and inferred
surface charge of the CaF, substrate (0., from the difference).

C) Raman spectra of the graphene on CaF, substrate, recorded under
various applied potentials. The spectra in (A) and (C) are offset for
clarity. The dashed lines in (A) and (B) serve as the zero line.

structure, we performed cyclic voltammetry (CV) measure-
ments. The CV curve in Figure 3A shows two typical features:
the HER region (potential below —-023V,
H,0 + ¢~ — 1/2H, + OH™, for details, see Supporting Infor-
mation-Section 7)**! and the double layer region (above
—0.23 V). In the double layer region, the CaF, substrate is
positively charged at neutral pH (=5.6), with its isoelectric
point in the range pH 9 to 10.#*! In the potential region of
HER, the generated OH™ ions will elevate the electrolyte
solution’s pH in the vicinity of graphene,***! causing hydrox-
ylation of the CaF, surface:**!

=Ca'..H,0 = = CaOH + H". 1)

where = indicates a surface-bound state. The proton generated
at the CaF,/graphene interface can readily penetrate through
the single-layer graphene to reach the bulk solution via
(2),#*)! leaving the Ca—O-H species on the CaF, surface
because, unlike H*, OH™ ions cannot penetrate through the
graphene to the bulk water (Experimental evidence ruling out
macroscopic defects in graphene can be found in Supporting
Information-Section 3.1.):16:47]

H*(CaF,/graphene) = H* (graphene/water). )
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Consequently, in the potential region of HER, oc,
decreases dramatically (see Figure 1D) due to the hydroxyla-
tion of the CaF,, i.e., pseudocapacitive discharging of the CaF,.
In fact, Figure 1B shows the appearance of the Ca—O-H
negative peak at 3630 cm™' in the HER potential region. As
such our SFG data evidences the pseudocapacitive process at
the CaF,-supported graphene/water interface.

The pseudocapacitive process at negative potentials is
triggered by the local pH change at the CaF,/graphene
interface. If so, the change of the pH of the solution and
varying the applied potential would have the same impact on
the interfacial water. To examine this hypothesis, we measured
the Im(x"”) spectra under various pH conditions at the CaF,-
supported graphene/water interface. The data is displayed in
Figure 3B. At bulk pH of <9.5, the spectra exhibit a negative
H-bonded O—H band. When elevating the bulk pH above 9.5,
the H-bonded O—H band changes the sign from negative to
positive, and a sharp negative peak at around 3630 cm™'
appears, consistent with an isoelectric point between pH 9 and
10 of the CaF,. Besides, the appearance of the 3630 cm™' peak
at pH > 9.5 also confirms our assignment of the high-frequency
O—H peak to the O—H stretch of Ca—O—H group on the CaF,
surface.>!

For the further direct comparison of the data measured by
changing pH and by changing applied potential, we compared
the spectra in Figures 3C-E. The spectra show excellent
agreement in not only the lineshape but also the amplitude.
These results verify that the applied potential on the graphene
induces local pH change at the CaF,/graphene interface, which
induces the pseudocapacitive charging/discharging of CaF, and
is responsible for the change in the water organization on the
graphene surface.

Considering that charged graphene hardly affects water’s
response (for details, see Supporting Information-Section 6),
we can estimate the local pH at the CaF,/graphene interface
from a comparison of the Im(x®) spectra measured by
changing bulk pH and those by changing the potential. The
obtained correspondence of the applied potential and local pH
is shown in Figure 3A, which is correlated according to the
integrated peak intensity of the H-bonded O—H band and the
Ca—O-H peak (for details, see Supporting Information-
Section 8). The inferred pH value saturates at increasingly low
potential below —0.63 V. We expect pH to increase continu-
ously with increasing negative potential. We tentatively assign
the observed saturation to the limited number of water
molecules confined between the graphene and CaF, (See
Supporting Information-Section 3.2) as a reactant in the
chemical reaction (1), limiting that reaction. In any case, it is
consistent that applying a negative potential to the graphene
promotes the dissociation of the water molecules confined in
the CaF,/graphene interface. Generated protons penetrate
through graphene to the bulk water and recombine with OH™
at the graphene/water interface elevating the local pH at the
CaF,/graphene interface, and giving rise to the pseudocapaci-
tive charging/discharging of the CaF,. These molecular pictures
are schematically depicted in Figure 3F.

In summary, we employed surface-specific spectroscopy to
study water at the CaF,-supported electrified graphene/water
interface, and gain molecular-level insight into the pseudocapa-

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. Local pH change at the CaF,-supported graphene/water interface. A) Cyclic voltammogram of the graphene electrode on CaF,. We used

1 mM NaClO, aqueous solution, and the scan rate was set to 50 mVs ™. Deduced local pH values at various applied potentials are also plotted.

B) The O—H stretching Im(x(2>) spectra at the CaF,-supported graphene/water interface at various pH conditions. These spectra are offset for
clarity. (C, D, and E) Comparison of the applied potential effect and pH effect on the O—H stretching Im(x'*) spectra. F) Schematic diagram of the
CaF,-supported graphene/water interface in a 1 mM NaClO, aqueous solution. At +0.17 V, no chemical reaction occurs at the graphene/water
interface, CaF, substrate is positively charged. At —0.23 V, HER starts to occur, and OH™ ions accumulate at the graphene/water interface, elevating
the local pH. Adsorbed OH™ ions reduce the positive surface charges on CaF,. At more negative potentials, —1.23 V for example, interfacial
chemical equilibria (1) and (2) shift to the right, causing a nearly neutral CaF, surface and the formation of Ca—O—H.

citive behavior and interfacial water molecules’ arrangement
near the electrified graphene electrode. We found that the
Im (%) spectra change non-linearly vs. applied potential. The
variation of the SFG spectra under the applied potentials
resembles the variation of the SFG spectra under varying pH
conditions, manifesting that the applied potential on the
graphene triggers the dissociation of water molecules confined
between the graphene sheet and CaF, substrate, changing the
local pH at the CaF,/graphene interface. Such pH change
subsequently induces the pseudocapacitive charging/discharg-
ing of the CaF, substrate. Our molecular-level details of
interfacial water structure and the pseudocapacitive behavior
at the electrode/water interface are relevant for a wide range
of scientific and technological systems such as water desalina-
tion, biosensing, energy storage, and catalysis.

Supporting Information

More details about the sample preparation/characterization,
electrochemical cell, Raman and HD-SFG measurements
can be found in the Section 1-3 of the Supporting Informa-
tion. More results regarding the dynamics, reversibility,
reproducibility and generality of the pseudocapacitive proc-
ess are also given in Section 9-11, respectively.
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Using surface-specific heterodyne-de- induced pseudocapacitive charging/dis-
tected sum-frequency generation, we charging of the CaF, substrate of the
probe the structure and orientation of graphene electrode. Our work evidences
interfacial water at a graphene electrode  the molecular-level effects of pseudoca-
and find phase transition-like changes. pacitive charging at an electrode/aque-
We attribute it to local pH change- ous electrolyte interface.
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