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Graphene, a transparent two-dimensional (2D) conductive electrode, has brought
extensive new perspectives and prospects to electrochemical systems, such as
chemical sensors, energy storage, and energy conversion devices. In many of these
applications, graphene, supported on a substrate, is in contact with an aqueous
solution. An increasing number of studies indicate that the substrate, rather than
graphene, determines the organization of water in contact with graphene, ie., the
electric double layer (EDL) structure near the electrified graphene, and the wetting
behavior of the graphene: the graphene sheet is transparent in terms of its supporting
substrate. By applying surface-specific heterodyne-detected sum-frequency generation
(HD-SFG) spectroscopy to the silicon dioxide (SiO,)-supported graphene electrode/
aqueous electrolyte interface and comparing the data with those for the calcium
fluoride (CaF,)-supported graphene [Y. Wang et al., Angew. Chem., Int. Ed., 2023, 62,
202216604, we discuss the impact of the different substrates on the charging of both
the graphene and the substrate upon applying potentials. The SiO,-supported graphene
shows pseudocapacitive behavior, consistent with the CaF,-supported graphene case,
although the surface charges on SiO, and CaF, differ substantially. The SiO, surface is
already negatively charged at +0.57 V (vs. Pd/H,), and the negative surface charge is
doubled when negative potentials are applied, in contrast with the CaF, case, where the
positive charge is reduced when negative potentials are applied. Interestingly, the
charging of the graphene sheet is almost identical between the negatively charged SiO»
surface and positively charged CaF, surface, demonstrating that the graphene charging
is decoupled from the charging of the substrates.

Introduction

Graphene, an atom-thin transparent electrode with high conductivity, ultra-high
chemical stability, unparalleled breaking strength, and large surface area, has
brought exclusive new perspectives and prospects to electrochemical systems,
spanning from chemical and biological sensors'* to energy storage, conversion
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technologies,>* and neuromorphic iontronics.>” In these applications, graphene
is usually supported on a transparent substrate, such as calcium fluoride (CaF,)
and silicon dioxide (SiO,).*"* Molecular details of the substrate-supported gra-
phene electrode/aqueous electrolyte interface under potentiostatically controlled
conditions are essential and an indispensable prerequisite to comprehending the
mechanisms of those systems, in particular the local electric field across the
electrode and the electrical double layer (EDL). The local electric field significantly
impacts the physicochemical properties of the interface. For instance, the local
electric field can modify the electrode-electrolyte interactions to alter reaction
kinetics and electron transfer'*” and is closely linked with charge storage at the
electrode/aqueous electrolyte interface.'®* As such, knowledge of the local elec-
tric field at the graphene electrode/aqueous electrolyte interface is essential for its
rational applications in electrochemical systems.

An increasing number of studies have indicated that the graphene sheet
cannot shield the substrate's surface charge from the aqueous electrolyte, known
as the “wetting translucency”.”*** As a result, the substrate's surface charges
greatly contribute to the local electric field and strongly affect the organization of
water and electrolyte ions in the EDL.'***** We have recently shown that water
dissociation caused by the applied potentials on the graphene electrode changes
the local pH near the CaF,-supported graphene electrode.'® Aqueous proton
permeation through the monolayer graphene electrode***” induces the chemical
reaction at the CaF, surface, altering the surface charge of the CaF,
substrate.’®**** A question arising here is whether such a chemical reaction-
induced surface charge variation is a universal observation for substrate-
supported graphene electrodes.

Here, we probe the charging of the SiO, supported-graphene electrode/
aqueous electrolyte interface under potentiostatically controlled conditions
using heterodyne-detected sum-frequency generation (HD-SFG) spectroscopy
employing the interfacial water signal (X(Z)]. HD-SFG spectroscopy is a surface-
specific technique that selectively probes molecular vibrations from molecules
at the interface. Signals from the bulk are naturally excluded due to the selection
rule.?*** Importantly, the complex x® signal of the interfacial water provides
insights not only into the molecular structure and orientation of the interfacial
water,’”*" but also the charges at the interface.*** By this, we are able to directly
probe the charging of the interface under potentiostatically controlled conditions.
In addition to the HD-SFG measurements, we independently characterized the
charges of the graphene electrode using Raman spectroscopy. Combining Raman
with HD-SFG lets us fully map the charges of the SiO,-supported graphene
electrode/aqueous electrolyte interface and distinguish the different contribu-
tions from the graphene electrode and its supporting substrate to the local
electric field. Furthermore, by comparing the data collected at the SiO,- and CaF,-
supported graphene electrode surfaces, we unveil the impact of the different
substrates on the charging of the graphene and the substrate upon applying the
electrochemical potentials. Our approach allows us to obtain molecular details of
the graphene electrode/aqueous electrolyte interface, including the reorganiza-
tion of interfacial water molecules and charges of the interface, which are relevant
for various technological applications of graphene such as water desalination,
chemosensing, biosensing, energy storage and conversion, and neuromorphic
iontronics.
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Results and discussion

To probe the ordered water molecules near the SiO,-supported graphene
electrode/aqueous electrolyte interface, we measured the Im(x?) spectra of the
interfacial water in the O-H stretching mode frequency region (2900-3700 cm ™).
A schematic diagram of the electrochemical HD-SFG setup is depicted in Fig. 1a.
Further details regarding the sample preparation and electrochemical HD-SFG
measurements can be found in ref. 9, 10, 23 and 34 and are recalled in the
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Fig.1 O-H stretching spectra at the SiO,-supported graphene/water interface measured
by HD-SFG, at different electrochemical potentials vs. Pd/H,. (a) Schematic diagram of the
electrochemical flowing liquid cell for Raman and HD-SFG measurements. SiO,-sup-
ported graphene, Pd/H,, and Au wire were used as the working electrode (WE), reference
electrode (RE), and counter electrode (CE), respectively. The inlet of the flow cell is
connected to a variable flow syringe pump to exchange the solution. (b) O—H stretching
Im(x'?) spectra at various applied potentials for the SiO,-supported graphene electrode.
The dashed line indicates the zero line. (c) The differential Im(Ax®) spectra obtained from
taking the difference between x'? spectra recorded at 10 mM and 100 mM NaClO,
aqueous solutions for the (left panel) SiO,- and (right panel) CaF,-supported graphene
electrode. The Im(AX‘Z’) spectra for the CaF,-supported graphene electrode are adapted
from ref. 10. The data are offset for clarity. (d) oo and o4 as a function of the applied
potentials for the SiO,- and CaF,-supported graphene electrodes. oo was inferred from
the Ax? spectra while o4 was inferred from the Raman G-band frequency shift of the
graphene electrode. (e) Cyclic voltammogram (CV) of the SiO,-supported graphene
electrode. The scan rate is 50 mV s~ The CV curve shows two typical features: the HER
region (below —0.23 V where the current density is above 1 pA cm™2, H,O + e~ — %HZ +
OH™)#*#4° and the double-layer capacitive region (above —0.23 V). We used 10 mM NaClO,4
aqgueous solution for the experiments shown in (b) and (e).
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Experimental section and the ESI.{ We used 10 mM NaClO, as the electrolyte. The
data at different potentials (vs. Pd/H, reference electrode) are displayed in Fig. 1b.
At +0.57 V, the Im(x®)) spectrum exhibits a positive band spanning from
2950 ecm ™' to 3550 cm ™. This band is assigned to the O-H stretching mode of
water molecules hydrogen-bonded (H-bonded) to the other water molecules,***
and the positive sign of this band indicates that the H-bonded O-H group points
up towards the graphene electrode (away from the bulk solution).**¢ This H-
bonded O-H band is insensitive to the variation of the applied potential in the
range of +0.57 V to —0.03 V and rapidly increases when decreasing the potential
from —0.03 V to —0.63 V. The increase in the band suggests an enhanced align-
ment of the H-bonded O-H group pointing up towards the graphene electrode.
Further decreasing the potential from —0.63 V to —1.23 V, the Im(x?) spectra are
again insensitive to the applied potentials.

Such a nonlinear change in the water orientations may arise from the
nonlinear change in the net surface charges (o,) at the graphene electrode/
aqueous electrolyte interface. To examine this hypothesis, we measured the x?
spectra at two different electrolyte concentrations (¢; = 10 mM and ¢, = 100 mM),
and then extracted o, from the differential spectra Ax®(ao,V) = x®(a0(V),c1) —
x®(a0(V),¢,). The surface charge can be obtained in the following manner. At the
charged interfaces, observed x®) is given as the sum of the Stern layer contribu-
tion (x?-term) and the diffuse layer contribution (x'*-term) within the Gouy-
Chapman theory:**373%

X(Z)(UO’C) = X(SZ) + X(3)¢0(0096)K(6)/(K(6) - lAkz)a (1)

where x® primarily represents the third-order nonlinear susceptibility origi-
nating from bulk water,* ¢, is the electrostatic potential, « the inverse of Debye
screening length, and Ak, the phase-mismatch of the SF, visible, and IR beams in
the depth direction. Assuming that the y’-term is insensitive to the ion
concentrations (10-100 mM), one can omit the x®-term and then connect the
differential spectra Ax® with o, through the x®-term via:***

AxP(ao(V),cr,e2) _ o(ao(V),c)r(er)  @o(ao(V), e2)r(ea)

x® k(c1) — Ak, k(ca) — Ak, 2)

Even though the exact origin of x*) has been argued to be a second-order optical
process,* its lineshape has been found to be constant regardless of the surface
potential®****** and can be measured directly.>***** As such, g, can then be ob-
tained from the comparison of the experimentally obtained left side and the
computed right side of eqn (2).

The obtained Im(Ax(Z)) spectra at various potentials for the SiO,-supported
graphene electrode are shown in Fig. 1c. The signs of the H-bonded O-H band in
the Im(Ax?) spectra are positive irrespective of applied potential, manifesting
that the net surface charge (o,) of the whole SiO,-supported graphene electrode is
negative. Since the bare SiO,-water interface is intrinsically negatively
charged,*** the result implies the transparency of the graphene in terms of the
substrate-water interaction.'®**** The Im(Ax(Z)) spectra monotonically increase
with lowering the potentials, indicating a negatively charged surface and an
increase in the negative surface charge density, respectively. The corresponding
0, extracted from the Ax® spectra using eqn (2) is shown in Fig. 1d. Consistent
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with the nonlinear change in the Im(x®) spectra, o, varies in a very nonlinear
fashion with the applied potential. It rapidly increases from —40 mC m 2 to —101
mC m~ > when decreasing the applied potential from —0.03 V to —0.63 V, and is
insensitive to the applied potentials in the ranges of +0.57 V to —0.03 V and
—0.63 V to —1.23 V. The nonlinear change in ¢, explains the nonlinear change in
the Im(x®?)) spectra upon the variation of the applied potentials and suggests the
nonlinear variation of the local electric field at the graphene electrode/aqueous
electrolyte interface.

Is such a variation of the surface charge upon the applied potential universal
for different substrates? To address this question, we compared the current data
for the SiO,-supported graphene electrode with the data for the CaF,-supported
graphene electrode.' Because the SiO, surface is negatively charged at pH ~ 6,
while the CaF, surface is positively charged'** giving that the isoelectric points of
SiO, and CaF, are in the pH range of 2-3 (ref. 45) and 9-10 (ref. 46 and 47)
respectively, the comparison of the SiO, and CaF, samples provides a unified view
of the impact of the substrate on the graphene electrode/aqueous electrolyte
interface. The variations of the Im(Ax®)) spectra and the extracted o, are dis-
played in Fig. 1c and d, respectively. Both cases show the nonlinear changes in o,
at ~—0.33 V vs. Pd/H,, while the values of ¢, are largely different. This difference
reflects the intrinsically different surface charge of the SiO, and CaF, substrates
upon applying potentials on the graphene electrode. Nevertheless, the trend in
the surface charge variation is not different.

To further look deeply at the charge of the graphene sheet supported by these
two different substrates, we measured the Raman G-band of the graphene elec-
trodes at different applied potentials, from which we estimated the charges (o) of
the graphene sheets (for details, see Section S1 in the ESI{).*>** The data is plotted
in Fig. 1d. Consistent with previous studies,**** g, varies linearly vs. the applied
potentials, decreasing from +3 mC m™> to —16 mC m~> when changing the
potential from +0.57 V to —1.23 V for the SiO,-supported graphene electrode.
Importantly, we observed the same change in ¢, with potential within the
experimental error, irrespective of different substrates, despite o, differing
significantly for these two different substrates. This clearly demonstrates that the
charges on the graphene sheets upon applying potentials are decoupled from the
charges on the substrates. This is reasonable because the impact of the
substrate's charges on o, is small, less than 1 mC m™? even if considering the
biggest substrate’s charge of 100 mC m™ > according to self-consistent theory (for
details, see Section S2 in the ESI}).>*"*

By using the analogy of the CaF, and SiO, substrates,® the electrified graphene
leads to the hydrogen evolution reaction (HER), altering the local pH near the
graphene electrode. To see how the applied potential alters the local pH and the
role of the substrate of the graphene electrode, we plotted the comparison of the
local pH near the CaF,-supported graphene and SiO,-supported graphene (for
details, see Section S3 in the ESI{). The data is shown in Fig. 2. The local pH vs.
applied potential is identical within the experimental error, manifesting that the
local pH created by the electrified graphene electrodes is independent of its
supporting substrate. Not only the surface charge on the graphene electrode but
also the local pH created by the electrified graphene electrode are not affected by
its supporting substrate. Notably, the same local pH change explains the same
nonlinear change trend in ¢, for the SiO,- and CaF,-supported graphene electrode
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Fig.2 Pseudocapacitive pH changes near the graphene electrode. Inferred local pH value
as a function of the applied potentials for the SiO,- and CaF,-supported graphene elec-
trodes. The data for the CaF,-supported graphene electrode is adapted from ref. 10.

(Fig. 1d). It also verifies that the different Im(Ax?) spectra and o, (Fig. 1c and d)
for the SiO,- and CaF,-supported graphene electrodes simply arise from the
different isoelectric points of the SiO, and CaF, substrates.

A remaining question is which type of interfacial acid-base equilibrium occurs
at the electrified SiO,-supported graphene interface. At +0.57 V, the solution has
the original solution pH of ~5.6, and the SiO, surface is negatively charged
(composed of =SiO~, =SiOH and =Si(OH), groups,**> where = indicates
a surface-bound state). Changing the potential to below —0.23 V, HER occurs
(Fig. 1e), raising the local pH at the graphene/aqueous electrolyte interface.'®*®
The elevated local pH induces the dissociation of water (I) trapped between the
graphene and the SiO, substrate. Subsequent proton permeation through the
graphene (II)***” to the bulk water leaves OH ™ causing the deprotonation of the
SiO, (ref. 27 and 57) and then the increase in o, (III). The increase in g, leads to
the enhanced alignment of the H-bonded O-H group pointing up towards the
graphene electrode.

H,O = OH™ + H, ()

0+ ( SiO, ) — (graphene) (1)
graphene water

=Si(OH), + OH™ = =Si(OH)O~ + H,O. (111)

The exact deprotonation process of the SiO, substrate depends on the solution pH
and the silanol surface groups on its surface. It is generally accepted that the SiO,
surface has two distinct types of silanol surface groups with pK, values of ~4.5
(=SiOH) and ~8.5 (Si(OH),) respectively.?”*>*” We note that the bimodal pK, has
been debated, recently. For example, Gibbs-Davis et al.*® argued that there could
be three types of silanol surface groups, while Tahara et al.** argued only one. To
further understand the interfacial acid-base equilibria of the SiO, in the presence
of the monolayer graphene electrode, we measured the Im(x'?) spectra at the
SiO,-supported graphene/aqueous electrolyte interface under different pH
conditions. The H-bonded O-H peak area as a function of the solution pH
exhibits two inflection points, indicating two interfacial acid-base equilibria with
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two pK, values of ~4.3 and ~9.0 respectively (for details, see Section S3 in the
ESIT), which are consistent with the generally accepted bimodal acidity behavior.
Those results indicate that the presence of the monolayer graphene electrode
hardly affects the interfacial acid-base equilibria of the SiO, substrate, which is
also consistent with previous second-harmonic generation (SHG)
measurements.*’

The potential-induced deprotonation of SiO, arises from the HER-induced
local pH increase, which starts from an initial pH of ~5.6. From the above
analysis, we can conclude that the potential-induced deprotonation of SiO,
corresponds to the equilibrium (III) with the pK, value of ~9.0. In any case, the
deprotonation of SiO, explains the increase in ¢, and the H-bonded O-H band
upon the decrease in the potential. Variation of the Im(x®)) spectra upon applying
potentials can be reproduced by changing the solution pH (Fig. 3a-c), further
supporting this explanation. The reorganization of the interfacial water at the
SiO,-supported graphene electrode surface is consistent with previous observa-
tions at the bare SiO,-water interface.*®*"** Those results verify that the local
electric field at the SiO,-supported graphene surface is governed by the HER-
induced local pH change and subsequently charging of the SiO, through inter-
facial acid-base equilibria. We note that the potentials at which we observe HER-
induced local pH changes lie in the capacitive region of the cyclic voltammogram
(Fig. 1e, below —0.23 V where the current density is around 1 nA cm™?), consti-
tuting an electrochemical mechanism that appears to be capacitive but actually
originates from charge transfer processes across the electrode/electrolyte inter-
face. Thus, this reflects the pseudocapacitive effect.’®'* A molecular picture of the
pseudocapacitive behaviors at the SiO,-supported graphene/aqueous electrolyte
interface is schematically depicted in Fig. 3d.
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Fig. 3 Molecular structure of interfacial water and surface charging at the SiO,-supported
graphene electrode/aqueous electrolyte interface. (a—c) Comparison of the O-H
stretching Im(x'?) spectra measured by changing the applied potentials on the graphene
electrode and by changing the solution pH. We used 10 mM NaClOg4. (d) Molecular
pictures of the pseudocapacitive pH change and interfacial water organization at various
indicated potentials at the SiO,-supported graphene/aqueous electrolyte interface.
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Remarkably, the alighment of interfacial water saturates at increasingly low
potentials below —0.63 V (Fig. 1b and 3a-c). The saturation of the water alignment
suggests a saturation of the local pH increase (Fig. 2). Such saturation has also
been observed at the CaF,-supported graphene electrode/aqueous electrolyte
interface and was attributed to the limited amount of water trapped between the
graphene and the CaF, substrate. For CaF,, dissociation of the trapped water
molecules is necessary to increase the local pH." This is, however, unlike the case
at the SiO,-supported graphene electrode/aqueous electrolyte interface because
the charging of SiO, does not require the consumption of the trapped water
molecules (I-III). Rather, we attribute the saturation of local pH increase to the
slow HER kinetics. The local pH results from the balance/competition of proton
consumption by HER and proton supply by diffusion from the bulk solution. In
the potential range from —0.03 V to —0.63 V, the HER rate controls the local pH.**
Towards more negative potential below —0.63 V, the local pH is elevated to ~10.5
(Fig. 2), giving rise to a large proton concentration gradient of ~5 pH units across
the interface and in turn a fast bulk supply of proton. The catalytic activity of
graphene for HER is very weak, manifesting as ultra-slow HER kinetics (for
details, see Section S4 in the ESIt).*® As a result, the proton diffusion limits the
increase in the local pH at potentials below —0.63 V. Notably, the saturation of
interfacial acid-base equilibrium might also play a role in the saturation of water
alignment. The deprotonation of SiO, saturating at pH above 11.0 indicates the
surface charges on the SiO, saturates (Fig. S21). The highest local pH induced by
negative electrochemical potentials is ~10.5. We attribute the saturation of water
alignment to saturation of the surface charge density on SiO, and/or the
diffusion-limit local pH increase. The observation that for both CaF, and SiO,
substrates we infer the same limiting interfacial pH of ~10.5 at negative potential
points to the dominance of diffusion limitations in determining the local pH
increase. This is also consistent with the Tafel plot (see Section S4 in the ESIT).

Conclusions

Employing surface-specific HD-SFG spectroscopy, we obtained molecular-level
insights into the charging and reorganization of interfacial water at the SiO,-
supported graphene electrode/aqueous electrolyte interface under potentiostati-
cally controlled conditions. Similar to the CaF,-supported graphene electrode
surface, our results show that reorganization of the interfacial water on the SiO,-
supported graphene electrode is not due to charging of the graphene electrode
but due to the local pH change-induced pseudocapacitive charging of the SiO,
substrate, although the potential-induced reorganization of interfacial water on
the two electrodes is different. Within experimental uncertainty, the pH changes
near the graphene electrodes are identical. The difference arises from the
different charging of the CaF, and SiO, substrates with potentials as the
isoelectric points of the two substrates are different. From comparing the data
collected at the SiO,- and CaF,-supported graphene electrode surfaces, we
demonstrate that the charging of the substrate relies on its isoelectric point and
dominantly determines and affects the charging of the graphene electrode/
aqueous electrolyte interface. In contrast, independent Raman measurements
show that the charging of the graphene electrode is hardly affected by its
substrate. Our work unveils the impact of the different substrates on the charging
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of graphene and its supporting substrate upon applying electrochemical poten-
tials. The pseudocapacitive response of interfacial water and surface charges
uncovered here complements our molecular-level understanding of the graphene
electrode/aqueous electrolyte interface, relevant for various technological appli-
cations of graphene such as water desalination, chemosensing, biosensing,
energy storage and conversion, and neuromorphic iontronics. The extension of
the work to the SiO,-supported graphene electrode demonstrates that HD-SFG
spectroscopy is an ideal tool for probing molecular details at the buried gra-
phene electrode/aqueous electrolyte interface. Finally, our work also demon-
strates that interfacial water can be a sensitive probe of the electrochemical
process at the electrode surface in aqueous systems.

Experimental
Chemicals

The sodium hydroxide (NaOH), hydrochloride (HCl), ammonium persulfate
((NH4),S,0g), concentrated sulfuric acid (H,SO,4), 30 wt% hydrogen peroxide
solution (H,0,), cellulose acetate butyrate (CAB), ethyl acetate, ethanol, and
acetone (>99%, analytical grade) were purchased from Sigma-Aldrich, and used
without further purification. Sodium perchlorate (NaClO,, metals basis, 99.99%)
was obtained from Merck and used as a supporting electrolyte in our electro-
chemical experiment with a concentration of 10 mM or 100 mM. Deionized water
(pH ~ 5.6) was provided by a Milli-Q system (resistivity = 18.2 MQ cm and TOC <
4 ppb). CVD-grown monolayer graphene on a copper foil was purchased from
Grolltex Inc.

SiO, substrate preparation

The SiO, windows (25 mm diameter with a thickness of 2 mm, PI-KEM Ltd.) were
cleaned with acetone, ethanol, and deionized water sequentially in an ultrasonic
environment for five minutes. Subsequently, the SiO, windows were immersed in
piranha solution for 10 minutes to clean the surface. After that, two 100 nm-thick
gold strips were thermally evaporated onto the SiO, window with a shadow mask.
The gold strips enable us to measure the conductance of the graphene electrode
and manipulate electrochemical potentials between the graphene and a reference
electrode. Besides, the gold strips also serve as the reference sample to generate
a stable and precise reference phase.

Graphene electrode preparation

We use CVD-grown monolayer graphene on copper foil to prepare the SiO,-sup-
ported graphene electrode by means of the polymer-assisted wet transfer tech-
nique.®* In brief, the copper foil was spin-coated with CAB (30 mg mL ", dissolved
in ethyl acetate) at 1000 rpm for 10 seconds, followed by 4000 rpm for 60 seconds,
and then baked at 180 °C for 3 minutes. After cooling down to room temperature,
the copper foil/CAB was placed into an HCI/H,0,/H,0 mixture solution (volume
ratio, 1:1:10) for 60 seconds to remove the graphene layer grown on the backside
of the copper foil. After being rinsed with deionized water, the copper foil on the
film was then etched away in a 0.1 M ammonium persulfate aqueous solution.
Subsequently, the obtained CAB-graphene films were rinsed in deionized water
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several times to remove residual chemical species, and then were transferred onto
the SiO, substrate. Two gold strips were pre-deposited onto the SiO, substrate
before the transfer, and the CAB-graphene film was put in contact with the gold
strips for electrical connection. The samples were dried for more than 12 hours at
110 °C in a vacuum (~1 mbar) to remove residual water. Finally, the CAB layer on
graphene was dissolved in acetone. This method allows us to obtain complete
large-area monolayer graphene electrodes up to a centimeter scale.’ Such a large-
area graphene electrode is useful for HD-SFG measurements because the laser
spot size is usually hundreds of micrometers.

Spectro-electrochemical cell

We used a homemade electrochemical flowing cell for the electrochemical HD-
SFG and Raman measurements. A schematic diagram of the electrochemical
flowing cell is depicted in Fig. 1a. The cell mainly consists of two rectangular
polytetrafluoroethylenes (PTFE) parts, the top clamp part, and the bottom flowing
channel (12 x 3 x 3 mm?®) part. The top clamp has an opening of ~16 mm in
diameter for the light beam paths. The bottom part has four round holes on the
four side walls. Two for inlets and outlets of electrolyte solution (10 mM and
100 mM NaClO,) while another two for insertion of the RE and the CE. The
monolayer graphene electrode on a SiO, substrate and an O-ring were then
sandwiched between the top and the bottom PTFE parts. The O-ring was used to
create a seal between the electrolyte solution and the graphene electrode to avoid
contact between the solution and the two gold strips. The base and clamp parts
were cleaned with piranha solution before use. We used a three-electrode setup
for the potential control. In this setup, the graphene electrode serves as the WE.
As the CE and RE, gold wire and hydrogen-loaded palladium wire (Pd/H,) wires
were used. These three electrodes were connected to an electrochemical work-
station (Metrohm Autolab PGSTAT302).

Raman measurements

The Raman spectra were recorded with a WITec confocal Raman spectrometer
(alpha 300 R, x10 objective) with 600 grooves per mm grating, 532 nm laser, 2
mW power, and 10 s integration time.

HD-SFG measurements

HD-SFG measurements were performed on a non-collinear beam geometry with
a Ti:sapphire regenerative amplifier laser system (Spitfire Ace, Spectra-Physics,
centered at 800 nm, ~40 fs pulse duration, 5 m] pulse energy, 1 kHz repetition
rate). A part of the output was directed to a grating-cylindrical lens pulse shaper to
produce a narrowband visible pulse (10 uJ pulse energy, FWHM = ~10 cm %),
while the other part was used to generate a broadband infrared (IR) pulse (3.5 puJ
pulse energy, FWHM = ~530 cm ') through an optical parametric amplifier
(Light Conversion TOPAS-C) with a silver gallium disulfide (AgGa$,) crystal. The
IR and visible beams were firstly focused into 200 nm-thick ZnO on a 1 mm-thick
CaF, window to generate a local oscillator (LO) signal similar to ref. 62. Then
these beams were re-focused by a two off-axis parabolic mirrors pair and over-
lapped spatially and temporally at the graphene/water interface. A fused silica
glass plate with a 1.5 mm thickness was placed in the optical path for the LO
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signal between the two off-axis parabolic mirrors, allowing the phase modulation
for the LO signal. The SFG signal from the sample interfered with the SFG signal
from the LO, generating the SFG interferogram, which was then dispersed in
a spectrometer (Shamrock 303i, Andor Technology) and detected by an EMCCD
camera (Newton, Andor Technology). HD-SFG spectra were measured in an N,
atmosphere to avoid spectral distortion due to water vapor. To avoid erroneous
measurements due to the height change of the sample surface upon flowing
electrolyte solutions, we used a height displacement sensor (CL-3000, Keyence).
Each spectrum was acquired with an exposure time of 10 seconds and measured
more than ten times on average. IR, visible, and LO beams were re-focused onto
the graphene/water interface at the angles of incidence of 33°, 39°, and 37.6°,
respectively. The measurements were performed at the ssp polarization combi-
nation, where ssp denotes s-polarized SFG, s-polarized visible, and p-polarized IR
beams.

The complex-valued spectra of second-order nonlinear susceptibility (x*)) of
the graphene/water interface samples were obtained via the Fourier analysis of
the interferogram and normalization with that of the SiO,/gold interface. The
interferogram of the SiO,/gold interface was collected at the gold strip region of
the sample immediately before the sample measurement to ensure a precise and
stable reference phase. The phase of the gold thin film is determined by
measuring the O-H stretching Im(x®) spectrum of the SiO,-supported graphene/
D,0 interface via normalization of the signal with that of SiO,/gold. As D,O does
not have any vibrational response in this region, and its x® response arises solely
from the interface,* we can determine the phase of gold based on the fact that the
Im(x(z)) spectrum of the SiO,-supported graphene/D,0 interface shows a flat zero
line.
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