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Asymmetric response of interfacial water to 
applied electric fields

Angelo Montenegro1, Chayan Dutta1, Muhammet Mammetkuliev1, Haotian Shi2, Bingya Hou2, 
Dhritiman Bhattacharyya1, Bofan Zhao2, Stephen B. Cronin2 & Alexander V. Benderskii1 ✉

Our understanding of the dielectric response of interfacial water, which underlies the 
solvation properties and reaction rates at aqueous interfaces, relies on the linear 
response approximation: an external electric field induces a linearly proportional 
polarization. This implies antisymmetry with respect to the sign of the field. Atomistic 
simulations have suggested, however, that the polarization of interfacial water may 
deviate significantly from the linear response. Here we present an experimental study 
addressing this issue. We measured vibrational sum-frequency generation spectra of 
heavy water (D2O) near a monolayer graphene electrode, to study its response to an 
external electric field under controlled electrochemical conditions. The spectra of the 
OD stretch show a pronounced asymmetry for positive versus negative electrode 
charge. At negative charge below 5 × 1012 electrons per square centimetre, a peak of 
the non-hydrogen-bonded OD groups pointing towards the graphene surface is 
observed at a frequency of 2,700 per centimetre. At neutral or positive electrode 
potentials, this ‘free-OD’ peak disappears abruptly, and the spectra display broad 
peaks of hydrogen-bonded OD species (at 2,300–2,650 per centimetre). Miller’s rule1 
connects the vibrational sum-frequency generation response to the dielectric 
constant. The observed deviation from the linear response for electric fields of about 
±3 × 108 volts per metre calls into question the validity of treating interfacial water as a 
simple dielectric medium.

Liquid water owes most of its physical and chemical properties to 
the dynamical network of hydrogen bonds. The network represents 
a subtle interplay between local interactions reflecting the geometry 
of the water molecules (the charge distribution and polarizability 
of the OH bonds and lone pairs), and the long-range electrostatic 
(dipole–dipole) interactions. This interplay underlies the complexity 
of water’s response to an electric field. The molecular-level picture of 
this response is essential to our understanding of its properties as a 
dielectric medium2 (in the case of an externally applied electric field) 
and as a polar solvent (in the case of the electric field around a solute 
molecule)3. Application of an external electric field via a planar elec-
trode is therefore a useful tool for studying the hydrogen-bond network 
of water, by quantifying the magnitude of the response relative to the 
strength of the perturbation. A simplistic picture is partial alignment of 
the water dipoles by the electric field, a result of competition between 
the torque produced on a given molecule by the field–dipole interaction 
and the hydrogen bonds between this molecule and its neighbours, 
which, in the absence of the field, yield the isotropic orientational dis-
tribution in bulk water.

Vibrational spectroscopy of water is a natural match for studying aque-
ous hydrogen bonds, mostly owing to the well-researched relationship 
between the frequency shifts of the OH- or OD-stretch modes and the 
local hydrogen-bonding environment4–6. Surface-selective vibrational 
sum-frequency generation (VSFG) spectroscopy has been applied to study 

the molecular structure of water at charged interfaces such as mineral 
surfaces (where the surface charge can be adjusted by varying the pH of 
the solution)7,8 or monolayers of surfactants with charged headgroups9,10.

The asymmetry of the interfacial environment makes aqueous hydro-
gen bonds at interfaces different from bulk water. We can classify the 
factors underlying the interfacial asymmetry into three categories: 
(1) geometric termination of the 3D network of hydrogen bonds at the 
interface, which may be planar or have nanometre- or molecular-scale 
morphology (for example, capillary waves, corrugated/nanostruc-
tured surfaces, and/or shape and spatial arrangement of the surfactant 
headgroups); (2) surface electrostatics—effects of the surface charge 
and the spatial distributions of counterions (if any) in the water phase; 
and (3) specific local interactions of interfacial water molecules with 
the molecules (for example, hydrophilic versus hydrophobic) of the 
other phase. The electrostatic effects (type 2) due to the field of a planar 
charged surface would be generally applicable to all charged inter-
faces. It would therefore be useful to disentangle these from other 
types of interaction. However, this is difficult for the systems studied 
previously, where all three factors are simultaneously present: for 
example, hydrogen bonding of water to the hydrophilic surfactant 
headgroups or hydroxyl moieties on a mineral surface. The situation 
is further complicated by the morphology of the surface (especially in 
the case of surfactant monolayers) and the presence of counterions, 
whose spatial distribution affects the local electric fields.
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Our approach uses a monolayer graphene electrode to apply 
charge to interfacial water, the response of which is then measured 
via in situ VSFG spectroscopy under controlled electrochemical 
conditions. Monolayer graphene is atomically flat, conductive, 
chemically inert and nearly transparent (2.3% absorbance) through-
out the visible and infrared spectral ranges11. This system enables 
us to continuously vary the surface charge from negative to posi-
tive without altering the chemical composition of the surface. Our 
experimental cell is schematically depicted in Fig. 1a and described 
in detail in the Methods.

The frequency shift of the G-band Raman mode of monolayer gra-
phene (Fig. 1b) provides an intrinsic measure of the excess charge 
density via a well-established relationship (see Methods). Graphene’s 
G-band frequency reaches a minimum at the charge-neutral point 
around +0.1 V versus Ag/AgCl and blueshifts linearly as a function of
the applied potential (Fig. 1c).

Voltage-dependent VSFG spectra of D2O at the graphene interface 
(Fig. 2) were collected using the SSP polarization combination (where 
S is electric-field polarization perpendicular to the plane of incidence 
and P is electric-field polarization parallel to the plane of incidence) 
for the sum-frequency generation (SFG), visible and infrared beams, 
respectively. Applying a negative (positive) bias dopes the graphene 
with electrons (holes), yielding negatively (positively) charged inter-
faces (Fig. 1c). The asymmetry in the observed spectra with respect 
to positive versus negative applied fields is striking. At −1.6 V (versus 

Ag/AgCl) and below, the VSFG spectra of the graphene–D2O interface 
exhibits one relatively narrow peak (full-width at half-maximum, 
FWHM ≈ 30 cm−1) at 2,697 ± 3 cm−1 (Fig. 2). We assign this feature to 
the free-OD stretch, a local mode of water in the topmost monolayer, 
where one OD group points away from the bulk, towards the graphene 
surface, and into a vacuum gap of about 3 Å (suggested by molecular 
dynamics studies)12,13. It is therefore unable to form a hydrogen bond 
with other water molecules, and is blueshifted and narrow relative to 
the broad peaks of the hydrogen-bonded species, similar to the air–
water interface14,15. It should be noted that, although liquid bulk water 
has a fraction of broken hydrogen bonds, the free-OD peak is absent 
in the spectrum of bulk water, and only the surface species contribute 
to that peak. Additionally, the free-OD species is absent in the spectra 
of other, previously studied charged interfaces7–10, where the free-OD 
signal is suppressed because of hydrogen-bonding interactions with 
those surfaces. For voltages of −1.0 V and above, the free-OD feature 
is absent and only broad hydrogen-bonded peaks are observed in 
the 2,300 cm−1 to 2,650 cm−1 region6,16. Near the charge-neutral point, 
the free-OD feature is absent, consistent with the experimental work 
of Singla et al.17, who measured VSFG spectra of H2O in contact with 
graphene surface in an open-circuit configuration. However, this 
observation contradicts theoretical studies of the graphene–water 
interface, which predict the presence of a free-OD feature at the neu-
tral potential12.

As indicated in Fig. 1c, the range of applied potentials corresponds 
to the surface charge densities σ  on the graphene electrode from 
−1.0 × 1013 cm−2 to +5.0 × 1012 cm−2. Taking into account the vacuum gap 
between the graphene and water, we can estimate an upper limit of the 
electric field experienced by the topmost layers of water at the elec-
trode surface as that of an infinitely charged plane: E σ ε ε(0) = /(2 )0 0  
(with ε = 1), giving a maximum electric field of −0.092 V Å−1. The field 
is expected to be weaker for deeper layers of water.

Although VSFG (ω ω ω= +SFG 1 2) is nominally a second-order nonlin-
ear optical process, the static electric field (E0, ω3 = 0) at a charged 
interface results in a third-order contribution to the signal:
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Fig. 1 | Experimental cell and graphene doping concentration 
measurements. a, Schematic diagram of the experimental electrochemical 
flow cell with a monolayer graphene electrode and gold contact strips 
supported on a CaF2 window. The counter-electrode is glassy carbon, and the 
reference electrode is Ag/AgCl. b, Raman spectra of the G-band of graphene 
electrode, recorded as a function of electrochemical potential (versus  
Ag/AgCl). The spectra are vertically offset for clarity. c, The G-band central 
frequency versus electrode potential. Squares, experimental points; solid 
lines, linear fit. The vertical grid lines and the top axis indicate the potentials at 
which the VSFG spectra were recorded and the corresponding doping 
concentrations of the graphene electrode.
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Fig. 2 | VSFG spectra of D2O at the graphene electrode, at different 
electrode potentials versus Ag/AgCl. The spectra in the OD-stretch spectral 
region were recorded using the SSP polarization combination (infrared, 
visible, SFG). Solid lines show the fit to the model with interfering surface and 
bulk contributions described in equation (3). The potentials are converted to 
surface charge densities according to Fig. 1c.
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It is generally accepted that the χ(2) contribution originates from a 
few topmost monolayers of water10,15,18 (beyond which the isotropic 
orientational distribution of bulk water is restored, resulting in zero 
SFG signal). In contrast, the region contributing to the χ(3) signal may 
extend into the liquid as far as the static field E0(z) penetrates; this field 
decays over the Debye screening length18,19. Inspired by ref. 10, we spa-
tially separate the χ(3) contribution into the ‘surface’ part, originating 
from the same interfacial region as χ(2), and a ‘bulk’ part (Fig. 3a). The 
surface contribution χ s

(3) can be thought of as the change in the inter-
facial second-order susceptibility due to the static field E0(0) estimated 
above:

χ E χ χ E( ) = (0) + (2)s
(2)

0 s
(2)

s
(3)

0

The bulk contribution χ b
(3) is integrated over the depth (z), which

results in the celebrated Eisenthal relationship of the surface poten-
tial Φ(0) (ref. 20). When the Debye screening length is comparable 
to the wavelength of light, phase-retardation effects become 
important in the interference of the bulk χ b

(3) contribution and 

the surface signal10, for which a formal expression was recently 
derived18,19:
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where κ is the inverse of the Debye screening length and Δkz = kSFG,z − k1,z 
− k2,z is the inverse of the coherence length of the SFG process. In our
case of pure D2O (no electrolyte added), the Debye length is of the order 
of 1 μm.

Recent studies of several charged aqueous interfaces (various lipid 
monolayers and mineral surfaces) have concluded that the bulk con-
tribution—the second term in equation  (3), which we denote 
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—has nearly the same spectral lineshape 

regardless of the chemical nature of the surface, and follows the linear 
response: that is, it is proportional to the static field (and the potential) 
of the surface12,20,21. We used this spectral shape of the bulk contribu-
tion10,16,18 in fitting our VSFG spectra to equation (3), allowing us to 
extract the spectra of the interfacial water as a function of the surface 
field χ E( )s

(2)
0 .

The results of the spectral decomposition are presented in Fig. 3b,c, 
where the imaginary parts of the bulk and surface contributions are 
shown. Consistent with the previous studies in both shape and sign, 
the assumed bulk contribution Im[Χb], represented by two broad Lor-
entzians at 2,365 cm−1 and 2,510 cm−1 (FWHM = 150 cm−1), resembles 
the linear absorption spectrum of bulk water and scales linearly with 
the applied field E0(0).

The extracted surface contribution χ E( )s
(2)

0  does not follow the linear  
response behaviour, showing a pronounced asymmetry with respect 
to positive versus negative surface charge. We fit the χ E( )s

(2)
0  spectra 

with three Lorentzians: one narrow peak at 2,697 cm−1 representing the 
free-OD species, and two broader redshifted peaks at ~2,350 cm−1 and 
~2,500 cm−1 representing hydrogen-bonded structures. The amplitudes 
of these spectral components as a function of the applied field are 
shown in Fig. 3d–f. The nonlinearity implies that the surface signal does 
not behave according to equation (2). Note that although our VSFG 
measurements were performed at the intensity level, the signs of the 
extracted spectral components are consistent with all previous studies 
that used optical heterodyne detection9,10,15. If we define the sign of 
Im[Χ(2)] for the free-OD feature as positive (free-OD groups always point 
up), then the bulk contribution Im[Χb] is positive at negatively charged 
surfaces and negative at positively charged surfaces. For negative fields, 
the sign of the hydrogen-bonded part of the surface contribution also 
is negative.

The well-established Miller’s rule in nonlinear optics1 is a proportional-
ity relationship between a nonlinear susceptibility and a product of the 
first-order (linear) susceptibilities at constituent frequencies. It works well 
for off-resonant responses and therefore for d.c. fields, as was pointed 
out in Miller’s original paper1. A straightforward extension of Miller’s rule 
to our case suggests that the change of the second-order susceptibility in 
response to the static field of a charged surface, equation (2), is propor-
tional to the linear d.c. susceptibility of the interfacial layer,

χ ω ω χ ω ω χ( , , 0) = ( , ) (0) (4)s
(3)

1 2 s
(2)

1 2 s
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(Note that we only consider the off-resonant zero-frequency compo-
nent for the proportionality relationship; the proportionality does not 
imply that the second-order susceptibility χ ω ω( , )s

(2)
1 2   is related to the 

residual spectrum at zero field, χ (0)s
(2)  in equation (2).) The linear sus-

ceptibility is connected to the dielectric constant of the interfacial 
layer, ε χ= 1 + 4π (0)s s

(1) . Thus, our experimental demonstration that
interfacial water responds nonlinearly to applied electric fields sug-
gests that the assumption of a linear dielectric response in attempts 
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Fig. 3 | Disentangling the surface response of water from the bulk 
response. a, Schematic illustration of the spatial separation of the surface 
and bulk contributions to the VSFG signal at the water–graphene electrode 
interface, and the depth dependence of the applied electric field E0(z).  
b, As shown by previous studies, the bulk contribution Χ E( )b 0  resembles  
the bulk water absorption spectrum and behaves as expected according to 
the linear response approximation: charge reversal results in the sign 
reversal of the response. c, The extracted surface contribution χ E( )0s

(2)  as a 
function of the applied field (plotted here is its imaginary part) shows 
pronounced deviations from the linear response behaviour. d–f, Spectral 
amplitudes of the three Lorentzian peaks used to fit the surface 
contribution (c), as a function of the applied field. d, e, The amplitudes  
of the peaks centred at 2,350 cm−1 and 2,500 cm−1, respectively, 
corresponding to the hydrogen-bonded water species. Solid lines show a 
fourth-order polynomial fit. f, The amplitude of the free-OD peak centred 
at ~2,700 cm−1; as evident from the raw spectra (Fig. 2), this peak is absent at 
fields ≥−0.02 V Å−1.
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to better understand the behaviour of this surface layer may be invalid. 
The deviation of the electrostatics of interfacial water from the linear 
response behaviour has been well established by multiple theoretical 
and computer simulation studies and has important consequences 
for practical applications21–25. Recent studies of nanoconfined water 
have also shown anomalous behaviour of the dielectric response 
effected by surface interactions26.

At the surface charge densities explored in our study (from 
−1.0  ×  1013  e−  cm−2 to +5.0  ×  1012  e−  cm−2, that is, −0.016  C  m−2 to
+0.008 C m−2), the electric field strengths are of the order of ±0.03 V Å−1

at the interface and decay into the bulk. Dielectric saturation in bulk
water manifests itself as a simple monotonic decrease of the effective 
dielectric constant (defined as a derivative of the induced polarization 
versus applied static electric field), which begins to deviate from the 
ε ≈ 80 value at electric fields of the order of 109 V m−1 (0.1 V Å−1)27. The
bulk contribution Χb(E0) obeys the linear behaviour, consistent with
this limit, as deeper water layers experience a weaker static field than 
at the interface, well below the dielectric saturation limit. However, the 
response of interfacial water deviates from linear behaviour at much 
weaker fields and in a non-monotonic fashion. We also note that the 
average surface charge density in many commonly occurring systems, 
such as phospholipid monolayers and bilayers, can be as high as one 
elementary charge per 60 Å2, whereas here it is less than one elementary 
charge per 1,000 Å2. Additionally, the local fields are expected to be
even stronger around discrete charged headgroups. The order of mag-
nitude of the dielectric saturation field in liquid water, ~109 V m−1, can be
qualitatively understood as being comparable to the field imposed by 
the nearest neighbour molecules. From this standpoint, it makes sense 
that interfacial water should tend to exhibit nonlinear effects at weaker 
fields, owing to the smaller average number of nearest neighbours.

It is interesting to consider possible molecular mechanisms responsible 
for the nonlinear behaviour of interfacial water21,25,28, in contrast with bulk 
water. Water polarization is largely due to reorientation of the molecu-
lar dipoles. Evolution of the VSFG spectra as a function of the applied 
field offers insight into the molecular orientation and rearrangement of 
hydrogen bonds. One obvious clue is the disappearance of the free-OD 
feature at neutral or positive potentials. At a negatively charged interface 
(applied potentials below −1 V versus Ag/AgCl), the free-OD signal abruptly 
appears as a narrow blueshifted peak in the VSFG spectra, indicating that 
the free-OD moiety probably points towards the graphene, into the vac-
uum gap. As the surface becomes neutral or positive, the free-OD species 
orient away from graphene and towards bulk water, where they are more 
likely to find hydrogen-bonding partners and no longer contribute to the 
free-OD peak. This suggests a sudden rearrangement of the structure 
of the interfacial layer. Such an asymmetric response may be one of the 
mechanisms of the linear response breakdown. Recent surface-enhanced 
Raman experiments have been interpreted in this way29. Molecular reori-
entation and interconversion between different hydrogen-bonding classes 
leading to large-scale structural rearrangement of the surface layer can be 
viewed as a field-induced phase transition of interfacial water, which was 
first suggested based on temperature-jump relaxation measurements in 
the 1980s30. We hope that our work will stimulate further theoretical and 
experimental studies of the molecular mechanisms underpinning the 
unusual behaviour of interfacial water.
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Methods

Sample preparation
Prior to transferring the graphene, two gold strips (50 nm thick) were 
deposited onto a transparent CaF2 window (25.4 mm diameter × 1 mm 
thickness, OptoCity Inc.) by electron-beam evaporation using a shadow 
mask. Monolayer graphene was grown by chemical vapour deposition 
on copper foil at 1,000 °C in methane and H2 gas at a reduced pressure 
of 1–1.5 torr (ref. 31). After growth, the copper foil was spin-coated with 
polymethyl methacrylate (PMMA-A6) at 2,000 rpm for 45 s and then 
baked at 150 °C for 5 min. The copper foil was etched away, and the 
graphene (1 cm × 1.5 cm) with PMMA was scooped out, rinsed with 10% 
HCl and DI water, and transferred to the CaF2 window32. To improve 
adhesion, the sample was baked at 120 °C for 5 min (ref. 33). The residual 
PMMA layer was removed by placing the sample in an acetone bath for 
5 min, followed by a rinse with isopropyl alcohol and then DI water. The 
gold strips provide macroscopic contacts through which we measure 
the resistance across the graphene electrode (typically 1–2 kΩ) and 
apply voltage. The sample is shown in Fig. 1a.

Electrochemical cell
Our experimental cell is schematically depicted in Fig. 1a. The mon-
olayer graphene electrode is supported on a CaF2 substrate, which 
forms the top window of the electrochemical flow-cell, with graphene 
facing the water (D2O). A glassy carbon counter-electrode forms the 
bottom of the sandwich-type flow-cell, held together by friction 
between two circular aluminium plates. The separation between the 
top and bottom electrodes is held by an 8-mm-thick cylindrical Teflon 
spacer (Fig. 1a, left panel). The top aluminium plate has an opening of 
about 0.8″ in diameter, which permits light to pass into and out of the 
cell. D2O (Cambridge Isotopes Laboratories Inc., 99.9% purity) was 
continually cycled through the input and output ports of the Teflon 
spacer via a peristaltic pump (Fisher Scientific, model 13-876-2) to 
reduce laser-induced heating of the sample. No electrolyte was added 
to D2O in our experiments. The Teflon spacer was cleaned with piranha 
solution, a 3:1 (by volume) concentrated sulfuric acid to 30% H2O2. 
In the two-terminal configuration, the graphene and glassy carbon 
electrodes were connected to the positive and negative terminals of a 
voltage source (Keithley Instruments, model 2400), respectively. In the 
three-terminal configuration, the graphene, glassy carbon and Ag/AgCl 
electrodes served as the working, counter- and reference electrodes 
respectively, and were connected to a potentiostat (Gamry Instruments, 
Reference 600). The reference electrode was inserted through the 
side wall of the Teflon spacer, immersed in D2O between the working 
and counter-electrodes. The in-plane resistance of the monolayer gra-
phene (typically 1–2 kΩ) was monitored between two evaporated gold 
electrodes (Fig. 1a, right panel) to ensure that no degradation of the 
graphene monolayer occurred during the course of the measurements.

Spectro-electrochemical methods
VSFG spectra of the graphene–water interface in the SSP polarization 
configuration (referring to the polarization of the SFG, visible and infra-
red beams respectively) were acquired at each applied voltage in the 
two-terminal cell configuration. The incoming visible and infrared laser 
beams access the graphene–water interface through the CaF2 window of 
the sample, and the VSFG signal generated in the reflection direction exits 
the cell through the same window. We used the broadband VSFG tech-
nique, which combines a femtosecond mid-infrared pulse centred at the 
OD-stretch band, 2,500 cm−1 (FWHM = 375 cm−1) with a narrowband (pico-
second) visible pulse at 806 nm (~2 ps, FWMH = 10 cm−1)34. An equilibra-
tion time of 2 min was allowed to elapse at each voltage to ensure that the 
measurements were performed in the steady state. Applying potentials 
that exceeded a safe range of approximately −3 V to 1.8 V (versus Ag/AgCl) 
tended to diminish the reproducibility of subsequent spectroscopic 
measurements. We correlated the decline in reproducibility with a jump 

in the resistance across the graphene electrode by threefold or more. 
At that point, the 2D- to G-band intensity ratio of the graphene was no 
longer 2:1 (Extended Data Fig. 1), and a pronounced D-band (~1,345 cm−1) 
peak appeared in the Raman spectra, indicating that the graphene was 
no longer defect-free35. Although some of the applied voltages lie out-
side the range of electrochemical stability of water, graphene is an inert 
electrode and the rate of the water splitting is slow, as indicated by the 
relatively small electrochemical current flowing through the cell—below 
100 μA at −2.7 V for the graphene electrode area of 1.5 cm2. At this level of 
current, one electron is transferred per area occupied by a single water 
molecule (~10 Å2) every 2 s, on average. In contrast, the timescale of the 
spectroscopic measurement is shorter than 1 ps (vibrational dephasing 
time of the OD-stretch modes). The electrochemical current was linearly 
proportional to the applied voltage within the safe range of operation 
(Extended Data Fig. 2). The applied voltages for each spectral acquisition 
were randomly staggered (instead of stepping the voltage in a single 
direction) to rule out any effects associated with irreversible changes 
to the electrode, and the 0.3-V spectrum was periodically re-measured 
to ensure that there was no drift in the signal over time (Extended Data 
Fig. 3). We found no evidence of water trapped between the graphene 
and CaF2 substrate, as an empty (‘dry’) cell yielded no VSFG signal. The 
VSFG signal in the D2O region vanished on isotopic dilution with H2O, 
confirming that the signal originated from D2O (Extended Data Fig. 4). 
To discourage the dissolution of atmospheric H2O and CO2 into the D2O, 
the reservoir was sealed and kept in an environment purged of CO2 and 
water during experiments.

We opted to carry out the VSFG experiments in the two-terminal con-
figuration because the electrochemical currents were lower when the 
reference electrode was absent. The voltage applied to graphene in the 
two-terminal configuration (versus a glassy carbon counter-electrode) 
was converted to a three-terminal voltage (versus an Ag/AgCl reference 
electrode) so that the applied voltages in the two-terminal configura-
tion could be reported without the effect of voltage drops across the 
D2O at the graphene and glassy carbon interfaces and with respect 
to a standard reference potential. The conversion was achieved via 
Raman spectroscopic measurements of graphene’s G-band, which 
shifted linearly with respect to the applied voltage in both two-terminal 
and three-terminal configurations (Extended Data Fig. 5). Given a 
two-terminal voltage, the corresponding three-terminal voltage is 
that which yields the same G-band shift.

The frequency shift of the G-band Raman mode of monolayer gra-
phene provides an intrinsic measure of the excess charge density via 
a well-established relationship. In situ Raman spectra of the graphene 
electrode were collected under applied electrochemical potentials. 
The G-band frequency of the graphene, around 1,585 cm−1, reaches a 
minimum at the charge neutral point around +0.1 V versus Ag/AgCl. 
The G-band Raman frequency blueshifts linearly as a function of the 
applied potential, as plotted in Fig. 1b,c. From the G-band frequency 
shift ΔωG, the Fermi energy EF and doping concentration n (Fig. 1c) 
were calculated through the following relations in the literature36,37:

E ωelectrons : = 21Δ + 75 [cm ]GF
−1

E ωholes : = − 18Δ − 83 [cm ]GF
−1
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The surface charge density σ = ne was confirmed by independent elec-
trode capacitance measurements32.

VSFG experimental set-up
A regeneratively amplified Ti:sapphire laser system (Coherent Legend 
Elite Duo; 14 W, 5 kHz) was pumped by an Nd:YLF laser system (Coherent 
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Evolution; 10 ns, 60 W, 532 nm, 5 kHz) and ‘seeded’ by a femtosecond 
Ti:sapphire laser system (Coherent Micra; 100 fs, 400 mW, 806 nm, 
80 mHz) that was stretched, amplified and split into two paths. In one 
path, the 806-nm light (8 W) was recompressed by a pair of gratings 
to 95 fs (measured via a home-built single-shot autocorrelator) and 
delivered to an optical parametric amplifier (TOPAS-C Light Conver-
sion) and non-collinear difference frequency generator (NDFG Light 
Conversion) assembly, yielding tunable femtosecond mid-infrared 
pulses. The other path of light (6 W) was compressed externally and 
delivered to a 4f-stretcher. At the focal plane of the 4f-stretcher, a 
narrowband region (806 nm centred, FWHM = 10 cm−1, ~2 ps) was 
selected spatially using a mechanical slit. The pulsed visible (40 mW, 
FWHM = 10 cm−1, ~2 ps) and infrared beams (6 mW, 2,500 cm−1 centred, 
FWHM = 375 cm−1, ~100 fs) co-propagated in the plane of incidence, 
were focused to 240 μm and 160 μm respectively, and overlapped (spa-
tially and temporally) at the graphene–water interface to generate the 
VSFG signal. The average powers and incoming angles of the visible 
and the infrared beams were 40 mW and 6 mW, and 69° and 61° from 
the surface normal, respectively. The infrared beam path was purged 
of atmospheric CO2 via a purge-gas generator (Parker Balston, model 
75-62). The polarizations of the visible, infrared and SFG beams were 
adjusted using half-wave plates (visible: zero-order quartz half-wave 
plate, 800 nm, CVI Melles Griot; infrared: zero-order CdSe half-wave 
plate, 1,000–19,000 nm, 5 mm thick, Alphalas; SFG: zero-order quartz 
half-wave plate, 670 nm, CVI Melles Griot). An analyser (polarizing 
beamsplitter cube, extinction ratio >500:1) blocked P-polarized SFG
signal to eliminate polarization contamination. The SFG signal was 
focused at the entrance slit of a single-grating monochromator
(Princeton Instruments Acton SP2500 monochromator). The signal 
was dispersed onto a liquid-nitrogen-cooled charged-coupled device 
(CCD) array detector (Roeper Scientific, Spec-10:100B, 1,340 × 100 
pixels). The SFG spectra were relatively background-free, but a small 
spectrally flat background from dark current was subtracted from the 
raw SFG spectra, shifting its baseline close to zero. The non-resonant 
PPP spectrum of GaAs was used to divide out the spectral shape of the 
infrared pulse from the SFG spectrum of the D2O–graphene interface. 
SFG spectra of the D2O–graphene interface were acquired in 3 min at 
each applied voltage.

Raman experimental set-up
Raman spectra of the graphene electrode under applied electrochemi-
cal potentials were collected with a Renishaw micro-Raman spectrome-
ter. The measurement was conducted using a backscattering geometry 
with a 50-μW, linearly polarized 532-nm laser beam focused to 1 μm in 
diameter. The collected Raman scattered light was dispersed onto a 
CCD array detector by a single-grating monochromator with a spectral 
resolution of approximately 0.5 cm−1. Voltage-induced shifts in the 
Raman frequency of the G-band were collected in both two-terminal 
and three-terminal configurations. In these electrochemical measure-
ments, the graphene electrode was in contact with D2O (99.9% purity, 
Cambridge Isotope Laboratories Inc.), and a 40× lens was immersed 
in a DI-water reservoir above the sample. To protect the lens from elec-
trolyte, a 13-μm-thick Teflon sheet (American Durafilm Inc.) was used 
to cover the lens38.

Spectral fitting procedure: decomposition of the graphene–D2O 
spectra into χ s

(2) (surface) and χ s,DL
(2)  (bulk) contributions

Given Shen and Tian’s discovery that the SFG response of subsurface 
water molecules influenced by the d.c. field of a charged interface is 
reminiscent of bulk water and is not affected by the application of 
charge at the interface10, we used their results to disentangle the surface 
χ(2) response of D2O at the graphene interface through the following 
spectral fitting procedure. Adopting the nomenclature of Shen and 
Tian, it is useful to define χ s,DL

(2) , which is the surface response of the
diffuse layer10:
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Our fits include Geiger’s formalism of absorptive/dispersive mixing 
and are based on his readily accessible Mathematica code of three 
coupled oscillators18. The extent of mixing depends purely on experi-
mental parameters: refractive indices, incoming beam angles and 
ionic strength. The refractive index of D2O in the infrared region of 
interest was obtained from a publication by Williams et al.42, and the 
ionic strength is that of pure water. The following equation was used 
to fit our data:
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where κ is the inverse Debye length, Δkz is the inverse coherence length, 
Φ(0) refers to the voltage we applied relative to the voltage at which 
graphene is neutral (graphene is neutral at about 0.1 V versus Ag/AgCl, 
Fig. 1), Bi/Γi is the amplitude, Γi is the half-width at half-maximum, ωi is 
the central frequency and φi is the phase of the ith Lorentzian. Note 
that our fitting equation differs slightly from what is found in Geiger’s 
Mathematica code18: ours includes a non-resonant response, the phases 
of the two χ(3) Lorentzians are not independent, and we have included 
a ‘scaling factor’ m. In our fits, the χ(3) Lorentzian parameters (Bi, Γi and 
ωi) were frozen in accordance with estimates made by Geiger, which 
originates from Tian and Shen’s experimental χB

(3) component10,18. 
Essentially, the strategy to disentangle the surface χ(2) contribution 
was to freeze all the known parameters and allow the χ(2) parameters 
to float such that our spectra were fitted. Since the central frequencies 
were given for the OH stretch and not the OD stretch, they were scaled 
by assuming that the force constants for OH and OD are the same. To 
be consistent with the literature, the free-OD peak was forced to be 
positive by restricting and locking its amplitude and phase, respec-
tively. The phases of the two χ(2) hydrogen-bonded OD stretch peaks 
were restricted to ±0.2 radians from the phase at which they were purely 
absorptive in the imaginary spectrum, since lineshapes that are purely 
absorptive are simpler to interpret. The phase, φ χ (3), was allowed to 
float freely in the fit of the 1.0-V spectrum, and its post-fit value was 
frozen in subsequent fits. The 1.0-V SFG spectrum was fitted first 
because its hydrogen-bonded peaks were relatively pronounced, and 
it tended to yield consistent results with respect to changing of the 
initial guesses of the floating parameters. Qualitatively, our χ(3) com-
ponent is consistent with the literature9,10,39: its spectral shape is 
‘bulk-like’, and its amplitude is positive for positive fields and negative 
for negative fields. The scaling factor m effectively served to scale Shen 
and Tian’s χ s,DL

(2)  spectra to our arbitrary scale. Assuming that the 
χ χ/s,DL

(2)
s
(2) ratio in our spectra should be comparable to Tian and Shen’s, 

and by also considering the differences in our charge densities, we 
estimated m to be about 30. We found that our choice in m yielded χ s

(2) 
responses that were reasonable. We assessed whether our fits were 
sensible in the following ways: (1) the χ s

(2) spectra should be flat on the blue
side of the free-OD peak; (2) χ s,DL

(2)  should not interfere with the free-OD 



peak to a significant extent; (3) the goodness of the fit; (4) through 
comparison with a theoretical study carried out by Morita et al.39 
wherein the surface response increases in intensity as the field is 
increasingly made negative, and at positive fields the hydrogen-bonded 
χ s

(2) and χ s,DL
(2)  components interfere destructively. The decomposition 

into surface and bulk contributions, as well as the fit to the SFG spectra 
(each plotted with respect to the applied electric field), is shown in 
Extended Data Fig. 6. The fitting parameter results are shown in 
Extended Data Table 1.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.
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Extended Data Fig. 1 | Raman spectrum of the graphene electrode. For a 
high-quality, defect-free graphene monolayer, the ratio of intensities of the 2D 
to G band is about 2.



Extended Data Fig. 2 | Electrochemical current with D2O in the cell versus 
applied voltage to the graphene electrode versus Ag/AgCl. That the current 
magnitude does not exceed 100 μA for the voltages that were applied, water 
splitting does not occur to an appreciable degree.
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Extended Data Fig. 3 | SFG spectra of the graphene–D2O interface at 0.3 V 
(versus Ag/AgCl). Spectra at 0.3 V were taken several times throughout the 
experiment to verify that there was no drift in the SFG signal with time.



Extended Data Fig. 4 | SFG spectra of graphene–D2O following dilution with 
H2O. Isotopic exchange weakens the peak at ~2,700 cm−1, confirming that D2O is 
responsible for this signal.
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Extended Data Fig. 5 | Linear dependence of G-band Raman shift on applied 
voltage in both the two-terminal and three-terminal configurations.  
A two-terminal voltage (applied versus glassy carbon) can be converted to a 

voltage versus Ag/Cl in the three-terminal configuration by exploiting the 
linearity of the G-band shift with respect to the applied voltage.



Extended Data Fig. 6 | Electric-field-dependent SFG spectra of the graphene–D2O interface and its decomposition into χ s
(2) (surface) and χ S,DL

(2)  (bulk) 
contributions. With the bulk contribution known from the literature, the surface contribution is found through a spectral fitting procedure.
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Extended Data Table 1 | Spectral best-fit results for the decomposition of χ(2) and χ(2) responses
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