
Measuring Local Electric Fields and Local Charge Densities at
Electrode Surfaces Using Graphene-Enhanced Raman Spectroscopy
(GERS)-Based Stark-Shifts
Haotian Shi,† Bofan Zhao,‡ Jie Ma,§ Mark J. Bronson Jr,∥ Zhi Cai,§ Jihan Chen,‡ Yu Wang,§

Maximum Cronin,‡ Lasse Jensen,∥ and Stephen B. Cronin*,†,‡

†Department of Chemistry, ‡Ming Hsieh Department of Electrical Engineering, §Department of Materials Science, University of
Southern California, Los Angeles, California 90089, United States
∥Department of Chemistry, Pennsylvania State University, University Park, Pennsylvania 16802, United States

*S Supporting Information

ABSTRACT: We report spectroscopic measurements of the local electric fields and local charge densities at electrode surfaces
using graphene-enhanced Raman spectroscopy (GERS) based on the Stark-shifts of surface-bound molecules and the G band
frequency shift in graphene. Here, monolayer graphene is used as the working electrode in a three-terminal potentiostat while
Raman spectra are collected in situ under applied electrochemical potentials using a water immersion lens. First, a thin layer (1
Å) of copper(II) phthalocyanine (CuPc) molecules are deposited on monolayer graphene by thermal evaporation. GERS
spectra are then taken in an aqueous solution as a function of the applied electrochemical potential. The shifts in vibrational
frequencies of the graphene G band and CuPc are obtained simultaneously and correlated. The upshifts in the G band Raman
mode are used to determine the free carrier density in the graphene sheet under these applied potentials. Of the three dominant
peaks in the Raman spectra of CuPc (i.e., 1531, 1450, and 1340 cm−1), only the 1531 cm−1 peak exhibits Stark-shifts and can,
thus, be used to report the local electric field strength at the electrode surface under electrochemical working conditions.
Between applied electrochemical potentials from −0.8 V to 0.8 V vs NHE, the free carrier density in the graphene electrode
spans a range from −4 × 1012 cm−2 to 2 × 1012 cm−2. Corresponding Stark-shifts in the CuPc peak around 1531 cm−1 are
observed up to 1.0 cm−1 over a range of electric field strengths between −3.78 × 106 and 1.85 × 106 V/cm. Slightly larger Stark-
shifts are observed in a 1 M KCl solution, compared to those observed in DI water, as expected based on the higher ion
concentration of the electrolyte. Based on our data, we determine the Stark shift tuning rate to be 0.178 cm−1/ (106 V/cm),
which is relatively small due to the planar nature of the CuPc molecule, which largely lies perpendicular to the electric field at
this electrode surface. Computational simulations using density functional theory (DFT) predict similar Stark shifts and provide
a detailed atomistic picture of the electric field-induced perturbations to the surface-bound CuPc molecules.
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■ INTRODUCTION

Raman spectroscopy is an important tool for measuring the
vibrational signatures of molecules for chemical detection and
for characterizing nanoscale materials like graphene, transition
metal dichalcogenides, and carbon nanotubes.1−6 The
discovery of surface-enhanced Raman scattering (SERS) in
the 1970s7−11 was, in fact, an early manifestation of nanoscale
enhancement with reports of increases in the Raman signal by

as much as 1014 and robust demonstrations of single-molecule
detection.12−17 In SERS, there are two mechanisms of
enhancement that are generally accepted: (1) an electro-
magnetic mechanism (EM), which originates from the local
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electromagnetic field enhancement on rough metal surfaces
and metal nanoparticles, and (2) a chemical enhancement
mechanism (CE), which arises from the dynamic transfer of
charge through interaction between the target molecule and
underlying metal.18−21 The EM enhancement typically arises
when the incident light matches a plasmon resonance within
the metal nanostructure, which can produce fields as much as
1000 times higher than the incident electromagnetic fields for
Au and Ag nanoparticles.22−24 While the EM enhancement
produces an overall uniform enhancement of all the Raman
modes, the chemical enhancement depends on the symmetry
of each vibrational mode, and therefore produces a vibrational-
mode-specific enhancement, which makes SERS spectra appear
quite different from bulk solution Raman spectra.
In 2010, monolayer graphene was shown to enhance the

Raman signal of adsorbed molecules by as much as 2 orders of
magnitude, including phthalocyanine (Pc), rhodamine 6G
(R6G), protoporphyin IX (PPP), and crystal violet (CV).25,26

Since graphene is largely optically inert with only 2.3%
absorption in the visible range and plasmon resonances that lie
in the infrared wavelength range,27,28 it is believed that EM
enhancement is minimal in this material system.25,26 For
GERS, this distinction is further supported by the fact that
molecules with large GERS enhancement factors can be
correlated with their symmetry groups.29 The Raman signals of
molecules on multilayer graphene show no enhancement and
are even weaker than those molecules on a Si/SiO2
substrate.29−31 It should be noted that the underlying chemical
enhancement mechanism associated with this GERS phenom-
enon is still not fully understood.
In our previous work, we measured Raman spectra at a

graphene/water interface as a function of electrochemical
potential.32 Large electrostatic fields exist at the surface of
these electrodes due to the double layer at this solid/liquid
interface.33 Various chemical reactions entail the transfer of
charged or polarized reactants across this interface. Electric
fields can, therefore, have a significant effect on these reaction
mechanisms and catalysis, which are intimately related to the
local electric field strength. In a previous study by Dawlaty et
al., sum frequency generation (SFG) spectroscopy was used to
explore the interfacial solvation effects on the C−N frequency
shift of 4-mercaptobenzonitrile (4-MBN) bound to gold
electrode surfaces.33,34 Lian and co-workers also used in situ
SFG probes to characterize the electric fields at solid/liquid
interfaces.35 In a more recent study, Shi et al. demonstrated the
local electric fields generated at graphene electrode surfaces
can be obtained using surface enhanced Raman scattering,
which is a far more facile technique than SFG spectroscopy.36

In the work reported here, we explore the effect of applied
electrochemical potential and the associated electric fields on a
GERS system using CuPc molecules. This approach takes
advantage of the unique ability of monolayer graphene to host
adsorbed molecules of copper phthalocyanine (CuPc) and
provide amplification/enhancement of its Raman signal via the
GERS phenomena. The monolayer graphene also serves as a
highly conductive electrode material, enabling us to externally
apply an electrochemical potential, while monitoring CuPc’s
vibrational modes in situ. Despite the sparse coverage of the
surface adsorbed molecules, the Raman spectra of the CuPc
molecules can easily be observed using a water immersion lens.
In addition, the G band Raman shift of the graphene is used to
report the charge density on the electrode, which is
proportional to the local electric field strength. This general

approach can be applied to a wide range of molecules that can
be used to report various aspects of charge transfer, local pH,
and ion concentration.

■ EXPERIMENTAL DETAILS
Monolayer graphene was grown by chemical vapor deposition (CVD)
at 1000 °C in methane and H2 gas on copper foil at a reduced
pressure of 1−1.5 Torr.37 The copper foil with graphene was then
coated with a thin protection layer of PMMA-A6 by spin-coating at
2000 rpm for 45s and then baking at 150 °C for 5 min. Copper
etchant was used to etch away the copper from the bottom of the
“sandwich” structure, resulting in a graphene/PMMA film that is left
floating on the surface of the liquid copper etchant. This is then
cleaned with 10% hydrochloric acid in DI water.38 Prior to
transferring the graphene, two gold electrodes are deposited on an
oxidized silicon substrate (300 nm SiO2) by electron-beam
evaporation using a shadow mask to serve as the target substrate.
The PMMA-graphene layer was then scooped up on the target
substrate connecting both gold electrodes. The sample was then
baked at 120 °C for 5 min to improve adhesion. After this, the PMMA
layer was removed by soaking in acetone for 5 min. Copper(II)
phthalocyanine (CuPc) molecules are then deposited on the graphene
by thermal evaporation of a 1 Å nominal thickness, which provides
submonolayer coverage. Copper wires are attached to both gold
electrodes enabling this graphene layer to serve as a working electrode
in a three-terminal potentiostat setup. In order to monitor any
potential electrochemical degradation of this electrode, we also
measure the in-plane resistance of the graphene, which usually lies in
the range between 1000 and 3000Ω. The gold contacts are then
covered with epoxy so that they are not in direct contact with the
electrolyte. The active area of the graphene was about 0.25 cm2 after
protection with the epoxy, as illustrated in Figure 1b.

Raman spectra of the graphene electrode were taken with 633 and
532 nm wavelength excitation under applied electrochemical

Figure 1. Schematic diagrams of the (a) three-terminal photo-
electrochemical cell using a water immersion lens to obtain Raman
Spectra in situ and (b) CuPc-coupled monolayer graphene electrode.
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potentials in pure DI water using a water immersion lens, as illustrated
in Figure 1a. In order to protect the lens from the solution, it was
covered with a 13 μm thick Teflon sheet (American Durafilm, Inc.). A
three terminal potentiostat (Gamry, Inc.) was used to apply a
potential to the graphene working electrode with respect to the
reference electrode, as illustrated in Figure 1a. A silver/silver chloride
reference electrode and glassy carbon electrode (SPI, Inc.) were used
as the reference and counter electrodes, respectively. As a comparison,
we also performed the same measurements in a 1 M KCl as solution.
GERS spectra were collected as a function of the applied
electrochemical potential. Since the CuPc molecules are not water-
soluble, they remain stably bound to the graphene surface in solution
during these in situ measurements. The Raman spectra of the CuPc
were collected with a 633 nm wavelength laser, which is resonant with
this molecule’s absorption. The Raman spectra of the underlying
graphene electrode (i.e., G band) were collected with a 532 nm
wavelength laser, without being obscured by the CuPc peaks. The
shifts in the G band Raman frequency are then used to provide a
measure of the electrochemical doping in the graphene monolayer, as
described in the Results and Discussion section.

■ COMPUTATIONAL METHODS
We performed computational simulations of the Stark shift tuning rate
using the Amsterdam Density Functional (ADF) program pack-
age.39−41 The geometry optimizations and frequency calculations
were carried out using the Becke−Perdew42,43 (BP86) exchange-
correlation functional with dispersion correction (DFT-D3-BJ) by
Grimme44 and triple-ζ polarized (TZP) Slater-type basis. A hydrogen-
terminated graphene sheet was optimized with a large frozen core,
and the sheet was forced to be planar by specifying Cs symmetry. In
vacuum, the CuPc was optimized with a large frozen core. The
optimized CuPc was then placed on the graphene sheet and was
allowed to relax while holding the graphene sheet fixed in electric
fields in both plus and minus z-directions of various field strengths
(−0.001au, −0.0005au, 0au, 0.0005au, 0.001au, in which 1 au = 5.14
× 109 V/cm). For each of the optimized geometries, the frequencies
of the CuPc vibrational modes were calculated using the Mobile Block
Hessian45,46 where the graphene sheet had its internal degrees of
freedom removed.

■ RESULTS AND DISCUSSION

The G band shift of the underlying graphene is plotted in
Figure 2a as a function of reference potential (the left y-axis in
Figure 2a). Here, the free carrier concentration is obtained
from the G band Raman shift using following relations put
forth by Das Sarma and Berciaud: ne = [(21ΔωG+75)/11.65]

2·
1010 cm−2 and nh= [(−18ΔωG-83)/11.65]

2·1010 cm−2, where
ne and nh are the two-dimensional charge densities of electrons
and holes, respectively, and ΔωG is the change in the G band
Raman frequency with respect to the charge neutrality point
with units of cm−1.47,48 This 2D charge density on the
graphene sheet (in electrons or holes per cm2) is plotted as a
function of the applied voltage on the right axis of Figure
2a.32,49 Here, we have indicate the regions over which there are
electrons and holes in the graphene. Under the applied
electrochemical potentials (−0.8 V to 0.8 V vs NHE), the free
carrier density in the graphene electrode, obtained from the
shifts in the G band frequency, spans a range from −4 × 1012

cm−2 to 2 × 1012 cm−2.
Figure 2b shows the vibrational Stark shift of the 1531 cm−1

vibrational mode of CuPc plotted as a function of the reference
potential, which increases monotonically with increasing
potential. The righthand axis plots the local electric field
calculated from the free carrier concentration in the graphene,
obtained from the graphene G band Raman shift (the right y-
axis in Figure 2a). We calculate the local electric field at the

electrode surface using the formula ε = eσ/2ϵ0ϵr for an
infinitely charged plane, where ε is electric field strength, e is
the charge of one electron, ϵr is the relative dielectric constant,
and ϵ0 is the permittivity of free space. We also assume that the
electric field is zero for the sample in air in order to establish
the righthand y-axis in Figure 2b, which spans a range from
−3.78 × 106 to 1.85 × 106 V/cm. Here, the CuPc Raman
mode around 1531 cm−1 exhibits Stark shifts up to 1.0 cm−1.
From the data in Figure 2a and b, we can relate the Stark shift
of the CuPc 1531 cm−1 peak to the electric field, as plotted in
Figure 2c, which exhibits a Stark tuning rate of 0.178 cm−1/
(106 V/cm). It is interesting to note that there is an inflection
point near zero electric field in the CuPc Stark shift vs voltage
plot taken in DI water (Figure 2c). This is likely related to the
differing abilities of the cations (H+) and anions (OH−) to
produce a local electric field in the water environment.

Figure 2. (a) Graphene G band Raman shift (black) and the free
carrier concentration (red) plotted as a function of the applied
potential. (b) CuPc Stark-shift (black) and the electric field (red)
plotted as a function of the applied potential measured in DI water.
(c) CuPc 1531 cm−1 peak plotted as a function of electric field at the
monolayer graphene electrode surface.
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However, to the first order approximation, we treat this as a
simple linear relation, which is consistent with our simulation
results.
Interestingly, the 1531 cm−1 peak is the only Raman mode

that exhibits a Stark shift. Supporting Information (SI) Figure
S1 shows the Raman shift of three different CuPc peaks (1531
cm−1, 1450 and 1340 cm−1) plotted as a function of the
applied electrochemical potential. From this data, it is clear
that only the 1531 cm−1 vibrational mode shows a Stark shift.
According to Basova et al., these three modes are assigned to
different bonds with B1g symmetry: the 1531 cm−1 peak
corresponds to the Cα-Nβ band, 1450 cm−1 is from Cβ-Cβ, Cβ-
Cγ-H, and 1340 cm−1 is from Cβ-Cβ, Cα-Cβ-Cβ, Cγ-Cδ, and Cβ-
Cγ.

50,51 These bonds are labeled in detail in SI Figure S2.
Unlike 1450 and 1340 cm−1, which correspond to bonds inside
the macrocycle, the contribution to the 1531 cm−1 vibration is
mainly given by the displacements of the Cα-Nβ-C’α bridge
bonds between the macrocycles.41 It is possible that the
bottom macrocycle vibrational modes lie in the plane of the
graphene electrode, which is perpendicular to the electric field
direction. However, one of the macrocycles might rotate along
one-half of the bridge bond Cα-Nβ(C’α-Nβ) pulling the other
half of the bridge bond Nβ-C’α(Nβ-Cα) slightly out of the
macrocycle plane, which can thereby feel the effects of the
applied electric fields. In our understanding, when electro-
chemical potential is applied to the graphene-CuPc electrode,

either cations (H+) or anions (OH−) are accumulated on the
surface. They will either attract or repulse the electron-rich
isoindole rings in CuPc. If the CuPc planar structure is not
perfectly in parallel with the graphene surface, adjacent
isoindole rings will have different interaction with the
accumulated ions, which leads to the displacement and
rotation of the bridge bond. Steric effects may also be the
reasons of the rotation of the bridge bonds.
Figure 3 shows the corresponding results of the CuPc-on-

graphene electrode obtained in a 1 M KCl solution. From
Figure 3a, we can also see upshifts (up to 12 cm−1) in the G
band frequency under negative applied potentials, which is
approximately 50% larger the upshifts observed in DI water (8
cm−1). Here, the carrier concentration on the sample surface
reaches −8 × 1012 cm−2 under −0.8 V vs NHE, which is
almost two times as large as that obtained in DI water.
However, under positive applied potentials, G band upshift is
comparable to that of the DI water and the carrier
concentration is even smaller. By correlating the CuPc
Raman data to the electric field derived from the graphene G
band Raman data, we find that both the Stark shift and electric
field increase monotonically as a function of the reference
potential in a 1 M KCl solution, as plotted in Figure 3b. The
CuPc peak exhibits Stark shifts up to 1.56 cm−1, over a range of
electric field strengths from −7.5 × 106 to 1.2 × 106 V/cm.
Figure 3c shows the direct relation between the Stark shift of

Figure 3. (a) Graphene G band Raman shift (black) and the free carrier concentration (red) plotted as a function of the applied potential measured
in 1 M KCl solution. (b) CuPc Stark-shift (black) and the electric field (red) plotted as a function of the applied potential measured in 1 M KCl
solution. (c) CuPc 1531 cm−1 peak plotted as a function of electric field at the graphene electrode surface. (d) CuPc Stark-shift change plotted as a
function of the applied voltage, measured in DI water (black) and in KCl (red) plotted together with their linear fits, which give the Stark tuning
rates (STRs) in units of cm−1/(106 V/cm).
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the CuPc 1531 cm−1 peak and the electric field in a 1 M KCl
solution, which exhibits a Stark tuning rate of 0.184 cm−1/ (106

V/cm). Figure 3d shows a comparison of the Stark shift
difference of the 1531 cm−1 peak of CuPC plotted as a function
reference potential in DI water and 1 M KCl solution with
their fitted line, the slopes of which give the Stark tuning rate
(STR) in units of cm−1/ (106 V/cm). The difference between
the Stark tuning rates in these different electrolytes is less than
3%, which verifies the validity of this approach. Thus, the local
electric field can be directly related to Stark-shift of the 1531
cm−1 CuPc Raman peaks.
From the computational simulation results, we observe that,

for an electric field applied perpendicularly out of the surface,
the outer phenyl rings moved away from the surface while the
inner carbon−nitrogen ring moved closer to the surface. For an
electric field applied perpendicularly into the surface, the outer
phenyl rings moved closer to the surface while the inner
carbon−nitrogen ring moved away from the surface. In the
simulated Raman spectra of CuPc in vacuum, there were five
Raman active modes near the three peaks seen in the
experimental spectra. The calculated Raman spectrum is
plotted in Figure 4a, exhibiting peaks at 1546 cm−1, 1520
cm−1, 1428 cm−1, 1418 cm−1, and 1335 cm−1. Atomic scale
diagrams of the vibrational modes under applied electric field
are shown in SI Figure S4a−e, respectively. The 1418 and
1428 cm−1 modes are the symmetric and asymmetric version
of phenyl ring vibration, while the 1520 and 1546 cm−1 are the
symmetric and asymmetric version of carbon−nitrogen
stretching. Of these modes, only the 1546 cm−1 mode exhibits
an appreciable Stark shift. The Stark shift of this mode is
plotted as a function of the applied electric field in Figure 4c
and exhibits a Stark tuning rate of 0.141 cm−1/ (106 V/cm).
The same can be done for the other modes, as shown in SI
Figure S5b−e of the SI. The other four modes result in Stark
tuning rates of 0.027 cm−1/(106 V/cm), 0.016 cm−1/(106 V/
cm), 0.006 cm−1/(106 V/cm), and 0.020 cm−1/(106 V/cm) for
the 1520 cm−1, 1428 cm−1, 1418 cm−1, and 1335 cm−1 modes,
respectively, which are at least 1 order of magnitude smaller
than that of 1546 cm−1 mode. Full experimental and calculated
Raman spectra are plotted against each other in SI Figure S6 .
The simulation results of the Stark shifts calculated for the
1546 cm−1 mode are consistent with our experimental
measurements of the 1531 cm−1 mode. Here, it is important
to note that the simulated spectra correspond to the gas phase
Raman spectra of CuPc, Therefore, a direct comparison with
the experimental GERS spectra is not valid, since the Raman
scattering selection rules are changed when the molecules are
bound to a surface. In addition, we only used the gas phase
spectra to identify the normal modes of the graphene-CuPc
complex that were likely to be Raman active and give support
that the 1546 cm−1 mode corresponded to the mode that we
found in experiment. In our experiment, only the 1531 cm−1

mode shows an apparent Stark shift-electric field dependence,
and more importantly, the STR 0.141 is reasonably close to the
experimental data 0.178, which verifies the applicability of this
approach. The raw Raman spectra taken under 633 and 532
nm excitations are shown in SI Figures S7 and S8, clearly
showing the Stark shift of CuPc and the Raman shift of
graphene G band.
We would like to point out that our previous work using

graphene alone to monitor local electric fields via the relation E
= σ/2ε, relied on the assumption that ε is known, which is true
to bulk water but not necessarily at the electrode surface.32 It

is, therefore, important to develop other probes to report the
local electric field at electrode surfaces. Here, we chose CuPc
for this study because it is a strongly GERS-enhanced
molecule.25 However, its planar structure results in relatively
small Stark tuning rates. One of the key insights provided by
the DFT calculations is a slight bond rotation out of plane that
makes this particular Raman mode Stark sensitive.

■ CONCLUSION
In summary, we report spectroscopic measurements of the
local electric fields and local charge densities at electrode
surfaces using graphene-enhanced Raman spectroscopy

Figure 4. ADF-calculated (a) CuPc Raman spectra, (b) CuPc Raman
Shift 1546 cm−1 vibrational mode versus the applied electric field, (c)
CuPc 1546 cm−1 peak plotted as a function of electric field with the
Stark tuning rate at the graphene electrode surface.
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(GERS) based on the Stark-shifts of surface-bond molecules
and the G band frequency in monolayer graphene. GERS
spectra are then taken in an aqueous solution systematically as
a function of the applied electrochemical potential. The
information from the shifts in both the graphene G band and
CuPc vibrational frequencies are obtained simultaneously and
correlated. The carrier density in the graphene sheet is used to
determine the upshifts in the G band Raman mode under these
applied potentials. Of the three dominant peaks in the Raman
spectra of CuPc (at 1531, 1450, and 1340 cm−1), only the
1531 cm−1 peak exhibits Stark-shifts and is used to report the
local electric field strength at the electrode surface under
electrochemical working conditions. Under the applied
electrochemical potentials between −0.8 V to 0.8 V vs NHE,
the free carrier density in the graphene electrode is obtained
from the shifts in the G band frequency and spans a range from
−4 × 1012 cm−2 to 2 × 1012 cm−2. Corresponding Stark-shifts
in the CuPc peak (around 1531 cm−1) are observed up to 1.0
cm−1 over a range of electric field strengths between −3.78 ×
106 and 1.85 × 106 V/cm. About 56% larger Stark-shifts and
54% larger local electric fields are observed in a 1 M KCl
solution, compared to those observed in DI water, as expected
based on the higher ion concentration of the electrolyte.
Despite these larger shifts and larger electric fields, the Stark
tuning rates observed in DI water and 1 M KCl solutions agree
within 3% of each other, which verifies the validity of this
approach. Density functional theory calculations predict five
Raman active modes for CuPc-on-graphene, only one of which
exhibits a Stark shift. The vibrational frequency and Stark
tuning rate of this mode agrees well with the experimental
values.
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