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ABSTRACT: Graphene-based electric power generation that converts mechanical energy of flow of ionic droplets over the
device surface into electricity has emerged as a promising candidate for blue-energy network. Yet the lack of a microscop-
ic understanding of the underlying mechanism has prevented ability to optimize and control the performance of such
devices. This requires information on interfacial structure and charging behavior at the molecular level. Here, we use
sum-frequency vibrational spectroscopy (SFVS) to study the roles of solvated ions, graphene, surface moiety on substrate
and water molecules at the aqueous solution/graphene/polymer interface. We discover that the surface dipole layer of the
neutral polymer is responsible for ion attraction toward and adsorption at the graphene surface that leads to electricity
generation in graphene. Graphene itself does not attract ions and only acts as a conducting sheet for the induced carrier
transport. Replacing the polymer by an organic ferroelectric substrate could allow switching of the electricity generation
with long durability. Our microscopic understanding of the electricity generation process paves the way for the rational

design of scalable and more efficient droplet-motion-based energy transducer devices.

INTRODUCTION

The graphene-electrolyte interface has been demonstrat-
ed to exhibit promising attributes as platform for a range
of energy devices, such as solar cells,' super-capacitors,”
and lithium-ion batteries.> Notably, a prototype of a novel
graphene-based electric generator has recently been in-
vented using a graphene-liquid interface to convert me-
chanical energy of moving ionic droplets to electric ener-
gy, offering an attractive new scheme for scalable electric
power generation.*® In such a device, droplets or waves of
an ionic solution moving across graphene supported by
an appropriate substrate generate a current in the gra-
phene layer along or opposite to the flow direction.*"
More recently, such effect was observed at the aqueous
interface with a polymer coated insulator-semiconductor
structure.” Macroscopically, the governing mechanism of
such electrokinetic phenomena can be explained by a
drawing potential model.®> It suggests that selective ions
from the solution can adsorb at the solid/solution inter-
face and form a pseudo capacitor with the solid. As an

ionic droplet moves along a graphene surface, ions that
tend to adsorb on the interface are attracted towards the
advancing front (charging of the pseudo capacitor) or
repelled from the receding edge (discharging of the pseu-
do capacitor). Concurrently, oppositely charged carriers
in graphene are attracted to the advancing and receding
edge, resulting in a current flow in the graphene layer.
Therefore, how effectively the ions can be attracted to the
interface should determine the efficiency of electricity
generation. At the microscopic scale, however, there are
still arguments on the underlying mechanism that at-
tracts ions to the solution/graphene interface.>******> This
current lack of microscopic understanding hinders our
ability to optimize and control the performance of such
graphene-based energy transducers. Moreover, the micro-
scopic origin for ion adsorption at liquid/graphene inter-
face is of great importance for graphene electro-chemical
device in general.

Most work to date has been focused on polymer-
supported graphene devices. No consensus has been
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Figure 1. Electric voltage generation in polymer supported monolayer graphene device. (a) Experimental arrangement for
electricity generation and SFVS measurements on a device consisting of a graphene/polymer film on a SiO, plate. (b) Car-
toon describing the measurement of voltage generation by a falling aqueous droplet rolling on the graphene/polymer. (c)
Left Y, oscilloscope traces showing presence and absence of voltage spikes generated from graphene/PET (red) and gra-
phene/PMMA (blue, offset for clarity), respectively. Right Y, the generated current in graphene. The droplets were from a

600 mM NaCl aqueous solution.

reached on the fundamental question of how the interface
attracts the electrolyte ions to graphene surface. Several
mechanisms have been proposed. Based on macroscopic
experiments and calculations, some suggest that cations
(Na*) from electrolytic solution would preferentially ad-
sorb on graphene.”***° Others believe that a polymer sub-
strate could be pre-charged by various means during
sample preparation, for example, through friction before
transferring of graphene on it,” or through piezoelectric
effect;” the pre-charged polymer could attract ions from
solution to graphene since the field screening effect by
the monolayer graphene is weak.” To optimize such de-
vices, it is imperative to pinpoint the mechanism on how
solvated ions are drawn toward the interface and learn
about the relevant parameters. This requires a molecular-
level interfacial study of the device, and SFVS is known to
be a unique analytical tool for liquid/solid interfaces.*
Briefly, surface-specific SFVS is usually carried out by
overlapping an infrared pulse (with a tunable frequency
o) and a visible pulse (at ®,;) at an interface and detect-
ing the sum-frequency output in the reflected direction.
As a second-order process, sum-frequency generation is
forbidden in centrosymmetric media, but necessarily al-
lowed at an interface where the inversion symmetry is
broken. An effective surface nonlinearity, X.S(‘,Ze)ff (w=
Wyis+Wir) ,can be used to describe the SF surface re-
sponse, and is resonantly enhanced when oy approaches
surface resonances, yielding an SF vibrational spectrum
for the interface. The dependence of the spectrum on the
input and output polarizations provides information on
the orientation of the species contributing to the reso-
nances.

In this work, we report a SFVS study on polymer-
supported graphene-based electricity generation devices.
From sum-frequency vibrational spectra of polymer sur-
faces,  solution/polymer interfaces, and  solu-
tion/graphene/polymer interfaces, we find conclusively
the following: Ions from the solution are not attracted by

graphene nor by a pre-charged surface; they are attracted
to graphene/polymer, or polymer without graphene, by
polar-ordered surface group with large dipole moment of
the polymer; the monolayer graphene appears as a weak
screening layer for the dipole field and serves as a passive
conductive path for the generated current; and the inter-
action between ions and the surface dipole layer is of
short range. We also present a general discussion on the
parameters that may boost efficiency of the device. Our
results provide a more comprehensive picture of electrici-
ty generation by the electrolytic solu-
tion/graphene/polymer devices that would help in future
design of such devices for better efficiency and switchable
operation.

RESULTS AND DISCUSSIONS

Electricity generation by moving droplets on gra-
phene: the role of polymer substrates. Figure 1a de-
scribes the device and the experimental arrangement in
the present work. To avoid complication caused by possi-
ble contamination of graphene,” we developed a new
method, different from the traditional one,* to lay gra-
phene on polymer substrates, as described in Experi-
mental Section and Figure S1. Poly-ethylene terephthalate
(PET), poly-methyl methacrylate (PMMA), and poly-
vinylidene fluoride (PVDF) were studied as substrates in
our experiment.

To test electricity generation of the device, we adopted
the falling droplet scheme (Figure 1b).° Successive drops
of 600 mM NaCl solution, 5 mm in diameter, were let to
roll down the graphene surface of the device, which was
tilted 60° with respect to the horizontal. The initial speed
of droplet on graphene was ~1 m/s that was controlled by
the height H (Figure 1b and Section S8 in supplementary
information (SI)). Voltage pulses generated across the
graphene by the droplets were recorded by an oscillo-
scope. The corresponding currents were calculated using
the resistance of graphene and the load of the oscillo-
scope (Experiment Section). As read in Figure 1c, positive
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voltage and current spikes (corresponding to positive ions
attracted to the water/graphene interface) generated by
sequential droplets on graphene/PET were readily ob-
served, but were not detectable on graphene/PMMA. The
results show clearly that the polymer substrates play
dominant role in attracting ions to the water/graphene
interface, and the PET substrate attracts Na* much more
strongly than the PMMA substrate.

SFVS probing of surface field induced by adsorbed
ions at the interfaces. Sodium ion adsorption at the
interface of water in contact with graphene/polymer can
be explored by SFVS. It is known that a surface field at a
water interface can reorient water molecules in the inter-
facial layer, leading to a spectral change that can be de-
tected by SFVS.”' The spectroscopic technique measures
the OH stretch spectrum of the effective surface nonline-
ar susceptibility of the interfacial water, which has the
expression®**

vaze)ﬁf () = vaZ) + Io* ZJ(BS)EDC (Z)emkzzdz » ()

Where 75’ denotes the contribution from a few monolay-
ers of water molecules right at the interface, the integral
describes the contribution from field-induced polariza-

tion of water molecules in the diffuse layer, £, .(z)is the
distance dependent surface field along the surface nor-

mal, 75" denotes the third-order nonlinear susceptibility
of bulk water, and Ak.is the phase mismatch of the SFVS

process. The change of ¥ §2e)ﬁ” (®) , in particular Im z. ()

, directly reflects the change of Ej,.(z) in both magnitude
and direction.

We conducted SFVS measurements on solu-
tion/polymer and solution/graphene/polymer interfaces.
The existence of a surface field created by PET, but not by
PMMA, can be seen from the spectral variation with in-
creasing salt concentration in water. lons in water can
move toward the water interface in response to the sur-
face field and modify the field. Figures 2a-d display the
spectra for the four aforementioned interfaces with differ-
ent salt concentrations in water ranging from o to 600
mM. Within measurement error, the spectra of wa-
ter/PMMA and water/graphene/PMMA are independent
of the salt concentration (Figures 2a and 2b).This indi-
cates that both interfaces are practically neutral. Obvious-
ly, ions do not come to the interface to alter the interfa-
cial water structure. This is a clear manifestation that nei-
ther graphene nor PMMA attracts ions. The case of PET is
different. The spectral intensity increases significantly
with increase of salt concentration (Figures 2¢ and 2d),
indicating that Na* ions should have come to the interface
to perturb the water structure. The spectrum of the wa-
ter/graphene/PET interface at each salt concentration is
slightly lower than that of the water/PET interface, indi-
cating a weak screening effect of the monolayer graphene.

The positive ion attraction to graphene was speculated
to be caused by pre-existing negative surface charges on
the substrate before graphene was transferred onto it.’
However, knowing that Na" ions do not spontaneously
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Figure 2. Bonded OH stretch SFVS spectra of interfacial
water. (a) and (b) SF intensity spectra from the interfaces
of NaCl(aq.)/PMMA and NaCl(aq.)/graphene/PMMA, re-
spectively, for a set of different NaCl concentrations in the
solution. The nearly identical spectra indicate no ion ad-
sorption. In contrast, the SF intensity spectra from the in-
terfaces of (c) NaCl(aq.)/PET and (d)
NaCl(aq.)/graphene/PET increase with NaCl concentra-
tion. A slight field screening effect of graphene can be read
from the lower spectral intensity in (d) in comparison to
(c). The Im ), spectra for (e) NaCl(aq.)/PET and (f)

NaCl(aq.)/graphene/PET interfaces, deduced from the cor-
responding sum-frequency intensity spectra in (c) and (d)
and discrete phase points in (e) and (f) measured directly
by phase-sensitive SFVS, become increasingly negative
with increasing NaCl concentration, indicating an increas-
ing amount of Na® ions adsorbed at the interface.

adsorb on graphene, a negative surface charge layer on
the polymer that attracts Na* would have set up an elec-
tric double layer (EDL) with a negative surface field in the

adjoining water and make Im y{’). more positive. In con-
o)

trast, a close look at the Im y;’), spectra of the water/PET
and water/graphene/PET interfaces for different salt con-
centrations in water reveals that they become more nega-
tive at higher salt concentration (Figures 2e and 2f).>* This
means that the surface field is positive and increases with
salt concentration, orienting the interfacial water mole-
cules with O—H more toward the bulk water, opposite to
what is expected from a negatively pre-charged surface.
This observation can only be explained by adsorption of
Na" ions at the interface creating a positive surface field.
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Figure 3. Origin of ion adsorption at water/graphene/PET interface. (a) Sum-frequency vibrational spectra showing the ab-
sence and presence of the C=0 stretching mode at the graphene/PMMA and graphene/PET interfaces, respectively, denot-
ing strong C=0 polar ordering on the latter interface. (b) Calculated azimuthally isotropic electric potential in the x-y plane
generated by a square array of C=0 dipoles with C—O pointing normally toward the solution. (c) Relative increase of sum-
frequency intensities for monolayer and 3-5 layers of graphene/PET devices versus NaCl concentration, which are normal-
ized against that of pure water. (d) Surface Na* density versus bulk NaCl concentration deduced from the Imy{?, spectra

using the Gouy-Chapman model. Fitting of the data points by a simple Langmuir isotherm, with the surface dipole density
taken as the saturated ion density o, allows the deduction of the adsorption free energy AG. (e) Cartoon illustrates the
motion of ions in solution and electrons in graphene toward the front edge of the droplet in response to an ionic droplet
moving forward with velocity v.

Origin of ion adsorption at the interface. With pre- strong polar ordering of C=0 on the graphene/PET sur-
existence of negative surface charges on PET out of the face, while the wundetectable C=0O peak for gra-
question, what is then the origin of Na* ion adsorption at phene/PMMA indicates little polar ordering of C=0O along
the interface? The surface of a polymer can often be polar the surface normal. The surface dipole layer of C=0 with
with certain molecular groups polar-oriented at the sur- O pointing out on PET should play dominant role in at-
face. If the group has a strong dipole, the polymer should traction of Na* to the water/graphene/PET interface.

possess a strong surface dipole layer that can attract ions.
SFVS can be used to probe the polar surface structure of a
polymer buried under graphene. For PMMA with a chem-
ical formula [CH,-C(CH,)CO,CH,],, it has been found
that the side chains -CO,CH; dominate on the surface

Now the question is how a surface dipole layer can at-
tract Na* from solution to adsorb on graphene/PET. It is
well known, from the continuum theory of electrostatics,
that an infinite continuum of surface dipole layer has no
field outside the layer. In reality, however, surface dipoles

with CH;, projected out at 30° from the surface normal.” a local potential well on top of each dipole that can trap
However, CH, has a very weak dipole (< 1 Debye)** and ions.* For illustration, we plot, in Figure 3b, the calculat-
accordingly, PMMA has a very weak surface dipole layer. ed potential distribution in the x-y plane created by a
In contrast, PET with [CgHg(CO,).], has the carbonyl square array of C=0 dipoles with C—0O pointing normally
groups (C=0) normally protruding out of the surface.’”” toward the solution and a surface density equal to that of
Because C=0 has a very strong dipole (~ 2.7 Debye),”® PET C=0 on PET (Section Ss in SI). Positive ions adsorbed in
should have a strong dipole layer. Figure 3a shows the the potential traps, now play the dominant role in setting
C=0 stretch spectra of PMMA and PET surfaces covered up the positive surface field and the EDL in water at the
by monolayer graphene, obtained by SFVS. The very interface. Because the surface dipole field is of short range

prominent C=0 peak at ~1725 cm™ for PET illustrates the
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Figure 4. Gate-control switchable voltage generation with a ferroelectric polymer film. (a) Sketch of a device made of a
graphene/PVDF/SiO2/Si structure that can be gated across the layers by a bias voltage. The domain alignment of PVDF
film along the surface normal can be controlled by the bias. (b) CH2 stretching mode at 2975 cm-1 monitored by SFVS,
indicating that PVDF is in the weakly polarized state (blue dots) or in the stronger polarized state (red dots). (c) Left Y,
measured voltage spikes from the device showing that they are weak when PVDF is in the weakly polarized state and
strongly enhanced when PVDF is in the stronger polarized state. Right Y, the deduced current flow across graphene from
the resistances of 19.4 k< for poled and 20.6 k€ for unpoled PVDF, respectively.

(Figure 3b), the screening effect of graphene can be ap-
preciable. Accordingly, ion adsorption decreases signifi-
cantly with increase of the graphene layer thickness. This
is illustrated in Figure 3c, where it is seen that the in-
crease of the sum-frequency signal with ion concentra-
tion, normalized against that of pure water, is much
smaller for the 3-5 layer graphene/PET than for the mono-
layer graphene/PET. Note that, although the physical pic-
ture of ion-dipole interaction at the interface can be un-
derstood using the classic continuum dielectric theory,
more quantitative analysis of the interaction through gra-
phene requires the knowledge of the effective dielectric
constant that varies rapidly within nanometer-scale
across the interface.

The adsorption energy of ions in the surface dipole
traps is expected to be small for the C=O type surface
dipoles. We can have an estimate on the adsorption ener-
gy from the observed spectral variation of interfacial wa-
ter with different salt concentrations. As seen in Eq.(1), in
the limit of low surface density of adsorbed ions (Na*),
only the second term on the right depends on the surface
field E,.(z), which is generated by the adsorbed ions.

With the help of the Gouy-Chapman model, we can relate
E,.(2)to the surface ion density o, and use it as an ad-

justable parameter to calculate

A 70y =Tl = 2= [ 27 B (e dz

(2)

and fit the measured AImyg) with known y.”

B
S3 in SI). We can thus find o for the different bulk ion
concentrations specified in Figure 2. The data points are
plotted in Figure 3d. We notice that the Na* ion surface
density is very low, (0.062 e/nm” at the highest bulk con-
centration of 6oomM) and interactions between adsorbed
ions can be neglected. Thus, the data can be reliably fitted
by a simple Langmuir adsorption isotherm with the as-

(Section

sumption that the saturated surface ion density, oy, is
equal to the C=O surface dipole density on PET
(0.235/nm?).* From the fit, we find an adsorption energy
of AG = -9 (x2) kJ/mol (Section S4 in SI). This adsorption
energy is indeed a few times smaller than the usual ad-
sorption energy for molecular species adsorbed at an in-
terface from solution.*

General consideration for optimization and possible
gate control on electricity generation.From what we
learned about NaCl(aq.)/graphene/polymer interfaces, we
can come up with the following general picture (Figure
3e) for electricity generation by such devices. lons in wa-
ter are attracted to graphene by the surface dipole layer, if
present, of a polymer and tend to adsorb in the interfacial
dipole potential traps. As a droplet of ionic solution
moves on graphene, the fresh water/graphene interface is
formed at the advancing water front. Sodium ions must
rush over to the fresh interface. They increase the poten-
tial seen by electrons in graphene and attract them to-
ward the fresh interface. Only in delayed action, the nega-
tive ions in the solution are dragged along by the positive
ions and affect somewhat the current in graphene. This
dynamic process constitutes the charging action. The op-
posite process occurs at the trailing edge of the droplet
and constitutes the discharging action. As proposed pre-
viously,” electricity generation results from combined
actions of charging and discharging. The above picture
suggests that polymer substrates with a denser and
stronger surface dipole layer should be more efficient in
generating electricity. A quick estimate (Section S5 in SI)
shows that the generated current can be increased by ~10
folds if dipole moment is doubled and its surface density
is four times larger than that of C=0O in PET. Besides it is
already known that larger droplet size, faster droplet ve-
locity generally enhances the current generation, while
electricity generation also varies with the type of ions in
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solution as the dynamics of ion motion depends on the
size and charges of the ions.’

It may happen that the surface dipole layer of a poly-
mer is so strong that ions adsorbing on it (or on graphene
of the graphene/polymer film) do not desorb at the reced-
ing edge. However, such a surface would be easily passiv-
ated by counter ions adsorbed from air. Accordingly, elec-
tricity generation efficiency of the device will be reduced.
As a demonstration, we replace the PET substrate by a 1-
mm z-cut LiNbO, ferroelectric crystal. The LiNbO, sur-
face generates a much stronger surface field than PET
(Section S6 in SI), but exposing it to air rapidly decreases
its surface potential. As a result, the voltage spikes gener-
ated by moving water droplets on graphene/LiNbO; are
slightly larger than those in the PET case (Figure Ss in SI).

The LiNbO, case above suggests that the efficiency and
durability of electricity generation of the device would be
greatly improved with the use of ferroelectric films in-
stead of surface-dipole films if surface passivation of fer-
roelectric films could be prevented. Because surface pas-
sivation comes from field-attracted ions, it is possible that
they can be removed by switching off the ferroelectric
polarization. This led us to the idea of constructing a
switchable electricity generation device using a gate-
controlled ferroelectric film. To demonstrate the idea, we
used a thin film (40 nm) of S-polyvinylidene fluoride
(PVDF, -(-CF,-CH,-),-) to replace the PET film in our de-
vice. -PVDF is a well-known organic ferroelectric mate-
rial with its domain consisting of ordered chains and the
side groups (-CF,-CH,-).** The macroscopic ferroelectric
polarization can be poled by an external electric field. In
the device we studied (Figure 4a), the S-PVDF film was
sandwiched between graphene and 100 nm silica grown
on doped Si substrate. Graphene and Si were used as the
gate electrodes for poling S-PVDEF. The film was initially
weakly polarized and was poled to become more strongly
polarized by a gate voltage of 30 V on the two electrodes.
The two polarization states were monitored by SFVS
showing a strong methylene stretch peak in the latter but
a very weak one in the former, as shown in Figure 4b. The
generated voltage spikes, depicted in Figure 4c, were
strong and weak, respectively, in the two cases. Reversing
the applied voltage reversed the poling of PVDF and
switched the polarity of electricity generation. (Notice
that the output voltage difference here is not as large as
that of SFVS signals. This is because the SFVS signal is
from the whole poled 40-nm PVDF film, but only the first
few layers of PVDF contribute to attraction of solvated
ions toward the interface and the current generation in
graphene. These results demonstrate that one could
switch electricity generation on and off with gate voltag-
es.) In the off state, ion adsorption at the interface is
weak, and we should be able to clean the interface in situ
by various means. Electricity generation of our device
with PVDF was found to be 5 times stronger than the one
with PET under the same working condition. Note that
the device can be further improved through engineering
of the PVDF film, for example, reduction of the switching
voltage of the film.

CONCLUSIONS

In summary, graphene/polymer electricity generation
devices are most promising because of their simplicity,
flexibility, and scalability. Understanding of the underly-
ing mechanism provides us with basic design concepts for
possible improvement. Our finding that graphene does
not attract ions and serves only as a conducting pathway
for electricity generation suggests that it could be re-
placed by other conducting materials as long as their
field-screening effect is weak. For better electricity gener-
ation efficiency of the solution/graphene/substrate devic-
es, we suggest, for the substrate, use of polymers with
stronger surface dipoles and denser dipole density, organ-
ic and inorganic ferroelectric films to improve ion attrac-
tion to the interface, as well as electrical gating to control
and switch electricity generation.

EXPERIMENTAL SECTION

Preparation of Graphene Surface on PMMA or PET. In con-
structing the graphene/PMMA /fused silica device, PMMA was first
spin-coated on graphene CVD-grown on a copper foil. A fused silica
window was then pressed on PMMA and annealed at 150 °C for 15
min to have the window stick together with PMMA. The assembly
was dipped into a 0.1 M (NH,).S,Os solution for 2 hours to etch away
the copper foil, followed by rinsing with deionized water, leaving the
graphene surface uncontaminated. In the case of PET, a 10-micron
PET film was heated to the glass phase, and a silica window was used
to press it on graphene/copper foil. After cooling, the copper foil was
etched away by the 0.1 M (NH,).S,0s solution. For the PVDF device,
the traditional graphene transfer procedure was used.*

The metal electrical contacts on graphene were secured by silver
epoxy, and were covered by silica gel to prevent them from contact-
ing the ionic solution.

The currents flow across graphene indicated by the right Y axis of
Figure 1c were deduced from the resistance of graphene and the load
of the oscilloscope. The resistance for the graphene on PET, PMMA,
un-poled PVDF and poled PVDF was 11.4, 15.6, 20.6, 19.4 k(Q, respec-
tively. The load of the oscilloscope was 1 MQ.

Sum Frequency Vibrational Spectroscopy Measurement. For SF
intensity, | 72 (®), measurement, the SFVS setup was similar to
those described earlier.® A picosecond Nd:YAG (Ekspla) laser with
20 Hz repetition rate was used to generate a visible beam at 532 nm
and a tunable IR beam between 2800 and 3800 cm™. The two beams
overlapping on the sample had pulse energies and beam spot diame-
ters of 50 pJ and 1.5 mm and 50 pJ and 1.0 mm, respectively. The SF
output was normalized to that from a z-cut quartz.

For phase-sensitive SFVS measurement,* the same input beams
were used, but they propagated collinearly through a reference y-cut
quartz plate and onto the sample at an incident angle of 45° . The
SF signal generated from the y-cut quartz interfered with that from
the sample in the reflected direction and provided the phase infor-
mation about the SF output. Im 7’ (@) was then deduced from the

measured | 7{); (@) and the phase of 75 (@) .
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