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Yih-Chyng Wu", Jianglin Ye",
Yanwu Zhu,* and Patrice Simon*

Abstract: The development of the basic understanding of the
charge storage mechanisms in electrodes for energy storage
applications needs deep characterization of the electrode/
electrolyte interface. In this work, we studied the charge of the
double layer capacitance at single layer graphene (SLG)
electrode used as a model material, in neat (EMIm-TFSI) and
solvated (with acetonitrile) ionic liquid electrodes. The combi-
nation of electrochemical impedance spectroscopy and gravi-
metric electrochemical quartz crystal microbalance (EQCM)
measurements evidence that the presence of solvent drastically
increases the charge carrier density at the SLG/ionic liquid
interface. The capacitance is thus governed not only by the
electronic properties of the graphene, but also by the specific
organization of the electrolyte side at the SLG surface
originating from the strong interactions existing between the
EMIm"* cations and SLG surface. EQCM measurements also
show that the carbon structure, with the presence of sp’
carbons, affects the charge storage mechanism by favoring
counter-ion adsorption on SLG electrode versus ion exchange
mechanism in amorphous porous carbons.

Introduction

Nowadays, energy storage is one important aspect of
portable products. Electrochemical double layer capacitors
(EDLCs), known as supercapacitors, can offer high power
output and long cycle life when compared to batteries.!!
Among all future candidates, graphene-based materials are
promising for EDLC electrode because of their superior
properties, such as high conductivity, electrochemical stability
and controllable porosity.?

Graphene is defined as a two-dimensional sheet of carbon
atoms arranged in a honeycomb network, which endows it
a high theoretical surface of 2630 m’g ' and a theoretical
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capacity up to 550 Fg™' under certain conditions.”! Such
a high capacitance may be achieved when resolving the
restacking issue appearing in multilayer graphene film
electrode,” as the normalized capacitance per area decays
with the number of layers in the stacking.” To this end, single
layer graphene (SLG) offers a good platform as a model
material for studying the ion adsorption and fluxes on the
carbon surface, while keeping the high surface area of
intrinsic graphene at least for one side./”! Several works have
reported a V-shaped capacitance versus a wide-range of
applied potential (C-V) for SLG, where the minimum
capacitance is located around the Dirac point and the total
capacitance increases linearly with gate potential.l’! The
existence of a quantum capacitance (C,), related to the
number of available charge carriers in the graphene,”* has
been proposed to explain such a V-shape signature where Cg,
largely restricts the total interfacial capacitance (C;,) of SLG,
expressed as 1/C;,,=1/Cy + 1/Cq with Cy being the Helm-
holtz capacitance. Based on the standard band theory
calculation, as the number of graphene layers increases, the
quantum capacitance increases, which may result in the
interfacial capacitance (Cy,) less dependent on the potential
for multilayer graphene-based materials.”

On the other hand, the nature and concentration of
electrolytes are critical aspects in determining the electro-
chemical double layer (EDL) at the electrode surface.™
Experiments have shown the shape of C-V plots of silver
(Ag) electrode has a transition from camel-like to U-like one
when moving from pure ionic liquid (IL) to diluted electrolyte
(<2 molarity), in agreement with the mean-field model where
the short-range ion correlations have to be taken into
consideration."”! Back to graphene, our previous work using
electrochemical quartz crystal microbalance (EQCM) has
also evidenced the specific ion fluxes and separation at the
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SLG surface immersed in neat ionic liquid electrolyte." In
addition, a series of simulations have established the models
which include the contribution of Cy and C, (diffuse layer
capacitance) to describe the experimental results of SLG in
aqueous electrolytes.'” It was found that the interfacial
capacitance of polarized SLG electrodes changes with the
degree of ion packing (the total number of anions and cations
in the electrolyte bulk divided by total number of available
sites at the electrode surface), ion-ion interaction (through
a correlation length parameter) and size of ions in neat ionic
liquids."™! For instance, when the ion packing factor is high, Cq
would control the interfacial capacitance near the potential of
zero charge (pzc) without seeing the effect of ion-ion
correlation, resulting in a camel-shape dependence of the
total capacitance on the applied potential. However, the
simulation only considered ion-ion interactions in the electro-
lyte but not interactions between ions and polarized SLG,
which may significantly influence the electrochemical behav-
ior of SLG as well. It was shown, for instance, that the
adsorption of alkyl imidazolium cations causes n-type doping
of graphene and the magnitude of doping increases with
cation alkyl chain length.!!

The interfacial capacitance, especially in concentrated
electrolytes, is very sensitive not only to the electronic
structure of the electrode, but also to the nature of the
electrolytes at the polarized interface.l'**' Unfortunately, the
experimental approaches aiming at understanding the corre-
lation between the nature of the electrolytes and the charge of
EDL at SLG electrode are relatively scarce. In our previous
work, SLG was transferred onto an Au quartz and used as
a two-dimensional platform to study the ion fluxes at the
interface between SLG and neat ionic liquid electrolyte,™
using EQCM and electrochemical impedance spectroscopy
(EIS). In this work, the electrochemistry of SLG electrode
was compared in ionic liquid electrolytes with or without the
addition of acetonitrile. We reveal the ion dynamics on
a polarized SLG electrode in a solvent-containing diluted
organic electrolyte by using EQCM, which remarkably differs
from previous results obtained from porous carbons in the
similar electrolyte.!'*!

Results and Discussion

The electrode preparation is shown in detail in Figure S1
in the Supporting information, as well as SLG character-
izations using Raman, atomic force microscopy (AFM) and
optical spectroscopy in previous work.'"l EIS measurements
were performed in 2 M 1-ethyl-3-methylimidazolium bis(tri-
fluoromethanesulfonyl)imide (EMImTFSI) diluted in aceto-
nitrile (ACN), at various constant potential versus Ag quasi-
reference electrode. As shown in Figure S2, the Nyquist plot
measured at 0.2V vs. Ref. in 2M EMImTFSI/ACN reveals
a typical capacitive behavior. The normalized real C'(w) and
imaginary C”(w) parts of the capacitance C(w) in the same
electrolyte are shown in Figure 1a at three different poten-
tials, in which C'(w) corresponds to the interfacial capacitance
(Ciy) of the electrode while C”(w) accounts for dissipative
processes. The procedure of processing impedance data can

www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. Capacitance change of a SLG electrode in diluted ionic liquid
electrolyte. a) Real part and imaginary parts of electrochemical capaci-
tance (C and C”, respectively) of SLG with respect to the applied
frequency, measured at different potentials in 2 M EMImTFSI/ACN.

b) C.E curves of SLG in neat ionic liquid and ionic liquid dissolved in
ACN electrolytes, where C,; is the interfacial capacitance of the SLG
electrode obtained from the extrapolation.

be found in Supporting Information. Two maximal peaks are
observed for C’(w), at characteristic frequencies (f;) of
2.48 kHz and 2.7 Hz, corresponding to time constants (7,=
1/fy) of 0.4 and 370 ms, respectively. The relaxation response
at 2.7 Hz is associated with the SLG/electrolyte interface,
while the one at 2.48 kHz is associated with the (small area of)
uncovered Au substrate. The characteristic frequency mea-
sured at 2.7 Hz is similar to that obtained for SLG electrode in
neat EMImTFSL!"!

Figure 1b shows the changes of measured C;, (Where
Cii=2C'(fy) and the capacitance contribution from the
uncovered Au substrate has been removed) with an applied
potential in solvated EMImTFSI electrolyte, as well as in
solvent-free, neat EMImTFSI, for the sake of comparison.
With no surprise, results obtained in neat EMImTFSI
electrolyte are similar to those reported previously.'!! The
dependence of C;,, on the ap-plied potential in 2 M EMImTF-
SI/ACN shows a similar V-shape behavior as in neat
EMImTEFSI, but with remarkably higher values in solvated
ionic liquid than in pure ionic liquid. This is in line with the
overscreening and crowding effects at polarized interface in
neat ionic liquid, resulting in a thicker double layer and thus
a decrease of interfacial capacitance in neat ionic liquids.'>>!”!
Differently, the high dielectric constant of ACN (38.8) results
in a decrease in the screening length,['! and also in the double
layer thickness, thus improving the overall capacitance in
diluted ionic liquids.

As noticed, the pzc shifts from —0.2 V vs. Ref. to 0.1 V vs.
Ref. with the addition of ACN, which is likely attributed to the
change in interactions between SLG and EMIm™ cations. It is
worth noting that the pzc of carbide derived carbon (CDC)
based electrodes was positive in the same electrolytes.'”! Be-
sides, molecular dynamics (MD) simulations have shown the
existence of strong EMIm™ cation/SLG interactions due to
the CH-mt intermolecular interactions between alkyl side
chain and SLG surface, and the m-m interaction, which results
in a preferable orientation of EMIm* cation parallel onto the
sur-face of negatively charged SLG."”! With the presence of
ACN solvent, the charge screening effect likely leads to
a decrease of the affinity between the solvated EMIm*
cations and SLG, which may account for the more positive
pzc value measured. From the calculated values of interfacial
capacitance from pzc to negative and positive potentials in
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neat EMImTFSI and 2 M EMImTFSI/ACN (Figure 1b and
Table S1), strong interaction between EMIm* and SLG was
observed again. From pzc to positive polarization, where
TFSI™ anions are supposed to be involved as counter ions for
electrode charge screening in the first approximation, the
interfacial capacitance (slope of the positive branch in the
plot of Figure 1b) remains nearly unchanged with the
addition of solvent. However, from pzc to negative polar-
ization, the interfacial capacitance was strongly affected by
the presence of solvent, as seen from the largely reduced slope
below pzc. The interfacial capacitance has been reported to be
also correlated to the change of charge carriers in the
graphene under polarization,™'** and the following part
will be focused on the interfacial capacitance of the SLG
electrode.

The capacitance at the SLG/electrolyte interface (C;,) can
be split into the contribution of a space charge capacitance,
Csc and a double layer capacitance, Crp, [Eq. (1)].2

1/Cin = 1/Csc +1/Cepr. (1)

Cyc is further determined by parameters in the electrode
material and at the interface by the Mott-Schottky equation

[Eq. ()],
d(CSC’Z)/dE: 2/(8801426]\713) (2)

where A is the area, ¢, is the permittivity of free space, ¢ is the
dielectric constant of the electrode (typically for semicon-
ductors), Ny, is the charge carriers density, e is the electronic
charge, E is the applied voltage.

Based on Equations (1) and (2), Mott-Schottky plots (1/
C.,2—E)? are shown in Figure 2 for SLG electrode in neat
ionic liquid and solvated ionic liquid electrolytes, from pzc to
negative and positive potentials. The Mott-Schottky plot for
the bare (uncoated) Au electrode in the inset of Figure 2
shows the expected, typical signature of a metallic electrode
with a constant double layer capacitance over the whole
potential range. Interestingly, the SLG electrode exhibits
a strong potential correlation with n-type and p-type semi-
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Figure 2. Mott-Schottky analysis of SLG supported on Au coated
quartz in neat EMImTFSI and 2 M EMImTFSI/ACN electrolytes. The
inset shows the same plot for the uncoated Au quartz in neat
EMIMTFSI electrolyte.
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conductor characteristics under negative and positive polar-
izations, respectively, in both electrolytes.’>*! Such a differ-
ence between bare Au and SLG coated electrode supports the
expectation that the capacitance is governed not only by the
electronic properties of the graphene, but also by the specific
organization of the electrolyte side at the SLG surface
originating from the strong interactions existing between the
cations and SLG surface.’™ Thus, it is consistent with the
Graham’s model of the double layer,[z“] which considers the
presence of specifically adsorbed ions in direct contact with
the electrode surface. Cgc can be seen, in the peculiar case of
a 2D SLG electrode, as the capacitance of the SLG including
a specifically adsorbed EMIm™ cations layer. This is support-
ed by the results of Figure 2, showing that the SLG/electrolyte
interface follows a typical Mott-Schottky plot, whereas no
variation occurs for bare Au electrode.

According to Mott-Schottky equation and since Cgp, is
found out to be constant with potential (Au electrode
capacitance in Figure 1), then it comes [Eq. (3)]:

d(Csc?)/dE = d(Cip ?)/dE = 2/(e8) A* ¢ Npy) 3)

The negative slope of the Mott-Schottky plot during the
polarization from pzc to positive potentials well agrees with
the p-doped SLG used in this study, as previously measured
from Raman spectroscopy.’! From pzc to negative potentials,
the electron doping in SLG results in a change of the sign of
the slope in the Mott-Schottky analysis."**! In this potential
range, n-doping of SLG might be favored by the strong
interaction of EMIm" and SLG, such as reported by Velpula
et al.'"¥

In addition, the evolution of C,, > respective to the
potential seems sensitive to the electrolyte. As shown in
Figure 2 and Table S2, the evolution of the slope of C;, *—E
curves evidence that the addition of ACN impacts the charge
carrier density at the SLGf/ionic liquid interface.'! Based on
the slope and Equation (2), the charge carrier density (Np)
was calculated in the level of 10% cm ™ for the SLG electrode
immersed in neat ionic liquid, from both pzc to positive and
negative polarizations. Considering a Debye length of about
1 nm in neat ionic liquid," this translates into a charge carrier
density Npa 10" ¢cm 2 that is similar to the charge doping
density previously reported for SLG electrode (10"
10" cm™).l For positive potentials, the slopes with
(=17.7F2m*V") or without (=25.9 F>m*V ) solvent in-
dicate a slightly higher Np in solvated electrolyte but
essentially very similar Np level. However, from pzc to
negative polarization, the slope of C>~FE curve in EMImTF-
SI is five times higher than that in 2 M EMImTFSI/ACN. As
a result, the calculated charge carrier density in 2M
EMImTFSI/ACN is one magnitude larger than neat ionic
liquid. The higher charge carrier density observed for
solvated electrolyte compared to neat ionic liquid, especially
from pzc to negative polarization, refers to the higher charge
density at the SLG/electrolyte interface. The charge screening
below pzc in the solvated IL electrolyte is achieved by EMIm*
cations within a shorter Debye length because of the absence
of overscreening,!'’! thus increasing the charge carrier density
Np.
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The effect of solvent on ionic dynamics at polarized SLG
has also been probed by EQCM. The SLG electrode was
cycled in 2M EMImTFSI/ACN at a scan rate of 30 mV's !
from —0.65 to 1.3 V vs. Ref. as shown in the blue scatters in
Figure 3 a. The cyclic voltammogram (CV) shows a capacitive
charging/discharging behavior. The electrochemical signals
are confirmed from SLG by comparing with the CV of bare
Au (Figure S3). The frequency response recorded by EQCM
appears as black scatters in Figure 3a. Motional resistance
was stable during polarization as shown in Figure S4. A
hysteresis of EQCM frequency is observed between the
positive and negative scans in one cycle. Since there is no
irreversible mass change after a full cycle, as can be seen from
the overlapped starting and ending points in the Af vs. E plot,
the hysteresis is assumed to originate from the difference in
adsorption kinetics between cations and anions, especially
near the pzc where ion exchange occurred.””

D

(V) juarm,

20010 -0.005 0000 0005 0010 0015
Q (mC/em’)

035 0.0 035 10 15
Ey:vs Ag (V)

Figure 3. EQCM results of SLG in solvated ionic liquid electrolyte.

a) CV and EQCM frequency response at 30 mVs™' and b) electrode
mass change vs. charge at 10 mVs™' during the polarization of SLG on
Au electrode in 2 M EMImMTFSI/ACN electrolyte.

To minimize the hysteresis in the ion-mixing zone, cycling
was done separately from pzc to negative or to positive
potentials. Figure 3b shows the change of the electrode
weight (Am) vs. charge (AQ) recorded at a potential scan rate
of 10mVs™', in which the weight change is calculated from
the Sauerbrey’s equation [Eq. (4)].

Am = (~AJi0;)/(2f°)Af = —CAf (4)

Figure 3b shows an increase of mass from pzc to positive
and negative charges. The yellow-shaded areas show constant
mass change. Using Faraday’s law, the calculated molecular
weight of the yellow areas is 152 and 325 gmol ' during
negative and positive polarization, respectively. With the
theoretical molecular weight of EMIm™ cation (111 gmol ™),
TFSI- anion (280 gmol™') and ACN solvent molecule
(41 gmol ™), the calculation shows that, from pzc to negative
charge, each solvated EMIm" cation adsorbed on SLG takes
1 ACN molecule in average. From pzc to positive charge, the
charge compensation is made by the adsorption of TFSI™
anion solvated in average with 1.3 ACN molecule.

Results from EQCM experiments were further confirmed
by Molecular Dynamic simulations, as shown in Figures S5
and S6. Based on the simulation, a sketch of the electrolyte
organization at SLG surface is shown in Figure 4, for a typical
positive/negative potential. Figures 4 and S6 show that the
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Figure 4. Top and side view of the structural model of a 2 M EMImTF-
SI/ACN electrolyte at SLG electrode surface, with surface charge of (a)
and (b) +0.02 e/Atom, (c) and (d) —0.02 e/Atom. The atoms of Au
electrode are hidden.

presence of solvent molecules in the electrolyte (compared to
neat ionic liquid!'l) results in a counter-ion adsorption
mechanism in the vicinity of the electrode surface under
both positive and negative polarizations, in good agreement
with the experimental EQCM measurements.

The counter-ion adsorption at SLG electrode in solvated
EMImTFSI electrolyte is dramatically different from our
previous results on SLG in neat EMImTFSI ionic liquid
electrolyte,'!l in which a charged species, statistically ex-
pressed as [EMIm, 53, TFSI5]", desorbed from SLG surface
during positive polarization, and ion rearrangement at the
SLG surface was found to be responsible from pzc to negative
potential (see Figure S7). In neat ionic liquid electrolyte, the
long-range electrostatic force between charged electrode
surface and ions generates a thicker double layer, that limits
the ion movement.” The presence of solvent molecules, that
screen the electrostatic interactions between cations and
anions, reduces the specific EMIm™ cations/SLG interactions
and thus the double layer thickness, resulting in improved
ionic mobility and a counter-ion adsorption on the SLG
electrode surface (see Figure 3b). In contrast to the EQCM
results based on three-dimensional (3D) microporous carbon
electrode in 2M EMImTFSI in ACN electrolyte, where
cation adsorption occurred with about 3 to 4 solvent
molecules in carbon micropores (1 nm pore size), EMIm"*
cation adsorption has been achieved with only 1 solvent
molecule for the SLG electrode. This is surprising considering
no spatial confinement is expected on such 2D electrode. The
difference in the adsorption mechanism may be explained by
the specific strong CH-m intermolecular and m-7 interactions
between EMIm + and SLG!'™ which are less present in
amorphous carbons with limited content of sp’-hybridized
carbons. These results suggest that not only the pore size and
pore size distribution affect the capacitance of 3D porous
carbons but also the carbon structure, the presence of sp?
hybridized carbon resulting in stronger interaction between
EMIm* cations and the SLG surface.
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Conclusion

In this work, we characterized the effect of solvent
addition to ionic liquid electrolyte on the electrochemical
behavior of SLG electrode, using steady state and transient
techniques, respectively electrochemical impedance spectros-
copy (EIS) and electrochemical quartz microbalance
(EQCM) coupled with cyclic voltammetry (CV) static and
dynamic experiments. The electrolyte/SLG interface was
characterized by EIS in solvated ionic liquid, then further
analyzed by Mott-Schottky method. The screening effect due
to the presence of solvent molecules significantly alters the
ion interaction with the SLG, by weakening the specific
interaction between EMIm™ cation and SLG, leading to a rise
of the charge carrier density at the electrolyte/SLG interface.
Such finding points out the charge storage mechanism
involves both the carbon and the electrolyte through specific
interactions. On the other hand, the charge storage mecha-
nisms of SLG in solvated ionic liquid electrolyte probed by
using EQCM technique exhibits different ion responses
comparing to neat ionic liquid. Differently from 3-dimmen-
sionnal high surface area, amorphous porous carbons, coun-
ter-ion adsorption charge storage mechanism was observed
on SLG during both positive and negative polarizations,
which well aligns with the classic electrical double layer
theory at flat, planar electrode. This suggests the importance
of the local sp* carbon organization on its capacitive behavior
and electrochemical performance.

We believe the knowledge obtained from the experimen-
tal approach developed here will be of help in designing
carbon-based materials for various applications including
energy storage (supercapacitors) but also capacitive deion-
ization cell for water desalination, where counter-ion adsorp-
tion mechanism has to be favored to improve the desalination
efficiency,”™ or for any application where ion fluxes in
confined electrolytes plays an important role such as nano-
ionics.
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