Downloaded viaIMPERIAL COLLEGE LONDON on May 24, 2023 at 16:15:06 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Heoo®06

www.acsnano.org

Water in the Electrical Double Layer of lonic
Liquids on Graphene

Qianlu Zheng, Zachary A. H. Goodwin, Varun Gopalakrishnan, Alexis G. Hoane, Mengwei Han,
Ruixian Zhang, Nathaniel Hawthorne, James D. Batteas, Andrew A. Gewirth,
and Rosa M. Espinosa-Marzal*

Cite This: ACS Nano 2023, 17, 9347-9360 I: I Read Online

ACCESS ‘ [l Metrics & More ’ Article Recommendations | @ Supporting Information
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ionic liquids (ILs) as electrolytes can be impaired by water uptake. g | J cceim =7
This work investigates the influence of water on the behavior of § sl % ;1 [Esog] 61
hydrophilic and hydrophobic ILs—with ethylsulfate and tris- & R 4 2 8 2 I
(perfluoroalkyl)trifluorophosphate or bis(trifluoromethyl 74 ' CpKCq O
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phene, a promising electrode material. The results show that 0 wiL V. Ny1oa[TFSIT 1 Ly
water uptake slightly reduces the IL electrochemical stability and 1 -05 0 05 1 04-02 0 02 04
significantly influences graphene’s potential of zero charge, which E-Epe (V) E-Eocp (V)

is justified by the extent of anion depletion from the surface.

Experiments confirm the dominant contribution of graphene’s quantum capacitance (Cy) to the total interfacial capacitance
(Ciy) near the PZC, as expected from theory. Combining theory and experiments reveals that the hydrophilic IL efficiently
screens surface charge and exhibits the largest double layer capacitance (C;, ~ 80 uF cm™?), so that C, governs the charge
stored. The hydrophobic ILs are less efficient in charge screening and thus exhibit a smaller capacitance (C;; ~ 6—9 uF cm™2),
which governs C,,, already at small potentials. An increase in the total interfacial capacitance is observed at positive voltages
for humid TFSI-ILs relative to dry ones, consistent with the presence of a satellite peak. Short-range surface forces reveal the
change of the interfacial layering with potential and water uptake owing to reorientation of counterions, counterion binding,
co-ion repulsion, and water enrichment. These results are consistent with the charge being mainly stored in a ~2 nm-thick
double layer, which implies that ILs behave as highly concentrated electrolytes. This knowledge will advance the design of IL-
graphene-based electrochemical devices.
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Electrical double layer (EDL) capacitors offer many behind Li ion batteries,”'? which calls for a better under-

advantages for energy storage including fast charge/ standing of the properties of the electrified interface and the
discharge processes, long cycle life, excellent safety, no stored charge in this system.
maintenance, and environmental benefits.' Among the To the best of the authors’ knowledge, three previous works
promising graphitic-based materials for supercapacitor electro- have experimentally investigated the interfacial capacitance of
des,”™ graphene exhibits very good CondUCtiViths excellent pure imidazolium ILs on graphene.ll_n’ The total interfacial

chemical stability, high flexibility and mechanical strength,
and high specific area (2630 m®> g')° and a theoretical
capacity of up to 550 F g™'7 On the other hand, the
electrolyte’s composition at electrified interfaces is critical in
determining the stored charge in the EDL as well as the
electrochemical reactivity and stability. Ionic liquids (ILs) are
promising electrolytes for energy storage due to their low
volatility, high thermal and electrochemical stability, non-
flammability, and high charge density, with the theoretical
capability of outperforming aqueous and organic electrolytes.®
Several studies show that the capacitance of porous graphene-
based electrodes can achieve 100s of F g_1 with ILs. However,
specific energy stored in graphene/IL supercapacitors still lags

capacitance (C,,) has been modeled as the IL contribution
(Cyp) connected in series with the quantum capacitance of
graphene (C), which can be expressed as 1/C,,, = 1/Cy, + 1/
Cq This model assumes that the two capacitances can be
treated independently, and hence, it ignores their complex
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Figure 1. Schematics of (A) electrochemical (EC) cell and (B) AFM EC cell with single layer graphene (SLG) as working electrode (WE), Au
wire as counter electrode (CE) and Ag wire as reference electrode (RE). (C) Molecular structure of IL cations and anions. Size was
determined by the software Avogadro 1.2.0 using MMFF94 as the force field for energy minimization.

Table 1. Water Uptake by ILs at 33% RH and Contact Angle of the ILs on Graphene at 0% RH () and at 33% RH (655,

[C,C,Im][EtSO,] [C,C,Im][FAP] [C,CIm][TESI] [N;114][TFST] [N1123][TESI]
mol/mol 1.51 + 0.01 0.08 + 0.05 0.13 + 0.02 0.0S85 + 0.009 0.052 + 0.006
water at 33% RH
ppm 103161 + 761 2582 + 1616 5944 + 919 2491 + 409 2536 + 272
(% 52.7 34.5 382 28.4 29.6
contact angle 0339 36.0 20.7 36.1 23.3 32.7
AG —-16.7 —-13.8 2.1 -5.1 +3.1

“Water at 33% RH in units of mole ratio of water to IL and in ppm, and contact angle at 0% RH (0yy) and at 33% RH (63y,), where A = 033y, —

Opss.

interdependency, other than the distribution of the total
potential drop between them.'* The two capacitors in series
store the same charge, which is mainly dictated by the
component with the smallest capacitance. C,, is V-shaped with
a nonzero minimum at the Dirac point and a linear increase
with potential."® At voltages close to the potential of zero
charge, Cy < Cy, and hence, C,,; & Cq. Based on this model,
Xia et al.'® assumed a constant C; to extract Cq from
differential capacitance measurements at the IL/graphene
interface. Deviations of the measured C, from theoretical
predictions were observed, however. Although not yet
reported, it can be expected that, at sufficiently large voltages,
Cq > Cy, and thus, C,,, should be determined by Cy;, while at
intermediate voltages, there should be an influence of both
quantum capacitance and the IL capacitance. This work
examines these conditions as well.

When ILs are exposed to ambient air, they absorb water'®
and the amount of absorbed water increases with the
hydrogen-bonding ability of the IL, typically of the anion,
with water.'”~"7 The presence of water impurities can be
detrimental to the performance of EDL capacitors because it
can discharge the capacitor at voltages that turn on water
electrolysis. In addition, if ILs are used as inert electrolytes for
electrocatalytic reactions, water electrolysis can obscure any
targeted electrochemical reaction at the electrode. Hence,
understanding the effect of water on the double layer is
essential to evaluate the electrochemical performance of the
electrolyte. Simulations by Feng et al.'® showed that small
amounts of water should not disturb the structure of the IL in
the EDL and that water has a preference to reside in locations
with more space and higher electric field, and overall, water
molecules prefer positive electrodes because of their favorable
interactions with anions. This asymmetry in the electrical
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response gives rise to a satellite peak in the differential
capacitance at positive potentials, as clearly shown by mean-
field theory."” It was also justified later by Bi et al.”® that,
perhaps counterintuitively, ILs with hydrophilic anions are
better than hydrophobic anions at keeping water away from
negative electrodes. MD simulations of the IL-graphene
interface with water by Docampo-Alvarez et al.’' showed
that water was depleted at neutral and negatively charged
interfaces, but an accumulation happened at positive interfaces,
because of the favorable interaction with anions.

The eftect of water on the IL/graphene interfacial
capacitance and on the interfacial structure has not been
experimentally studied yet to the best of the authors’
knowledge. This work investigates the influence of water on
the capacitance of the graphene/IL interface and compares
capacitance measurements and calculations by theory to the
interfacial structure as inferred from atomic force microscopy
(AFM) force measurements. We have selected ILs with the
same imidazolium cation and three different anions, based on
the expected influence of the anion on the interaction with
water, as well as three ILs with the same anion and three
different cations to also examine the effect of water on the
specific adsorption of the cation on graphene. Overall, this
work improves our understanding of the charge stored in the
EDL of ILs on graphene.

RESULTS

Single-layer graphene (SLG) synthesized by chemical vapor
deposition and deposited on a silicon oxide substrate
(Graphenea, Spain) was annealed under 450 °C for 4 h in
dry nitrogen flow. The Raman spectrum of SLG on SiO,
substrates and images taken by AFM are shown in the
Supporting Information (SI), Figure S1. Electrochemical and
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Figure 2. CVs of (A) [C,C,Im][EtSO,], (B) [C,C,Im][FAP], (C) [C,C,Im][TFSI], (D) [N,;,,][TFSI], and (E) [N,,,;][TFSI] on graphene
at 0% (red) and 33% RH (blue). Scan rate: 10 mV/s. The ESW is shown in each plot. A current cutoff of 1—-2 yA/cm® was selected to
determine the ESW of the electrolytes. Arrows point at adsorption peaks measured from negative to positive sweep, and dashed arrows point
at adsorption peaks measured from positive to negative bias sweep. (F) Calculated specific capacitance in the potential window ~ +0.5 V;
corresponding CVs are shown in Figure SS5. The error bars give the standard deviation among multiple cycles, but they are smaller than the

marker size and therefore not visible.

AFM force measurements were performed in a three-electrode-
cell where the potential of the working electrode (graphene)
was controlled with respect to a reference Ag electrode (E vs.
Ag) (Figure 1A,B). The experimental setup is described in
detail in the Materials and Methods section.

Ethyl sulfate (abbrev. [EtSO,]7), tris(perfluoroalkyl)-
trifluorophosphate (abbrev. [FAP]”), and bis-
(trifluoromethylsulfonyl)imide (abbrev. [TFSI]™) were se-
lected to investigate the influence of the anion with the same
cation, 1-ethyl-3-methyl imidazolium (abbrev. [C,C,Im]*). In
addition, butyltrimethylammonium (abbrev. [N;;;,]*), ethyl-
dimethylpropylammonium (abbrev. [N;;5;]*) and [C,C,Im]*
were selected to investigate the influence of the cation with the
same anion, [TFSI]”. Figure 1C shows the molecular
structures of the selected IL ions. Electrochemical and AFM
experiments were performed in equilibrium with dry nitrogen
(labeled as “dry” condition or 0% relative humidity, RH) and
with air at 33% RH. Table 1 shows the average water content
in the ILs, as determined from gravimetric measurements in
equilibrium at 33% RH. [C,C,Im][EtSO,] is highly hydro-
philic, absorbing ~1.51 water molecules per ion pair. The
other four ILs contain a much smaller water content (~40
times less in ppm), i.e., they are comparatively very
hydrophobic, with hydrophobicity increasing (decreasing
water content) in the order, [C,C,Im][TFSI] < [C,C,Im]-
[FAP] < [Ny;14][TFSI] < [N;;,3][TFSI]. The water content at
other RHs is displayed in Table SI.

Contact Angle. Table 1 displays the contact angle of dry
ILs and of the ILs at 33% RH (water-in-ILs or WILs) on
graphene (6y and 0,5, respectively). The highest contact
angle is measured for dry [C,C,Im][EtSO,], which is the IL
with the highest hydrogen bond accepting ability; this has been
reported to disfavor wetting of nonpolar surfaces.”” Despite the
expected 71— interactions between the imidazolium cation and
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graphene, the contact angle with [C,C,Im][TFSI] is larger
than with the quaternary ammonium-based ILs (38° vs 28—
30°). This could be related to the longer alkyl chain in [Ny;;,]*
and [N, ,;]" compared to [C,C,Im]*, which favors ordering at
a carbon interface.”®

The presence of water influences the contact angle of
hydrophilic and hydrophobic ILs on graphene. Except in the
case of [N;,3][TFSI], water molecules lead to a decrease of
the contact angle (A@ < 0). Considering that the surface
tension of hydrophobic ILs remains fairly unchanged in
equilibrium at 33% RH due to their small water content,”* the
decrease of the contact angle implies an increase in the solid—
liquid interaction energy, which supports the presence of water
at the interface. However, there is no obvious correlation
between the water content at 33% RH and the change of the
contact angle Af. The change is very small for all the ILs with
[TESI]™ anions, compared to [FAP]™ and [EtSO,]”, and
hence, these results suggest the role of the anion in influencing
the interaction between water and graphene, which is
supported by additional results described later.

Cyclic Voltammetry. The voltammograms of the dry ILs
and WILs are shown in Figure 2A—E; reference measurements
on gold electrodes are shown in Figure S2. Except in the case
of [C,C,Im][EtSO,], a prominent peak (see arrows, ~0.5—1.5
V) is observed for dry ILs and WILs when the potential sweeps
from negative to positive bias. It suggests that the cations are
still at the electrode surface when the surface is positively
biased, and hence, it points toward the specific adsorption of
the cations on graphene. The presence of water slightly reduces
the area below the peak with respect to the baseline (see
Figure S3). This indicates that the graphene—cation
interaction is weakened by water. Such specific adsorption of
the cation does not happen to the same extent in the case of
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Figure 3. Representative EIS results and time constant of the double layer. (A) Nyquist plot and (B) complex capacitance (Cole—Cole) plots
for dry [C,C,Im][EtSO,]. The values in the legend are the potentials with respect to the OCP, AU = E — Ep. EIS plots for other ILs and
WILs and conditions are shown in Figures S6 and S7. (C) Change of the time constant upon water uptake, AT = 7335 — Tgq, ~ In(w) for
imidazolium ILs (full diamonds) and ammonium ILs (empty circles): 1, [C,C,Im][EtSO,]; 2, [C,C,Im][TFSI]; 3, [C,C,Im][FAP]; 4,
[N1114][TFSI]; and S, [N ,3][TFSI]. The plot shows average and standard deviation for the time constant values calculated at each potential

E.

[C,C\Im][EtSO,], presumably due to the hydrogen bonding
between anion and cation in this IL.*®

The electrochemical stability window (ESW) of the ILs is
shown in each plot. Despite the high water content, anodic and
cathodic limits of [C,C,Im][EtSO,] change only slightly
(Figure 2A). This can be justified by the large activation
overpotential of water on graphene (Figure S4). In addition, it
is possible that, as shown in MD simulations for hydrophilic
ILs,”" the hydrogen bonding between the anion and water”**°
keeps water out of the EDL at negative potentials. The cyclic
voltammetry (CV) of [C,C,Im][EtSO,] was also measured on
gold electrodes at various water contents (Figure S2A). Here,
the cathodic limit remains almost constant—likely due to the
repulsion of the anions, which hydrogen bond with
water””*°—but the anodic limit decreases gradually and
significantly with the increase of the water content. This is
consistent with the much higher activity of water on gold
compared to water on graphene electrodes, as demonstrated by
the reference measurements with aqueous KCI solution
(Figure S4). Note several peaks in the CV for water on gold,
which may not only reflect concurrent lattice reconstruction,
but also gold oxidation and reduction of gold oxide.”’

Dry hydrophobic ILs exhibit a wider electrochemical
stability compared to [C,C,Im][EtSO,] (~2 V vs 1.3 V).
For [C,C,Im][TFSI] and [N, ,,;][TFSI] on graphene at 33%
RH (Figure 2C,E), the CVs show almost no reduction of the
cathodic limit, but a slight reduction of the anodic limit, which
suggests that water is enriched preferentially at positive
potentials, and is consistent with MD simulations of hydro-
phobic ILs."® The reduction of the anodic limit is much smaller
for [Ny,,4,J[TFSI] on graphene electrodes (Figure 2D), and in
the case of [C,C,Im][FAP], anodic and cathodic limits do not
change (Figure 2B). We believe that this is partially justified by
the large overpotential of water on graphene (Figure S$4),
which leads to an ESW of ~2 V in reference measurements
with aqueous KCl solution at the same scan rate as the CVs in
Figure 2. This is very different from the behavior of the WILs
on gold. Here, the cathodic limit of [C,C,Im][TFSI] is
reduced already at 11% RH and is almost insensitive to the
increase in water content at higher RH (Figure S2B). The
results are similar for [Ny;,][TFSI] on gold (Figure S2C),
which supports the presence of water also on the negatively
charged gold electrodes for these hydrophobic ILs. Overall, the
presence of water traces leads to only a small reduction of the
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ESW of the hydrophobic ILs on graphene, while the decrease
in the electrochemical stability window is much more
significant on gold electrodes. As discussed above and in
Figure S4, the higher activity of water on gold compared to
graphene can justify these results.

Figure 2F displays the specific capacitance (C,) of ILs and
WILs determined within the narrow potential range ~ +0.5 V
from CVs at 10 mV/s. In this narrow potential window, the
CVs look close to ideal, although subtle adsorption peaks can
still be seen for [C,C,Im][TFSI] and [Nj;,;][TFSI] with
water, and hence, they slightly influence the calculated specific
capacitance. For the dry ILs, the specific capacitance of
[N,15;][TFSI] is the largest (~128 F g™'), followed by
[C,C,Im][EtSO,] (~91 F g™') and [N,,;,][TFSI] (~86 F
g™"), while the specific capacitance of dry [C,C,Im][FAP] and
[C,C,Im][TFSI] is a bit smaller and very similar (~79 F g™").
The influence of water on the capacitance of [C,C,Im]-
[EtSO,] is negligible (~92 F g™'), which is noteworthy
considering the large water content. Similarly, the decrease of
capacitance is very small for [N;,3][TFSI] (~128 F g™'). In
contrast, a significant increase of the specific capacitance is
observed for [C,C;Im][FAP], [C,C,Im][TFSI] and [N;4]-
[TFSI] upon equilibration at 33% RH (~41%, 34% and 32%
increase, respectively). The increase of the specific capacitance
could be justified by the following reasons: (1) water
molecules can screen electrostatic interactions between cations
and anions and thereby favor surface charge screening by
counterions; and (2) water has a larger dielectric constant than
ILs,*® which leads to an increase of dielectric constant at the
interface with water enrichment. Indeed, the experimentally
observed satellite peak in the double layer capacitance of ILs in
the presence of water on gold electrodes,” is shown by theory
to be due to the increase of the dielectric constant when water
accumulates at the electrode surface.'” Because the presence of
water does not influence the specific capacitance of [C,C,Im]-
[EtSO,], for which a high water content is expected, additional
competing mechanisms are expected. For example, the high
concentration of water at the interface could reduce the
counterion concentration and, thereby, overall hinder charge
screening. In addition, it is possible that the quantum
capacitance of graphene dictates the overall stored charge in
this narrow potential range. Electrochemical impedance
spectroscopy (EIS) measurements provide more insight into
this phenomenon.
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Figure 4. Differential total interfacial capacitance from experiments and theory. (A—E) Total interfacial capacitance (C;,,) as a function of E
— Epyc for dry ILs (red) and WILs (blue) and fitted theoretical data for the dry ILs (black dashed line). Full symbols indicate the measured
data upon increasing potential from the OCP, and empty markers represent the measured data points upon decreasing potential from the
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determined in separate experiments to be —0.8 and —0.5 V, respectively. Figure S10 shows the same data (C,,) but with the potential E in
the X-axis to illustrate the shift of the PZC (Figure S9). (F) Theoretical calculations of interfacial capacitance for dry IL with C;; = 10 and

100 uF cm™? and for WILs with C;; = 10 uF cm™2.

Electrochemical Impedance Spectroscopy. The results
of EIS measurements are shown in Figures 3, S6 and S7.
Nyquist and Cole—Cole plots were examined to understand
the behavior of the ILs on graphene electrodes. The vertical
line in the Nyquist plots (Figure 3A) and the high-frequency
semicircle in the complex capacitance plane (Figure 3B)
represent a fast capacitive process resulting from the charging
process.’’ "> A fast capacitive process is observed both at
positive and negative bias potentials. By fast double layer
formation, it is typically understood that the double layer
formation time is determined by the bulk resistance of the ILs,
whereas other capacitive and Faradaic processes are slower due
to the existence of additional barriers at the interface.”® Such
slow processes can generally result from the atomic
reconstruction of the electrode surface, ion redistribution
within the double layer, specific adsorgtion of ions, and
Faradaic events within the compact layer.”> While reconstruc-
tion of graphene is unlikely, slow dynamics of imidazolium ILs
at the graphene/ IL interface are likely, as previously
reported.” Slow capacitive processes at negative potentials
are more significant for [C,C,Im][TFSI], [C,C,Im][FAP] and
[C,C,Im][EtSO,] compared to the alkylammonium ILs, and
hence, they may be associated with the slow adsorption and
reorganization of the imidazolium cation on graphene
electrodes.

The differential capacitance was determined by three
different methods, which are described in detail in the SI
The three methods led to qualitatively similar results; see
example in Figure S8. Hence, we discuss only the model fits to
Cole—Cole plots. First, we discuss the potential of zero charge
(PZC), which is defined as the potential at which the electrode
has no surface free charge. The graphene and IL capacitances
are joined in series, and the quantum capacitance of graphene
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vanishes (becomes extremely small) at charge neutrality.
Hence, the potential at PZC (Ep,c) is determined at the
minimum in the capacitance curves (Figure S9). For the two
alkylammonium ILs, additional measurements were performed
up to more negative potentials (Figure 4) to enable the
determination of the PZC; see Figure S10.

The potential at PZC is summarized in Table 2. The PZC is
located at ~0 V for [C,C,Im][EtSO,] and at a negative

Table 2. Working electrode potential E (V vs. Ag) at the
PZC of graphene

Epzc [E vs. Ag] 0% 33% Epzc33% — Epzcos
[C,CyIm][EtSO,] —-0.03 +0.08 +0.11
[C,C,Im][FAP] —0.20 —0.28 —0.08
[C,C,Im][TESI] —0.36 0.03 +0.39
[N,;1][TFSI] —0.47 —0.38 +0.09
[N, 53] [TFSI] —0.82 —0.35 +0.47

potential for the four hydrophobic ILs, decreasing (becoming
more negative) in the order [C,C,Im][FAP] > [C,C,Im]-
[TFSI] > [Ny;14)[TESI] > [Nj;5;][TESI]. A negative PZC
reflects the n-type doping state of graphene, and it has been
reported for graphene with [C,C,Im][PF;]"* and [C,C,Im]-
[TESI],"" previously. Note that graphene on a SiO, substrate
becomes slightly p-doped via charge transfer due to the
presence of oxygen dangling bonds on the substrate surface.”*
Hence, the n-doping of graphene can be attributed to the
interaction between ILs and graphene. The PZC is most
negative for the ILs with TFSI anions, followed by [C,C,Im]-
[FAP] and [C,C,Im][EtSO,]. When water is present, the
minimum of the interfacial capacitance shifts to the right (i.e.,
it becomes less negative) for all the ILs except [C,C,Im]-
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[FAP]. Because water molecules favor p-type doping of
graphene,” it is possible that the surface enrichment of
water is responsible for the positive shift of the PZC, as seen
for [C,C,Im][EtSO,] (from ~0 V to ~+0.1 V). However, for
[C,C,Im][FAP], the PZC becomes more negative (—0.2 V at
0% vs —0.28 V at 33% RH), which points at a different
(additional) mechanism that will be discussed later.

The total interfacial capacitance C,,, with respect to AEp,- =
E — Epy is displayed in Figure 4A—E for the dry ILs (red
squares) and WILs (blue squares). For [C,C,Im][EtSO,], C,,
exhibits a close-to V-shape and varies between ~2 and 10 yF
cm™? over a small potential window of ~1 V (Figure 4A). For
the other dry ILs (Figure 4B—F), C,,, varies between 2 and §
uF cm™ over a wider potential window of 1.4—1.6 V and
exhibits a more complicated potential dependence. Except in
the case of [C,C,Im][EtSO,], EIS experiments in Figure 4
mainly probe the positive charge of graphene.

To understand the differences between these curves, we
performed theoretical fits to C,, based on the quantum
capacitance of graphene'’ and models for the IL capaci-
tance.”>”” The full details of the calculation are shown in the
SI, but the approach is to find the IL capacitance (C;) at large
potentials, where the total capacitance is dominated by the IL,
as the graphene capacitance (Cy) is a universal value
determined by the Fermi velocity of the Dirac cone at large
potentials. Close to the PZC, C,,; is dominated by Cq, where
we find it necessary to include a contribution from charge
defects, as described in the SI text. In Table 3, we show the
extracted values of C;; and charge defect concentration (n*).
The dashed lines in Figure 4A—E give the fitted curves for dry
ILs.

Table 3. Differential Capacitance of the dry ILs (Cy;) and
Charge Defect Concentration (n*) Obtained from Fits of
the Theory to the Measured Total Interfacial Capacitance

Cy, [UF em™2] n* [10™ cm™2]

[C,C,Im][EtSO,] 80 0.7
[C,C,Im][FAP] 9 0.9
[C,C,Im][TFSI] 7 0.8
[Ny11] [TESI] 7 0.5
[Ny125] [TFSI] 6 0.5

We find a large capacitance of 80 uF cm™ for [C,C,Im]-
[EtSO,], which means the quantum capacitance dominates in
this case for all the studied potentials, giving rise to the close-to
ideal V-shape. In Figure 4F, we show a theoretical calculation
with large IL capacitance (100 uF cm™2), which displays this
ideal V-shape. In contrast, for the hydrophobic ILs, we find
capacitance values in the range of 5—9 yF cm™ and charged
defect concentrations of 0.5—0.9 X 10'? cm™2 For such values,
the quantum capacitance of graphene only dominates close to
the PZC, giving rise to a small V-shape at small potentials. This
V-shape quickly starts to flatten out, as the IL capacitance
becomes the limiting contribution, which gives rise to flattened
wings in the total capacitance curves. An example of which
from the theory is shown in Figure 4F. Overall, the results for
dry ILs are consistent with previous experiments.”’38

Next, we turn to describing the effect of water on the total
interfacial capacitance. In Figure 4, the results for 33% RH are
shown alongside the dry curves. All curves are aligned at 0 in
the X-axis using E — Ep,(, which ensures a direct comparison.
For [C,C,Im][EtSO,], there is very little effect from the
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addition of a substantial amount of water. This suggests that
the differential capacitance of [C,C,Im][EtSO,] at 33% RH is
still large. It is difficult to exactly determine how much the IL
capacitance could be changing for [C,C,Im][EtSO,] because
the total capacitance is dominated by the graphene
contribution, meaning extracting accurate values for the IL
contribution is difficult; values between 50 and 200 yF cm™ all
work reasonably well. For ILs with the [TFSI]™ anion, C,, is
practically identical near the PZC. But at large positive
voltages, the 33% RH curves all increase above the dry IL
curves. This increase in the capacitance can presumably be
attributed to the water-satellite peak that was recently
predicted by Budkov et al.'” Note that the effect of water on
the differential capacitance becomes more significant with
increase in positive potential, as the slope of the interfacial
capacitance increases and deviates from the linear trend of Cy,
In Figure 4F, we show an example curve of the expected effect
of the water satellite peak from theory (details of the
calculation are described in the SI), which qualitatively agrees
well with the results for ILs that have [TFSI]™ anions.

For [C,C,Im][FAP], the results are different. Here, we find
that the total capacitance close to the PZC is similar for dry
and 33% RH, but at large potentials the dry IL appears to have
slightly larger values. This different behavior is concurrent with
the PZC becoming more negative for [C,C,Im][FAP] at 33%
RH, which is the opposite trend compared to the ILs with
[TFSI]™ anion. The significant decrease of the contact angle
(Table 1) supports the presence of water at the interface, and
the multiple subtle but broad adsorption peaks at 33% RH (see
arrows in Figure 2B) are consistent with the complexity of this
interface. Further, we note that the increase of the specific
capacitance C, of [C,C,Im][FAP] upon water uptake (Figure
2B) is at odds with the results presented here. This might be
due to the high scan rate used in CV (10 mV s™') compared to
the much slower change of potential in EIS (~0.3 mV s™").

The time constant (7) for the double layer formation was
obtained from modeling C,,; see model description and results
in Figure S11. For the dry ILs, the shortest time constants
(tgy) are obtained for [C,C;Im][FAP] (7py ~36 + 11 ms),
followed by [N, 53] [TFSI] (~45 + 11 ms), [C,C,Im][TFSI]
(~63 + 17 ms), and [Ny,;,][TFSI] (~83 + 31 ms), and the
longest time constant is obtained for [C,C,Im][EtSO,] (~129
+ 46 ms); the standard deviation results from the potential
dependence of the time constant. While no correlation is found
between the viscosity of dry ILs and WILs and the time
constant, there is a quasi-linear correlation between the average
time constant and the natural logarithm of the water content, w
(AT = 7334 — 7o ~ In(w)), as shown in Figure 3C. This plot
shows that the water content can reduce the time constant for
the imidazolium ILs (full diamonds), but it slightly increases
the time constant for the alkylammonium ILs (empty circles).

It is noteworthy that the time constant during charging does
not scale with the viscosity of dry ILs and WILs. While
deciphering the origin of these results is out of the scope of this
work, we propose various mechanisms that could be involved.
First, note that 7 was obtained from fits to the total interfacial
capacitance, and hence, these results include not only the
temporal changes of the double layer in the liquid but also the
response of the graphene electrode. It is thus possible that ion
rearrangements at each potential are coupled with the
evolution of the doping state of graphene. The latter, in
turn, modifies the double layer structure, so that the time
constant includes the coupled interfacial effects in the liquid
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Figure 5. Representative heatmaps of force curves for (A) [C,C,Im][EtSO,], (B) [C,C,Im][TFSI], (C) [N;,;][TFSI] and (D)
[N1114J[TFSI] at AU > 0. The potential is given with respect to the OCP (AU = E — E¢p) and to the PZC of graphene (AEp,c). All
conditions correspond to AEp;¢ > 0. The jump-in hinders resolving the interfacial structure for [C,C,Im][FAP] at several conditions, and
hence, the results are not discussed. The insets show the density profiles of the separation to identify the IL layers, and to determine the
layer size (A). No layers are detected in D, and hence, there is no histogram for [N;;,,][TFSI] at 0% RH. Note that layers may form on the
graphene surface, however, the attractive interaction between tip and surface prevents these layers from being detected.
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Figure 6. Representative heatmaps of force curves for (A) [C,C,Im][EtSO,], (B) [C,C,Im][TFSI], (C) [Nj,;][TFSI], and (D)
[N1114][TFSI] at AU < 0. The potential is given with respect to the OCP (AU = E — Eyp) and to the PZC of graphene (AEp;). Here, AEp,
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to identify the IL layers, and to determine the layer size (A). No layers are detected in (D) at 0% RH, and hence, there is no histogram.

and solid. In the case of [C,C,Im][EtSO,], for which doping is
irrelevant but it has the longest time constant, it is possible that
the hydrogen bonding between cation and anion®” slows down
the rearrangement of the ions in response to the applied
potential. Water is known to weaken hydrogen bonding
between cation and anion in [C,C,Im][EtSO,],*" justifying
the shorter time constant for the rearrangement of the EDL.
The effect of water on reducing the time constant of the
hydrophobic imidazolium ILs also points at the role of water in
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screening anion—cation interactions and thereby facilitating
ion rearrangements. This is opposite to the increase of the time
constant observed for the alkylammonium ILs, which might
result from solvophobic interactions. Here, the presence of
water could strengthen anion—cation interactions, which
would slow down their rearrangements upon a change of
potential. Dynamic studies of the EDL would be needed to
provide more insight into this specific question.
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Figure 7. Analysis of the interfacial layers from force—distance curves. (A—G) Rupture force in response to graphene potential (E in V vs.
Ag) in (A—C) dry ILs and (D—G) WILs. (H—N) Layer size in response to graphene potential (E in V vs. Ag) in (H—]J) dry ILs and (K—N)
WILs. L, is not resolved at high potentials for [C,C,Im][EtSO,] at 33% RH, likely because the rupture force is higher than the maximum
value applied. The red/blue dash lines give Ep, of the dry ILs (red) and WILs (blue), and the black dash lines display Eqcp; see the different
scale of the Y-axis in (C). The error bars give the square root of the variance of the Gaussian distributions representing the density profile of
L, and L,. The error bar is smaller than the marker size and therefore not always visible. The results for [N;,,,][TFSI] at 0% RH are not
shown because the force is attractive, and hence, it is not sensitive to the interfacial structure. Note that the absolute value of the force
cannot be compared across ILs and humidity conditions because the measurements were performed with different tips. (O) Schematics

showing change of layering behavior with potential for dry ILs.

Force—Distance Curves. Force—distance curves were
measured on graphene with a silicon tip at selected potentials
within the ESW of the electrolyte. Figures S and 6 show
representative 2D heatmaps of force—distance curves of dry
ILs and WILs at selected positive and negative bias potentials
with respect to the OCP (AU = E — Egp), respectively. A
total of 64 force curves were measured at each potential, but

9354

two different types of force curves were often observed at the
same conditions, reflecting a nonuniform interfacial structure,
perhaps arising from charge puddles on the graphene
surface.*"*” Previous works have reported the existence of
in-plane domains of ILs on graphite, which might be
responsible for the two types of force—distance curves.*
Here, we discuss the heatmaps corresponding to the most
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frequent interfacial structure at each experimental condition.
Each heatmap includes 20—40 force curves. The force between
the tip and graphene results from the solvation force with an
oscillatory component arising from the order of the ions in
layers close to the graphene surface, electrostatic interaction
between the charged surfaces, as well as van der Waals force.*
The tip-graphene force varies with applied potential, which is
associated with the varying composition of the solvation
(interfacial) layers, the change of the electrostatic force, and
the screening of the surface charge by ions. Furthermore, at
any given potential, the force—distance curves significantly
change when traces of water molecules are present in the
liquid, even for the most hydrophobic ILs. For example, the
force in dry [N,,;,][TFSI] is strongly attractive, whereas it is
repulsive at 33% RH. For [C,C,Im][EtSO,], the presence of
water at the interface converts the repulsive interaction
between tip and graphene into an attractive force.

The discrete steps in the force—distance curves result from
the rupture of the layers of IL ions with the AFM tip."*** Note
that the position of the hard wall is unknown, and hence, it is
possible that the IL layers that are most strongly bound to
graphene are not ruptured by the tip, especially at the highest
potentials. We call L, the layer closest to the hard wall, and the
increasing index (L,, L;) indicates the increasing distance from
the hard wall. The rupture force decreases with distance from
the surface (F;, > F;, > F;;). To compare the interfacial
structure across conditions, 1D histograms of the tip—surface
separation were constructed (see inset in each heatmap), and
multiple Gaussian distributions were fit to the histograms. The
layer size (A) gives the distance between the mean value of
each Gaussian distribution (see A, A, and A; in the inset of
Figure SA). The values of the layer size and the corresponding
rupture force are summarized in Figure 7. Both the applied
potential and the water content led to variations of the number
of layers detected, the rupture force and/or the layer thickness.

Figure 7A—C shows the variation of the rupture force with
potential for dry ILs. For dry [C,C,Im][EtSO,], the rupture
force of L, and L, increases with |AUIl, with a minimum
between OCP (black dashed line) and PZC (red dashed line).
For [C,C,Im][TFSI] and [Ni;,;][TFSI], the rupture force
increases over the whole range of potentials owing to the PZC
being located at E < 0. The rupture force follows a similar
trend as the interfacial capacitance, and hence, it appears to be
strongly influenced by the charge of graphene, ie.,, by the
electrostatic interaction between tip and graphene. At the
highest applied potential, an additional third layer becomes
visible (L;), which might correspond to the onset of the
crowding regime in the EDL.*

At 33% RH, the rupture force of L; and L, achieves a
minimum close to the OCP (black dashed line) and increases
with potential from OCP (cf. Figure 7D—G). For [C,C,Im]-
[EtSO,), the difference between OCP and PZC (blue dashed
line) is negligible. For the hydrophobic ILs, this result suggests
the weaker sensitivity of the force to the graphene charge
compared to the dry ILs, that is, the hydrophobic WILs with
TFSI can screen the surface charge of graphene better than in
dry condition.

Analysis of the Interfacial Structure. The response of
the solvation layers, ie., the layer thickness, to potential is
shown in Figure 7H—]J for dry ILs. For [C,C,Im][EtSO,],
there is a significant expansion of the resolved layers at positive
and negative AU. Above AU = + 0.1 V, L, and L, contract.
The results for dry [C,C,Im][TFSI] show that the change of

9355

A, is qualitatively similar to [C,C,Im][EtSO,], i.e., it increases
at small potential around OCP before a contraction is observed
(Figure 71). However, the expansion is not seen for A, around
the OCP. A very small expansion around the OCP followed by
a contraction is also observed for L; and L, in [N,;][TFSI]
(Figure 7J).

The qualitatively similar changes of the interfacial layering of
dry ILs let us propose similar underlying mechanisms, which
are schematically represented in Figure 70-a—c). That is, the
expansion at moderate positive/negative polarizations relative
to OCP may be due to (i) the reorientation of the counterions
from in-plane to an out-of-plane orientation to compensate the
increased surface charge (Figure 70-a)*® and/or (ii) the
repulsion of co-ions. The compression at higher AU reflects
the stronger counterion binding (Figure 70-b). Crowding® is
possible at the highest applied potentials when additional
layers (L;) are detected (Figure 70-c). We believe that the
large variation of A for [C,C,Im][EtSO,] in response to
potential changes reflects the dissimilar dimensions of cation
and anion (Figure 1C), whereas the cation and anion in
[C,C,Im][TFSI] and [Nj;,;][TFSI] have similar dimensions,
and hence, the change of A is comparatively smaller.

The response of the layer thickness to potential is also
qualitatively similar for all WILs (Figure 7K—N). Both L, and
L, contract around the OCP for [C,C,Im][EtSO,] (Figure
7K). This contraction is gradual at AU < 0 V and more abrupt
at AU > 0. An increase in AU above 0.1 V leads to an
expansion. Finally, a contraction is seen at the highest
potential. Qualitatively similar results are obtained for
[C,C,Im][TFSI], [N;,;][TFSI] and [N,,;,][TFSI] (Figure
7L—N), with different extents of contraction and expansion,
likely arising from the different molecular structure of the ILs.
Comparing to the results of the dry ILs, we note that A, and
A, decrease in magnitude substantially in the case of
[C,C,Im][EtSO,] at 33% RH. In the case of the hydrophobic
ILs, in contrast, the expansion of A, compared to the dry ILs is
observed, while A, for [C,C,Im][TFSI] is significantly smaller
(A, ~2-3 A) than at 0% RH.

Opverall, there is a significant rearrangement of the interfacial
structure in response to the applied potential (also in the
presence of water), as the stored charge in the EDL changes
with potential. However, these results show that the change of
A with potential is more intricate for WILs than for dry ILs,
reflecting the increased complexity of the interface, since three
species—water, counterions, and co-ions—coexist. The
contraction of L, and L, around the OCP, while the rupture
force increases, is likely a result of counterion binding at
positive and negative polarization. This contraction is gradual
at AU < 0 V and more abrupt at AU > 0 V, reflecting the
asymmetric influence of water on the interfacial structure. Note
that we observe an expansion around the OCP for the dry ILs,
presumably because the ions adopt an out-of-plane config-
uration to compensate for the increased surface charge,
suggesting that water favors charge screening in the WILs.
The following expansion at higher AU could be related to the
rearrangement of the counterions to increase charge density
(out-of-plane orientation), the electrostatic repulsion of co-
ions and/or hydrophobic interactions upon water enrichment
at the interface. Indeed, based on MD simulations on few layer
graphene electrodes with imidazolium ILs, water is depleted at
low surface charge but greatly enriched at elevated surface
charge, and more so near positive electrodes,'® consistent with
the asymmetric response of the WILs. The final contraction at
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the highest potential likely reflects counterion binding again.
Importantly, the relevance of each of these phenomena should
depend on the specific IL composition. For example, the tip
could detect water molecules, justifying the decrease of the
layer thickness compared to the dry IL. This is expected for
[C,C,Im][EtSO,), and it is more likely for [C,C,Im][TFSI]
than for the two ammonium ILs, which are more hydrophobic;
indeed, the decrease of A, to 2—3 A for [C,C,Im][TFSI] and
[C,C,Im][EtSO,] is consistent with the detection of water
molecules close to the graphene surface. In the case of the
hydrophobic ILs, the larger thickness of L, compared to the
dry ILs could be associated with a hydrophobic repulsion when
water accumulates at the interface.

DISCUSSION

To understand better the charge stored in the EDL of ILs on
graphene, we have investigated the influence of water on the
capacitance and force—distance curves of five different ILs, one
of them is hydrophilic, while the other four ILs have [TFSI]™
or [FAP]™ as anions, which render them much more
hydrophobic. A conclusion of this work is that the ESW is
not significantly influenced by the presence of water at the
graphene/IL interface. This agrees well with MD simulations,
which predict that hydrophilic ILs, such as [C,C,Im][EtSO,],
can keep water away from electrodes.”” While this result is
unexpected for hydrophobic ILs, it can be justified by the large
activation overpotential of water on graphene. Note that the
ESW of the selected hydrophobic ILs on gold is indeed
reduced abruptly already at 11% RH, which can be associated
with the much higher activity of water on gold.

The adsorption of the hydrophobic ILs on graphene leads to
significant n-type doping, and this phenomenon is anion-
dependent. Previously, a spectroscopic and simulation study
had shown that the n-type doping of graphene increases with
cation chain length of a series of imidazolium ILs with
[BF,]~." This was justified by (so-called) electrostatic layering,
i.e., the flat lying alkyl chains prevent anions to approach the
unbiased surface, leading to a large potential drop close to the
surface, causing n-type doping. Meanwhile, the charge transfer
of the adsorbed cations was proven to contribute an opposite
but small effect. Based on the electrostatic layering argument,
the negligible doping of graphene by [C,C,Im][EtSO,]
implies that both [C,C,Im]* and [EtSO,]” are present at
the interface at OCP, and hence, [EtSO,]” reduces (or
hinders) the specific adsorption of [C,C,Im]*. The hydrogen
bonding between [C,C,Im]" and [EtSO,]” might be
responsible for this.”” In contrast, the negative shift of the
PZC by ILs with [TFSI]™ and [FAP]~ anions (and especially
with [TFSI]™) points toward the surface enrichment of the
cation even at positive bias; this is consistent with the
prominent adsorption peaks in the CVs of these ILs.

Since C; ~ /g, the much larger EDL capacitance of
[C,C,Im][EtSO,] (Cy ~ 80 uF cm™) compared to the
hydrophobic ILs (C;; ~5—9 uF cm™2) cannot be justified by
its greater dielectric constant alone (27.90 vs 11—12 for the
hydrophobic ILs).”® Note that the uncertainty in the extracted
capacitance value of [C,C,Im][EtSO,] is large, as the total
capacitance is dominated by the graphene contribution and the
assumption of a constant IL capacitance. Smaller values of the
IL capacitance are required for smaller hopping parameters of
graphene, and if a strong camel-shape capacitance curve is
used, values closer to 40 uF cm™ are obtained. These values
still cannot be explained by changes in the dielectric constant

9356

alone. In the case of the ILs with [TFSI]™ and [FAP]™ anions,
the specific cation adsorption and/or the anion depletion could
promote overscreening of positive surface charge™ and prevent
anions to efficiently screen positive surface charge, and thereby,
induce the increase of the thickness of the EDL and justify the
much smaller C;; compared to [C,C,Im][EtSO,].

Because water molecules favor p-type doping of graphene,*
the surface enrichment of water should promote the positive
shift of the PZC, as seen for [C,C,Im][EtSO,] at 33% RH
(Epgc ~ +0.1 V). This is supported by AFM measurements,
which detect layers of the size of water molecules close to the
graphene surface. Importantly, despite the significant change of
the interfacial structure inferred from force measurements, the
total interfacial capacitance is still dominated by the quantum
capacitance of graphene, which implies that Cj; remains large,
despite the large water content.

Upon water uptake, Ep,. shifts to more negative values
(from —0.2 to —0.28 V) in [C,C,Im][FAP]. While analysis of
the interfacial structure from force measurements was not
possible for this IL due to the attractive force between
graphene and surface, the significant drop of the contact angle
is consistent with the presence of water close to the graphene
surface. Because [FAP]™ is the most hydrophobic anion, it is
possible that the interfacial water molecules deplete more
[FAP]™ anions away from the graphene surface, which
promotes the enrichment of more cations at the surface and
n-type doping of graphene. The decrease of C,, at positive
potentials upon water uptake is thus consistent with the less
efficient screening due to anion depletion.

The behavior of the hydrophobic TFSI-ILs with alkylammo-
nium and imidazolium cations is quite different. Here, the
presence of water molecules significantly reduces n-type
doping of graphene, as the Ep,- becomes less negative, and
it is even zero for [C,C,Im][TFSI]. This suggests that more
anions and/or water approach the graphene surface compared
to 0% RH, and therefore, both the specific adsorption of
imidazolium and alkylammonium cations on graphene and the
anion depletion are reduced, and thus, screening of positive
charge is improved. It is possible that this happens because
water molecules preferentially hydrogen bond with TFSI
anions compared to the cations."” Indeed, the decrease of the
layer thickness inferred from force measurements at 33% RH is
consistent with water molecules populating the layers close to
the graphene surface. Overall, these results support that water
uptake improves the screening of graphene’s surface charge by
the TFSI-ILs with both imidazolium and alkylammonium
cations compared to dry conditions, which justifies the
observed increase of C,,, (and C;;) at positive potentials.

Measurements of forces between charged surfaces in dilute
electrolytes have served to understand the EDL using Debye—
Hiickel theory and Poisson—Boltzmann equations. A similar
approach has been also applied to ILs, either using AFM or
surface force apparatus (SFA). To the best of our knowledge,
while long-ranged forces have been revealed by SFA, as will be
discussed shortly, most of the AFM force measurements, like
the ones reported here, only show a short-range force. As
described earlier, the tip force is sensitive to the graphene
charge, which is reflected in an electrostatic contribution, to
the interfacial layers, where the charge is stored in the liquid,
and to the presence of water. Such force has a range of <2 nm,
and hence, it is at odds with the long-range forces measured by
SFA, including our own SFA measurements.*”>
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About a decade ago, force measurements by SFA between
charged mica surfaces in ILs revealed long-range forces with
decay lengths of several nanometers.’””" For example, for
[C,C\Im][TESI] and [C,C,Im][EtSO,], the decay length is
~7 and ~9 nm, respectively.”” An increase of the water
content in equilibrium at 33% RH leads to a prominent
decrease of the decay length of [C,C,Im][EtSO,] from ~9 to
~2 nm."” Because the force responds to a bias potential, it was
assumed that it is a long-range electrostatic force.”" It was then
proposed that IL ions are strongly correlated, which causes
over 99.99% of ions to bind into overall neutral ion pairs and
not participate in charge screening in the EDL. However,
measurements of capacitance and ion conductivity contradict
the assumgtion of long-range screening by a small number of
free ions.”””** Despite the disagreement with SFA, our
reported AFM measurements do not contradict capacitance
(here) and conductivity measurements.

While ion pairs are a conceptually simple construct, in such a
concentrated system, one would expect jon pairs to combine
into larger neutral aggregates, and even charged aggregates that
contribute to screen surface charge.ss’56 Along these lines, an
alternative explanation for the long-range force in SFA was
proposed.”” From wide-angle X-ray scattering (WAXS),”” a
phase transformation was reported for several imidazolium ILs,
consisting of ions ordering in domains of ~10 nm over at least
20 h, indicating the formation of large aggregates in the bulk
IL. If they were affine to the surface, these domains of large
aggregates should naturally lead to a long-range repulsive force
with a decay length of ~10 nm, consistent with SFA force
measurements. The work also demonstrated that, over the
course of the ordering of the IL, the surface force changes, so
that there is a correlation between the evolution of ion
ordering in the bulk IL (from WAXS) and the variation of the
surface force. Because AFM involves much shorter equilibra-
tion times (<1 h) than SFA experiments, it is possible that the
long-ranged forces arising from the reorganization of ions in
nm-large domains do not have time to develop. Indeed, one
study by colloidal probe AFM revealed the presence of such
force only when the temperature was increased from 80 to 100
or 120 °C.>® The characteristics of the long-ranged force being
switched on upon an increase in temperature are consistent
with an Arrhenius-type phase transformation (i.e., formation of
IL aggregates) that requires long equilibration times to happen
but becomes measurable by AFM at short equilibration times if
the temperature is sufficiently high.

Recently, the EDL of ILs with account of aggregation and
gelation was investigated by theory,””*" where it was found
that the percolating ionic network could also partially screen
electrode charge because of the reversible nature of the
associations in IL electrolytes. While only the simplest case has
been investigated so far, further investigation of aggregation
phenomena, and more generally the analogy between electro-
Iytes and polymers in the EDL®" of ILs could yield insights into
the extremely long-ranged interactions, long time scales of
relaxation, and highly asymmetric transference numbers.’*

CONCLUSIONS

In this work, the influence of water on wetting of graphene by
five different ILs, their ESW, capacitance, and interfacial
structure has been investigated. The differential capacitance
displays a V-shape near the PZC of graphene, which is in
accordance with the dominance of the quantum capacitance of
graphene, as demonstrated by theory. The four hydrophobic

9357

ILs lead to a negative potential at the PZC, which indicates the
n-type doping of graphene, likely because anions are depleted
from the surface and cations are preferentially adsorbed on
graphene; this hinders efficient charge screening and decreases
the EDL capacitance of the ILs. Theory reveals that the EDL
capacitance of the hydrophilic [C,C,Im][EtSO,] is one
magnitude larger than that of the four selected hydrophobic
ILs. The greater EDL capacitance can be justified by the ability
to screen graphene charge more efficiently by [C,C,Im]-
[EtSO,] compared to the ILs with [TFSI]™ and [FAP]~
anions.

The presence of water does not lead to a significant
reduction of the ESW of the ILs, although contact angle and
AFM force measurements support the presence of water at the
liquid/graphene interface. Water uptake also leads to a positive
shift of the PZC, except in the case of [C,C,Im][FAP]. The
latter is justified by the more significant depletion of the
strongly hydrophobic [FAP]™ anion from the graphene surface
by water molecules than in the dry condition, preventing them
from screening the surface charge; this can also explain the
decrease of the total interfacial capacitance that we observe in
EIS experiments. In contrast, the water molecules allow
[TFSI]™ anions to approach the surface, thereby justifying
the increase of the total interfacial capacitance compared to the
dry condition in the range of investigated potentials.
Furthermore, the experimentally observed increase of the
EDL capacitance of TFSI-ILs agrees with predictions of a
satellite peak by theory. In the case of [C,C,Im][EtSO,], the
interfacial capacitance is still dominated by the quantum
capacitance despite the large water uptake. We also find a
decrease in the time constant upon water uptake by the
imidazolium ILs, while a subtle increase of the time constant is
obtained for the alkylammonium ILs, suggesting that water
influences ion—ion interactions in various ways.

AFM force measurements reveal a short-range electrostatic
force between tip and graphene and the significant rearrange-
ment of the interfacial layers in response to the applied
potential, both in the absence and presence of water, reflecting
the variation of the stored charge in the EDL. Finally, we
discuss the discrepancy between this short-range force
measured by AFM and the reported long-range force detected
by SFA in the literature and justify the difference based on the
thermally activated aggregation and gelation of ions in highly
concentrated electrolytes, supported by both theory and
experiments.

MATERIALS AND METHODS

Materials. [C,C,Im][EtSO,] (Sigma-Aldrich, USA, >95% purity),
[C,C,Im][FAP] (EMD Millipore Corporation, USA, >98% purity),
[C,C,Im][TFSI] (Sigma-Aldrich, USA, >98% purity), [Ny;,,][TFSI]
(Sigma-Aldrich, USA, >99% purity) and [N;,;][TESI] (Iolitec,
Germany, >99%) were purchased. A volume of ~1.5 mL was dried
under vacuum at 50 °C for a week. The ILs (~1.5 mL) were stored
for 1 week in sealed containers at selected relative humidity (RH) to
gravimetrically determine the water uptake of the ILs in equilibrium.
Relative humidities of 11%, 33% and 44% were maintained constant
in the containers with LiCl, MgCl, and K,COj; saturated solutions,
respectively. Single-layer graphene synthesized by chemical vapor
deposition and deposited on a silicon oxide substrate was purchased
(Graphenea, Spain) and stored under vacuum before use. Graphene
on SiO, is p-doped due to the interaction with SiO, as well as water
and oxygen adsorption.’* Before electrochemical and AFM experi-
ments, graphene was annealed under 450 °C for 4 h in N, flow. To
examine the quality of graphene, Raman microspectroscopy measure-
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ments were collected with a Nanophoton Raman 11 (Nanophoton,
Osaka, Japan) microscope using a 532 nm laser. Laser power was set
to at least 1 mW, with exposures lasting at least 15 s per spot.
Cyclic Voltammetry. The electrochemical cell consists of a
working electrode, which is the graphene sheet (1.89 cm?), Au wire as
a counter electrode, whose surface area is much larger than graphene,
thus the capacitance of the counter electrode can be neglected, and an
Ag wire as a reference electrode. CVs were measured using a
CHI700E potentiostat at 10 mV s~ to characterize the electro-
chemical window of the ILs. IR compensation was performed to
correct the applied potential, with the uncompensated resistance
determined by EIS at OCP. For comparison, the CVs were also
measured on gold films (25 nm gold films on silicon wafers). The
specific capacitance C, (uF cm™) was estimated according to

V5
f I(V)aV = 2(V, — B)Cmk
A

1

where k is the scan rate, m is the mass of the active material (single-
layer graphene or gold film), and I is the measured current. The
calculation was carried out within a potential window ~ +0.5 V,
where the CVs look close to ideal.

EIS Measurements. EIS measurements were conducted in the
same setup as the CV, with graphene as working electrode, a gold wire
as counter electrode and a silver wire as reference electrode. A Gamry
Reference 620 potentiostat was used for EIS measurements. Based on
previous studies,*>®* the sequence of potentials was chosen to go
from OCP to positive potentials, followed by relaxation to return to
OCTP for several hours (ranging from 1.5 to 8 h depending on the IL),
and then from OCP to negative potentials with a step of 0.1 V. The
impedance measurements at each potential were performed in the
frequency range from 0.1 Hz to 1 MHz. The sweeps were performed
by applying a sinusoidal potential (10 mV) over a DC voltage. Each
applied DC potential was held constant without oscillation for 60 s
before measurement. The analysis methods are described in the SI.

Contact Angle Measurements. Contact angles were measured
using a Rameé-Hart 250-F1 contact angle goniometer. Graphene
samples were placed on the goniometer stage after leveling the stage
and calibrating the instrument. The camera was first focused on the
front edge of the sample to check the tilting. Then the camera was
focused on the tip of the micropipette while making a drop of the IL
liquid (~$ uL) and placing it on the surface. The goniometer software
was used to capture the images, fit the shape of the droplet, and
calculate the liquid volume and contact angle. Each reported contact
angle is the average of 10 measurements taken over 10 s.

AFM Force Measurements. Imaging and force measurements
were conducted with a JPK (Santa Barbara, CA) atomic force
microscope (AFM). AFM tips were cleaned by UV for 20 min prior to
the measurement. After annealing, the graphene was immediately
mounted into the electrochemical cell. AFM images of the graphene
surface were acquired first in tapping mode in air with a backside gold
coated tip (BudgetSensors, Sofia, Bulgaria) with a resonant frequency
of ~300 kHz. The images were collected at scan rates between 1 and
2 Hz. Following imaging in air, the AFM tip was changed to a contact
mode tip (CSC-37 silicon tips from MikroMasch, CA), and graphene
samples and tip were immersed in the IL and allowed to equilibrate
for 40 min prior to force measurements. Images of the graphene
samples immersed in the IL were typically collected in contact mode
with sharp Si-tips with a spring constant of ~0.5 N/m and a nominal
tip radius ~20 nm, at an applied load of 5 nN and scan rates between
1 and 1.5 Hz. The spring constant was determined by the thermal
noise method.®® The tip is likely slightly negatively charged due to the
presence of an oxide layer, which increases the number of cations
between the tip and graphene, but this has been ignored in the
preceding discussion, since the tip characteristics are the same in all
measurements.

CVs measured before and after the AFM experiments at a scan rate
of 100 mV/s ensured that contamination and faradaic reactions did
not occur during the long duration of the experiments. The volume of
the EC cell (~1.35 mL) was filled with the IL to ensure immersion of
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the counter and reference electrodes. The diameter of the working
electrode is ~15.6 mm, resulting in a working electrode area of ~1.89
cm? The Au counter (diameter 1 mm) and Ag reference electrodes
(diameter 0.5 mm) were sonicated in Milli-Q water and ethanol and
dried with dry N,. The electrochemical potential was applied using a
CHI potentiostat. AFM force measurements were obtained at the
open circuit potential, positive and negative potentials against an Ag
pseudo-reference electrode. The tip velocity was set at 10—20 nm s™".
A total of 64 force curves at each potential were collected from a 500
nm X 500 nm area by dividing the area into 8X8 separate squares and
collecting a force curve from each square.
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two ammonium ILs; table of water uptake of ILs at
different RH; theory for calculation of quantum
capacitance and IL capacitance (PDF)
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