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Graphene-based carbon materials are promising candidates for electrical double-layer (EDL) capacitors, and there is considerable interest in understanding the structure and properties of the graphene/ electrolyte interface. Here, electrochemical impedance spectroscopy (EIS) and electrochemical quartz crystal microbalance (EQCM) are used to characterize the ion fluxes and adsorption on single-layer graphene in neat ionic liquid (EMI-TFSI) electrolyte. It is found that a positively charged ion-species desorption and ion reorganization dominate the double-layer charging during positive and negative polarizations, respectively, leading to the increase in EDL capacitance with applied potential.

E lectrochemical double-layer capacitors (EDLCs), also known as supercapacitors, store energy by reversible electrostatic attraction of electrolyte ions onto high surface area carbon electrodes. Since the limitation of battery-like charge transfer kinetics is not involved, supercapacitors can operate at very high charge and discharge rates within a few seconds, and can have excellent cyclability of over a million cycles, which makes them useful in a broad range of energy applications. 1,2 As an excellent building block for three-dimensional (3-D) carbons electrode, graphene with its high theoretical specific surface area of 2630 m 2 g -1 and theoretical capacity of up to 550 F g -1 (21 μF cm -2 ) has already attracted great attention for supercapacitor applications. 3,4 Indeed, graphene and its derivatives have been reported to achieve electrode doublelayer (EDL) capacitances beyond 200 F g -1 . [5][6][7] Multilayer stacked graphene film electrodes, on the other hand, show great potential in small-scale supply for powering the next generation of microelectronic devices. 8,[START_REF] Ye | Direct Laser Writing of Graphene Made from Chemical Vapor Deposition for Flexible, Integratable Micro-Supercapacitors with Ultrahigh Power Output[END_REF] Despite the efforts mentioned above, current performances achieved by graphene-based materials are still far from expectations. [START_REF] Raccichini | The role of graphene for electrochemical energy storage[END_REF] The quantum capacitance (C Q ) of graphene, which is related to the density of carriers at and near the Dirac point, [START_REF] Xia | Measurement of the quantum capacitance of graphene[END_REF][START_REF] Ji | Capacitance of carbonbased electrical double-layer capacitors[END_REF][START_REF] Stoller | Interfacial capacitance of single layer graphene[END_REF][START_REF] Chen | The Origin of Improved Electrical Double-Layer Capacitance by Inclusion of Topological Defects and Dopants in Graphene for Supercapacitors[END_REF] as well as the electrostatic interactions at the carbon/electrolyte interface, [START_REF] Fedorov | Towards understanding the structure and capacitance of electrical double layer in ionic liquids[END_REF] has been demonstrated to play a key role in the establishment of EDL capacitance. Indeed, for high-surface-area materials such as graphene and highly porous carbons, it is critical to understand the charging mechanisms of the EDL at the electrolyte/carbon interface from the liquid side, in addition to the space charge distribution or quantum capacitance related to the electronic properties of graphene. Unfortunately, the dynamic of the charge separation at graphene-electrolyte interface still remains an unresolved puzzle, although a molecular-scale insight has been obtained by X-ray reflectivity (XR) and molecular dynamics (MD) simulation, [START_REF] Zhou | Nanoscale perturbations of room temperature ionic liquid structure at charged and uncharged interfaces[END_REF][START_REF] Uysal | Structural origins of potential dependent hysteresis at the electrified graphene/ionic liquid interface[END_REF] hampering the development of high-performance 2-and 3-D electrodes based on graphene. In this sense, single-layer graphene (SLG) with low defect content may provide a model platform for fundamental understanding of ionic adsorption-interaction in the vicinity of graphene under polarization, which prevents from any ion confinement effect. Besides, SLG allows experimental mimicking of the behaviors of ions from an electrolyte in contact with an ultrahigh-surfacearea carbon surface, while it is less influenced by the complex porosity or defects in most carbon materials reported.

In this work, we report for the first time about in situ probing of ion fluxes at SLG electrode surface using electrochemical quartz crystal microbalance (EQCM). EQCM is an efficient gravimetric probe for studying the compositional changes in electrode materials deposited on piezoelectric quartz resonator. [START_REF] Tsai | Electrochemical quartz crystal microbalance (EQCM) study of ion dynamics in nanoporous carbons[END_REF][START_REF] Wu | Tracking ionic fluxes in porous carbon electrodes from aqueous electrolyte mixture at various pH[END_REF][START_REF] Robin | Mass measurement of graphene using quartz crystal microbalances[END_REF] Figure S1 (Supporting Information (SI)) shows the transfer process of SLG, in which a homogeneous graphene film rigidly attaches to the Au-coated quartz crystal (Au is the current collector). [START_REF] Zhang | Vacuum Filtration-and-Transfer Technique Helps Electrochemical Quartz Crystal Microbalance to Reveal Accurate Charge Storage in Supercapacitors[END_REF] Raman spectroscopy (Figure 1a) reveals a typical signal of SLG with distinct G-and 2D-bands. [START_REF] Wu | Tuning the doping type and level of graphene with different gold configurations[END_REF] The G-band shifts to a higher wavenumber (∼1597 cm -1 ) compared to that of chargeneutral graphene (1581 cm -1 ), and the intensity ratio of 2Dand G-band is around 1 with a negligible defect (D) peak, indicating the p-doping in graphene used in this study. [START_REF] Wu | Tuning the doping type and level of graphene with different gold configurations[END_REF] In addition, the optical microscopy image (Figure 1c) reveals that over 90% of the Au coated quartz surface was covered with SLG. These cracks are unavoidable due to the intrinsic mechanical stress on SLG and the laminated transfer method used here. [START_REF] Li | Transfer of large-area graphene films for high-performance transparent conductive electrodes[END_REF] The thickness obtained from AFM image (Figure 1d) is around 0.8 nm for SLG; the observed ripples can be ascribed to the wrinkles of graphene made by chemical vapor deposition (CVD).

To examine the electrochemical properties of SLG, electrochemical impedance spectroscopy (EIS) measurements in 1ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (EMI-TFSI), which is a widely used room-temperature ionic liquid (RTIL) electrolyte in supercapacitors, were carried out at different constant potentials. The real C′(ω) and imaginary C″(ω) parts of the capacitance were extracted from Nyquist plots (Figures S2 andS3), in which C′(ω) corresponds to the EDL capacitance (C EDL ), while C″(ω) accounts for dissipative processes. [START_REF] Soon | Electrochemical double-layer capacitance of MoS2 nanowall films[END_REF] Figure 2a shows the typical tendency of C′(ω) with the frequency at a bias potential of +0.2 V/ref for SLG. As expected, C′(ω) increases when the frequency decreases, and then becomes less frequency dependent below the knee frequency at around 200 and 1 Hz, respectively. However, capacitance saturation was not observed even at 0.1 Hz, especially for high-potential polarization (Figure S4) partially because of the leakage current (∼0.05 μA, Figure S5) from side reactions. C″(ω) goes through two maxima at characteristic frequencies f 0 of 610 and 2.5 Hz, corresponding to a time constant (τ 0 = 1/f 0 ) of 1.6 and 395 ms, respectively. [START_REF] Taberna | Electrochemical characteristics and impedance spectroscopy studies of carbon-carbon supercapacitors[END_REF] Comparably, the quartz substrate without SLG coating only shows one peak in C″(ω) at 413 Hz. As a result, the SLG and exposed Au current collector are in parallel to contribute to the total capacitance in this system. The relaxation response at low frequency (2.5 Hz) is assumed to correspond to the doublelayer charging process on SLG alone, which is comparable to that of reported graphene nanosheet, highly curved graphene. 5,[START_REF] Miller | Graphene doublelayer capacitor with ac line-filtering performance[END_REF] Furthermore, f 0 shifts to a lower value (corresponding to a τ 0 of 870 ms) at more negative polarization (Figure S4a), suggesting that the detailed charging mechanism and dynamical response of SLG may depend on applied potential.

For each time constant (τ), the capacitance response C(ω) can be described using a Debye model through the following equation:

ω = + ωτ C C ( ) /(1 j )
At the peak of C″(f 0 ), ωτ is 1, and the total C EDL can be calculated as C EDL = 2C′. [START_REF] Taberna | Electrochemical characteristics and impedance spectroscopy studies of carbon-carbon supercapacitors[END_REF] The change of area-normalized EDL capacitance versus potential is plotted in Figure 2b for SLG after removing the contribution of Au in neat EMI-TFSI. The C EDL-SLG E we curve shows a dependence on the electrode potential with a distinct 'V' shape with respect to the potential of zero charge (PZC), measured at -0.2 V/ref. The capacitance increases near-linearly with potential with a slope of ∼7 μF cm -2 V -1 for negative polarization, and ∼9 μF cm -2 V -1 for positive polarization, respectively, which are slightly lower than that of SLG supported on SiO 2 . [START_REF] Xia | Measurement of the quantum capacitance of graphene[END_REF] In contrast, the quartz without SLG coating shows a stable C EDL with the potential (Figure S6). Furthermore, the correlations obtained from Mott-Schottky plots of SLG are consistent with the charge conservation principle appearing in p-type semiconductors (Figure S7). [START_REF] Bott | Electrochemistry of semiconductors[END_REF] In previous work, V-shaped CE curves of graphene were explained by using a model including a potential-regulated C Q added in series to a constant Helmholtz capacitance (C H , 1/C EDL = 1/C Q + 1/C H ). 3,[START_REF] Xia | Measurement of the quantum capacitance of graphene[END_REF] However, C Q values, calculated from standard band theory, cannot explain the high EDL capacitance of single-or few-layer graphene observed. [START_REF] Yoo | Ultrathin planar graphene supercapacitors[END_REF] This may be explained by the fact that the calculation of C Q did not take into account the ion-carbon interaction. In fact, C Q has a strong dependence on the intrinsic properties of carbon (typically, defects) and also the carbon/electrolyte correlations (e.g., ionic concentration). [START_REF] Li | Carbon-Nanotube-Electrolyte Interface: Quantum and Electric Double Layer Capacitance[END_REF] Furthermore, Ji et al. [START_REF] Ji | Capacitance of carbonbased electrical double-layer capacitors[END_REF] used the theoretical C Q to extract the contribution of C H from experimental C EDL V EDL data in KOH electrolyte. They found that C H increases dramatically with potential for a SLG electrode, which can be attributed to the strong correlations between electrons in graphene and ions in electrolyte. Further investigations are needed to enable a better understanding of the detailed capacitance response at graphene/ionic liquid interface.

To that aim, EQCM technique was used to track ion fluxes and adsorption (interaction) on (with) SLG during polarization, which can help to distinguish the EDL response from the intrinsic electronic properties of graphene. The cyclic voltammogram (CV) of SLG in neat EMI-TFSI (Figure 3a) shows a typical capacitive behavior. The associated electrode frequency changes (Δf vs E we ) shown in black (oxidation) and red (reduction) circles in Figure 3a overlap, without hysteretic behavior and noticeable motional resistance change (Figure S8). Figure 3b shows the experimental change of the electrode weight (Δm) versus the charge (ΔQ) passed through the electrode, where Δm was calculated from Δf (see SI). The Δm-ΔQ plot shows two different behaviors. For Q ≥ 0, the electrode weight decreases linearly as the charge increases: ions are expelled from SLG. By using Faraday's law, [START_REF] Telegdi | EQCM study of copper and iron corrosion inhibition in presence of organic inhibitors and biocides[END_REF] the calculated average molecular weight is M/z = 338 g mol -1 . Considering the molar weight of EMI + (111 g mol -1 ) and TFSI -(280 g mol -1 ), [START_REF] Susan | Ion gels prepared by in situ radical polymerization of vinyl monomers in an ionic liquid and their characterization as polymer electrolytes[END_REF] it can be proposed that charged species, which can be statistically expressed as [EMI 1.58 ,TFSI 0.58 ] + with a net charge of +1 (see SI), are leaving the SLG surface to counterbalance the charge. Differently, from PZC to more negative charge, the electrode mass has no significant change. However, a capacitive charge storage behavior is still observed in potential range below -0.2 V, as shown in CV and EIS. These results highlight the key difference of ion dynamics and adsorption onto a SLG surface under polarization, which are distinct from that of pure quartz substrate (Figure S9).

For graphene/RTIL planar interface, it has been demonstrated that an ions-densified compact layer is developed principally via the strong π-π interaction between cations and graphene sheet when no charge is applied. [START_REF] Zhou | Nanoscale perturbations of room temperature ionic liquid structure at charged and uncharged interfaces[END_REF][START_REF] Bazant | Double layer in ionic liquids: Overscreening versus crowding[END_REF][START_REF] Shi | Two-dimensional Na-Cl crystals of unconventional stoichiometries on graphene surface from dilute solution at ambient conditions[END_REF] The excessive ions at interface may be a reason for the observed continuous expulsion of positively charged ion-species in the vicinity of graphene surface due to the positively image charges-ions repulsion (inset of Figure 3b). In this case, one net charge stored on/released from the electrode does not correspond to just one single ion desorption/adsorption since the strong TFSI-EMI interaction leads to an ion-cluster-like charge carries effect. Such ion-ion electrostatic correlations are strong (typically, a value of 78.8 kcal/mol has been reported), [START_REF] Lee | Are roomtemperature ionic liquids dilute electrolytes?[END_REF][START_REF] Tsuzuki | Magnitude and directionality of interaction in ion pairs of ionic liquids: Relationship with ionic conductivity[END_REF] and bound ion pairs are ubiquitous in RTIL that have been demonstrated by thermodynamics simulation and surface force apparatus. [START_REF] Gebbie | Ionic liquids behave as dilute electrolyte solutions[END_REF] In addition, such a co-ion desorption-like behavior should increase entropy associated with charging, minimizing the enthalpic penalty, and thus shall improve the performance of graphene electrode. [START_REF] Forse | New perspectives on the charging mechanisms of supercapacitors[END_REF][START_REF] Kondrat | Pressing a spring: what does it take to maximize the energy storage in nanoporous supercapacitors?[END_REF] During negative polarization, on the other hand, the absence of significant mass change indicates that the applied potential cannot bring more species onto SLG surface, thus very likely implying an ion reorganization in compact layer for negative charge storage. To gain further insight, simulations were performed on SLG/EMI-TFSI interface with charge density varying from 0.00 to 0.04 e -/C atom (see SI). The strong electron-ion correlation forces parallel alignment between the alkyl chain of EMI + and SLG surface (Figures S10 andS11) and brings them in closer contact. This preferred orientation of cations is in good agreement with previous studies about charged graphene electrode in RTIL. [START_REF] Uysal | Structural origins of potential dependent hysteresis at the electrified graphene/ionic liquid interface[END_REF][START_REF] Paek | A computational study of the interfacial structure and capacitance of graphene in[END_REF] It should be noted that the observed ion fluxes during cycling may be required in the entire screening layer (defined by the decay length of EQCM). [START_REF] Levi | Quartz crystal microbalance with dissipation monitoring (EQCM-D) for in-situ studies of electrodes for supercapacitors and batteries: A mini-review[END_REF] The present EQCM result shows a potential dependent EDL structure at SLG/RTIL interface, which evolves by at least two processes, resulting in the relaxation differences observed in EIS. In this regard, ion reorientation within dense compact layer seems to own a slower kinetics due to the ion packing effect. [START_REF] Forse | New perspectives on the charging mechanisms of supercapacitors[END_REF] Our results suggest a surface-bound ions dominated charging process on SLG in neat IL, which is completely different from that of porous carbons. [START_REF] Tsai | Electrochemical quartz crystal microbalance (EQCM) study of ion dynamics in nanoporous carbons[END_REF][START_REF] Forse | New perspectives on the charging mechanisms of supercapacitors[END_REF][START_REF] Prehal | Salt concentration and charging velocity determine ion charge storage mechanism in nanoporous supercapacitors[END_REF] It also highlights the important role of electrostatic correlations on ion fluxes and ion separation at a nonporous carbon interface, introduced by long-range Coulombic force.

In conclusion, we delivered a qualitative demonstration of the combination of EQCM and SLG in neat EMI-TFSI. Scanning from PZC toward positive charge, positively charged ion-species were expelled. Yet, from PZC to negative charge, the orientation of ions changed, resulting in more compact packing. We anticipate that this study could provide nanoscale insight of the EDL at graphene or ultrahigh surface area carbon/RTIL interface. Also, we expect with the extension of this work, from single-layer to multilayered graphene, the fundamental ion dynamics of graphene-based materials can be deeply investigated in the future.
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The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/jacs.9b07134. -diameter Au-coated quartz crystals (oscillating frequency, f0, 5 MHz) were coated by single layer graphene (SLG). The transfer process of SLG is shown in Figure S1. Firstly, the graphene (G) films were obtained by chemical vapor deposition (CVD) on copper (Cu) substrate. After etching by 0.1 M of ammonium persulfate ((NH 4)2S2O8), the transfer of CVD graphene from Cu to pressure sensitive adhesive (PSA) films coated polyethylene terephthalate (PET) substrate was carried out, as previously reported with modification. 1,2 The obtained large area PET-graphene films (PET-G) were used to further assist the transfer of graphene to quartz at around 85 ℃ for 30 min. The SLG-coated quartz was dried in an oven at 60 ℃ for overnight after the PET films were peeled.

Figure S1.

Transfer process of single layer graphene on Au-coated quartz substrate.

Electrochemical quartz crystal microbalance setup (EQCM) and EIS measurement

The SLG coated quartz crystal working electrode was placed on a PTFE holder, in which the coated side was orientated toward the reference and counter electrode in a 3-electrode electrochemical cell (Figure S1). The counter electrode was a platinum-coated titanium mesh. The silver wire was used as quasi-reference electrode placed between working and counter electrodes. Three electrodes were set in a glassware and immersed in neat EMI-TFSI electrolyte. All the EQCM electrochemical measurements were carried out with a Maxtek RQCM system combined with Autolab PGSTAT101 for simultaneous EQCM and electrochemical measurements. Electrochemical impedance spectroscopy (EIS) measurements were carried out with a VMP3 electrochemical working station (Biologic, S.A.). The frequency range studied was 100 kHz to 50 mHz, and the measurements were made at different potentials in the range of 0.7 to 0.9 V versus an Ag reference electrode.

The DV signal amplitude applied was 10 mV.

Physical characterizations

Graphene characterizations were performed by atomic force microscopy (AFM, Veeco Nanoscope Icon, US), Raman (Labram HR800, 532 nm laser, France) and optical microscopy (JEOL JSM6400, Japan) for surface and structure analysis.

Ⅱ. Simulation method

Classical molecular dynamics (MD) simulation was performed by using Forcite program based on the Materials Studio. The MD thermal relaxation contains four steps. Step I is geometry optimization of pre-built structure containing random EMI-TFSI configuration S3 generated by Amorphous Cell program in Materials studio.

Step II is a 3 ns MD thermal relaxation under NVT ensemble.

Step III is a 1ns MD annealing process from 300 K to 1 K to gradually freeze the structure.

Step IV is also a geometry optimization to get the final structure. The length of OA and OB lattice vector is 29.3124 and 29.6114 angstrom and fits the lattice of graphene. The length of OC lattice vector is 100 Angstrom, which is large enough to build the layer in the vacuum. There are 41 EMI + and 41 TFSI -ions in our simulation model (corresponding to the concentration) and the SLG electrode contains 336 carbon atoms. The carbon atoms in SLG electrode were fixed in all relaxation processes. The ultra-fine quality preset was adopted for geometry optimization and energy calculation. The electrostatic and van der Waals summation was calculated by Ewald method. It should be noted that this model is not suitable to predict the cluster formation during charging process because of the difference between the vacuum environment of ions in modelling and the liquid electrolyte in real measurement.

Ⅲ. Data processing

For the EQCM, the electrode mass change was calculated using Sauerbrey equation: Δm= -Cf •Δf, where Δm is the change of mass of the coating and Cf is the sensitivity factor of the crystal. The sensitivity factor of the coated quartz was obtained by performing a copper deposition experiment conducted in 0.1 M CuSO4 mixed with 1 M H2SO4 by applying a constant current of 5 mA for 120 seconds. In this experiment, the Cf was calculated to be 27.7 ng•Hz -1 (or 21.8 ng•Hz -1 •cm -2 taking into account the Au crystal electrode surface of 1.27 cm 2 ). For consistent results, few cycles were run before starting EQCM measurements, to start from stable, reproducible electrochemical signatures.

For impedance results, real part Cʹ(ω) and imaginary part Cʺ(ω) of the capacitance (C(ω)) were calculated based on the geometric area of the electrode using the following equation:

Cʹ(ω) = -Z '' (ω) 2πf |Z(ω)| 2 , Cʺ(ω) = Z ' (ω) 2πf |Z(ω)| 2 and C(ω) = Cʹ(ω) -jCʺ(ω)
where Zʹ(ω) and Zʺ(ω) are the real part and imaginary part of the electrochemical impedance (Z(ω)), respectively, defined as |Z(ω)| 2 = Zʹ(ω) 2 + Zʺ(ω) 2 , and f is the frequency. We obtained the varied CEDL of single layer graphene by performing impedance experiments at different potentials, and the potential corresponding to the minimum value of capacitance was determined to be the PZC point, as shown in the reference. 3 Furthermore, the molecular weight of charged ion species ( 𝑀 𝑤 ) involved in positive charging was calculated by using Faraday's law, assuming a 100% faradic efficiency:

𝑀 𝑤 𝑛𝐹 = 𝑚 𝑄 S4
where Q is the charge passed in the electrode, m is the corresponding weight change of the electrode during charging process (Δm-ΔQ curve), n is the valence number of the ion species, and F is the Faraday constant (96485 C/mol). Taking the minimum valence number of +1, the average unit of ion species can be statistically expressed by [EMIx,TFSIx-1] + :

𝑥𝑀 𝐸𝑀𝐼 + (𝑥 -1)𝑀 𝑇𝐹𝑆𝐼 = 𝑀 𝑤 where 𝑥 is the average molar number, MEMI and MTFSI are the molar mass of EMI + and TFSI -, respectively. presence of SLG before EQCM measurements. When the potential was higher than 1.0 V (vs Ag) or lower than -0.5 V (vs Ag), sharp increased current can be found, which can be ascribed to side reactions from possible trace of water and oxygen (electrolysis). A constant leakage current of 0.05 μA was measured, as indicated by the dotted line parallel to the X-axis. 6 This result shows that the graphene in RT IL electrolyte cannot be considered as an ideal capacitor but has to be represented by a capacitance (C) in combination with a leakage resistance (Rl) in parallel. The residual, constant leakage current is not associated with the double layer charging, but with redox process from the presence of impurities or/and defects. As a result, the capacitance calculated from EIS in the low frequency range includes a contribution from these minor parasitic redox reactions, leading to a small increase of C at low frequency. Thus the determination of C from the time constant is more accurate. Obviously, we can see that the arrangement of cations and anions on SLG surface varies with charge density ranging from 0.00 to 0.04 e -/C atom. More specifically, when the charging starts for 0.01 e -/C atom, the ions show the similar adsorption structures as that under neutral condition. When the charge density is increased to 0.03 e -/C atom (corresponding to ~0.02 mC/cm 2 ), more EMI + ions are found in the first ion layer contacting SLG; cations and anions are organized in a multi-layered oscillation in the compact adsorption, consistent with previous results. 7,8 More importantly, parallel alignment between the EMI + in the first contact layer and graphene surface are also found (Figure S11). In addition, the configuration shown below would narrow the averaged thickness of the double layer and increase the double layer capacitance, as supported by EIS results. From the MD simulations, we can estimate the relative mass of adsorbed ions on the electrode by calculating the mass in 1 nm thickness on SLG (corresponding to ~2-3 layers of ions). The mass obtained is 10465, 10450, 10460, 10350 or 9993 relative atomic mass for 0, 0.01, 0.02, 0.03, 0.04 e -/C atom, respectively, supporting the observation that the electrode mass has no significant change during negative charging in the current work.
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IV. Additional Figures

Figure 1 .

 1 Figure 1. Characterizations of graphene transferred onto Au coated quartz substrate. (a) Raman spectra of SLG film. (b, c) Optical images of transferred distinct uncovered Au surface. (d) Atomic force microscopy (AFM) image of the edge and surface of graphene film.

Figure 2 .

 2 Figure 2. (a) Real part C′(ω) and imaginary part C″(ω) of the capacitance on electrodes with or without SLG coated in neat EMI-TFSI electrolyte recorded at +0.2 V versus ref. Inset shows the equivalent circuit model. (b) C EDL-SLG -E we curve of SLG supported on gold coated quartz resonator.

Figure 3 .Ⅰ. Experimental procedures and characterization conditions 1 .

 31 Figure 3. (a) CV and EQCM frequency response and (b) electrode mass change versus charge during the polarization of SLG on gold substrate in neat EMI-TFSI recorded at 50 mV s -1 . Inset: scheme showing the ion fluxes on SLG surface during polarization. The free EMI + cations are in blue, the free TFSI -anions are in red, and the positively charged ion-species are in shadow, respectively.

  Figure S2. Comparison of CV response of bare gold electrode and single layer graphene coated electrode in EMI-TFSI at 20 mV s -1 . The different CV shapes from two samples confirms the

Figure S3 .Figure S4 .Figure S5 .

 S3S4S5 Figure S3. Typical Nyquist plots of single layer graphene measured at different potentials versus Ag reference electrode in neat EMI-TFSI. The potentials were limited in the range of 0.7 to +0.9 V in neat EMI-TFSI for EIS measurement.

Figure S6 .

 S6 Figure S6. (a) Typical Nyquist plots of pure Au-coated quartz substrate at various potentials versus Ag reference electrode in neat EMI-TFSI. (b) CEDL-Au-Ewe curve of Au-coated quartz substrate in neat EMI-TFSI. The measured double-layer capacitance was 9.1 uF cm -2 and varied by 2% within the gate voltage window.

Figure S7. 1 /

 1 Figure S7. 1/CEDL-SLG 2 versus |Ewe| plot derived from the data of the right and left branches of the measured CEDL-SLG-Ewe curve in Figure 2b. The curves were found to show roughly negative linear correlation.

Figure S8 .

 S8 Figure S8. Change of the motional resistance response of single layer graphene on gold substrate in EMI-TFSI at 50 mV s -1 . The change of motional resistance was only around ± 2 Ω, which had no influence to the observed mass change during polarization.

Figure S9 .Figure S10 .

 S9S10 Figure S9. EQCM frequency response (Δf) of quartz substrate vs potential (a) and charge (b) during the polarization in neat EMI-TFSI, recorded at 50 mV s -1 , respectively. The Δf signal does not change significantly during polarization.
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Principally, the cations are attracted by the graphene surface via π-π interactions even when no potential is applied, suggesting a mixed cation/anion layering with interfacial iondensified structure, which may be a reason for the fact that applied negative potential does not bring more ions into the compact layer, as discussed above. However, local ion-rearrangement, such as the preferred orientation of cations and the formation of multi-layered oscillation in the compact layer, were also observed, highlighting the critical role of charge-induced nanoscale correlations at SLG/RTIL interface.