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1. Materials and methods

Synthesis ofEM-CCG films from CCG hydrogel films

Chemically converted graphene (CC@ispersionwas synthesized by following the method
described in Re{23). Briefly, graphene oxide colloid0(5 mg/ml, 100 ml) made from the
modi fied Hummer sé met hod was miwatedanw0.35ml 0. 2
ammonia (28 wt% in water) solution in a glass vial. After being vigorously shaken for a few
minutes, the vial was put in a water bathi@8°C) for 3 hr.

ThenCCG hydrogel films were fabricated by following the method we previously rep@4&d
Briefly, 30 ml asobtainedCCG dispersion was vacuum filtrated through a mixed cellulose ester
filler membrang0 . 05 € m ). Mleevaguurswagz disconnectesnmediately onceno free
CCG dispersion was left on the filtrate cakbe CCGhydrogelfilms werethencarefully peeled

off from the filter membrangeimmediately transferred to a Petri dish and immersed in water
overnight tofurther remove the remaining ammonia and hyine. The asobtained gel films
contained~1.0 mg/cnf of CCG The structural and electrical characterization results are
provided in Figs. 1, S3, S5, S9 and table S1.

The aspreparedCCG hydrogelfilms were used as a precursor to synthesiz&MHCCG films

via a capillary compression procedure. Firstly, CCG hydrogel filer®put in aratio-controlled
volatile/nonvolatile misciblesolution and stirred continuously at a rate460 rpm for12 Hr,
allowing waterin the hydrogelfilm to be fully exchangeavith the mixture solutiorn afterwards

the filmswere clipped by two glassidesandmoved to a vacuum oven, and th@atile liquid

inside the gel filmwvould evaporate and selectivelyremoved under a high vacuumiXd Pafor

12 hr. The selective remowal of volatile part of the miscible solution exerted capillary
compression between CCG layers inside the gel films, leading to shrinkage of film thickness and
increase in CCG packing densifys the nonvolatile part of the miscible solution in the gehfil

would remain, the packing density of CCG layers was readily mediated by the ratio of

volatile/non-volatile solutions



Deionized water was used as the volatile liquids aalriontvolatile liquids were used in this
work, sulfuric acid KH,SO,) andanionic liquid (1-ethyl3-methylimidazolium tetrafluoroborate
EMIMBF4, 0 99.0 % of purity. For H,O/H,SO, miscible solutions, four concentratioratios
namely 0.1, 0.5, 10 or 50 M (H,SQ, is the solute in this case) were used to compress
CCGH,SO, films, andfinally the CCG were packed iime density 0f1.33 0.76 0.42o0r 0.13
g/cnt, respectively We accordinglynamed these films by thepacking densityalues j =1.33
g/ent, } =0.76 glent, § =0.42 g/cmior ; =0.13 g/cm.

Similarly, four concentration ratios éf,O/EMIMBF,solutions(0.065, 0.18, 0.3250r 0.650 M
EMIMBF,) were used to produc@ CGEMIMBF, films. The packing density values GCGin
the corresponding films wetie25 0.97, 0.650r 0.39 g/cni. These samplesare thusmarked as
1=1.25 g/cm, }=0.97 g/cm, }=0.65 g/cn or ;=0.39 g/cm. The temperature focapillary
compression oECGH,SO, or CCGEMIMBF, films was set a5 and 50C, respectively.

As a controlthedried CCG filmwas fabricatedlirectly via vacuum vaporizing the water inside
the CCG hydrogel film withoutxchanging with any volatilebnvolatile misciblesolutions

Characterization methods

The EM-CCG films were placed on a flat sample holder and Xheay diffraction XRD)

patterns were recorded on a Philips 1130 4§y di f fract ometer (40 kYV,
=1.5418 ) at room t emper afta bOéwith aTstae ratd aft a we |
2fimin and step of 0.02%hown irfig. S4 Ramanspectra of th&eM-CCG films wererecorded

usinga WiTec Raman system (Alpha 300) with a 100x objective dartsa 532 nm Héle laser

beamat room temperature

The norphologyand elementanformation were analyzed bganning electron microsco@and

energy dispersive Xay spectroscopy (JEOL JSM 7001F SEM and Oxfoerd
HoribalncaXMax50 EDX) with the accelerating voltage of 5 kV. The thickness ofithmes was
measured with five independent samples and the average values were used to calculate the

corresponding packing dengit



The volume of theEM-CCG films was calculated througmultiplying the thicknessby area
(usually~1.0 cm x1.0 cm). The volume of ptiacorporated electrolytean be calculated from
dividing its net mass (the mass of whd#-CCG film substracts the mass of CCG) by the
density (1.84@&nd 1.294y/cnT for sulfuric acid and EMIMBE respectively). The voluntgc
ratio (Fig. B and 9G) of incorporated electrolyte was oioted by dividing the volume of
electrolyte by the volume of tlerrespondingeM-CCGfilm.

The specific surface area BM-CCG films was measuredsing the methylene blue adsorption
method. Methylene blue is a common dye probe used to determine the surface area of graphitic
materials, with each molecule of adsorbeetimylene blue representing 1.35 of surface area

(18, 30). The surface area was calculated by adding a known mass of CCG into a standard
concentrabn of methylene bluén deionized waterThe EM-CCG films were firstsoaked in
deionized water to remove the incorporated electrolytes and then stirred in the methylene blue
solution continuously at a rate of 300 rpm for a total of 36 hr to reach maxadsaonption. The
mixture was then allowed to settle and further centrifuged to remove any suspended material.
The methylene blue concentration was determined by analyzing the supernatant thredgh UV
spectroscopy at a wavelength of 665 nm and comparétktmitial standard concentration of

methylene blue prior to interacting with CCG.

Electrical conductivity measurement of the CCG/EMIMBIFns was carried out on a Jandel 4

point Conductivity Probe usinglimear arrayed foupoint head

The averageintersheet spacing in multilayered EM-CCG films was estimated using the
following formulaunder the assumption that the CCG sheets were flat and evenly separated:

Intersheetspacing=

where the areal mass density of graph@®7 mg/ni, taken fromScientific Background on the
Nobel Prize in Physics 201031). Note that XRD has been widelysed to characterize the
intersheetspacingof well-crystallized layered compounds. However, in our case, be€D&e
sheets are microorrugated, th€002) XRD peak only reflects thepacing(~0.39 nm)of the



micro-regions of CCG sheets in contact, not itbal intesheetspacing See more discussion on

this issue in the caption of fig. S4.

Characterization of the electrochemical capacitors

PrototypeECs were assembled in a symmetrical telectrode configuratiomsing a similar
procedure reportenh the literaturg(18, 25, 32). Both theEM-CCG films and driedCCG films
were directly usedas electrodesvithout addingany otherpolymeric binders or conductive
additives.The sizes of all electroddilms were fixed to 4.0 cm x1.0 cm, andunless specifically
stated in the figureaptionsthe arealmassloadingof CCGin the electrodes dioth EM-CCG
films anddried CCG films was 10 mg/cnf. Note thatthe EM-CCG films werefirstly stirred in
the electrolyte solutiorcontinuously at a rate @00 rpm for3 hr prior to the device assembly.
Two Pt foilswere used as current collectofd the end of Pt foils, platinum wisevereclipped
onto the foils by toothless alligator clips, whislere then connected &oVMP2/Z multichannel
potentiostat/galvanostdbr electrochemical characterizatioA glassy fiber filter papemwas
sandwiched between tw&CGelectrolyte or driedCCG films and then infiltrated with
correspondingelectrolyte solutions,.0 M H,SO, or 1.0 M EMIMBF 4/AN. Finally, the devices
were wrappedand tightly sealedby parafilm. The assembly of ECs with the electrolyte of

EMIMBF4/AN wasdone inaglove boxunder anitrogenfilled atmosphere

Thicker electrode films were made througtackinga certain numbeof CCG/electrolyte or
dried CCG filmstogether in daceto-facemanner ThethickestCCG/HSO, (; =1.33 g/cni) and
CCGEMIMBF, (3=1.25 g/cni) films tested have an areal mass loadingC&G up to 10

mg/cnt, reaching thestandard of commerci&C electrodeg8, 32).

BeforeEC performance was recordeamyclic voltammetry(CV) scanning witharate of 50 mV/s

was conducted for several cychesallow the device to stabilize. It was nattil the I-E loops
completelyoverlappedvith the previous ones would the data be recar@adtests were carried

out at dfferent scan rate from 5 to 500 mVs. The galvanostatic chargkscharge tests were
carried out atifferentcurrent densitiestartingfrom 0.1 to 200 A/g. The operating voltages for

the electrolytes of .0 M H,SO, aqueous solution anddM EMIMBF4AN wereset at1.0 and

3.5 V, respectivelyElectrochemical impedance spectroscopy measurements were performed



under a sinusoidal signal over a frequency range from 100 kHz to 10 mHz with a magnitude of
10 mV.

To investigate the electrochemical stabilitytbé CCG films undera working voltage of 3.5 V
we fabricated an EC withraeationic liquid, solventfree EMIMBF,, as the electrolyte and tested
the stability using the voltage holding methregorted in Ref(33). The mnstant voltage hoidg
testwas recommendetb bemoredemanding tharhe traditional charging/dischargiraycling
tests(33). In brief, a voltage of 3.5 V was applied to the EC cell with CCG/EMIMB#ms
(}=1.25 g/cm) as electrodeand neat EMIMBEelectrolyte Threecharging/dischargingycles
from O to 3.5 Vat a constant current &.5 A/g were performedevery 10 In to obtain the
correspondingetaining capacitanc&he resuk of constant voltage haiag testarepresentedn
fig. S12.

Details of calculation formula for the EC data

The specific gravimetric capacitance (Cy.c) and volumetric capacitance (C,o) of
CCGelectrolyte and dried CCG filmis oneelectrodewere calculated from the galvanostatic

charge/discharge curves at different current densities using the formula:

Catc= = (1)

Coi===——=Cwmc-} (2

wherel is theconstantcurrent appliedgdJ/ad is the slope obtained by fitting a straight line to the
discharge curven is thenet mass of2CG in one electrodels is the current densityy is the

volume ofoneelectrode angl is the packing density @CGin the electrode.

The volumetric energy densitfE,orsiacy Was normalized by the volume of the whole stack

according to the following fonula:



' felectrode (3)

Evol-stack: Evol-electrode' felectrode:

whereE,electrodelS VOlumetric energy density of two electrod€gg is the specifiocvolumetric
capacitance of one electrodd, is the operating voltage (obtained from the discharge curve
subtracted by th&grop), felecroderefers to the volumetric fraction of two electrodes in a device

stack

Following the procedure reported by Kaner anevookers(18), the volume of the whole device
stack,including two electrodesJQCGlelectrolyteor CCGfims ) , t wo currenn col |
t hickness, each) anhitckness) eas ssedt@caleutate Byg.s{cx2AS thee m

value of theenergy density of ECs reported in the literature was often calculated against the
mass/volume of the active electrodes only, to facilitiagereader to apprehend and compare our

results against others, we have also provided data of the volumetric energy density against the

two electrodsonly, which was denoted &Sorelectrods

Evol-electrode (4)
The volumetrigpowerdensity Pyorstacy NOrmalizedby the volume oftackwas calculated from
the galvanostatic curves at different charge/discharge current densities using the following

formula:

Pyol-stack= Pvot-electrode felectrode= —— felectrode (5)

where Pyolelectrode IS VOlumetric power density of two electrodes) is the operating voltage
(obtained from the discharge curve subtractedJlyy,) andm is the net mass o€CG on one
electrode,} is the packing density o€CG, feecirode refers to the volumetric ratio of two
electrodes in a device stadRis the internal resistance of the device which was calculated via
dividing the voltage drop at the beginning of the dischadged) by the applied constant current

(I using theformula:



R —— (6)

Generallyoneelectrodecalculations can be done properlyiieelectrodecapacitance and half

cell voltage values are used propeHywever note thatspecificgravimetriccapacitancef one
electrode is fourfold higher than that of two electro(8%. If one calculates the energy density

on the basis of the capacitance value of one electrode, the obtained value of energyvidiensity
be fourfold higher than that normalized byo electrodesThus, when one ampares these
gravimetricvalues reported in the literature, special cautions need to be taken to examine the

metrics used and whether one or two electrodes were considered.

It is worth noting that several different metrics were used to calculateajseitance and
energy/power densitin the literature.The datareportedin the Ragone plotsn the literature
including our previous publicatior{®5) were often normalizedgainsthe mass of activearbon
materialsonly. As pointed out byGogotsi and Simn recently(8, 10) , because the packing
density () and the volume fraction of electrodése{oqd Were not factored in tisecalculatiors,
the reported values agnergy and power densityere often overestimated, thugading to

unrealistic claimsespecially for some lowackingdensity materials

As suggestedoy Gogotsi and Sion, the volumetric energy density is momaportant than
widely used gravimetric osdor evaluaing the potential of a porous carbon material for use in
ECs(8). Following this suggestionye focused on our study dhe volumetric performancef
CCG-based electrodes this work.
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Fig. S2 Schematic showing the soft chemistry route to fabrication dEMeCCG film from the
CCG dispersion: preparing CCG hydrogel film from CCG dispersion byuwa filtration (24);

exchanging the trapped water inside CCG hydrogel films with volatile/otatile miscible
liquids and finally selectively removing the volatiiquid to obtairEM-CCGfilms.
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F i g4.XRDspatterns of th&M-CCG films and dried CCG film with varied packing densities.
X-ray diffraction (XRD) analysis showed that thecasnpressed CCG films displayed a nearly
amorphous structure. Only a small and broad peak at arodnda2@sponding to dy, spacing

of 0.39 nm, was detected wher 0.76 g/cmi but the peak was muamaller than that of the

dried CCG film. This result indicates that the majority of CCG sheets, despite being substantially
compressed, did not restack back to graphtewell-defined diffraction peaks were observed at
thelower regi ons farther Quégesting thak RQX5 sheets are microscopically
corrugated in the films. The alternate situation would be that if stacking were of the perfectly flat
faceto-face type, detectable, sharp XRD peaks would be observable which reflect a change in
intersheetspacing The XRD data appear to suggest that only the contacting points of corrugated
CCG sheets have an idbeetspacingof ~0.39 nm. The intsheetcontacting area increases
with the packing density, giving rise to a slightly pronounced XRD p€&h&. crosdinking of

CCG sheetsstvaicki ng also hel ps explain why the
gel state once fenmersed in common solvents as it is known that very few solvents are able to
exfoliate graphite unless a high disruptivergy input such as sonication is appl{8d).
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Fig. S11 EC performamrce of CCGEMIMBF, films and driedCCG film with EMIMBF /AN
electrolyte (A-C) Charge/discharge curveseasured aturrent density ofl, 10 and 100 A/qg,
respectively; D andE) gravimetric and volumetric capacitance densiéigainstvariouscurrent
densites (F) capacitance retention of the CCG/EMIMBfIm (3=1.25 g/cni) over 5, 000
cycles of charge/dischage atarrent density of 10 A/g (the inset shows its cycling performance
at 2.5 A/g)
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