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ated assembly of graphene-based
supercapacitors using adsorbed ionic liquid/non-
ionic surfactant complexes†

Sima Lashkari,ab Manila Ozhukil Valappil, ab Rajinder Pala and Michael A. Pope *ab

Supercapacitors are increasingly being used in energy management systems due to their ability to operate

efficiently at high power densities. To boost supercapacitor performance, high surface area electronically

conducting materials like graphene in combination with room temperature ionic liquids are a promising

combination capable of increasing cell voltage and specific capacitance, respectively – requirements for

higher energy density. To overcome challenges associated with graphene aggregation and restacking,

we present an electrolyte-mediated, electrode fabrication strategy where a commonly used ionic liquid

(IL) is complexed with a non-ionic surfactant to design a surface active spacer that adsorbs to the

surface of reduced graphene oxide in dispersion and acts as the electrolyte in the final consolidated

electrode composite. We find a general trend that the gravimetric capacitance scales linearly with

surfactant plus IL content reaching values as high as 243.8 F g−1 at 5 mV s−1 after which the electrodes

are not solid enough to process. While this is amongst the highest reported for IL-based

supercapacitors, the maximum in volumetric capacitance (80 F cm−3) is achieved at intermediate spacer

fractions due to challenges associated with achieving fully dense composites.
1. Introduction

Electrochemical double layer capacitors (EDLCs), also known as
supercapacitors, store energy at the double layer of closely
spaced ionic and electronic charge formed at a high surface area
electrode/electrolyte interface upon the application of a poten-
tial.1,2 Due to the fast and reversible nature of this phenomena,
EDLCs can safely deliver high power and long cycle life, which
makes them attractive candidates for critical, high power
applications.2 Nevertheless, EDLCs fall short of delivering high
energy density. Most commercially available EDLCs can deliver
around 5 to 8 W h L−1 3 which is signicantly less than
incumbent technologies such as lead acid batteries
(50–90 W h L−1)4 and Li-ion batteries (490–650 W h L−1).5

The volumetric energy density (EV) of an EDLC can be esti-
mated as EV f CVU

2 where CV is the volumetric capacitance of
a single electrode and U is the maximum operating voltage of
the device. The volumetric capacitance of a single electrode can
be found as CV = rbulkCG where CG and rbulk are the gravimetric
capacitance of a single electrode and the bulk density of the
electrode, respectively. Therefore, researchers seek to nd an
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optimal CG, U and rbulk in order to maximize EV. The gravimetric
capacitance of the electrode is the product of its areal double
layer capacitance (CDL) and its specic surface area (SSA). Thus,
materials with intrinsically high CDL and high ion accessible
surface area are needed. While graphene, which possesses
a high theoretical surface area of 2675 m2 g−1, is widely referred
in the literature as an ideal candidate for EDLC, its low
quantum capacitance reduces its potential for supercapacitor
application. Reduced graphene oxide (rGO) with more defects
and functional groups has a higher quantum capacitance.6

However, its surface area is oen severely compromised by
aggregation and restacking of individual sheets when assem-
bled into a dense electrode.7–9

Several techniques have been proposed so far for improving
the SSA of rGO such as using a physical spacer,10–12 chemical
activation,13,14 creating crumpled or curved rGO,15,16 and using
the electrolyte as spacer.17–21 Among these methods, electrolyte-
mediated electrode fabrication has shown signicant promise,
enabling some of the highest reported CV, since it can deliver
a high rbulk. However, this method oen imposes processing
challenges.17 For example, Yang et al.17 used the repulsive forces
between solvated rGO as a spacer during vacuum ltration. The
solvent, initially water, was replaced with an ionic liquid (IL)
electrolyte by solvent exchange, delivering CV values of up to 209
F cm−3. Introducing an IL has the advantage of signicantly
boosting device energy density due to their large electro-
chemical voltage window (4–5 V) compared to aqueous or
organic electrolytes.22 Vacuum ltration produces graphene-
This journal is © The Royal Society of Chemistry 2023
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based electrodes with a high degree of alignment, and thus high
rbulk (e.g., up to 1.2 g cm−3) has been reported. However, this
value is reported before the electrolyte imbibition step, which
likely reduces the density further.17 Nevertheless, this process is
inherently slow due to the self-limiting aspects of lter-cake
formation and thus, not amenable to roll-to-roll processing.
To overcome this limitation, Pope et al.19 used evaporative
consolidation to create a gel mixture of graphene oxide (GO)
and hydrophilic IL (1-ethyl-3-methylimidazolium tetra-
uoroborate) which was later heat treated to reduce the GO.
This method provided a high CG of 140 F g−1 but yielded
a mediocre CV of 65 F cm−3 since the IL does not adsorb directly
on the surface of GO resulting in an inhomogeneous distribu-
tion of electrolyte and a lower bulk density of 0.46 g cm−3. To
improve upon this method, She et al.20 used a common non-
ionic surfactant (Tween 20) and the hydrophobic IL, 1-ethyl-3-
methylimidazolium bis(triuoromethanesulfonyl)imide
(EMImTFSI), to form stable colloidal assemblies in aqueous
solution which were shown to spontaneously adsorb on the
surface of GO and act as a spacer in the nal dry composite.
They later removed the surfactant by heat treatment, which also
partially reduced the GO giving rise to a high bulk density of
0.76 g cm−3 and large CV of 218 F cm−3 which remains one of
the highest reported for a graphene-based composite. Although
this method has improved both CV and CG, due to the presence
of IL in the composite electrode, the heat treatment tempera-
ture was constrained, leaving behind remaining functional
groups which could possibly improve the capacitance but
adversely affected the cycle life performance of the device.
Additionally, heat treating the GO/IL composite on aluminum
current collectors was not possible due to corrosion, necessi-
tating the use of heavier copper current collectors which were
also discolored aer heat treatment. More recently, this method
was adopted by Fan et al.21 for MXenes, which have inherently
high electrical conductivity (i.e., no reduction is required),
eliminating the heat treatment step but leaving behind the
surfactant in the electrolyte.

Expanding on this approach, we demonstrated recently that
mixing several non-ionic surfactants such as Triton X-100 and
Pluronic P123 can, in addition to imparting surface activity to
a non-surface active IL,23,24 have a benecial effect on the CDL

measured at the IL/glassy carbon interface. Despite adding
these uncharged and effectively electrochemically inert surfac-
tants to the IL, a signicant increase in CDL is observed; For
example, over 100% improvement is observed at 40 wt% P123.24

This was discussed to be a result of the reduction in ionic
correlations within the IL by PEO chain of the non-ionic
surfactants.25

These works motivated us to explore how the P123 surfactant
system, which is known to be a good dispersant for rGO, might
be leveraged alone or complexed with the IL, EMImTFSI, as
a spacer requiring no additional processing steps aer electrode
casting onto an aluminum current collector. We show that
using either P123 alone or various IL/P123 compositions leads
to composite electrodes with a continuously tunable gravi-
metric capacitance which simply depends on how much spacer
material is added to the composite. Composites exhibiting
This journal is © The Royal Society of Chemistry 2023
maximal gravimetric and volumetric capacitance are evaluated
and demonstrate promising performance as high voltage,
symmetric supercapacitors.

2. Experimental method
2.1 Preparation of GO

GO was synthesized using Tour's modied Hummer's
method.26 Briey, 360 mL sulfuric acid, 40 mL of phosphoric
acid and 18 g of potassium permanganate were mixed in
a three-neck, round bottom ask placed within an ice bath. 3 g
of graphite akes (Alfa Aesar, 99.9% purity, −10 mesh) were
added slowly to the mixture and mixed to ensure a sufficient
dispersion of all the ingredients. The ask was then heated
overnight at 47 °C. Aer 16 h, the resulting thick purple slurry
was added slowly to ice water (around 200 mL) and stirred using
a glass rod. The unreacted potassium permanganate was
reduced by the dropwise addition of H2O2 to the dispersion,
which changed the dispersion color from brownish/purple to
bright yellow. The resulting GO was washed twice with 10%
hydrochloric acid and 4 times with ethanol by centrifugation
using Fisher Scientic accuSpin3 at 3000 rpm for 30 min. Then,
the pellet was dispersed in DI water and dialyzed for ∼7 days
until the pH of the dispersion was ∼4.

2.2 Preparation of reduced graphene oxide (rGO)

The graphene oxide was chemically reduced using hydrazine
reduction method by Stankovich et al.27 To a round bottom
ask, 50 mL of 2 mg mL−1 GO dispersion in water was added
and 200 mL hydrazine hydrate (35 wt%) was added to the
dispersion (based on the ratio hydrazine : GO of 7 : 10 wt/wt as
described by Li et al.).28 This ratio was found to effectively
remove 99% of the oxygen functional groups.29 The dispersion
was le overnight at 98 °C. The color of the initially yellowish
gold GO dispersion turned black. The resulting rGO was then
ltered and washed with 500 mL of DI water. The lter cake
was collected (care was taken not to let the lter cake dry out
which can lead to irreversible aggregation and restacking) and
was subsequently used to make electrodes. Using this method,
the GO was found to lose roughly 60% of its original weight. To
make this estimate, around 100 mg of GO was reduced using
the above-mentioned method and then ltered and air-dried
overnight. The resulting greyish black powder was placed in
a vacuum oven (no heating) for two days to remove any
remaining moisture and then was weighed. This procedure
was repeated three times.

2.3 Preparation of rGO/P123/IL composite electrode

For the preparation of the electrode, we added 5% of
a commercially available reduced graphene oxide (Angstron
Materials Inc.) as a conductive additive which was mixed with
the lab-prepared rGO collected from the hydrazine reduction
and added to an aqueous dispersion of P123 at a concentration
of 0.2 mg mL−1. The amount of P123 was varied to achieve 10 to
80 wt% of P123 (on a dry basis) to the dispersion. The disper-
sion was tip ultrasonicated for 30 min at 60% amplitude using
J. Mater. Chem. A, 2023, 11, 11222–11234 | 11223
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a Sonics Vibra-cell unit. Then, EMImTFSI was added to the
dispersion and ultrasonicated for another 30 min. The ratio of
IL to P123 was varied between 1, 2 and 3. The nal dispersion
was sprayed into liquid nitrogen using a spray bottle to ash
freeze the IL/surfactant adsorbed layer onto the surface of the
rGO.23 The resulting frozen slurry was collected and freeze dried
to produce a composite powder of mixed rGO/P123/IL (ash
freeze drying). At lower concentration of P123 and IL, a occu-
lent powder was collected. However, with increasing the
concentration of both P123 and IL, this powder further clumped
together, giving rise to a paste like material at around 80 wt%
P123, as a result of excess polymer. This powder was pressed
onto a carbon coated aluminum current collector (single carbon
layer, Landt instruments) using a 1/2-inch pellet pressing die
(MTI corp.) and force of 5 tons (metric) at different mass
loadings.
2.4 Electrochemical characterization of two electrode cell
using rGO/P123/IL composite electrodes

Symmetric, two electrode cells were made by sandwiching
a glass ber separator soaked with 100 mL of EMImTFSI between
two rGO/P123/IL composite electrodes in a stainless steel two-
electrode split test cell (TMAX Battery Equipment). The cell
assembly was performed in an argon-lled glovebox (less than
1 ppm O2 and H2O). The two electrode cells were characterized
by cyclic voltammetry (CV), galvanostatic charge discharge
(GCD) and electrochemical impedance spectroscopy (EIS) using
a BioLogic SP-300 potentiostat. The single electrode gravimetric
capacitance, CG, was calculated based on GCD and CV using
eqn (1) and (2), respectively.

CG ¼ 2i

mactive

�
U �Udrop

��
Dt

(1)

CG ¼ 2Iave

mactiven
(2)

where i is the current set for the GCD test, mactive is the mass of
active material on one electrode, U is device operating voltage (3
V), Udrop is the voltage drop at the beginning of the discharge
cycle and Dt corresponds to the time it takes for the cell to fully
discharge. Iave is the averaged current at the 1.5 V point on CV
curve and v is the scan rate. And the volumetric (CV) and areal
capacitance (CA) are calculated as:

CV = rbulkCG (3)

CA = rACG (4)

The bulk density (rbulk) was calculated by dividing the active
electrode materials by the product of electrode thickness and
the area of the electrode. The electrode thicknesses were
measured using a caliper. To counter the effect of minor surface
irregularities, the average of four thicknesses is reported. The
areal density (rA) was calculated by dividing the mass of active
electrode material by the area of electrode.

The full cell volumetric energy density and power density
were calculated using the following relations:
11224 | J. Mater. Chem. A, 2023, 11, 11222–11234
Ev ¼ 1

8
rbulkCGU

2 (5)

Pv ¼ Ev

Dt
(6)

where Dt is the discharge time.
The gravimetric energy density, EG is calculated using the

following eqn (7):

EG ¼ 1

8
CGU

2 (7)

Importantly, this calculation in eqn (7) excludes the weight
contribution of device components other than the active elec-
trode material.
2.5 Characterization

Scanning electron micrographs (SEM) were taken on a eld-
emission scanning electron microscope (Zeiss UltraPlus) with
an acceleration voltage of 10 kV. Energy dispersive X-ray spec-
troscopy (EDS, EDAX Apollo X) was performed on a thick
pressed pellet of the sample using an acceleration voltage of 20
kV under 500× magnications. The data were collected over
three different regions on each sample.

Electrical conductivity of rGO was measured using a four-
point probe station (Ossila). The samples were made by
grinding rGO in a mortar and pestle and pressing them using
a hydraulic press into a 0.4 mm thick pellet.

Fourier Transform Infrared Spectroscopy (FTIR) of rGO and
GO were performed using NEXUS 670. For GO, a thin lm was
created by drop casting and air-drying diluted GO dispersions
on an aluminum weighing boat, the free-standing GO lm was
then placed between two slits and subsequently placed into the
sample holder for testing. The rGO samples were made by
mixing rGO power with KBr 1 : 100 ratio (rGO to KBr) in mortar
and pestle and then pressed in hydraulic press into a thin disc.
Using 32 number of scans and a resolution of 4 in IR trans-
mittance mode, the data were collected in the range of 4000–
400 cm−1 wavenumber.

Fluorescence spectroscopy was performed for the charac-
terization of IL adsorption using a Varian Carry Eclipse with an
excitation wavelength of 550 nm. The resulting emission was
collected between 560–600 nm. The adsorption study was per-
formed using a method reported in our previous study.23 Briey,
EMImTFSI was labeled using Rhodamine B (Rh B) dye and was
added to the aqueous dispersion of P123 (CP123 = 0.4 mg mL−1)
using ultrasonication to make different weight ratios of P123/IL
= 1, 2, and 3. The emission spectra were collected for the
resulting dispersions and set as control. A xed amount of rGO
was added to the P123 dispersions to make the concentration of
0.2 mg mL−1 and sonicated for 30 min. IL at different ratios was
then added and sonicated for another 30 min. The nal
dispersion was centrifuged using Eppendorf centrifuge 5424 at
15 000 rpm for 10min and the supernatant was tested under the
same excitation as control samples and the emission spectra
were collected and compared with that of the control samples
This journal is © The Royal Society of Chemistry 2023
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for each IL/P123 ratio. For each IL/P123 ratio, the sensitivity of
the device was set to max out the signal from control emission
wavelength, for better visual contrast, and the subsequent
supernatant spectra were collected using the same device
sensitivity.

X-Ray diffraction was performed using a MiniFlex II unit
(Rigaku Americas, Cu Ka radiation) from 2q = 6 to 50° using
a scan width of 0.05° and a scan speed of 1° min−1. For testing
GO, the aqueous GO dispersion was drop-cast onto a glass slide
and air-dried. It was then used directly for testing, and for rGO,
a thick pellet was made and placed on the sample holder for
testing. Care was taken to match the thickness of the pellet with
the depth of the cavity of the sample holder to avoid shiing the
diffraction angles.

Dynamic light scattering (DLS) was performed using a Zeta-
sizer nano 90, Malvern. Samples were prepared by rst
dispersing the surfactant in water and then adding a xed
amount of EMImTFSI and further dispersion by
Fig. 1 Characterization of adsorption P123/IL complex on rGO: (a) pho
spectra from supernatant dispersion and control dispersion (i.e., without r
complex, (d) adsorbed amount in comparison to total IL mass added for

This journal is © The Royal Society of Chemistry 2023
ultrasonication. The nal dispersion was ltered using a syringe
lter with 0.2 mm pore size.
3. Results and discussion
3.1 Characterization of IL adsorption on rGO

The adsorption of IL onto the rGO surface was veried using
uorescence spectroscopy as shown in Fig. 1. When the Rh–B
labeled IL is added to the rGO/P123 dispersion, the dark colored
dispersion remains stable (Fig. 1a) but can be separated from
the supernatant by centrifugation (Fig. 1c). The uorescence
spectra of a control IL/P123 = 1, with no rGO, and the super-
natant of the same samples aer adsorption onto rGO (unab-
sorbed IL/Rh B/P123 complex) are depicted in Fig. 1b. The
signicant drop in the intensities suggests that most of the IL is
bound to the rGO with only a small amount remaining free in
solution. From the depleted IL, the adsorbed amount (in mg IL/
mg rGO) is estimated as shown in Fig. 1d. These amounts are
tograph of dispersion of rGO/P123/IL, (b) comparison of the emission
GO) for IL/P123= 1, (c) photograph of rGO pellet with adsorbed P123/IL
each IL/P123 ratio on rGO. The difference is the free concentration.

J. Mater. Chem. A, 2023, 11, 11222–11234 | 11225
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larger than the adsorbed amounts that we previously reported
for similar IL/non-ionic surfactant (Tween 20 and Triton X-100)
systems adsorbed to GO prior to reduction (i.e., Qmax ∼ 1–3 mg
IL/mg depending on concentration).23 According to studies
performed on the adsorption of Pluronic (P123 and F127) on GO
surfaces, these two surfactants interact with the hydrophobic
section of GO using their PPO chain.30,31 Since rGO is expected
to have a larger proportion of more hydrophobic graphene
domains compared to GO, it can more efficiently adsorb the
surfactant, and therefore, the mixed adsorbate (P123/IL
complex).

The concentration of surfactant in all dispersions is below
the critical micelle concentration (cmc) of P123 which is
∼1.7 mg mL−1 or 0.313 mM.32 Based on this, we expect the
surfactant molecules to be dissolved as discrete monomers in
the bulk solution which are in equilibrium with an adsorbed
phase. As we add IL, interactions between IL molecules and
surfactant lead to the delivery of IL to the surface. These inter-
actions have been observed between imidazolium protons and
the PEO chain of Pluronic triblock copolymers. However, PPO
chains remained intact as the ether oxygen in PPO is shielded by
methyl groups.33,34 In addition, P123 was reported to break the
cation–anion interactions in imidazolium ILs by forming stable
Fig. 2 Characterization of rGO and GO: (a) FTIR spectra of rGO (black) an
of flash-freeze dried rGO. Inset shows the comparison in volume betwee
(right)samples, (d) SEM image of evaporatively dried rGO.

11226 | J. Mater. Chem. A, 2023, 11, 11222–11234
cation/P123 and anion/P123 interactions.34 Therefore, one likely
explanation is that IL molecules are being delivered to the rGO
surface by complexation with the PEO chains of P123 while PPO
groups bond to the rGO surface using hydrophobic
interactions.30,31

From Fig. 1d, the percentage of unadsorbed molecules are
18%, 18%, and 31% for IL/P123 ratio of 1, 2 and 3, respectively.
Therefore, when we have up to twice the IL to P123 in the
dispersion, we get higher adsorption, implying that each
surfactant can carry two IL molecules to the surface. Interest-
ingly, when studying these colloidal dispersions at a concen-
tration above the cmc, we see a similar trend, that P123
complexes with the IL, formingmixed micelles for IL/P123 mass
ratio of 2 or less (ESI, Fig. S1c†). Increasing the amount of IL led
to swelling of micelles and formation of IL aggregates. Such
behavior has been observed in the literature for Pluronic and
imidazolium-based ILs.35
3.2 Characterization of GO and rGO

The as-prepared GO exhibits a C/O ratio of 1.43 ± 0.02 (by
atomic ratio) measured by EDS analysis of the samples, which is
increased to 10.3 ± 0.2 aer hydrazine reduction, in line with
d GO (red), (b) XRD patterns of rGO (black) and GO (red), (c) SEM image
n the same amount of evaporatively dried (left)-and flash freeze-dried

This journal is © The Royal Society of Chemistry 2023
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similar values reported in the literature.27 The conductivity of
the rGO was found to be ∼400 S m−1 and also similar to
previous reports.27 To make a comparison between the func-
tional groups present in both GO and rGO, their spectra were
compared using FTIR. Fig. 2a shows the spectra of GO (black)
and rGO (red). The O–H stretching of free hydroxyl groups
absorb in the 3620 cm−1 (3700–3584 cm−1). The O–H stretching
vibration of water molecules can be found at a lower frequency
of 3420 cm−1 (3550–3200 cm−1). The C–O stretching vibrations
are found at 1260–1000 cm−1. The peak at 1050 cm−1 can be
assigned to epoxy group (C–O–C), while the peak at 1220 cm−1

can be allocated to hydroxyl groups (C–OH). The C]C stretch-
ing is observed at 1629 cm−1 and the carbonyl and carboxylic
group (C]O) appears at around 1735 cm−1 (1740–1720 cm−1).36

The rGO shows two distinguished bands near 1220 cm−1 and
1570 cm−1 which can be assigned to C–OH groups29 and C]C
stretching absorption band,37 respectively. By comparison of
these two spectra, considerable amounts of functional groups
such as carbonyl, carboxyl, and epoxy have been eliminated
using the hydrazine reduction method, and the amount of sp2

hybridized carbon has been enhanced causing the material to
transition from electrically insulating to electronically
conducting.

Fig. 2b shows the XRD proles for both GO and rGO. For GO,
a sharp peak at 10.5° originating from the 001 plane, corre-
sponds to an average interlayer spacing of ∼0.84 nm due to the
presence of oxygen- containing functional groups. In contrast,
the XRD pattern of rGO exhibits a broad reection at 24° (002
plane). This shi is due to the reduction in interlayer spacing to
0.37 nm as a result of losing the functional groups and
Fig. 3 Electrochemical performance of rGO/P123/IL composite electrod
1mg cm−2 (a) CV of rGO control (freeze-dried and air-dried), rGO/P123(a
5 mV s−1, (b) CG of electrodes vs. surfactant wt% at 1 A g−1, (c) CG o
surfactant wt% at 1 A g−1, (e) density comparison of the electrodes, rest.
component densities vs. measured bulk density (rbulk), (f) GCD comparis

This journal is © The Royal Society of Chemistry 2023
restacking of the rGO sheets to a spacing closer to that of
graphite (0.34 nm).

Fig. 2c and d compare the SEM images of rGO obtained using
two different drying techniques, the ash freeze drying (Fig. 2c)
and the air-drying method (Fig. 2d). The Inset in Fig. 2c
compares the volumes of (∼6 mg) air-dried sample (lemost
gure) to the ash freeze dried sample (rightmost gure), which
demonstrates the larger volume (or reduced bulk density). As it
can be seen from the SEM images (Fig. 2b and c), the freeze
dried rGO consists of individual rGO sheet that are curved and
wrinkled. However, evaporatively dried samples show clumps of
rGO and is hard to identify the individual sheets. Freeze drying
of rGO therefore, provides a signicantly reduced bulk density,
which is expected to lead to a higher surface area38 compared to
that of evaporatively dried rGO.10,39

3.3 Electrochemical performance of rGO/P123/IL composite
electrodes

The gravimetric capacitance of a series of rGO electrodes
prepared with or without the IL/surfactant complexes is shown
in Fig. 5. The capacitance of rGO that was evaporatively dried
(i.e., air-dried), had a capacitance of only 62.8 F g−1. Samples by
which aggregation had been minimized by spray-freeze drying
increased the capacitance to 95.4 F g−1, an∼51% enhancement.
Interestingly, these electrodes had a similar bulk density aer
pressing into electrodes which demonstrates the known severe
sensitivity of graphene or rGO ion-accessible surface area on
processing conditions with each material being the same rGO
but just assembled in a different way. Incorporating P123 into
the dispersion improved the capacitance further to 168 F g−1
es at various concentrations of surfactant and IL, with electrode loading
t 60 wt.% P123) and rGO/P123/IL (at 60 wt% P123) (IL/P= 3), scan rate=
f electrodes vs. total added spacer mass%, (d) CV of electrodes vs.
denotes density estimated assuming a linear combination of individual
on of best performing electrodes at 1 A g−1.
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(an additional 76% improvement), while, using the IL/P123
surfactant complex boosted the capacitance an additional
45% to 243.7 F g−1. Adding the P123 or P123/IL complex as
a spacer provides a signicant boost in capacitance while
retaining a pseudo-rectangular CV up to 3 V.

In Fig. 3b, we study the effect of P123 wt% on the achievable
capacitance by galvanostatic charge–discharge testing (Fig. 3b).
However, since P123 is not ionically conducting, the test cell
was assembled under ooded IL conditions and mutual diffu-
sion of P123 and IL are expected to take place. This time-
dependent process was observed as the capacitance of the cell
(area of the CV plot), increased from the rst cycle to the last
cycle (10th), indicating that more rGO surface area became ion-
accessible with time (ESI, Fig. S2a†). While this worked to
improve the capacitance, instead, including the IL with the
P123 as part of the adsorbed layer complex, had a stronger effect
on boosting capacitive performance (Fig. 3b) while the electro-
lyte work-in cycles were found unnecessary (Fig. S2b†). This
indicated that there was already enough IL in the composite to
sustain ionic contact to all rGO surface area. It is interesting to
note themaximum capacitance for 10 wt% P123 electrode series
occurs as IL/P = 1, while for the 20 wt% P123 series, the
maximum gravimetric capacitance of 160 F g−1 was reached at
IL/P123 = 2, for the sake of brevity, we will refer to it as 20% P
(2), and adding extra IL resulted in a drop in capacitance.
Similar phenomena can be observed for the 40 wt% P123 series.
However, for the 60 wt% P123 series, the maximum capacitance
occurs at the IL/P123 = 3 (or 60% P (3)) which is also the largest
capacitance among all the tested series (CG = 243.7 F g−1). One
likely explanation for this behavior is the possible effect of free,
dissolved or emulsied IL on the self-assembly of P123/IL and
the kinetics of adsorption.40,41 Therefore, certain ratios of IL/
P123, at various concentrations of surfactant, result in more
uniform coverage of the surface, as it was shown that this
uniform coverage is critical to achieving large capacitance.20 For
80 wt% P123, the addition of IL made the rheological properties
of the powder unsuitable for pressing into a semi-solid elec-
trode disc. Therefore, we have not reported any values for this
electrode as it could not be easily cast onto a current collector
for capacitance measurements.

However, regardless of the peculiar behavior of CG with
respect to IL/P123 ratio, considering the total mass added to the
composites, the capacitance is generally continuously
increasing (Fig. 3c) in a nearly linear fashion with the total mass
of spacer material used, suggesting that a synergic effect of both
P123 and IL as spacer. Nevertheless, increasing the amount of
spacer has an adverse effect on the CV of our electrodes as less of
the electrode volume is active material with a larger proportion
being spacer (Fig. 3d). Fig. 3d compares the volumetric capac-
itance of the whole series of composite electrodes. The
maximum CV is 80 F cm−3 and occurs at 20% P (2) with CG of
160 F g−1. The second-best performance in terms of CV can be
assigned to 10% P (1) electrodes with volumetric capacitance of
75 F cm−3. However, for 60% P(3) electrodes with the highest
CG, the CV drops to 45 F cm−3. This drop is due to a decrease in
electrode density as a result of air entrapment during electrode
processing which creates voids in the lm. Furthermore, the
11228 | J. Mater. Chem. A, 2023, 11, 11222–11234
wrinkled structure of freeze-dried rGO (as depicted in Fig. 2c)
also reduces the density of the electrodes where the sheets are
not as aligned as those deposited by something like vacuum
ltration.17 Fig. 3e compares the experimental bulk density
(rbulk) vs. the estimated density of a fully dense composite
assuming the composite density is a linear combination of the
densities of the pure components (rest.). For 60% P(3) electrode,
the estimated density of a fully dense composite is ∼1.4 g cm−3.
If we were able to achieve this while retaining the IL accessible
surface area, we would be able to boost the CV further to 350 F
cm−3.

For the best performing electrode of each series, their GCD
curves were compared in Fig. 3f at 1 A g−1. The GCD curves are
nearly triangular in shape with only a slight voltage drop at the
beginning of the discharge cycle (∼0.05 V for 1 A g−1). This can
be ascribed to the purely double layer charging of these
composite electrodes aer the chemical reduction of GO (see
Fig. 2). Our previous attempt using heat treatment of the elec-
trode at a low temperature of 300 °C resulted in partial removal
of the oxygen containing functional groups which degraded the
device cycle-life.20

Further, based on the active material mass/volume we
calculated the energy and power densities (both volumetric and
gravimetric) of our electrodes of various P123 wt%, at 1 A g−1.
The calculated values have been supplemented in Table S1.†
Our materials consist of electrolyte and a surfactant acting as
inactive components (“dead-weight”). Therefore, it is worth-
while to compare the energy densities with and without the
dead weight. Accordingly, the gravimetric energy densities (at
1 A g−1) including and excluding the dead weight are compared
as a function of P123 wt% (using the ratio of IL:P123 = 3) in
Fig. S3.† It is evident that the gravimetric energy density drops
as inactive mass is added, which is also consistent with the
trend in volumetric energy densities since the added volume
decreases the electrodes' bulk densities. However, as discussed
in reference to Fig. 3e, the experimental bulk densities are far
below the estimated ones, implying further improvement to the
volumetric energy densities is possible. For example, for a 60%
P(3) electrode, if we were able to achieve the estimated density
of the electrode ∼1.4 g cm−3 for a fully dense composite while
retaining the ionic liquid-accessible surface area, we would be
able to boost the volumetric energy density further to 88 W h
L−1 at a gravimetric capacitance of 200 F g−1 (Fig. S3†).

Fig. S4† shows the relationship between gravimetric energy
densities as a function of CG for various weight percentages of
P123 (IL:P123 = 3). The energy densities calculated considering
total mass including non-active components are also given for
comparison, again validating that gravimetric energy density
drops substantially when inactive mass is considered.

To compare the performance of our electrodes with the
literature report, we constructed a Ragone plot of our materials
superimposed with the literature reports of similar systems
(Fig. S5†). A detailed comparison table has also been supple-
mented (Table S2†). 20% P(2) electrodes show energy density
and power density of 27 W h L−1 and 0.44 kW L−1, respectively
(also refer to Table S1†) when considering only the electrode
volume. At a high power density of 8 kW L−1, the energy density
This journal is © The Royal Society of Chemistry 2023
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drops to 16 W h L−1. Also, note that most of the literature
reports are based on a voltage window $3 V, which would be
difficult to make a one-to-one comparison of performance,
since the energy density scales with the square of the voltage
window. Nevertheless, the focus of our paper is to demonstrate
a new approach, which is to prevent restacking of rGO using
surfactant/IL complexes as a spacer. As evident from Table S2,†
our electrodes (60% P(3), IL:P123 = 3) demonstrate one of the
Fig. 4 Comparison between performance of 60% P(3) vs. 20% P (2). (a) C
60% P(3), (d) IR drop vs. current density comparison for 20% P(2) and 60
between 20% P(2) and 60% P(3).

This journal is © The Royal Society of Chemistry 2023
highest capacitances in terms of F gactive material
−1, which

suggests that our approach is amongst the best as a spacer. On
the other hand, the volumetric capacitance of our electrodes are
limited by sub-optimal bulk densities as discussed earlier. For
this reason, the 20% P(2) electrode, which has the optimized
value for volumetric energy and power densities is chosen for
comparison with the literature values, which as can be seen
from Table S2† is positioned among the middle of the pack.
V of 20% P(2), (b) CV of 60% P(3), (c) rate performance for 20% P(2) vs.
% P(3), (e) phase angle for 20% P(2) and 60% P(3), (f) EIS comparisons
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While we achieve results consistent with other high-impact
literature reports, we do not achieve the highest performance
in terms of energy and power densities because of the voltage
limitations and the sub-optimal bulk density, and this leads to,
not the best, but a competitive performance. Even so, poten-
tially a much higher volumetric energy density is possible with
this material if we are able to achieve the estimated bulk density
(Fig. S3†).
Comparison of 60% P(3) and 20% P(2) electrode
performances

Since 20% P(2) and 60% P(3) electrodes showed the highest
volumetric and gravimetric capacitance, respectively, we have
carried out a more comprehensive performance assessment in
Fig. 4a and b, respectively. The CVs for both electrodes are
rectangular in shape and remain so up to a very large scan rate
indicating ideal double layer charging. The capacitance vs.
current densities are compared for both electrodes in Fig. 4c. As
can be seen from the plot, both electrodes show good rate
performance, maintaining up to ∼70% of their original capac-
itance up to current densities as high as 10 A g−1. This is an
indication of both good ionic and electronic conductivity due to
the presence of IL/P123 between the rGO. In Fig. 4d, voltage
drops (IR drop) vs. current density show a linear relationship for
both electrodes (R2 ∼ 0.99 for both cells), the slope of this line
represents the equivalent series resistance (ESR), or internal
resistance of the cell,42 which reects the combined resistances
due to ion and electron transport.43 The ESR values of 0.032 U

and 0.029 U were measured for 20% P(2) and 60% P(3),
respectively. Fig. 4e shows the phase angle vs. frequency for
both electrodes. As it can be seen from the plot, the phase angle
for both electrodes is close to −90 (∼−80°) at lower frequencies
which again signies ideal double layer capacitance behavior.
The frequency at a phase angle of −45° marks the characteristic
frequency f0 where both capacitive and resistive impedances are
equal.44 This frequency for both of our electrodes is at 0.2 Hz
corresponding to a time constant (s0) of 5 s. Fig. 4f probes the
ion transport properties of both electrodes using EIS. Overall,
both electrodes show nearly ideal capacitive behavior judging
from the vertical line at the low frequency region. The 45° line
from 243 Hz to 1.04 Hz, which is seen for both electrodes, is
a result of Warburg-like impedance caused by diffusional
resistances at these frequencies.43 Regardless of the larger
volume of IL in 60% P(3), both electrodes show the same
Warburg-like impedance. However, it should be noted that the
20% P(2) electrodes require initial work-in cycles using a low
scan rate of 5 mV s−1 while the 60% P(3) did not require this
extra step (a comparison between the rst scan and the last scan
for these two electrodes were made in ESI, Fig. S6†). The
semicircle in the high frequency region, which is sometimes
referred to as the charge transfer resistance, but for blocking
electrodes is more related to the resistance associated with ionic
and electronic diffusion processes in the porous electrode, are
quite similar and low (∼4 U).43 These resistances were
compared with control samples of 20% P and 60% P (surfactant
only) and the rGO only electrode in ESI, Fig. S7.† From Fig. S7a,†
11230 | J. Mater. Chem. A, 2023, 11, 11222–11234
the control sample with rGO as an electrode (no adsorbed IL
complex), shows a larger diameter semi-circle (∼9.7 U) at high
frequencies and a more extended Warburg resistance, while
with addition of only 20 wt% P123, this resistance reduces to 4.4
U. The reduction in resistance with only 20 wt% P123 can be
related to the enhanced ionic diffusivity facilitated by surfactant
spacers, which states the signicant role of electrolyte in
reducing the overall resistance of the cell. With further increase
in the amount of surfactant, the resistance increases (∼6.8 U) as
a result of having excess non-conducting surfactants which also
increase the viscosity of the electrolyte. Comparing this value
with that of 60% P(3) electrodes, the effect of ordered self-
assembly of IL/P123 on the interface prior to electrode
assembly can be clearly identied and this effect has already
been observed in capacitance enhancement of this electrode
(Fig. 3b). The same conclusion can be made from Fig. S7b.†
3.4 Loading study for 20% P(2) electrode

Since 20% P(2) has the highest volumetric capacitance, we have
studied its performance at different areal mass loadings of the
electrode. Higher loadings are desired as they increase the
practical device energy density by increasing the ratio of active
material to inactive material (current collectors, membrane
separator, etc.). By increasing the electrode loading to 1.58 mg
cm−2, the gravimetric capacitance stays the same for lower scan
rates of 5 mV s−1 and 20 mV s−1 (20 mV s−1 corresponds to
1 A g−1), but drops at higher scan rates losing ∼60% of its
original values at high scan rate of 500 mV s−1. While at 3.96 mg
cm−2 loading of active materials, the capacitance drops to 107 F
g−1 at low scan rate and further reduces to 10 F g−1 at 500 mV
s−1, losing around 90% of its original capacitance (Fig. 5a).
Fig. 5b, compares the GCD curve for different loadings. While
for both 0.79 and 1.58 mg cm−2 of electrode loading, the GCD
stays rectangular with low voltage drop of 0.05 and 0.11 V,
respectively, the 3.96 mg cm−2 loading electrode shows a much
higher voltage drop of 0.29 V which explains the poor rate
performance of this electrode. The drop in capacitance at
higher loading are usually the result of hindered ionic or/and
electronic transport across the electrode cross section. The
areal capacitance (CA) of the electrodes, shown in Fig. 5c, drops
at higher mass loading of 3.96 mg cm−2 as a result of hindered
ionic and/or electronic transport properties.45

Performing EDS mapping on the surface of the electrodes
shows uniform elemental distribution of O, N, S and F which
indicates even distribution of IL throughout the electrode
surface (Fig. S8†). A cross sectional view of our electrodes
(Fig. S9†), shows the existence of large air gaps, which are the
origin of the sub-optimal bulk density and might explain the
rise of voltage drop and nonlinear increase in CA vs. loading as
a result of broken electronic/ionic percolation. Using the

expression for porosity, P ¼ 1� rbulk

rest:
; and the value of rbulk

and rest. from Fig. 3e, the porosity of 20% P(2) is estimated to be
around 66%. This porosity is attributed to both electrode pro-
cessing (using the hydraulic press) and wrinkled structures
induced during the freeze-drying process.
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Loading performance of 20% P(2). (a) Rate performance of electrodes at different loading, (b) GCD comparison of different loading at
1 A g−1, (c) areal capacitance (CA) as a function of mass loading.
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3.5 Cycle life study and comparison of 20% P(2) electrodes
to state-of-the-art

The long-term cyclability of our device with 20% P(2) electrode
was tested using GCD at 10 A g−1 for 10 000 cycles. As depicted
by Fig. 6a, the capacitance of the 20% P(2) electrodes increase
upon rst 1700 cycles up to about 46% of its original capaci-
tance, as a result of work in cycle associated with this electrode
(Fig. S6†), and then reduce again at 5000 and 10 000 cycles but
retaining around 94% and 80% of its maximum capacitance,
respectively. The reduction in capacitance upon long term
cycling may be a result of electrolyte decomposition as we are
pushing the electrolyte outside of its stability window. The
electrochemical stability window (ESW) of EMImTFSI is known
to be above 4 V.24 However, interactions between the IL and
P123, reduce the oxidative stability of the EMImTFSI and thus
reduce the ESW as determined in our previous work.24 Despite
this reduced ESW, we could achieve an increase in capacitance
implying there is a signicantly benecial effect on the capac-
itance (an increase by a factor of 88% for P123).24 An investi-
gation of the cell aer cycling test revealed discoloration of the
electrolyte as a result of this degradation. Further analysis of the
voltage window for our supercapacitor was performed using CV
at 5 mV s−1 and GCD at 0.1 A g−1, which indicates the limits of
stability are closer to 2.5 V (Fig. 6b and c). Since we found that
the P123 impacts only the oxidative stability of the IL,24 building
an asymmetric supercapacitor which traverses a narrower
Fig. 6 (a) Cycle stability of 20% P(2) electrode, (b) voltage stability windo
window test for cell 20% P(2) at 0.1 A g−1.

This journal is © The Royal Society of Chemistry 2023
positive window than negative window is likely to improve the
stability in an expanded voltage range.46 Preliminary tests on
mass balancing (Fig. S10†) indicate that an ESW of ∼3.5 V is
possible. However, in future work, we plan to screen other ionic
liquids whose stability may be less impacted by the presence of
the P123.

Since we have used hydrazine reduced graphene as an active
material for our electrode, we rst compare our work with
Stroller et al.39 which also used hydrazine reduced graphene as
an active material and PTFE as binder for electrodes combined
with organic electrolyte to achieve gravimetric capacity of
99 F g−1. Using our procedure, we increased CG to more than
double the value reported for these materials (∼250 F g−1)
indicating the importance of using electrolyte as spacer in
improvement of the electrode's SSA. Nevertheless, due to the
nature of this reduction method, we still lose considerable
surface area of rGO by hydrazine reduction due to instant
agglomeration during reduction which cannot be avoided.
Other distinguished work can be named as EM-CCG by Yang
et al.8 which yielded CG of 203.2 F g−1, and CV of 255.5 F g−1 at
high electrode density of 1.33 g cm−3 using vacuum ltration
that enabled attening of the reduced graphene oxide sheets
and imbibition of the electrolyte using capillary forces.
However, as it was already mentioned, this method is lengthy
and not scalable. Whereas our method based on powder pro-
cessing is potentially more scalable and economically viable for
w of electrolyte using 20% P(2) cell, at 5 mV s−1, (c) electrolyte stability
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fabrication of energy dense electrodes from 2D materials. In
addition, with further improvement of the electrode assembly
method, we can possibly increase the electrode's bulk density
up to∼1 g cm−3 which would result in an increase in volumetric
capacitance up to a value of 250 F cm−3. This limitation results
from the wrinkled structure of rGO upon reduction and drying
which was demonstrated in Fig. 2c. Nevertheless, this method
can be applied to other 2D materials which possess good elec-
tronic conductivity and high SSA such as MXenes47 or the
metallic, 1T polymorph of molybdenum disulde,48 where you
can achieve rbulk closer to the rest. for these new materials and
possible enhancement to both CV and CG.

The limitations on achieving a larger ESW with this
approach would be addressed in a potential future study by
screening more ionic liquids whose ESW may not be impacted
by P123. In addition, surface active ionic liquids (SAILs) have
recently gained recognition as supercapacitor electrolytes due
to their unique interaction with electrode and formation of
stable structural layers nearby electried interface.49,50 The ions
in SAILs can by themselves act as potential surfactants and
therefore will not necessitate introducing extra surface-active
material such as P123. To alleviate the degradation upon
cycling, usage of non-halogenated SAILs will be considered as
a non/less-corrosive alternative,51 as halogenated ionic liquids
could corrode the aluminum current collector. We hope that
employing these approaches in our future work would help us
to overcome the degradation upon charge–discharge cycling as
well as maximize the overall performance metrics of our rGO
electrodes.

4. Conclusions

In this work, we attempted to address the aggregation of rGO
sheets by creating a molecular layer of electrolyte (i.e.,
EMImTFSI) as spacer on the rGO sheets using the concept of
self-assembly of non-ionic surfactants (P123) with the ionic
liquid (IL). In this method, the IL molecules are carried to the
surface of rGO with the aid of P123, the nal dispersion, con-
taining varying P123 concentration and mass ratios of IL to
P123, is ash freeze dried. Overall, the CG increased continu-
ously with an increase in the added spacer mass up to 80 wt%
P123. The highest gravimetric capacitance (CG) of 243.7 F g−1

was measured at 60 wt% P123 with IL/P123 = 3 (i.e. 60% P(3)),
which shows 155% increase in CG compared to control rGO
electrode (freeze dried without the additive, CG = 95.4). While
the CG of the electrode increase linearly with overall addition of
spacer materials, measurement of the densities of the electrode
shows a continuous drop of the electrode's bulk densities
(rbulk). Comparing the calculated estimated densities (rest.) of
the composites with rbulk show on average∼66% porosity in the
electrodes which may originate from the wrinkled structure of
the rGO and air trapped in the rGO/IL/P123 powder during the
processing of the electrodes. The volumetric capacitance of the
electrodes (CV) as a result reduces signicantly to 45 F cm−3 and
75 F cm−3 for 20% P(2) and 60% P(3) electrodes, respectively.
The overall rate performance of the two electrodes were analo-
gous, the electrodes maintained ∼70% of their original
11232 | J. Mater. Chem. A, 2023, 11, 11222–11234
capacitance aer 10 fold increase in the current density, while
the 60% P(3) did not require an extra work in cycle due to the
presence of enough ion conducting molecules in the electrode's
composition. For 20% P(2), the cyclic stability test at 10 A g−1

shows 94% and 80% capacitance retention up to 5000 and 10
000 cycles, respectively. However, a closer investigation for the
electrolyte stability windows reveals the degradation of the
electrolyte above 2.5 V. Balancing the electrode's mass can be
used to improve the voltage stability window of the device.
Overall, this method introduces new prospect for improving the
double layer capacitance of 2D materials, with emphasis on
materials with inherently high electronic conductivity such as
metallic molybdenum disulde and Mxenes.
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