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ABSTRACT: The addition of dehydrated sucrose nano-
particles increases the gravimetric capacitance of electro-
chemical double-layer capacitor electrodes produced via the
evaporative consolidation of graphene oxide—water—ionic
liquid gels by more than two-fold. Dehydrated sucrose adsorbs
onto graphene oxide and serves as a spacer, preventing the
graphene oxide from restacking during solvent evaporation.
Despite 61 wt % of the solids being electrochemically inactive
dehydrated sucrose nanoparticles, the best electrodes achieved
an energy density of ~13.3 Wh/kg, accounting for the total
mass of all electrode components.
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B INTRODUCTION

One of the routes for enhancing the performance of current
electrochemical double-layer capacitors (EDLCs), also known
as supercapacitors, involves designing new electrodes with
commonly available materials with higher gravimetric capaci-
tance (Cg). Thus, materials with a large specific surface area
(SSA) and a high intrinsic double-layer capacitance (Cp) are
needed, because Cg is the product of SSA and Cp;.
Carbonaceous materials such as activated carbon,' carbon
black,> carbon nanotubes,® and graphene-based materials*™®
have been favored as active materials for EDLC electrodes as
they are electrically conductive and feature large SSAs, typically
greater than 1000 mz/g. Of these materials, functionalized
graphene sheets (FGSs), a class of materials produced via the
thermal reduction and exfoliation of graphite oxide (GO)*'° or
the chemical reduction of graphene oxide,'" i, FGS,, where
the subscript represents the atomic carbon:oxygen ratio (C:0),
are promising for electrodes with high gravimetric capacitance.
FGSs boast an exceptionally large theoretical surface area of up
to 2630 m”/g and have recently been shown to exhibit a Cp; up
to 4 times greater than that of pristine graphene because of
their high density of residual functional groups and
defects."”~'*

However, one of the greatest challenges in reaching the
potential performance of FGS-based EDLCs is 1processing the
FGSs in a way to maintain their large SSA.” Aside from
wrinkles and surface defects,” FGSs do not contain an intrinsic,
rigid porous structure like other carbonaceous materials, most
notably activated carbon.'® Consequently, the SSA of a bulk
FGS-based electrode is exclusively dependent on how the FGSs
aggregate upon being processed into dense electrodes.
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Typically, FGS-based electrodes are processed from dispersions
of FGSs in an appropriate solvent. The SSA of FGSs can be
large when well-dispersed in suspension (~1740 m?/g)."”
Upon solvent evaporation, however, capillary and van der
Waals forces cause the sheets to collapse and restack, drastically
reducing the SSA of the bulk film (~390 m?/g).'®'" The
reduction in SSA is even more pronounced (<1 m?/g) for FGS,
given the material lacks intrinsic wrinkles.

There are two approaches to prevent the restacking of FGSs:
(i) physically altering the morphology of the FGSs”*°~** and
(ii) adding a second nano-sized particle to serve as an inter-
sheet spacer.”'®*>** The addition of a secondary component to
serve as an inter-sheet spacer for FGSs is a more promising
route as the spacing of the FGSs can be controlled by changing
the size of the added spacer. The disadvantage of this approach,
however, is the negative influence of the extra weight of the
spacer on the energy density of the device (E), which is directly
proportional to the mass fraction of the active electrode
material (f) as shown in Eq 1:

fe i

E g CcU (1)
where U is the applied voltage. Therefore, in such a system, the
challenge is to prevent the restacking of FGSs while keeping the
energy density high. A possible route to accomplishing this goal
is to use nano-scale spacers that are also active materials.

So far, solid components such as metal and ceramic
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Table 1. EDLC Performance Metrics of Graphene-Based Electrodes Employing Various Solid Spacer Materials

Spacer material Electrolyte
dehydrated sucrose (this work) EMImBF,
tin nanoparticles™ 2 M KNO;
carbon nanotubes'® 30 wt % KOH
carbon nanotubes'® 30 wt % KOH
carbon nanotubes™ 1 M KCl
carbon nanotubes™ 1 M TEABF,/PC
carbon nanotubes™ EMImTFSI
p-phenyldiamine™” 1 M H,S0,
platinum nanoparticles® “acid”
CaCOj; nanoparticles®® 2 M KCl
carbon black™ TEABF, in AN
melamine resin>* 1 M LiPF; in EC/DEC
poly(ionic liquid)** EMImTFSI
carbon black™ 6 M KOH

carbon black™ 1 M LiPFg in EC/DEC

Cg (E/g) w* E*” (Wh/kg) E (Wh/kg)
271 0.6 89 (3V) 133 (3V)
320 nr? 36° nr
318 0.5 3.9 nr?

224 0.11 6.6 nr?
290.6 0.5 10 nr?
201.0 0.5 62.8 (3V) nr
280 0.5 155.6 (4 V) nr
282.3 nr? 28 nr?
269 ~0.5 nr? nr?
240 ~0.12 nr? nr?
218 0.1 436 nr?
210 nr? 28 nr?
187 nr? 6.5 (3.5V) nr?
138 0.76 s nr?
832 0.76 26 nr?

“Weight percent of solids from the spacer material. bReported without considering the mass of the electrolyte (f = 1). “Calculated using the term

1/,CeU% “Not reported.

18,30 31,32
nanotubes, 7" and carbon blacks® "’ have been used as

spacers between FGSs. All of these studies report high Cg, as
shown in Table 1, yet they neglect to include the weight of the
spacer material, the weight of the electrolyte, or both in the
calculation of E. Hence, they report an E that is exaggerated as
it is based solely on the weight of the active solid materials.

In this study, we use nanoparticles produced via the
dehydration of sucrose, a renewable feedstock, as spacers
between FGSs, as the density of dehydrated sucrose (DS) is
expected to be much lower than that of a metal- or oxide-based
nanoparticle of equal size, thereby minimizing the increase in
the total weight of the electrode. Using an evaporative
consolidation procedure developed by our group,” we
combine these hydrophilic DS nanoparticles with an aqueous
suspension of FGS, and water-soluble ionic liquid (IL) and
consolidate the suspension into electrodes that are heat treated
to reduce the FGS, into conductive FGSs. We show that
including DS prevents the restacking of FGSs effectively and
increases the Cg from 115 to 330 F/g (reported per gram of
FGS). Moreover, with this approach, surprisingly high energy
densities (13.3 Wh/kg) can be achieved despite the large
amounts of DS (60 wt % solids) used within the electrodes.
While this is not the best energy density reported for FGS-
based electrodes, it is an impressive value given that the
electrodes have not been optimized for other processing
parameters and that the DS is expected to be electrochemically
inactive. Further improvements are anticipated by rendering DS
conductive and electrochemically active through heat treat-
ments and subsequent optimization of the processing
parameters.

B EXPERIMENTAL SECTION

Material Preparation. Graphite Oxide (GO). GO was produced
by an improved Hummers method according to a procedure described
previously.** Briefly, 3 g of graphite (Asbury 3061) was added to
360 mL of concentrated H,SO, and 40 mL of concentrated H;PO, in
a 1 L glass beaker with a polytetrafluoroethylene (PTFE) stir bar.
Eighteen grams of KMnO, was added, and the temperature was held at
45 °C for 16 h. The reaction mixture was poured over 400 g of ice, and
6 mL of 35 wt % H,0, was added. The resulting GO was washed with
water (2X), 35 wt % HCI (3%), and anhydrous ethanol (3%X). The GO
was stored in ethanol in a slurry form until it was used.
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Dehydrated Sucrose. DS was synthesized according to an acid-
catalyzed dehydration of sucrose adapted from ref 35. Briefly, 3 g of a
saturated aqueous solution of sucrose (2.0 g of sucrose/mL of water)
was added to a scintillation vial with a PTFE stir bar. Two milliliters of
concentrated H,SO, was added dropwise from a PTFE-stoppered
glass syringe (inner diameter of 10.3 mm) at a rate of 0.25 mL/min
under vigorous stirring. The reaction mixture was then quickly diluted
in 40 mL of deionized (DI) water and stirred for an additional 30 s.
Finally, two aliquots of 3 mL of 0.5 g/mL NaOH were pipetted
sequentially into the mixture. The mixture was distributed into 3.5 kDa
dialysis membranes and dialyzed for 10 days against DI water that was
exchanged daily.

Electrode Fabrication, Characterization, and Testing. 1-
Ethyl-3-methylimidazolium tetrafluoroborate (EMImBF,, Sigma-Al-
drich) was purchased at a purity of >99 % and used as received. The
procedure for electrode preparation is based on modifications to the
evaporative consolidation approach developed by Pope et al.**
Aqueous suspensions of FGS, and DS were prepared at various
FGS,:DS (mass ratios) by tip sonication for 15 min at 40 % amplitude.
The total solid content was adjusted to 8 mg/mL by evaporating the
excess solvent. Two batches of electrodes were prepared, each differing
in how the total EMImBEF, content was maintained. Electrodes termed
“electrolyte-lean” were prepared with an FGS,:EMImBEF, of 70:30;
“electrolyte-rich” electrodes were prepared by mixing the total solids
(graphene oxide and DS) with the IL in a 70:30 ratio. To facilitate
mixing, IL was diluted with DI water to a ratio of 1:5. After addition of
IL, the prepared suspensions were stirred overnight and then drop-cast
onto platinum pucks (1.5 cm diameter, 99.9 % purity) such that a total
loading of 1.5 mg of FGS, was achieved. The electrodes were left to
dry overnight. The consolidated electrodes were placed in an ashing
furnace and heat treated in a nitrogen-blanketed atmosphere to 300 °C
(ramp rate of 20 °C/min), after which the furnace was turned off and
the electrodes were left to cool to room temperature.

The mass of the thermally reduced DS—FGS—EMImBF, electrodes
was determined by weighing the electrode after heat treatment and
subtracting the mass of the platinum puck. To calculate the solids
loading post-heat treatment, a sacrificial electrode was analyzed using
thermogravimetric analysis (TGA) by heating the films to 500 °C
(beyond the decomposition of EMImBF,) and determining the
residual mass of the electrode film. The mass of FGS on each electrode
was determined by first multiplying the total mass of the reduced film
by the mass fraction of the total solid material determined by TGA and
then by multiplying the result by the mass fraction of FGS in the
solids, based on the initial FGS,:DS ratio. The average mass of FGS
after heat treatment was ~0.5 mg. Electrochemical testing of the
electrodes was performed using a spring-loaded stainless steel test cell
(MTTI Corp.) in a two-electrode configuration using a Celgard 3501
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membrane separator presoaked in EMImBF,. All devices were
assembled in an argon-filled (99.9999 %, AirGas) glovebox (Innovative
Technology). Cyclic voltammetry and electrochemical impedance
spectroscopy (EIS) were performed using a computer-controlled
potentiostat (VSP, Bio-Logic). Cg was calculated from the cyclic
voltammetry data using the following equation:

i
CG -9 avg

)

where i, is the average of the absolute anodic and cathodic currents at
the midpoint of the cyclic voltammogram (CV), v is the scan rate, and
m is the average mass of FGS on both electrodes. The CVs were
collected over a 3.0 V window. The impedance measurements were
taken at open circuit potential over a frequency range from 200 kHz to
10 mHz with a sinus perturbation of 10 mV. Measurements were taken
at 10 % of one period of oscillation.

Additional Characterization. The C:O values of the materials
before and after heat treatment were determined by energy dispersive
X-ray spectroscopy (EDS). X-ray diffraction (XRD) was performed on
FGS—DS composites using a desktop diffractometer (Rigaku MiniFlex
II) with a Cu Ka radiation source (4 = 0.154 nm). The dy, spacing is
calculated using Bragg’s law. Atomic force microscopy (AFM) was
performed in contact mode and in a liquid cell (LC) using a
MultiMode atomic force microscope with a Nanoscope IIla controller
and an FC-type contact-mode liquid cell (Veeco Instruments). AFM
samples were prepared by drop-casting FGS, suspensions onto a
freshly cleaved mica substrate. LC—AFM measurements were
performed in the presence of an aqueous DS suspension
(025 mg/mL). Raman spectroscopy (Horiba Raman spectropho-
tometer, 4 = 523 nm) was performed on pressed pellets of GO and
FGS as well as DS pucks produced by drop-casting concentrated
suspensions onto a PTFE substrate.

om

B RESULTS AND DISCUSSION

We first present the performance data for the EDLC electrodes
to show that the addition of DS can effectively increase the Cg
of the electrode. Next, we use LC—AFM and XRD to show that
the DS nanoparticles adsorb onto FGS, in an aqueous
environment and that the dy, spacing of consolidated FGS,-
DS increases with an increasing DS content. We provide
additional material characterization after heat treatment and
electrochemical impedance measurements to further probe the
electronic and ionic transport in the materials. Lastly, high-
temperature heat treatment data are presented to show that the
DS may be converted to an active electrode component and
garner further improvements in device performance if higher
heat treatment temperatures could be reached during electrode
processing.

Electrode Performance. The composite electrodes have
three components: FGS, DS, and EMImBEF,. To assess the
impact of each component on the Cg, as shown in Figure 1, we
compare (i) electrolyte-lean electrodes for which the EMImBF,
content was maintained at an FGS,:EMImBF, of 70:30 and (ii)
electrolyte-rich electrodes for which the solids (FGS, and
DS):EMImBE, of 70:30 was maintained, as the initial mass
fraction of DS in the solid component of the electrode (wpyg) is
varied. Here, we assume that DS particles do not contribute to
the capacitance of the electrode, and hence report Cg based on
the weight of FGSs only. This assumption will be supported by
the characterization data for DS nanoparticles, which will be
presented below. The CVs used to calculate the Cg of each
electrode are largely rectangular within the voltage window and
do not show a significant contribution from Faradaic redox
peaks (Figure 1a). Therefore, we do not expect any significant
contribution from pseudocapacitance to the capacitance values
either.
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Figure 1. (a) Representative cyclic voltammogram of an electrolyte-
lean electrode with a wpg of 0.6. Gravimetric capacitance and total
EMImBF, content of (b) electrolyte-lean and (c) electrolyte-rich
electrodes as a function of DS content. Capacitance data are reported
per gram of FGS after heat treatment.

Figure 1b shows that the Cg for electrolyte-lean electrodes at
5 mV/s remains approximately constant up to a wpg of 0.4. At a
wpg of 0.5, Cg increases and upon further addition of DS
nanoparticles reaches a maximal value of 271 F/g at a wpg of
0.6, which is more than double that achieved by the control
electrodes (wpg = 0). This maximum is achieved despite having
an EMImBF, content (61 wt %) lower than that of the control
electrodes (75 wt %). Increasing wps beyond 0.6 resulted in a
decrease in Cg. A similar trend in Cg is observed for the
electrolyte-lean electrodes at a high scan rate of 500 mV/s;
however, the absolute values are significantly lower at this high
rate especially at a wpg of 0.6, where the Cg is less than one-
third of that at S mV/s. As shown in Figure lc, the Cg of the
electrolyte-rich electrodes increases with an increasing DS
content reaching a value of 330 F/g at a wpg of 0.7 at S mV/s.
Additionally, the high rate performance of the electrolyte-rich
electrodes is significantly better than that of the electrolyte-lean
electrodes for all DS contents. The improved rate performance
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of the electrolyte-rich electrodes suggests that the decrease in
Cg for the electrolyte-lean electrodes beyond a wpg of 0.6 may
be attributed to the smaller fraction of EMImBE,.

Figure 2 shows E calculated using Eq 1 using all of the
capacitance results obtained. Though improvements in Cg are
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Figure 2. Calculated energy density of the electrolyte-lean and
electrolyte-rich electrodes reported per total mass of the electrode
(FGS, DS, and EMImBE,).

reported for both batches of electrodes, improvements in E are
seen for only the electrolyte-lean electrodes, as E depends on
the total mass of all components (ie, FGS, DS, and
EMImBF,). At S mV/s, the electrolyte-lean case reaches a
maximum E of ~13.3 Wh/kg when wpg = 0.6. In the absence of
any improvements to the capacitance, the E would have been
62 % of that of the control electrode based on the decrease in f.
However, the improvements in Cg lead to an E that is 148 % of
the E for the control electrode. On the other hand, despite
reaching a similarly high Cg, the electrolyte-rich case cannot
achieve an E of >5 Wh/kg. This difference is almost exclusively
the result of the higher EMImBF, content in the electrolyte-
rich electrodes, which effectively lowers f. Additionally, the E
for both batches of electrodes at 500 mV/s is similar, suggesting
that the gains in Cg afforded at 500 mV/s do not compensate
for the additional mass in the electrode.

To investigate whether DS contributed to the capacitance of
the electrodes, cyclic voltammetry measurements on the
300 °C reduced DS nanoparticles were attempted. However,
as the resulting electrodes were not robust and not adherent to
the current collector in the presence of an electrolyte, the
measurements could not be performed. The absence of a
coherent film also prevented the measurement of the electrical
conductivity of DS directly. While we will later provide
evidence through use of other characterization methods, such
as Raman spectroscopy and elemental analysis, that DS
nanoparticles are not electronically conducting, the values for
E reported in Figure 2 are not affected regardless of the
electrical conductivity of DS, as the mass of the DS was
accounted for in the value of f for the E calculation.

DS as Spacers for FGS,. We have used LC—AFM to gain
further insight into the interactions between DS and FGS and
explain the observed improvements in Cg and E. Figure 3a
shows an FGS, on a mica surface with DS particles selectively
adsorbed onto the sheet. The AFM data demonstrate that the
DS nanoparticles are adsorbed to and uniformly dispersed on
the FGS,. This approach, compared to transmission electron
microscopy, eliminates the uncertainties associated with sample
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Figure 3. (a) LC—AFM of DS on FGS, (b) High- and low-force
contact-mode scans showing the removal of DS from the FGS, under
high force. (c) XRD spectra of FGS,—DS films drop-cast from
suspension.

preparation that can cause non-adsorbed particles to deposit on
FGS, during the dispersion casting procedure. As the height
profile shows, the roughness is on the order of the average
heights of the DS nanoparticles [0.5—2.5 nm (Figure S1)].
Furthermore, Figure 3b shows that the DS can be removed
from the FGS, by applying a high force to the cantilever tip. As
both FGS, and DS contain acidic functional groups
(Figure S2), both materials are expected to be negatively
charged in water and, hence, are expected to repel one another.
However, as the acidic functional Jgroups are thought to be
concentrated at the edges of FGS,,* the electrostatic repulsion
between DS nanoparticles and FGS, may be weak on the plane
of FGS,. We attribute the adsorption of DS onto FGS, to weak
interactions, including van der Waals forces and hydrogen
bonding between the oxygen-containing functional groups on
both DS and FGS,. This hypothesis is further supported by the
selectivity of adsorption, shown in Figure 3b: the DS adsorbs
onto FGS, but does not adsorb onto the underlying mica
substrate. Adsorption may also occur at lattice vacancy sites on
the FGS,;”” however, there is little evidence to suggest that
these sites exist in significant amounts on FGS,. These results
confirm that DS is indeed acting as a spacer by specifically
adsorbing on the FGS,.

We performed XRD on films of FGS, and DS drop-cast from
aqueous suspensions to determine how the DS content affects
the spacing of FGS, after solvent evaporation. Figure 3c
presents the signal intensity of the films as a function of
scattering angle (20). The signal intensity was normalized on
the basis of the total FGS, content, such that the degree of
restacking could be compared across all samples. For a wpg of 0,
a sharp peak is observed at 10.1°, which corresponds to a dyg,
of 0.8 nm, a spacing similar to that for stacked graphene
oxide.” When wrpyg increases to 0.2, the peak shifts to a smaller
scattering angle, signifying that the dyy, spacing of FGS, has
increased. Also, the original peak at 10.1° is absent, which
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suggests that this DS content is sufficient to completely disrupt
the regular stacking of the FGS, sheets. Furthermore, the signal
intensity at a wpg of 0.2 is less than one-tenth of that measured
at a wpg of 0. As the DS content increases, the peak continues
to shift toward smaller scattering angles. This could be due to
the increased elastic energy requirement for bending the FGS,
as the DS particles move closer to one another.”® The dyg,
spacing reaches 1.54 nm at a wpg of 0.5, which is almost double
the dyg, spacing of graphite oxide. It is interesting to note that
the spacing between FGS, increases at a greater rate (i.e., larger
slope) above a wpg of ~0.4. Paralleling this transition in the
doooz spacing, the Cg does not improve appreciably until wyg is
greater than 0.4 for the electrolyte-lean electrodes. The wpg for
the transition differs slightly between the Cg and dyy, spacing
data, potentially because of the addition of the room-
temperature IL and the heat treatment in the actual electrodes.
Nevertheless, the similarity in the trend suggests that the reason
for the lack of improvement in Cg at a wpg of <0.4 is likely the
insufficient spacing between the FGSs.

Material and Electrode Characterization after Heat
Treatment. Figure 4 shows Raman spectroscopy results for
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Figure 4. Raman spectra of FGS, and DS before and after heat
treatment. C:O is shown in the inset.

both FGS, and DS before and after they had been heated to
300 °C. Prior to heat treatment, FGS, exhibits two prominent
peaks, the D- and G-peaks. The D-peak near 1350 cm™" is the
result of the breathing mode of six-membered aromatic rings
that is observed only in the presence of defects that disrupt
these aromatic domains, while the G-peak at 1580 cm™!
represents the in-plane oscillations of any sp? carbon bonds.*
The Raman spectrum for DS is notably different as both the D-
and G-peaks are absent. This result illustrates a key structural
difference between FGS and DS: while remnants of the planar,
honeycomb lattice of graphene remain in FGS,, this organized
structure is not present in DS. After heat treatment, the DS
spectrum still lacks a D-peak, but a small G-peak can be
observed, suggesting that only isolated sp” pairs but no full
aromatic domains have formed. Both the D- and G-peaks are
still present in thermally reduced FGS,. The inset of Figure 4
shows that the C:O values are quite different before and after
heat treatment. While the C:O of FGS increases from 2.0 (i.e.,
FGS,) to 5.1, the C:O of DS after heat treatment is only 3.0.
Both the absence of sp* domains and the high oxygen content
(~25 atom %) lead us to assume that DS is likely electrically
insulating and therefore does not serve as a significant
electronic material or provide a significant capacitive con-
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tribution in the electrode at the investigated processing
temperature. For this reason, the Cg values in Figure 1 were
reported in terms of the mass of FGS only. On the other hand,
the Cg value for the electrolyte-rich electrodes at a high DS
content (wpg = 0.7) is exceptionally high, leading one to
question whether DS reduction is significantly influenced by
the presence of EMImBF, to the point where DS begins to
serve as an active electrode component. Protic ionic liquids and
aprotic ionic liquids with transition metal catalysts have been
shown to convert sucrose into hydroxymethylfurfural, a
precursor of carbonaceous materials;*”*' however, EMImBEF,
alone has not been shown to catalyze the reaction. Tradition-
ally, sucrose-based materials require a high-temperature
calcination (>550 °C) to generate an electrochemically active
carbonaceous material.*~** However, in our study, DS was
reduced at only 300 °C, because of the limitations imposed by
the volatility and thermal stability of EMImBF,,* which is
subjected to the same heat treatment protocol as DS during the
electrode fabrication process. To improve Cg further, we
attempted to heat treat the DS and then mix it with FGSs;
however, during this process, the particles aggregated
irreversibly. While developing an approach for incorporating
an electrically conductive form of DS into our FGS electrodes
may result in significant improvements, devising such a process
is far from trivial and would require an independent
investigation.

To further investigate the ionic and electronic transport
mechanisms in the various electrodes, we performed EIS.
Figure 5 shows Nyquist plots for the two batches of electrodes
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Figure S. Nyquist plots of the (a) electrolyte-lean and (b) electrolyte-
rich electrodes along with selected views of the high-frequency regions.
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previously studied. For the electrolyte-lean electrodes, the
slopes of the low-frequency range for wpg of 0 and 0.4 are
nearly identical, indicating similar ionic transport behavior in
these electrodes. At a wpg of 0.5, the slope increases, suggesting
an improvement in the level of ionic transport despite a
decrease in EMImBF, content and supporting the claim that at
a wpg of >0.4, the improvement in Cg is due to the better
accessibility of FGSs by the EMImBF, ions. However, at a wpg
of 0.7, the slope of the mid-frequency range clearly follows a
45° line, which indicates a Warburg-like impedance associated
with ionic transport in porous electrodes. This result provides
evidence of our previous claim that the Cg of the electrolyte-
lean electrode for a wpg of 0.7 was low because of an insufficient
amount of EMImBE, per total mass of solids in the electrode.
Comparatively, as seen in Figure Sb for the electrolyte-rich
electrodes, the slope of the low-frequency range increases
significantly more at a wpg of 0.4, likely because of the excess
EMImBE, in the electrode. Upon further addition of DS, the
slope begins to decrease as it approaches a wpg of 0.7. At this
DS content, the total EMImBE, content with respect to the
mass of FGS is approximately 93 wt %, which is a significant
excess based on previous reports. Though we expect the ionic
conductivity not to be limiting at exceptionally high EMImBF,
content, the EMImBF, may interfere with the electronic
conductivity of the FGS network by swelling the composite and
increasing the electronic resistance between the sheets.

We further investigate this hypothesis by analyzing the high-
frequency impedance data. In comparing the high-frequency
responses of the two batches of electrodes, we note several
differences. The semicircles of the electrolyte-lean electrodes
formed at high frequencies shown in the inset of Figure Sa have
diameters smaller than those of the electrolyte-rich electrodes
for corresponding DS contents shown in the inset of Figure Sb.
Additionally, the slopes of the mid-frequency regime for the
electrolyte-rich electrodes are larger than those of the
electrolyte-lean electrodes. The relatively smaller semicircles
of the electrolyte-lean electrodes suggest that the electronic
resistance of these electrodes is smaller than that of the
electrolyte-rich electrodes. This again supports the idea that the
presence of more EMImBEF, most likely swells the conductive
network and increases the electronic resistance in the case of
electrolyte-rich electrodes. Surprisingly, the semicircles for the
DS-containing electrodes are smaller than those for the
electrodes without DS. This appears to be counterintuitive as
one may not predict the electronic conductivity to increase
upon addition of an insulating spacer. However, we suspect that
the difference may arise from the relatively easier tunneling of
electrons through DS compared to that through EMImBF,
because of the differences in their dielectric constant.
Alternatively, the structure of the percolated FGS network
may be changing substantially in the presence of DS, leading to
the changes in the observed conductivity. Further detailed
characterization is needed to investigate these hypotheses to
improve our understanding of the effect of the components on
the electronic resistance of the electrode.

The EDLC electrodes fabricated during this work were stable
over the course of electrochemical testing. We did not observe
significant degradation in the capacitance of our electrodes
during our testing protocol, which consists of approximately 30
cycles. Though extensive testing of cycle life stability is one
consideration in the design of EDLCs, the aim of this study is
to demonstrate the proof of concept that nanoscale spacers can
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be used to improve the E of electrodes processed via
evaporative consolidation.

High-Temperature Heat Treatment of DS. On the basis
of the previous analysis, the value of wpg in the electrodes
indicates the fraction of the total solid content, which, in
addition to the total EMImBF, content, contributes to f.
However, if the DS could be converted into an active
carbonaceous material, its mass will now increase f and also
contribute to the reported Cg. One way to convert DS to an
active material is to heat it to higher temperatures. Figure 6a
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Figure 6. (a) Raman spectra of DS heated in an inert atmosphere from
500 to 1200 °C. (b) DSC and TGA data of DS heated to 1200 °C
under an inert atmosphere at a ramp rate of 20 °C/min.

shows Raman spectroscopy for DS heat treated to temperatures
higher than 300 °C. At 500 °C, the Raman spectrum for DS
features prominent D- and G-peaks indicating the presence of a
network of sp” bonds. The C:O of this material was measured
via EDS to be 5 + 1, which is comparable to the C:O of the
FGS material in our electrodes, as previously reported. Upon
extreme heat treatment to 1200 °C, the peaks become sharper
and the material reaches a high C:O of 22 + 4. Additionally, the
G’ peak near 2700 cm™', which is characteristic of graphite,
begins to emerge at higher temperatures. Figure 6b shows the
corresponding DSC and TGA data of DS as a function of heat
treatment temperature. At low temperatures, the broad
endotherm is likely the result of the removal of residual
water, which accounts for approximately S % of the total mass
of the sample. A significant chemical change likely occurs
around 200 °C as evidenced by an appreciable mass loss (38 %)
and a sharp exotherm. At temperatures above 300 °C,
subsequent mass loss is observed, and at high temperatures,
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the mass loss of DS is substantial: at 500 °C only 45 wt % of
the material remains. This mass loss may significantly affect the
density as well as the mechanical properties of the DS.

As stated above, currently, we cannot process our electrodes
at temperatures much higher than 300 °C, as we find that
EMImBEF, at these temperatures evaporates or decomposes
and, hence, the IL content is difficult to control. To capture the
full benefits of this material in an EDLC electrode, either
electrolytes (e.g., ILs or solid-state electrolytes) with decom-
position temperatures greater than 500 °C will need to be used
in the evaporative consolidation approach, or a modified
electrode fabrication approach during which the IL is not
exposed to the same temperatures as DS will need to be
established.

B CONCLUSIONS

DS nanoparticles synthesized via a hydrothermal reduction of
sucrose were used as spacers to prevent FGS, from restacking
to a GO-like structure during EDLC electrode assembly. We
showed that DS adsorbs directly onto FGS, in an aqueous
environment and provides a physical barrier to intersheet
collapse due to van der Waals and capillary forces during
solvent evaporation. We coupled the aqueous suspensions of
DS-decorated FGS, with a water-miscible IL to fabricate EC
electrodes using a scalable, one-pot procedure. The resulting
electrodes exhibited a significantly improved Cg, more than
double that of the control electrode in the best cases. If we
account for the total mass of the electrode, the best electrodes
achieved an E of 13.3 Wh/kg despite containing 23 wt %
inactive spacer material and 61 wt % EMImBF,. This is the
highest E of an electrode using a solid spacer material reported
to date for FGS-based electrodes. Though the scan rate
dependence of the electrodes improves with the addition of
excess EMImBEF,, the gains in C; do not compensate for the
decrease in f incurred by the added mass of the electrolyte.
Future efforts to transform the DS into a conductive electrode
component may offer additional improvements in f and provide
further insight into the design of highly energy-dense EDLC
electrodes.
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