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ABSTRACT Hydrothermal carbonization (HTC) of biomass such as glucose and
cellulose typically produces micrometer-sized carbon spheres that are insulating.
Adding a very small amount of Graphene oxide (GO) to glucose (e.g., 1:800 weight
ratio) can significantly alter the morphology of its HTC product, resulting in more
conductive carbon materials with higher degree of carbonization. At low mass loading
level of GO, HTC treatment results in dispersed carbon platelets of tens of nanometers in
thickness, while at high mass loading levels, free-standing carbon monoliths are
obtained. Control experiments with other carbon materials such as graphite, carbon
nanotubes, carbon black, and reduced GO show that only GO has significant effect in
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promoting HTC conversion, likely due to its good water processability, amphiphilicity, and two-dimensional structure that may help to template

the initially carbonized materials. GO offers an additional advantage in that its graphene product can act as an in situ heating element to enable

further carbonization of the HTC products very rapidly upon microwave irradiation. Similar effect of GO is also observed for the HTC treatment of

cellulose.
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growth in population and industrializa-

tion along with environmental crisis has
led to the search for cheap, environmentally
friendly, and nontoxic materials for genera-
tion and storage of energy. Biomass is
abundant and has been shown to be an
efficient renewable resource for synthesiz-
ing functional carbonaceous materials. Hy-
drothermal carbonization (HTC) is one of
the most promising techniques to convert
biomass." ' HTC was first introduced by
Bergius and Specht in 1913 who described
the hydrothermal transformation of cellu-
lose into coal-like materials."’ It was fol-
lowed by the systematic investigations
performed by Berl and Schmidt in 1932,
where they alternated the source of bio-
mass and treated the various samples, at
temperatures from 150 to 350 °C, in the
presence of water.'? Their sequence of pa-
pers published in 1932 gave knowledge of
those days about the emergence of coal.'®
Starting from the new century, significant
new interest in HTC has emerged followed
by the synthesis of carbon spheres.'*'?

Increasing energy demand due to rapid
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Typically, the reaction involves hydrother-
mal heating of biomass at mild tempera-
tures (~200 °C) under self-generated pre-
ssure in a closed container. Consequently, a
variety of functional carbonaceous materi-
als have been synthesized from biomass via
the HTC process for potential applications in
energy storage,>>'>'® water purification,’
hydrogen storage,'® and catalysis.'”

Since cellulose is one of the main compo-
nents in lignocellulosic biomass and glu-
cose is the major structural unit and acid
digestion product of biomass, they have
often been used as a model system in HTC
studies. HTC treatment of glucose or cellulose
typically produces well-dispersed, micrometer-
sized carbon spheres.'*'> However, these
spheres are insulating and need to be further
carbonized by annealing to become conduc-
tive. Graphene oxide (GO) is the chemical exfo-
liation product of graphite powders, which has
been extensively pursued as a precursor for
bulk production of chemically modified gra-
phene (ie, reduced GO, r-GO) in recent
years.’®~2* Like graphene, GO is also a two-
dimensional (2D) single atomic sheet but has
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many interesting properties of its own.”>~2° GO sheets
have rich oxygenated functional groups decorating
the segregated nanographitic domains on their basal
plane®® and are easily dispersed in water and many
polar solvents. In earlier works, we have found that GO
sheets are amphiphilic and can help to disperse in-
soluble materials such as graphite and carbon nano-
tubes in water3'? When interacting with other
materials containing s-conjugated units, GO sheets
are also capable of templating their assembly and even
altering their molecular configurations.>*73¢ On the
basis of the above knowledge, we hypothesize that GO
could act as a water-dispersible yet still graphitic struc-
tural template to promote the carbonization of glucose
and/or cellulose under hydrothermal conditions. Here
we report that graphene oxide (GO) can assist the HTC
process of glucose and cellulose, leading to products
with higher degree of carbonization and conductivity
under the same reaction conditions at a catalytic
amount (GO/glucose weight ratio up to 1:800). More-
over, the embedded r-GO sheets can serve as an in situ
heating element upon microwave irradiation, which
allows rapid annealing of the HTC carbon to achieve
even higher degree of carbonization and crystallinity.

RESULTS AND DISCUSSION

Glucose is the basic sugar building block of
biomass,®” which has been extensively studied for

synthesizing functional carbon sphere materials by
HTC. Under hydrothermal conditions at relatively low
temperatures (<200 °C), glucose molecules underwent
a series of dehydration and cross-linking reactions and
eventually turned into carbonized spherical colloidal
particles dispersed in water,'*3” as shown in the scan-
ning electron microscope (SEM) image in Figure 1a.
The final yield of carbon spheres was about 10% by
mass. Adding a small amount of GO to the reaction
(final GO concentration 0.02 mg/mL, GO/glucose
weight ratio of 1:300) did not affect the conversion
yield but completely altered the morphology of the
HTC product. As shown in the SEM image in Figure 1b,
no carbon spheres are obtained and the resulting
materials appear to be platelets. Atomic force micro-
scopy (AFM) studies (Figure 1¢,d) show that the plate-
lets obtained from HTC treatment of GO/glucose
indeed resemble the appearance of GO sheets in terms
of size and shape. The apparent thickness of GO
sheets is around 1 nm (Figure 1c). However, the HTC
platelets have an apparent thickness of around 40 nm
(Figure 1d). Since no carbon spheres were observed,
this implies that GO sheets can act as nucleation and
growth sites for seeding the carbonization product of
glucose.

The degree of carbonization or defunctionalization
of the HTC products was examined by Fourier trans-
form infrared (FTIR) spectroscopy. Figure 2a compares

Figure 1. (a) SEM image of the carbon spheres obtained after HTC of glucose at 180 °C for 16 h. (b) SEM image of the plate-
lets obtained after HTC of GO and glucose at a weight ratio of 1:300 at 180 °C for 16 h. The overall GO concentration was
0.02 mg/mL. (c) AFM image of a GO sheet with line scan showing thickness of around 1 nm. (d) AFM image of the platelet
obtained after HTC of GO and glucose. The line scan shows the thickness is increased to around 40 nm.
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Figure 2. (a) FTIR spectra and (b) TGA curves of the platelets
obtained after HTC of a GO and glucose mixture (1:300),
compared with those of pure GO and glucose treated under
similar conditions (180 °C for 16 h), respectively. The con-
centration of GO was maintained at 0.02 mg/mL. TGA was
carried out in N, atmosphere at a heating rate of 10 °C/min.
The steady weight loss in the temperature regime of 200 to
600 °C corresponds to thermal decomposition of functional
groups.

the IR spectra of HTC products of GO, glucose, and their
mixture. The spectrum of the carbon spheres obtained
from glucose (Figure 2a, dotted line) has two bands at
around 1700 and 1650 cm™', which are attributed to
—C=0 and —C=C groups, respectively. This confirms
dehydration and aromatization of glucose during the
HTC treatment. The bands centered at around 3400
and 1030 cm ™' represent the stretching and bending
modes of the residual —OH group, respectively. IR
spectrum of the platelets (Figure 2a, solid line) shown
in Figure 1b looks very similar to that of the carbon
spheres. However, the relative intensity of the peaks
ataround 3400 and 1030 cm ™' decreased significantly.
Although hydrothermal treatment of GO does produce
even more graphitic r-GO (Figure 2a, dashed line),*®
since only 0.3 wt % of GO was added to glucose,
the decrease in the intensity of —OH bands should
be attributed to enhanced degree of carbonization of
glucose.

The thermogravimetric analysis (TGA) curves of
the above-mentioned HTC products are shown in
Figure 2b. There is a significant difference in their
thermal degradation characteristics. The thermal de-
gradation of glucose-derived carbon spheres under-
goes two major weight loss stages. A first minor weight
loss of around 5 wt % occurred at around 100 °C, which
corresponds to the removal of moisture and volatile
matter. Another major weight loss of nearly an addi-
tional 50 wt % occurred between 200 and 750 °C,
which corresponds to the cracking of organic com-
pounds. The platelets obtained from GO/glucose ex-
hibited much better thermal stability, showing only
around 40% total weight loss when heated to 750 °C,
which is comparable to the final weight loss of GO in
the same temperature range. Under our HTC condi-
tions, the yield of glucose carbonization is around
10 wt %. When GO is converted to r-GO after HTC
treatment, the weight loss should be around 50%.%%
Assuming all GO sheets have turned into r-GO em-
bedded in the platelets, the r-GO content should be
around 1.7 wt %. Therefore, the over 10% difference in
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weight loss between the HTC products with and with-
out GO cannot be attributed to a simple mixture of
r-GO and HTC carbon. Figure 2b clearly shows that
adding a small amount of GO (and its r-GO product)
greatly improves the thermal stability of HTC product
and even makes it comparable to that of r-GO. The FTIR
and TGA results both indicate that higher degree of
carbonization and graphitization of glucose has been
achieved by adding GO to the HTC reaction.

As reported earlier by Xu et al,*® we found that
HTC treatment of GO at higher concentration (e.g.,
1 mg/mL) creates a three-dimensional (3D) monolith
of r-GO foam. Adding 1 mg/mL of GO into glucose
solution also resulted in monolith-like HTC products for
awide range of GO/glucose ratios up to 1:800. It is quite
remarkable that such a small ratio of GO can influence
the reaction product of a large quantity of glucose.
The sizes of the monoliths increased with increasing
amount of glucose in the reaction mixture. Figure 3a
shows a photo of the freeze-dried monoliths obtained
by the HTC of 15 mL aqueous solution containing
15 mg of GO with glucose amount varied from 0 to
6000 mg. The weight of the monoliths increased
linearly with increasing amount of glucose in the
starting reaction mixture, as shown in Figure 3b. The
linear increase in the monolith weight indicates that
glucose is being used efficiently in the monolith for-
mation even at very high concentrations. The effect of
GO in the kinetics of HTC reaction is shown in Figure 3c
using the HTC reaction of GO/glucose ratio of 1:400 as
an example. To follow the reaction progress, two sets of
parallel HTC reactions of glucose with and without the
addition of GO were carried out with reaction time
increased from 1, 2,3,4,5,6,9,12,15,16,and 21 h.The
solid products were collected by first quenching
the autoclaves in cold water, followed by filtration.
Figure 3c shows that hydrothermal treatment of glu-
cose did not generate solid product within the first 3 h.
The amount of solid product increased nearly linearly
afterward, and the reaction reached near completion
at 15 h. However, with GO sheets added, the reaction
started after just 1 h and proceeded much more
rapidly. Nearly 60% of the final product was already
produced within the first 3 h. The reaction rate slowed
down afterward, likely due to depletion of carbon
precursors. Figure 3c clearly shows that GO sheets
can significantly accelerate HTC reactions of glucose.

The SEM images in Figure 4a—f reveal the evolution
of microstructures of the monolithic carbon products
obtained with increasing amount of glucose in the
precursor. As reported before,® the monolith obtained
from neat GO is made of interconnected graphene
sheets forming a porous structure (Figure 4a). With
increasing GO/glucose ratios up to 1:300, the resulting
monoliths have similar open structure and are also
made of sheet-like building blocks but with increasing
thicknesses, suggesting that glucose carbonization
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Figure 3. (a) Ata concentration of 1 mg/mL, hydrothermal treatment of GO solution leads to a r-GO monolith (first vial on the
left). Hydrothermal treatment of GO (1 mg/mL) and glucose mixture can also create monoliths with GO/glucose weight ratios
up to 1:400 as shown in the photo. (b) Weight of the monoliths increased linearly with increasing glucose content. (c) Yields of
solid product over reaction time showing that the presence of GO accelerates the rate of carbonization (as indicated by the
product yield), especially during the initial stage of the reaction.

product is uniformly coating the r-GO sheets as those
observed in Figure 1. With GO/glucose ratio of 1:400,
the resulting monolith is no longer porous and
no platelet structure can be observed as they may
have been embedded in glucose-derived carbon
(Figure 4d). With further increase of glucose content
to 1:800, the surface of the monolith starts to grow
hemispherical buds, resembling the shape of the
carbon spheres obtained without GO (Figure 4e). With
GO/glucose ratio of 1:1000, the main HTC product is
observed to be carbon spheres again, suggesting that
the amount of GO is too little to alter the morphology
of glucose HTC product (Figure 4f). However, the
average diameter of the spheres had increased to
micrometers, and they were mostly interconnected,
possibly due to the increased glucose concentration in
the reaction vessel.

Control experiments have been performed studying
the glucose HTC products in the presence of other
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graphitic seeds such as graphite, carbon nanotubes,
high surface area activated carbon, hydrazine-reduced
r-GO, and hydrothermally reduced r-GO. Figure 5a,c,e,g
displays SEM images showing the morphology of
multiwalled carbon nanotubes, activated carbon, hy-
drazine-reduced GO, and HTC-treated GO, respectively.
They were added into the glucose solution at a seed/
glucose weight ratio of 1:50. Even at such high seed
concentration, the main HTC product was carbon
spheres, and no significant morphological change was
observed for graphite (not shown here), carbon nano-
tubes (Figure 5b), and activated carbon (Figure 5d). The
hydrazine-reduced r-GO (Figure 5f) and HTC-reduced
r-GO (Figure 5h) appeared to grow a bit thicker. For
graphite, carbon nanotubes, and carbon black, their
inability to catalyze HTC reactions could be attributed
to their lack of hydrophilic surface functional groups
to seed the growth of glucose-derived carbon. The
chemically and hydrothermally reduced r-GO samples
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Figure 4. (a—e) SEM images of the HTC products of GO and
glucose obtained with increase glucose content (1:0, 1:100,
1:300, 1:400, and 1:800) show that GO suppresses the
formation of carbon spheres with GO/glucose ratio up to
1:800. (f) When even higher content of glucose (GO/glucose =
1:1000), the main product is carbon spheres, similar to those
shown in Figure 1a.

should have many defects and residual oxygenated
functional groups to promote carbon overgrowth.
They are not as effective as GO, likely due to poorer
water processability and less abundant functional
groups. However, the graphitic surface also seems to
be necessary for promoting HTC reactions. Additional
control reactions showed that exfoliated phyllosilicate
clay sheets, which are hydrophilic and do not have any
aromatic functional domains on their basal plane, have
nearly no effect on the HTC reaction of glucose. These
results suggest that GO is unique or most effective in
altering the morphology of HTC carbon. During glu-
cose carbonization, the highly water-soluble glucose is
gradually converted to more aromatic and hydropho-
bic materials." Among the graphitic seed materials
tested, GO is uniquely amphiphilic and exhibits similar
hydrophilic—hydrophobic transition during hydro-
thermal reaction. Therefore, it can favorably interact
with glucose, its reaction intermediates, as well as the
final carbon product throughout the HTC reaction, thus
making it most effective to seed the glucose carboni-
zation product and template its growth. Kinetic study
shown in Figure 3c also suggests that GO indeed
promotes the nucleation of HTC carbon. Elemental
analysis revealed that the C/O ratios of carbon spheres
and hydrothermally treated GO are 1.8 and 4.5, respec-
tively. GO-assisted HTC products were found to have
higher C/O ratios. For example, the monoliths obtained
from GO/glucose with a weight ratio of 1:100 and 1:400

KRISHNAN ET AL.

Figure 5. SEM images of alternative carbon materials tested
for seeding HTC of glucose and the corresponding products.
The SEM images in the left column are for (a) multiwalled
CNTs, (c) activated carbon, (e) hydrazine-reduced r-GO, and
(g) HTC-reduced r-GO. The images on the right are the
corresponding HTC products. None of these carbon materi-
als can suppress carbon sphere formation despite of the
high seed concentration (2 wt %, seed to glucose ratio 1:50).

have C/O ratios of 2.7 and 2.2, respectively. Since the
weight percentages of r-GO in the final products are
relatively insignificant, the increased C/O ratios should
be attributed to higher degree of carbonization, which
is consistent with the results from FTIR and TGA studies
shown in Figure 2.

The conductivities of the monolith samples were
measured after pressing them under high pressure into
pellets of known dimensions and weight. Silver elec-
trodes were deposited on both ends of the pellets.
Current was measured by sweeping the voltage be-
tween £0.5 V. Specific conductivity normalized by
density of the samples is plotted against the weight
ratio of glucose to GO in the precursor (Figure 6¢, open
boxes). Pellets of carbon spheres and the HTC product
from GO/glucose with a weight ratio of 1:1000 did not
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Figure 6. FTIR spectra of carbon spheres and monoliths obtained from HTC products made of different ratios of GO and
glucose (a) before and (b) after microwave treatment for 1 min. (c) Conductivity of the HTC products before and after
microwave treatment on a semilog plot, as a function of glucose content in the starting reaction mixtures. The conductivity
values are normalized by the density of the pellets measured. Conductivity enhancement is observed for all the samples after
microwave treatment, which is more prominent for those started with higher glucose content. Note that, without adding GO,
the HTC carbon spheres are insulating. (d) XRD patterns of GO/glucose HTC product (weight ratio = 1:400) before and after
microwave treatment. Increased degree of graphitization is observed after microwave treatment as indicated by the
emergence of a graphite (100) peak at around 45° and (e) increased relative intensity of a graphite (002) band near 26°. (f)
Galvanostatic charge/discharge curve of a supercapacitor prepared from microwave-treated GO/glucose monolith with 1:400

weight ratio.

show any current above the detection limit of the
instrument (1 nA). However, all the other samples with
GO/glucose ratio up to 1:800 were found to be con-
ductive. The 1:300 and 1:400 samples exhibit electrical
conductivity of around 0.8 mScm? g~ ', which in-
creased with increasing GO concentrations in the
precursor solutions and reached 95 mScm? g~ for
sample prepared with 1:20 GO/glucose weight ratio.
Pure r-GO monolith exhibited a conductivity of
200 mScm? g~ . The sample prepared with 1:800 GO
glucose ratio also showed a small conductivity value of
3 uScm? g~ . It is remarkable that a tiny fraction of GO
in the starting reaction mixture has induced conduc-
tivity in large amounts of a material, which is otherwise
an insulator. Although the embedded r-GO sheets also
act as conducting channels, to generate measurable
conductivity at a macroscopic level, the thick layer of
glucose-derived carbon should be able to support
electron transport. In fact, casted thin films made of
the platelets shown in Figure 1b were also found to be
conductive. Since in such thin films the r-GO sheets
embedded in the platelets are largely parallel aligned
and not in direct contact with each other, it suggests
that the glucose-derived carbon coating the r-GO
sheets must be conductive, as well.

While the use of GO seeds already improves the
carbonization of glucose and leads to products with
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higher degree of carbonization and conductivity, one
can take advantage of the embedded r-GO sheets to
further improve degree of carbonization through mi-
crowave treatment. We found that 5 min of microwave
treatment of carbon spheres using a 1250 W commer-
cial microwave oven did not make them conductive. In
contrast, microwaving of GO-seeded HTC products for
just 1 min significantly improved their conductivity
(Figure 6¢, open circles). For example, the normalized
conductivity of the sample prepared with GO/glucose
ratio of 1:400 increased from 0.8 to 20 mScm? g~
after 1 min of microwave irradiation. r-GO sheets are
strongly microwave absorbing®*®*' and thus can act as
an in situ heating element for rapidly annealing the
surrounding HTC carbon materials. The IR spectra of
the samples before and after microwave irradiation are
shown in Figure 6a,b, respectively. Indeed, drastic re-
duction in the —OH band intensity around 3400 cm ™'
is observed for the GO-seeded HTC samples, except for
the carbon spheres obtained from neat glucose. Ele-
mental analysis also confirmed significant increase in
degree of carbonization after microwave treatment.
For example, the C/O ratio of HTC-treated GO/glucose
monoliths of weight ratio 1:400 increased from 2.2 to
12.5 after 1 min microwave treatment, while that of the
carbon spheres did not change after being micro-
waved for 5 min. X-ray diffraction (XRD) patterns

AR
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(Figure 6d) of GO/glucose HTC product (1:400 weight
ratio) before and after microwave treatment show that
microwave heating has increased the degree of gra-
phitization. After microwave treatment, a new peak
centered at around 45° emerged, which corresponds
to graphite (100) diffraction. Moreover, the broad peak
at lower angle shifted from near 20 to 24°. Deconvolu-
tion of this peak reveals the relative intensity, as
indicated by the increase in the intensity of the diffrac-
tion band center.

Making biomass-derived carbon materials conduc-
tive using catalytic amounts of GO and further through
r-GO-assisted rapid microwave heating can lead to
their more useful applications in electronics without
significantly increasing material or processing cost. As
a proof of concept, we have examined the perfor-
mance of a microwave-treated monolith obtained
from the GO/glucose precursor with a weight ratio of
1:400 as ultracapacitor electrodes. Two-electrode sym-
metric coin cells were assembled with 5 M KOH of
aqueous solution as the electrolyte. Figure 6e shows a
typical cycle of charge/discharge curves of the result-
ing ultracapacitor device with a constant current den-
sity of 1 A/g. Symmetric and nearly linear charge/
discharge curve was obtained, indicating excellent
reversibility and high Coulombic efficiency. The speci-
fic capacitance value was calculated to be 140 F/g
based on the weight of the active material on the
electrode. The weight percentage of r-GO present in
the final microwave can be calculated by the following.
In a control experiment, 15 mg of GO was converted to
a monolith of 4 mg after HTC and microwave treat-
ments under the same conditions. The final weight of
the monolith prepared from 15 mg of GO and 6 g of
glucose was found to be around 390 mg after micro-
waving. If we assume that GO inside the monolith
undergoes the same extent of mass loss as neat GO
after HTC and microwave treatments, the final product
would contain around 1% of r-GO. Note that the
specific capacitance of neat r-GO monolith prepared
by HTC treatment has been reported to be around
160 F/g.3° Therefore, the specific capacitance of 140 F/g
should be largely contributed by the glucose-derived
carbon. It is also quite remarkable that adding such a
small amount of GO in the starting reaction mixture
and 1 min of microwave treatment has transformed an
otherwise insulating material into conductive carbon
materials with specific capacitance value as good as
many reported values for graphene itself.3%*? Further,
the Coulombic efficiency was close to 100% in the
whole 1000 cycles (Figure 6f).

Parallel experiments done with cellulose revealed
that GO has a similar effect in enhancing its HTC
product. The starting white cellulose powders are
made of irregularly shaped particles with sizes in the
range of tens to hundreds of micrometers (Figure 7a,b).
After HTC at 230 °C for 16 h, dark brown powders of
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Figure 7. GO-assisted HTC of cellulose. Photos of (a) pure
cellulose, (c) its HTC product, and (e) product obtained from
GO/cellulose mixture (weight ratio 1:100) after HTC treat-
mentat 230 °C for 16 h. (b,d,f) SEM images corresponding to
(a), (c), and (e), respectively. HTC treatment converts (b) sub-
millimeter-sized cellulose particles into (d) few-micrometer-
sized carbon spheres. However, in the presence of GO, the
HTC product shows thick sheet-like morphology.

carbon spheres with a diameter around 1—4 um were
recovered from the resulting dispersion (Figure 7¢,d).
Adding 1 wt % of GO to cellulose changed the HTC
product from a carbon sphere dispersion to a free-
standing monolith. SEM examination of the freeze-
dried sample showed the presence of thick wrinkled
platelets (Figure 7f) similar to those observed in GO/
glucose HTC products. Elemental analysis shows that
these samples have a C/O ratio of 4, while cellulose-
derived carbon spheres gave a C/O ratio of 3. The
higher degree of carbonization is also evident by
the black color of the GO/cellulose HTC product. The
threshold GO/cellulose weight ratio that can suppress
carbon sphere formation is found to be around 1:300.

CONCLUSION

The work here demonstrates that adding a small
amount of GO can greatly improve the properties of
biomass-derived carbon without significantly increas-
ing the cost of materials or materials processing. HTC of
glucose and cellulose typically produces insulating
micrometer-sized carbon spheres. However, HTC of
GO and glucose resulted in thick platelets of glucose-
derived carbon-coated r-GO sheets at low GO
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concentration. At high GO concentration, electrically
conductive r-GO-supported carbon monoliths were
obtained. Adding 0.12 wt % of GO to glucose can
already significantly alter the morphology and improve
the degree of carbonization and conductivity of its HTC
carbon product. Moreover, adding GO can significantly
accelerate the carbonization reaction. While glucose-
derived carbon spheres cannot be effectively heated
by microwave, the embedded r-GO sheets in the HTC

MATERIALS AND METHODS

GO was prepared by a modified Hummers' method** and
purified by two-step washing of HCl and acetone as reported
earlier** A 15 mL aqueous dispersion of GO was mixed with
different amounts of glucose and annealed inside a Teflon-lined
autoclave at 180 °C for 16 h. The concentration of GO was varied
from 0.02 to 1 mg/mL. The weight ratio of GO and glucose was
adjusted from 1:0 to over 1:800. HTC of cellulose was performed
at a higher temperature of 230 °C. The HTC monoliths were
freeze-dried for 6 h before characterization. Microwave treat-
ment was done by irradiating the freeze-dried monoliths in
a commercial microwave oven of 1250 W for 1 min. For con-
ductivity measurements, samples were densified under high
pressure (41 MPa) and then cut into rectangular pellets of
known dimensions and weight. Silver electrodes were deposited
on either end of the pellet. A Keithley 2601A source meter was
used to measure the currents between two electrodes by sweep-
ing the voltage between £0.5 V. For electrochemical characteri-
zation, microwave-treated 1:400 GO/glucose monoliths were
grinded and mixed with polytetrafluoroethylene (PTFE) solution
(5% in isopropyl alcohol) in a weight ratio of 1:60 (PTFE/monolith)
and then drop-casted on stainless steel current collectors (~3 mg
of sample per electrode was maintained). The capacitor electrodes
made as such were characterized by constant current charge/
discharge with two symmetric electrodes in a CR2016-type coin
cell using an Autolab electrochemical interface instrument
(PGSTAT 302N). Waterman, grade no. 4 filter paper was used as
the separator with 5 M KOH solution as the electrolyte.
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