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ABSTRACT: The precursor material to graphene aerogels is a hydrogel formed from an
aqueous solution of graphene oxide. We investigate the time evolution of the physical and
chemical properties of a graphene oxide suspension as it transitions to a hydrogel. Fully
formed hydrogels undergo densification during reaction, forming mechanically stable
monoliths. We demonstrate that the gelation process removes oxygen functional groups,
partially re-forms the sp? network, and creates bonds between graphene oxide sheets.
Furthermore, these changes to the physical and chemical properties occur on exactly the
same time scale, suggesting that they have a common origin. This discovery lends greater
understanding to the formation of graphene oxide-based hydrogels, which could allow
more flexibility and tunability in synthetic methods for graphene-like materials.

B INTRODUCTION

Carbon aerogels are a promising class of lightweight materials
with widespread potential applications, including oil adsorption
and electrochemical energy storage.' > Porous graphene has
been suggested for possible use in water remediation,* gas
sensing,” and electrochemical devices.® In general, graphene-
based aerogels are three-dimensional porous structures
composed of single- or few-layer graphene sheets, imparting
such extraordinary graphene-like properties as large surface
areas, supercompressibility, and high electrical conductivity.”®

A number of synthesis methods have been proposed for
graphene-based aerogels,” ™" but the most common remains
the sol—gel process, in which a solution (or suspension) of
graphene oxide (GO) sheets is induced to react and form a
solid network within a liquid phase. The liquid phase is then
removed, typically by critical-point drying, followed by thermal
annealing. Previous studies have shown that gelation of GO
sheets can be accomplished across a range of temperatures
utilizing its native chemical functionality, with or without
addition of base.”'* Sol—gel chemistry has been thorou§hlg
investigated for a wide range of chemical systems.” '
However, although some work has examined how various
small molecules, polymers, and ions can act as cross-linkers in
GO hydrogels,” the sol—gel chemistry of pure GO systems
remains relatively unexplored.

Given GO’s broad acceptance as a precursor for carbon
aerogels, a better understanding of the GO sol—gel transition is
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warranted. Such an understanding is fundamental to precise
chemical manipulation of GO sheets in solution and the
realization of GO-based aerogels with controllable properties.
The chemical structure of GO, based on the Lerf—Klinowski
model,'® consists primarily of a carbon network decorated with
hydroxyls and 1,2-epoxides. Erickson et al. directly observed
these groups within a sheet of GO using atomic-resolution
transmission electron microscopy (TEM)." Previous work by
Worsley et al. showed that, upon gelation, the peaks from
hydroxyl, epoxide, and carboxyl groups in the '*C NMR
spectrum of GO disappear.”'> Meanwhile, a peak emerges
upfield in the spectrum of gelled GO corresponding to the
presence of sp>-bonded carbon in methylene groups, similar to
those observed in cross-linked organic sol—gels."” This suggests
that covalent linkages between sheets are responsible for the
formation of a hydrogel from GO. However, others have
speculated that GO sheets are bound together by z—x
stacking,'* so there is not yet a consensus on the bonding
mechanism responsible for gelation.

Chemical reduction and thermal reduction impact many
properties of GO, including enhanced conductivity and
decreased ability to disperse in aqueous solution. GO can be
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Figure 1. Photographs of (a) GO solution and (b) a formed hydrogel inside a 20 mL vial and (c—e) representative TEM images of hydrogel reacted

for (c) 60 and (d,e) 90 min. Scale bars are (c) 200, (d) 50, and (e) S nm.

thermally reduced, or it can be chemically reduced by treatment
with reducing agents, such as hydrazine and ammonia.2%"%?
Many authors use reduced graphene oxide as an analogue for
graphene. Prior publications on the gelation of GO also used
this convention, referring to aerogels following thermal
annealing as “graphene aerogels”.>® Because most of the
characterization work has focused on annealed aerogels, much
less is known about the intermediate product between
graphene oxide and graphene aerogel. Here, we more
thoroughly investigate the gelation of graphene oxide in order
to identify the key chemical and physical changes responsible
for the sol—gel transition in pure GO systems. By characterizing
GO at various time points during the transition from GO
solution to a sol—gel, we show that a number of changes in the
physical, chemical, and optical properties emerge simulta-
neously upon gelation.

B EXPERIMENTAL SECTION

Hydrothermal Synthesis. Graphene oxide (single-layer
graphene oxide, Cheap Tubes, Inc.) was dispersed in deionized
water by overnight bath sonication of 10—20 mg/mL solutions,
resulting in a dark brown viscous suspension. These GO
solutions were placed inside Teflon-lined pressure vessels from
Parr Instrument Company preheated to 180 °C. Based on the
measured heating rate inside an empty vessel, we estimate that
approximately 45—60 min elapsed before the solution reached
the reaction temperature. The vessels were removed from the
heat after different time periods up to 18 h. Samples reacted for
longer than 90 min were dried using a manual supercritical CO,
dryer from Structure Probe, Inc.,, and some dried samples were
annealed by heating to 1050 °C in a tube furnace under a
nitrogen flow for 2 h.

Characterization. X-ray photoelectron spectroscopy (XPS)
was performed using an Omicron EA 125 system with a
monochromated Al source at 1486.6 eV. Samples were
sonicated and dropcast on a Au thin film, and the Au 4f peak
was used to verify the binding energy. Energy-dispersive X-ray
spectroscopy (EDS) data were collected using an EDAX
Genesis 2000 X-ray analyzer. Thermogravimetric analysis
(TGA) data were collected using a TGA 7 instrument from
Perkin-Elmer. Samples were heated at 10 °C/min in a 4:1
mixture of Ar and O,. TEM characterization was performed
using a JEOL 2010 microscope at 80 kV.

UV—visible (UV—vis) absorption spectra were collected
using a Genesys 10S spectrometer from Thermo Scientific.
Graphene oxide and the 60-min sample were sonicated for
approximately 10 s before UV—vis analysis; other samples were
sonicated for 2—3 min to create a stable suspension. Not all
solid material was suspended; thus, the solutions were of
unknown concentration.

Bl RESULTS AND DISCUSSION

After undergoing heat treatment within the pressure vessel, the
samples are visually inspected to assess any macroscopic
changes to the GO solution. Samples reacted for 60 min or less
remain as a dark brown solution, similar to the starting GO
solution but with higher viscosity (Figure 1a). Samples reacted
for 90 min or longer undergo a dramatic transition from a
brown solution to a black hydrogel, which takes on the shape of
the reaction vessel, but is approximately 50% smaller in each
dimension (Figure 1b).

Characterization by TEM shows that the changes in
macroscopic physical structure of the samples are also reflected
on the nanoscale. Samples reacted for 60 min or less resemble
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the starting GO material on the ~10—50-nm size scale. That is,
they consist mostly of thin, featureless sheets, as seen in Figure
lc. In stark contrast to this morphology, samples reacted for 90
min or longer have no smooth portions; the entire sample is
composed of a heavily textured matrix with high curvature and
nanoscale pore structure, as shown in Figure 1d,e. The fact that,
upon gelation, the two-dimensional GO sheets develop three-
dimensional nanoscale features suggests that chemical bonding
is changed throughout the entire GO sheet, not only at the
edges. Additionally, the change in morphology suggests that
bonds form between different GO sheets after approximately
75 min of reaction time, as the crumpling of the sheets causes a
simultaneous macroscopic shrinkage of the gel.

As the gel is undergoing physical wrinkling and shrinkage,
XPS data show clear signs of the chemical changes taking place
during gelation. Figure 2 shows the carbon K-edge of the XPS
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Figure 2. XPS of GO before gelation, after gelation, and after thermal
annealing. Spectra are normalized at the maximum signal and baseline-
subtracted.

spectrum for the GO starting material, a sample after gelation,
and a sample that has been annealed at 1050 °C in nitrogen
after undergoing gelation. The carbon K-edge for the GO
starting material agrees with previously reported spectra for
GO,* showing signatures of C—O single bonds (285.8—286.7
eV), C=0 double bonds (287.0—288.0 eV), and carboxylic
groups (288.5—290.0 eV).** However, after gelation, there is a
large decrease in the signal associated with C=0O double bonds
and, to a lesser extent, C—O single bonds, indicating
significant deoxygenation. Deoxygenation after gelation, as
measured by XPS, is corroborated by EDS, which gives a C/O
atomic ratio of 3 for the starting GO, similar to literature
reports for fully oxidized GO,* and a C/O ratio of 12 for the
gelled sample.

The large decrease in C—O and C=0 bonding shows that,
in addition to causing a physical change to the GO, gelation
causes a rather dramatic chemical change as well. This
pronounced change in the chemical nature of the gelled GO
is evident when compared to the thermally annealed sample, a
so-called graphene aerogel; the shape of the carbon K-edge for
the gelled sample is more similar to that of the thermally
annealed gel than it is to that of the starting GO. The carbon K-
edge for the gelled sample appears to have even less oxygen
functionality than previously reported spectra of GO reduced
either by hydrazine at 70 °C or in H, at 500 °C,* despite the
fact that our reaction was carried out with simply GO and
water. This significant change in the oxygen content cannot be
explained solely by bonding changes along the edges of the GO
sheets, but rather suggests a decrease in C—O and C=O0O
bonding throughout the entire sheet. This is consistent with the

evolution of the gel’s physical appearance, which indicates that
changes in bonding occur throughout the body of the GO
sheets as they contract and wrinkle. Therefore, the physical and
chemical changes that occur during the sol—gel transition seem
to be related, as bonding within and between GO sheets is
accompanied by a loss of oxygen functional groups.

Further evidence for the coupling of the chemical and
physical changes during gelation can be obtained by monitoring
the UV—visible absorption spectrum of GO samples reacted for
different times (Figure 3). The starting GO material shows a
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Figure 3. UV-—visible absorption spectra for GO after specified
reaction times and following thermal annealing, normalized at 300 nm.

large UV absorption peak at ~230 nm and a decaying
absorption in the visible region, consistent with its brown
color. This spectrum remains unchanged until 60 min of
reaction time, when the absorption in the visible region begins
to increase relative to that in the UV region. At 75 min, a shift
of the peak absorption toward lower energy is also evident.
After 90 min, these two important changes have developed
further: (i) the peak absorption is red-shifted and (ii) the
relative UV absorption is significantly decreased. In fact,
absorption across the spectrum becomes quite flat after
gelation, giving rise to the sample’s black color. The decrease
in the height of the UV absorption peak for GO has been
ascribed to the loss of oxygen-containing functional groups,”®
and the peak shift to lower energy has been observed in
chemically reduced GO, similar to the smaller energy gap in
conjugated polymers and polycyclic aromatic molecules of
increasing size.”! As with the XPS analysis, the gelled GO has
optical properties more akin to those of the annealed sample
than to those of the starting GO. These changes indicate
simultaneous deoxygenation and reparation of the sp* network
during gelation, creating larger areas of conjugation to absorb
across a broad range of wavelengths.25 Furthermore, these
effects occur on the same time scale as the sol—gel transition
itself, suggesting that they can attributed to a single process and
that this process occurs mostly between 60 and 90 min of
gelation.

Following gelation, the hydrogels have remarkable thermal
stability. Previous work on aerogels synthesized by this method
showed enhanced stability only up to 100 °C,'* yet the TGA
results in this work (Figure 4) show that the reacted hydrogels
can be heated above 500 °C in the presence of oxygen gas
before experiencing thermal degradation. Unreacted GO
undergoes a significant mass loss (~35%) at 200 °C. This is
attributed to the loss of oxygen-containing groups in the
material, as observed in previous studies of GO and GO-based
xerogels.”****” Samples that were reacted for less than 60 min
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Figure 4. TGA of GO before, during, and after gelation. Mass-loss
curves are normalized at 100 °C and baseline-subtracted.

show similar results to the starting material. However, the low-
temperature degradation is somewhat lessened for samples
reacted for 75 min, and it is completely absent for reaction
times of 90 min or longer. The as-made aerogel is much more
thermally stable than GO in the 200—550 °C range. The time
scale of the evolving thermal properties during gelation exactly
matches that of the above characterizations, which again
demonstrates that the sol—gel transition requires significant
deoxygenation of GO.

All of the changes described here occur concurrently between
60 and 90 min of hydrothermal reaction, indicating that they
are not independent, but rather are a result of a single
transformation. To demonstrate the surprising congruence of
these evolving properties, the various measured parameters are
plotted in Figure S versus sample reaction time. The position of
the maximum in the UV—visible absorption spectrum (Figure
Sa) shifts from 230 to 265 nm, and the relative absorption at
800 nm compared to that at 300 nm (Figure Sb) increases from
~0.02 to 0.6. The C/O ratio increases from 3 to 12 (Figure Sc),
and the weight remaining after oxygen removal increases from
65% to >95% (Figure Sd). All of these changes occur on the
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Figure 5. (a) UV—visible absorption peak position, (b) visible-to-UV
absorption ratio, (c) carbon-to-oxygen ratio measured by EDS, and
(d) fractional mass remaining at 250 °C measured by TGA for GO
samples plotted as functions of reaction time.

same time scale, with the steepest change occurring around 75
min and no significant change occurring after 120 min.

Through physical, chemical, and optical characterization at
various time points in the sol—gel reaction, we have shown GO
undergoes the following simultaneous and dramatic changes:
(1) densification and formation of a monolith; (2) change in
texture from flat to wrinkled; (3) a decrease in the oxygen
concentration; (4) increase in thermal stability; (5) decrease in
intensity of UV light absorption, relative to visible light; and (6)
shift in the UV light absorption peak. The densification and
formation of a monolith, along with the wrinkling of the
constituent sheets (observations 1 and 2), confirm that GO
sheets are in fact bound together during gelation, causing the
gel to shrink as the sheets wrinkle to form a porous structure.
Observations 3—5 originate from a loss of oxygen-containing
functional groups. The extent of the oxygen loss is too great to
be ascribed solely to reactions at the edges of GO sheets.
Therefore, the reaction is simultaneously a cross-linking
between sheets and a chemical transformation within the
body of the sheet, whereby oxygen is removed from the
material. Although others have examined oxygen loss in fully
formed hydrogels,'* the direct time correlation between
gelation and deoxygenation has never before been demon-
strated.

To determine the form of oxygenated species lost from GO
during gelation, we calculated the C/O ratio of the mass of
oxygen-rich material during the sol—gel transition. To
determine mass loss, we vacuum-filtered a volume of GO
solution and compared its mass to that of the dried aerogel
synthesized from the same volume. The mass loss associated
with gelation was found to be approximately 44%. Combining
this figure with the change in oxygen concentration after
gelation by EDS, we estimate that the C/O ratio in the material
removed from the GO after gelation was 0.45. This ratio
indicates that a large portion of carbon is lost as CO, during
hydrothermal gelation. Deoxygenation of GO has previously
been observed in reactions of GO with strong base through loss
of CO,.*¢ Although sometimes referred to as “reduction” of
GO, this reaction is more appropriately regarded as
disproportionation, where removal of oxygen-containing
species, such as CO,, is accompanied by electron donation to
the remaining carbon material. This model matches our data
more closely than other reports of deoxygenation, which found
that the GO sheets shed organic molecular fragments that
remain in solution.”**’

B CONCLUSIONS

In summary, the process of converting aqueous GO
suspensions to monolithic hydrogels was investigated in detail
by probing their optical, chemical, thermal, and physical
properties at various time points during the early stages of
the reaction. The transition from a solution to a gel, in
conjunction with the wrinkling of GO sheets seen by TEM,
demonstrates that the sheets were cross-linked. Additionally, we
found that the aerogel formed from GO sheets is chemically
dissimilar from GO and has properties more consistent with
those of thermally annealed, or reduced, aerogels. There is a
significant loss of oxygen during gelation, and the sp* carbon
network is partially re-formed. Finally, and most surprisingly,
the changes in physical, chemical, and optical properties occur
on precisely the same time scale, indicating that they share a
common origin in the sol—gel transition: the binding together
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of GO sheets and the accompanying loss of oxygen through
carbon dioxide evolution.

Although our results offer an important insight into the
dynamics of GO gelation, they do not settle the matter of
whether sheets are bound covalently or through weaker forces
such as 77—z stacking. Further investigation into the sol—gel
reaction mechanism should include detailed characterization of
the intermediate chemical species in the solid product, the
reaction solution, and any evolved gases. Understanding the
mechanism of GO gelation will allow researchers to gain
separate control of both the physical properties and the oxygen
content of graphene-based aerogels.
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