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ABSTRACT: Graphene oxide (GO)-based gels are attractive because of their
ability to retain individual nanosheet properties in a three-dimensional (3D) bulk
material. The final morphology and properties of these 3D gel networks depend
strongly on the type and density of cross-links, and these gels can be dried and
annealed to form aerogels with both high conductivity (560 S/m) and high surface
area (1700 m2/g). The results show that both ammonia content and the parent
nanosheet morphology (crumpled vs flat) have a strong influence on the cross-
linked structure and composition; notably, nitrogen is found in the gels, suggesting
that ammonia actively participates in the reaction rather than as a mere catalyst.
The GO nanosheet morphology may be altered using spray-drying to obtain
crumpled GO (cGO) nanosheets and form cGO gels; this allows for an additional
handle in the creation of GO-based gels with tunable density, electrical
conductivity, and surface area.

■ INTRODUCTION
Three-dimensional (3D) graphene networks allow for
individual nanosheet properties to be utilized in bulk
macroscopic materials while retaining high specific surface
area.1 These 3D networks may be prepared by cross-linking of
the two-dimensional (2D) graphene or graphene oxide (GO)
nanosheets. These structures are prized for their high electrical
conductivity, mechanical strength, and high surface area,
making them potential candidates for binder-free electro-
chemical energy storage with mechanical integrity.2−4 How-
ever, these properties are highly dependent on the nature of
the networks’ cross-links and processing approach. For
instance, the bulk electrical and mechanical responses are
dictated largely by the nature of the nanosheet cross-links
rather than the individual nanosheet properties.5 Similarly, the
bulk electrochemical or catalytic properties of these materials
are limited by features such as pore size distribution and
available surface area,6 which stem not only from precursor
nanosheet dimensions but also from the processing technique.
Various techniques have been employed to create graphene-

based gels and foams. Pristine graphene 3D structures have
been prepared by template-directed assembly of the individual
nanosheets.2,7,8 Alternatively, simple freeze-casting of GO or
reduced GO dispersions may form cross-linked porous
structures with ice crystals as template.9 For these techniques,
the pore size distribution and surface area are determined
chiefly by the morphology of the template itself.10 Moreover,
the removal of the template may be costly and difficult,
involving etching solutions or high temperature.11,12

GO’s versatile surface chemistry allows for a number of
additional liquid-phase assembly techniques to prepare 3D
networks with no need for templates and/or additives.13−17

This is typically accomplished through simultaneous partial
reduction of GO and cross-linking in aqueous solution to
produce a monolithic hydrogel.18−20 Xu et al. first reported the
production of GO hydrogels and their processing into aerogels
using a hydrothermal method at high temperatures (180 °C).19

In a hydrothermal reactor, as the pressure and temperate rise,
the solubility of the GO nanosheets and their colloidal stability
in the solvent (water in this case) decrease substantially, and
they tend to aggregate. When appropriate temperatures and
concentrations of GO nanosheets are chosen, the loss of
colloidal stability and the reduction of nanosheets occur
gradually; thus, controlled cross-linking of the nanosheets takes
place rather than aggregation and sedimentation. This leads to
formation of a partially reduced GO hydrogel over time. These
hydrogels can be converted into a porous, interconnected
aerogel structure using either freeze-drying or critical point
drying (CPD).21−23 Further thermal reduction can remove
many of the remaining functional groups to yield a conductive
reduced GO 3D network.24 Later, Worsley et al. introduced an
alternative hydrothermal method, termed as sol−gel technique,
in which ammonia was added to GO dispersions to facilitate
the cross-linking of the nanosheets in alkaline media at lower
temperatures (80−100 °C).24 Ever since, various modifications
of the hydrothermal approach have been applied to tailor the
morphology and properties of graphene-based 3D networks.
The lack of additives or templates is a strong advantage of this
simple family of techniques.
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However, very few studies have investigated the composition
and type of graphene−graphene cross-links created during the
GO assembly process in the liquid phase. Xu et al. speculated
that cross-linking is mainly caused by the π−π stacking of the
partially reduced GO nanosheets.19 In another study, Hu et al.
investigated the chemical reaction pathways of the GO
nanosheet network formation in acidic and alkaline media
and proposed various chemical routes for this process.25 Han
et al. showed that GO hydrogels can be treated with ammonia
solution to induce formation of covalent cross-links to enhance
the gel’s mechanical strength.26 The role of ammonia in
nanosheet assembly has not been fully understood in previous
studies. Most studies have reported that the sole role of adding
ammonia is to make the reaction conditions alkaline.24,25

Another factor that has not been examined is the possibility
of using crumpled GO (cGO).27 The use of spherical graphene
structures such as cGO rather than native GO would allow for
an additional handle in the creation of GO-based gels with
tunable density. In our prior paper, we demonstrated that cGO
particles can be easily created using spray-drying.28 Interest-
ingly, redispersion of the aggregation-resistant cGO particles
into water preserved the spherical, crumple morphology. The
crumpled morphology is preserved because of plastic
deformation and possible covalent cross-link formation during
the spray-drying process.
In this investigation, we establish synthesis−structure−

properties relationships for graphene gelation reactions. We
vary the parameters that affect the GO assembly process (e.g.,
ammonia composition and nanosheet morphology) and
analyze the morphological and compositional properties of
the products to establish a fundamental understanding of the
underlying mechanism. First, we alter the ratio of GO/
ammonia to reveal its significant role in formation of the
intersheet bridging structures and contribution to the
deoxygenation and reduction of the nanosheets as they
assemble to form a hydrogel. Second, we investigate nanosheet
assembly and aerogel formation using 3D cGO nanosheets
instead of native flat nanosheets. We create gels with varying
ratios of cGO/GO content in the precursors to study the
effects on the morphology, the pore distribution, the electrical
conductivity, and surface area of the final aerogel products.
Our observations can shed light on the liquid-phase GO
assembly mechanism and allow us to tune the morphology and
composition of GO gels for future applications.

■ MATERIALS AND METHODS
Materials. Single-layer GO was purchased from Cheap Tubes, Inc.

Aqueous ammonium hydroxide solution [28.0−30.0% (v/v)] was
purchased from Sigma-Aldrich. All chemicals were used as received.
Preparation of cGO. To prepare cGO dispersions, GO powder

was added to deionized (DI) water to obtain a dispersion with 1 mg/
mL concentration and tip-sonicated for 5−10 min. The dispersions
were diluted to yield 0.1 mg/mL concentration. The GO dispersions
were then processed in a spray dryer (Buchi 290 mini spray dryer) to
yield crumpled nanosheets according to the procedure reported in our
previous study.28 The GO dispersion is converted to micron-sized
droplets by an atomizer. These droplets are carried through a drying
chamber by a concurrent hot air stream. The GO nanosheets are
crumpled because of the capillary forces exerted by the drying droplet.
These dried cGO flakes are collected in a cyclone separator, and the
carrier air is discharged from the separator. Two different batches of
cGO particles were prepared by spraying at 120 and 150 °C. In all
experiments, 10% of the maximum dispersion flow rate, 40 psi of
nozzle air pressure, and 100% of the aspirator rate were used for
spraying the dispersions.

Preparation of GO, cGO, and cGO/GO Hydrogels. To prepare
100% GO hydrogels, GO nanosheets were dispersed in DI water with
a concentration of 10 mg/mL by 15 min of tip sonication, followed by
1 h of bath sonication. Various amounts of ammonium hydroxide
(NH4OH) (1.8 or 3.6 mL) were added to the dispersions, the
mixtures were sealed in glass vials, and placed in an oven at 90 °C.
The reaction was carried out for 72 h for the hydrogels to form. GO
hydrogels with NH4OH/GO ratios (v/w) of 0.024 and 0.012 mL/mg
were obtained and referred to as high ammonia/GO (HAGO) gel and
low ammonia/GO (LAGO) gel, respectively. To prepare 100% cGO
hydrogels, cGO particles were added to DI water with 10 mg/mL
concentration and bath-sonicated for 2 h to obtain homogeneous
cGO dispersions. NH4OH (3.6 mL) solution was added to the
dispersions; the mixtures were sealed in glass vials and placed in an
oven at 90 °C. The reaction was carried out for 72 h for the hydrogels
to form. To prepare cGO/GO hydrogels, 10 mg/mL of GO and 10
mg/mL of cGO were dispersed in DI water separately using a
procedure similar to GO and cGO dispersions. The two dispersions
were then mixed to yield solutions with 25, 50, and 75% of cGO total
solid mass. The gelation process was similar to that used for 100%
cGO gels. Once the gelation process was complete, hydrogels were
washed with fresh DI water to remove excess ammonia and reaction
byproducts.

CPD of Hydrogels. Before drying, the hydrogels were solvent-
exchanged in an ethanol bath for 3 days to remove the DI water. The
CPD of the hydrogels was carried out in a Samdri-PVT-3D critical
point dryer after solvent exchange with the liquid CO2 in the dryer
chamber. (CPD is useful for removing water without a first-order
phase transition; this prevents capillary-induced densification of gels
and preserves their mechanical integrity during the drying process.)

Scanning Electron Microscopy. All the aerogels were cut into
smaller pieces, and the inner surfaces of the aerogels were mounted on
double-sided carbon tape. An accelerating voltage of 2 kV was used to
image the top surface and cross section of the samples with a JEOL
JSM-7500F instrument.

Thermogravimetric Analysis. Thermogravimetric analysis
(TGA) was performed in a TA Instruments Q50 TGA to determine
the mass loss of the aerogels. Each sample (30 mg) was heated up
from room temperature to 1000 °C at a rate of 1 °C/min in an inert
nitrogen atmosphere.

Conductivity Measurements. The electrical resistance of the
dried aerogels was measured using the four-point probe method. The
four-point probe head (Signatone, SP4-40045TBY) was mounted on
a resistivity measurement stand (Signatone, model 302). The spacing
between the probe tips was 1.5875 mm. Current was passed to the
sample through the outer probes using a Keithley 6221 direct current
(dc) source. A Keithley 2000 multimeter was used to measure the
voltage across the sample. The sheet resistance and electrical
conductivity of the samples were calculated using the measured
values of the voltage.

X-ray Photoelectron Spectroscopy. An Omicron X-ray photo-
electron spectroscopy (XPS) system with an Mg X-ray source was
used for performing XPS measurements. CasaXPS software (version
2.3.16) was used to perform deconvolution. All the aerogels were cut
into small pieces and degassed for 48 h prior to the XPS
measurements.

Raman Spectroscopy. The Raman spectra were obtained using a
HORIBA Jobin-Yvon LabRam HR Raman confocal microscope with
1800 gr/mm gratings for excitation lasers with wavelength of 633 nm.
All aerogels were smashed to fine powder and mounted on a glass
slide using a double-sided tape for Raman measurements.

Fourier Transform Infrared Spectroscopy. Samples of hydro-
gels were collected at specific time intervals during the gelation
reaction, and the reaction was immediately quenched by placing the
samples in an ice bath. These samples were then washed with DI
water and ethanol to remove the excessive unreacted ammonia and
were casted on a silicon wafer to dry at room temperature for 2 h.
These samples mounted on the silicon wafer were then used to collect
the Fourier transform infrared (FTIR) spectra using a Thermo
Scientific Nicolet IR100 FT-IR instrument.
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Brunauer−Emmett−Teller Surface Area Measurements. The
surface area of the dried aerogels was calculated through the
Brunauer−Emmett−Teller (BET) method from the nitrogen
adsorption/desorption isotherms. All the samples were degassed for
24 h prior to the measurements to remove the moisture from their
surface. The adsorption of nitrogen was performed at a relative
pressure (P/P0) range of 0.05−0.3.
Electrochemical Characterization of Gels Made Using In-

House GO Nanosheets. GO nanosheets were made using a
modified Hummer’s method.29 As-obtained GO slurry was bath-
sonicated at 55 °C overnight, followed by centrifugation at 2000 rpm
for 20 min to separate out the larger flakes. The supernatant was
freeze-dried and processed into HAGO hydrogels. As-prepared
HAGO hydrogels were washed with water to remove excess ammonia
and reaction byproducts. Washed HAGO hydrogels were cut into ∼2
mm thick cylindrical slices using a blade. These slices were pressed
between aluminum foil sheets using a mechanical press at 500 psi for
1 min, with a 100 μm thick aluminum shim, to obtain a thin hydrogel
film. Electrodes with diameters of 3/8″ were punched from the
pressed films and used in a symmetric two-electrode supercapacitor
cell assembly. Cyclic voltammetry (CV) was carried out in 1M
aqueous H2SO4 electrolyte from 0 to 0.9 V. A layer of the Celgard
membrane was used as a separator. The areal capacitance was
ca l cu l a t ed f rom the CV curve s u s ing the fo rmu la

∫= × Δ ×C I V v V Ad /( )
V

V

min

max , where Vmax and Vmin represent the

high and low voltage cutoffs (V), respectively, I represents the current
(A), V is the applied potential (V), v indicates the scan rate (mV/s),
and A represents the nominal area of the electrode (cm2).

■ RESULTS AND DISCUSSION
Nanosheet Assembly. A low-temperature sol−gel techni-

que was used to prepare the GO hydrogels according to
previously reported procedures.24 Briefly, a homogenous
aqueous dispersion of GO nanosheets at a specific concen-
tration was prepared (Figure 1). Then, ammonia was added to

the dispersion and the gelation reaction was carried out for 72
h at 90 °C to form a monolithic GO hydrogel. The color
changed from brown in the dispersion to dark brown in the
hydrogel, which is indicative of the partial reduction of the GO
nanosheets. The hydrogel was washed with DI water to remove
the excess ammonia. To avoid shrinkage and collapse of the
pores of the hydrogel, it was dried using CPD. The resulting
aerogels had a smaller volume than the hydrogels.
To monitor the changes in the surface chemistry of the GO

nanosheets during the gelation reaction, we performed FTIR
spectroscopy on the samples collected at various stages of
gelation (Figure 2). After 12 h of gelation, no visible change in
the FTIR spectra of the hydrogels was observed, confirming
the completion of the gelation reaction. In the spectra of the
original GO nanosheets, we observed a broad peak from 3600

to 2500 cm−1 (O−H bonds), a peak at 1729 cm−1 (CO in
carboxyl and ketones) and a sharp peak at 1631 cm−1

(adsorbed H2O). In the fingerprint region of the spectra, we
observed a peak at 1430 cm−1 (O−H bonds), a peak at 1360
cm−1 (C−OH bonds), a peak at 1228 cm−1 (SO
impurities), and a peak at 1085 cm−1 (possibly because of
the epoxide groups). These sulfur impurities stem from sulfuric
acid used during the modified Hummer’s method for GO
synthesis.30 After 12 h of gelation, only the SO peak (sulfur
impurities) remained in the spectra. This observation verifies
the deoxygenation of the nanosheets during the gelation
process. However, no new peak appeared in the hydrogel
spectra after 12 h, except for a weak and broad one at 1575
cm−1. This peak may be attributed to C−N bonds.
(Alternatively, this peak could be attributed to the CC
bonds in the sp2 network of nanosheets that has been slightly
shifted from its characteristic position at 1560 cm−1 although
such a peak is typically too weak to be detected.) The
disappearance of the main peaks of the functional groups in the
first couple of hours of gelation indicates that the
deoxygenation on the surface of nanosheets occurs quickly.
The possible C−N peak appears later in the process, which
means that oxygen replacement by nitrogen on the nanosheet
surface follows the deoxygenation reactions. This peak
becomes weaker throughout the process, possibly indicating
the gradual removal of the substituting nitrogen from the
nanosheet surface.

Ammonia Effects on Nanosheet Assembly. The role of
ammonia in the low-temperature sol−gel preparation of GO
aerogels has not been well studied and/or understood. Prior
studies used ammonia to adjust the pH of the reaction medium
and facilitate the reduction of the GO nanosheets.24,25 We
suggest that the ammonia plays a more significant role in the
gel formation process, and alteration of the ammonia/GO ratio
affects the morphology, composition, and properties of these
aerogels. To examine our hypothesis, we prepared two types of
GO hydrogels, LAGO and HAGO. The fractional volume
shrinkage during synthesis of LAGO and HAGO hydrogels
was calculated to be 71.1 and 71.9%, respectively. Scanning
electron microscopy (SEM) images in Figure 3a,c suggest that
these two ammonia/GO ratios yield two different morpholo-
gies in the final aerogels. The LAGO has a loosely packed
structure with thick stacks of nanosheets, whereas the HAGO
has a more compact structure in which the sheet-like
morphology is not prominent. Both samples contain two

Figure 1. Procedure for preparation of GO aerogels. An aqueous
dispersion of GO (1 wt %) and ammonia was reduced in an oven at
90 °C for 72 h. This led to the formation of a dark brown GO
hydrogel; CPD was then used to obtain a GO aerogel.

Figure 2. FTIR spectra of samples collected at various stages of the
gelation process (up to 12 h of gelation). The peaks of interest are
noted.
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distinct morphological features: (i) large few-micron nano-
sheets and nanosheet stacks and (ii) smaller (less than a
micron) connected web-like species. Moreover, pores in both
samples can be distinguished as submicron- and few-micron-
sized pores formed by nanosheets, and submicron-sized pores
formed because of web-like species. The main difference
between the two samples is the presence of more web-like
species on the surface of the HAGO sample. We call these
species “bridging” structures as they seem to be present in the
space between the nanosheets, connecting them to each other.
These “bridging” structures are ubiquitous in our SEM images,
but there has been little discussion on this topic in the prior
literature.18,20,31,32

Figure 3b,d shows the porous structure of LAGO and
HAGO samples at higher magnifications. In the LAGO, large
connected nanosheet structures form the backbone of the 3D
structure. A magnified SEM micrograph of an individual stack
of nanosheets shows that the bridging structures are mainly
present on the surface of the nanosheet stacks. In this sample,
bridging structures play a minimal role in filling the pores
between the nanosheet stacks. In contrast, in the HAGO, the
bridging structures are the dominant features of the
morphology and cover the entire sample such that the main
backbone of the 3D structure can hardly be recognized.
However, trace nanosheet stacks visible in the micrographs
indicate that they still form the backbone of the 3D structure in
this sample. The pores of this HAGO sample are mainly
composed of the spaces between the bridging structures and
are much smaller compared to those of the LAGO. This sharp
difference in the morphology of the two samples indicates that
the GO nanosheets undergo different gelation and cross-
linking routes in the presence of varying amounts of ammonia;
a higher ratio of ammonia/GO yields more bridging between
the nanosheets.
We suggest that the bridging structures present in HAGO

and LAGO may be composed of small carbonaceous fragments
formed at various stages of the sample preparation and
processing. First, the GO synthesis through Hummer’s method
produces large quantities of highly oxidized carbonaceous
debris that adsorb onto the larger nanosheets’ surface.33,34

These small oxidative debris (OD) are highly soluble in a basic
aqueous environment because of their large negative surface

charge density. In the presence of an excessive amount of
ammonia, the OD desorb from the nanosheets’ surface and
dissolve in water to form ammonium salt.35 Additionally, it has
been demonstrated that the sonication of nanosheets causes
fragmentation and produces dispersions with broad nano-
sheets’ size distribution, ranging from a few nanometers to a
few microns.36 Lastly, these small fragments may be produced
through GO reduction and cleavage of C−C bonds close close
to the edges of larger GO nanosheets.25 During the gelation
process, a large portion of these oxidized fragments become
trapped between the larger nanosheets as they undergo
deoxygenation and aggregation. Similar to GO nanosheets,
the deoxygenation and/or nitrogen replacement of these small
fragments leads to covalent and noncovalent bond formation
between them and produces an interwoven network that
appears as bridging structures in the SEM images. The energy-
dispersive spectroscopy (EDS) mapping of the aerogels
(Supporting Information section S1) indicated a homogenous
distribution of carbon, oxygen, and nitrogen all over the sample
surface, confirming that the bridging structures and the larger
nanosheets’ stack contain similar atomic components. It is
noteworthy that similar structures have not been observed in
prior GO hydrogel literature (except when GO nanoplatelets
with an extremely small platelet diameter were used)37 because
the minimal amount of ammonia used in these studies for
adjustment of the solution pH is not sufficient for desorption
and detachment of all ODs from the nanosheets’ surface.
Both LAGO and HAGO aerogel samples were annealed

using a tube furnace in an argon atmosphere at 1050 °C to
assess their morphological and compositional changes upon
thermal reduction. The SEM images in the Supporting
Information section S2 show that the bridging structures
may become the dominant morphological feature in both
samples after the thermal treatment. This implies that thermal
deoxygenation and reduction of these aerogels activates the
deoxygenation and cross-linking of the residual nonreacted
carbonaceous fragments in both samples. As these fragments
are less stiff compared to GO nanosheets, they can deform
more easily to facilitate the cross-linking and form a
hierarchical, spatially varying network. At 1050 °C, most of
these fragments are thermally reduced and cross-linked, and

Figure 3. SEM images of (a) LAGO, prepared at an ammonia/GO ratio of 0.012, and (c) HAGO, prepared at an ammonia/GO ratio of 0.024, and
proposed mechanism for nanosheets’ assembly and bridge formation: (b) LAGO ratio (0.012), (d) HAGO ratio (0.024), (scale bars ∼1 μm in
SEM images).
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thus, both HAGO and LAGO show similar morphologies,
populated with bridging structures at the surface.
Raman spectra of LAGO and HAGO samples before and

after thermal reduction are illustrated in Figure 4. All the

aerogels have D and G characteristic peaks at 1340 and 1580
cm−1, which are indicative of the structural disorder and the
graphitic sp2-hybridized network of carbon atoms, respectively.
Similar to the reported Raman spectra of GO nanosheets,38 the
D peak is sharper than the G peak in both HAGO and LAGO.
This implies that despite the deoxygenation of the nanosheets,
the sp2 network recovery is minimal during the gel formation
and is consistent with the data reported for reduced GO
nanosheets.39 After the thermal treatment of these samples, the
D peak broadens and becomes weaker but still remains sharper
than the G peak. The decrease in the D to G peak intensity
ratio (ID/IG) for both samples implies further sp2 network
recovery upon thermal annealing of the hydrogels; however,
residual functional groups and lattice defects are present in
both aerogels. Moreover, the 2D peak (2500−2800 cm−1)
intensity is almost zero in all samples.
To investigate the effect of the ammonia/GO ratio on the

chemical composition of the aerogels, we performed XPS
studies on HAGO and LAGO samples. Figure 5a shows survey
spectra for the precursor GO nanosheets, HAGO and LAGO
samples before and after thermal reduction. HAGO and LAGO
spectra show peaks for carbon, nitrogen, and oxygen before
thermal annealing. In the C1s XPS spectra of both samples,
before annealing (Figure 5c,d), five main peaks corresponding
to the sp2-hybridized C−C bonds, sp3 C−C, C−O in epoxide,
CO of ketone, and O−CO in carboxyl groups of the GO
were observed at 284.8, 285.6, 286.5, 288.1, and 289.1 eV,
respectively. The comparison (Table 1) of the atomic ratio of
these samples with the original GO nanosheets (Figure 5b)
confirms the deoxygenation of functional groups in both
samples. Moreover, a C−N peak at 285.9 eV was observed in
both samples, confirming the incorporation of nitrogen from
ammonia during the gelation and reduction process. It is
important to note that the proximity between C−N (285.9 eV)
and sp3 C−C (285.6 eV) peaks makes it difficult to distinguish
between them and may result in uncertainty in the intensity
ratio of the components. The N/C atomic ratios in HAGO
and LAGO were calculated to be 0.14 and 0.07, respectively,
indicating significantly higher nitrogen substitution in the case
of HAGO. A comparison of the C−N and C−O peaks in both
these samples indicates that a stronger C−N peak is correlated

with a weaker C−O peak, possibly indicating that nitrogen
substitution occurs through epoxide ring−opening reactions
and subsequent nitrogen substitution on the GO surface. N1s
spectra of LAGO and HAGO samples (Supporting Informa-
tion section S3) can be deconvoluted into three nitrogen
bonding configurations: pyridinic N (398.0 eV), pyrrolic N
(399.8 eV), and quaternary amine (401.2 eV).40,41 These
results are very interesting for applications involving N atom
doping in graphene nanosheets.42,43 Figure 5e,f shows the C1s
XPS spectra of the aerogels after annealing. In both the cases,
the C−N peak disappears, implying the removal of nitrogen
atoms from the nanosheet surface (additional discussion can
be found in the Supporting Information section S4). The
atomic ratio of elements in the annealed aerogels (Table 1)
indicates a similar chemical composition for both sample types,
which is consistent with the similar morphological features
observed in the SEM images (Supporting Information section
S2) and the decrease in the (ID/IG) ratio in Raman spectra of
both samples (Figure 4).
Moreover, TGA of both LAGO and HAGO samples

indicated that these GO aerogels were more thermally stable
than the original GO nanosheets, as shown in the Supporting
Information section S5. As the temperature was ramped to 900
°C, the mass loss in the original nanosheets (∼65%) was
significantly higher than the mass loss in both aerogels
(∼35%). This observation confirms that the GO nanosheets
have been partially deoxygenated and reduced during the
gelation process. (Note: the mass loss during the temperature
range of 25−120 °C is likely due to adsorbed water loss; this
also accounts for the gap between the HAGO and LAGO
trends at higher temperatures.) The significant mass loss in the
GO sample at 180 °C can be correlated with the lower C/O
ratio in the GO sample (2.3:1) compared to that of LAGO
(6.1:1) and HAGO (4.2:1) samples measured using XPS. It is
challenging to directly correlate the GO sample’s weight loss
during TGA with HAGO and LAGO samples’ C/O ratio.
Unlike the thermally reduced GO sample, LAGO and HAGO
samples have carbonaceous bridging structures and cross-links
which are formed during the sol−gel process. These cross-links
and bridging structures also contribute to the high C/O ratio
in HAGO and LAGO samples.
The surface area, density, and conductivity of LAGO and

HAGO are listed in Table 2; note that these properties
determine functional performance in applied materials such as
electrodes or composites. The density of LAGO samples was
calculated to be higher than that of HAGO, in contrast to their
appearance in SEM micrographs. This implies thicker pore
walls in LAGO, which may have formed upon the reduction
and π−π interactions of the reduced GO nanosheets, whereas
the bridging structures in HAGO prevented extensive π−π
stacking and densification. Hu et al. saw the same inverse trend
between density and ammonia content.25 Note that they also
argued that thicker pore walls result in higher electrical
conductivity, whereas we observed comparable values between
the two cases. As expected, electrical conductivity values of
LAGO and HAGO samples increase drastically upon annealing
because of further reduction and restoration of the sp2

network. Consistent with the observed HAGO morphology,
the HAGO samples possess higher BET surface area compared
to LAGO. These surface area data imply that the increased
bridging structures in the aerogels prepared with a higher
ammonia/GO ratio increase the available surface area of the
samples.

Figure 4. Raman spectra of HAGO and LAGO aerogels before and
after reduction.
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Electrochemical Energy Storage. These gels have
potential applications in electrochemical energy storage
because of their low density, high surface area, and electrical
conductivity; here, we focus on the hydrogel state rather than
the dried aerogels as the sample is exposed to the electrolyte.
HAGO was selected for investigation because it bore the
highest surface area and conductivity. As shown in Figure 6,

CV curves were collected on a symmetric supercapacitor cell
assembly with pressed HAGO hydrogels as electrodes,
platinum current collectors, Celgard separator, and 1 M
H2SO4 as an electrolyte. The areal capacitance at the scan rate
of 2 mV/s, for an ∼100 μm thick electrode was calculated to
be 463 mF/cm2, which is comparable to the values reported in
a recent study based on supercapacitors made from reduced

Figure 5. (a) Survey spectra of all aerogels and precursor GO nanosheets. C 1s XPS spectra of (b) precursor GO nanosheets, LAGO and HAGO
aerogels (c,d) before and after (e,f) reduction.

Table 1. Atomic Ratio of LAGO and HAGO Aerogels before
and after Reduction

atomic composition (%)

sample carbon oxygen nitrogen

GO powder 70.0 30.0 0.0
LAGO 81.0 13.2 5.8
R-LAGO 91.5 7.5 1.0
HAGO 72.5 17.3 10.2
R-HAGO 91.5 7.5 1.0

Table 2. Properties of GO Aerogels Prepared at LAGO and
HAGO Ratiosa

properties LAGO HAGO

density (g/cm3) pre-reduction 0.071 0.039
BET surface area (m2/g) pre-reduction 970 1700
conductivity (S/m) pre-reduction 0.020 0.027
conductivity (S/m) post-reduction 160 560

aNote: the standard deviation for these electrical conductivity
measurements is 4.7%.
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GO gel electrodes.44 However, at increasing scan rates, this
number drops substantially (Supporting Information section
S6), indicating that additional reduction may be required to
improve the electrical conductivity of these gels. Note that the
thermal reduction can only be carried out in the dry state, so
wet-state methods for reduction are needed.45,46

These data indicate that composition and processing
(ammonia/GO ratio) influence a number of properties in
the resulting aerogel, including specific surface area, pore size
distribution, atomic composition, and morphology. The degree
of reduction (during gelation or during subsequent processing)
is the dominant parameter affecting the gel’s electrical
conductivity (and specific capacitance) and may be the
limiting factor for many GO gel applications.
GO Morphology Effects. In addition to the ammonia/GO

ratio, we also assessed the effects of the parent GO
morphology on the morphology of the product gel. Prior
studies have indicated that the nanosheet aspect ratio strongly
affects the structure of the 3D network, with larger nanosheets
interacting at lower concentrations;47,48 from this perspective,
crumpled nanosheets effectively behave like “spherical
graphene” with an aspect ratio of 1. We next assess the
structure of gels made from such cGO. Initially, the parent
cGO particles sprayed at 150 °C were used to synthesize the
cGO hydrogels. These particles formed a very brittle hydrogel.
The crumpled morphology of the particles and the low density
of the bridging structures can be observed in the SEM images
of its corresponding aerogel (Supporting Information section
S7). The crumpled particles are less prone to π−π stacking
because of their highly wrinkled surface; thus, the physical
cross-linking because of the π−π interactions cannot be the
primary mechanism of intersheet cross-linking. In this case, the
hydrogel formation relies on the covalent bond formation
between the nanosheets. On the other hand, the covalent bond
formation requires a sufficient number of functional groups on
the GO surface. The spray-drying of the GO sheets at 150 °C
may partially remove the functional groups; hence, the
covalent bond formation is also hindered in this sample. To
study the role of surface functional groups on the parent cGO
and verify the covalent bond formation mechanism, we
reduced the spraying temperature from 150 to 120 °C to
preserve the functional groups on the cGO surface. With

increased functional groups on the cGO surface, these cGO
particles formed a well-integrated hydrogel with higher density
of the bridging structures (Figure 7). Again, an increase in
bridging structures is correlated with an increase in functional
groups on cGO.

Additionally, the cGO aerogels have only sub-micrometer-
sized pores, resulting in a higher packing density compared to
the GO aerogels. Moreover, the cGO aerogels prepared with
low and high ammonia/cGO ratios (0.012 and 0.024,
respectively) have densities of 0.067 and 0.072 g/cm3, which
are both closer to that of LAGO than HAGO (Table 3). This
may be because cGO particles tend to interact at shorter
distances such that higher (denser) packing is required for the
same particle−particle interactions and bond formation during
gelation. As expected, a higher ammonia/cGO (HAcGO) ratio
yields an aerogel with a higher surface area.
To better understand the precursor morphology effect, we

also synthesized hydrogels with varying ratios of cGO/GO. At
lower cGO/GO ratios, the porous structure roughly resembles
that of GO aerogels. The gradual alteration of the aerogels
morphology is indicated in Figure 8. This trend of
morphological changes with the cGO/GO ratio confirms
that the precursor morphology affects the cross-linking
mechanism, gel density, and the pore size distribution.
The electrical conductivity and BET surface area of the

cGO/GO aerogels are indicated in Table 3. All the aerogels are
electrically conductive, and their conductivity values range
from ∼10−3 to 10−2 S/m. The electrical conductivity of
HAcGO (25% cGO) was found to be higher than that of
HAGO samples. This could be attributed to cGO being
arranged inside the pores formed by the native (uncrumpled)
sheets in HAcGO (25% cGO) aerogels, leading to an increase
in density (from HAGO’s 0.039 g/cm3 to 0.069 gm/cm3) and
improved electrical conductivity. In contrast, HAcGO (100%
cGO) samples have significantly lower electrical conductivity
compared to other aerogel structures because the spherical
cGO shape leads to minimal π−π stacking among adjacent
nanosheets. Both GO (Table 2) and cGO aerogels prepared
with a higher NH4OH/nanosheet ratio (v/w) of 0.024 mL/mg
displayed higher surface areas than the mixed cGO/GO
aerogels. This may be caused by cGO disrupting the native GO
nanosheet mechanism of gel formation and preventing the
bridging structures from forming.

■ CONCLUSIONS
In this study, we extensively studied the gelation process of GO
for a graphene 3D network with ammonia at low temperature.
The morphology and properties of the product gel are
determined by the GO/ammonia ratio, the morphology, and

Figure 6. Cyclic voltammogram of the pressed HAGO hydrogel-
based supercapacitor at scan rates of 2 and 5 mV/s.

Figure 7. SEM images of cGO aerogels prepared with a (a) 0.024
ammonia/cGO ratio and (b) 0.012 ammonia/cGO ratio. The cGO
particles were collected from GO dispersions spray-dried at 120 °C.
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surface properties of the parent GO. Bridging structures were
observed in samples prepared with a higher ammonia/GO
ratio. These structures may be the product of intersheet
covalent bonding and thus represent the chemical cross-links
in the GO aerogel. Further spectroscopic characterizations are
required to reveal the chemical composition of the bridging
structure. All the aerogels have reasonable electrical con-
ductivity, which improves significantly after thermal annealing.
Moreover, an exceptionally high surface area was observed in
aerogels with more bridging cross-links. These characteristics
of electrical conductivity and high surface area are critically
important for the development of graphene gel-based electro-
des for energy storage applications.
We also demonstrated that it is possible to alter the GO

nanosheet morphology to a crumpled cGO structure and then
prepare cGO aerogels. These aerogels display extensive
bridging between the nanosheets; we can infer that the
gelation of cGO particles occurs mainly through chemical
cross-linking as these particles are less prone to π−π stacking.
This is the first demonstration of cGO as a reaction feedstock
for bulk graphene 3D materials.
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