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Highly Elastic and Conductive N-Doped Monolithic
Graphene Aerogels for Multifunctional Applications

In Kyu Moon, Seonno Yoon, Kyoung-Yong Chun,* and Jungwoo Oh*

The simple synthesis of ultralow-density (=2.32 mg cm~3) 3D reduced
graphene oxide (rGO) aerogels that exhibit high electrical conductivity and
excellent compressibility are described herein. Aerogels are synthesized using
a combined hydrothermal and thermal annealing method in which hexam-
ethylenetetramine is employed as a reducer, nitrogen source, and graphene
dispersion stabilizer. The N-binding configurations of rGO aerogels increase
dramatically, as evidenced by the change in pyridinic-N/quaternary-N ratio.
The conductivity of this graphene aerogel is =11.74 S m™ at zero strain,
whereas the conductivity at a compressive strain of ~80% is ~704.23 S m™,
which is the largest electrical conductivity reported so far in any 3D sponge-
like low-density carbon material. In addition, the aerogel has excellent
hydrophobicity (with a water contact angle of 137.4°) as well as selective
absorption for organic solvents and oils. The compressive modulus (94.5 kPa;
p = 2.32 mg cm3) of the rGO aerogel is higher than that of other carbon-
based aerogels. The physical and chemical properties (such as high conduc-
tivity, elasticity, high surface area, open pore structure, and chemical stability)
of the aerogel suggest that it is a viable candidate for the use in energy
storage, electrodes for fuel cells, photocatalysis, environmental protection,

actuators,® and absorbers of environ-

mental pollution.?”) Among graphene-
based materials, graphene oxides (GOs)
can be described as “up-and-coming”
material candidates because they are thin,
light, strong, environmentally friendly,
and flexible. They also have high surface
area, excellent mechanical-chemical prop-
erties, and the ability to conduct electricity
within 2D nanostructures. Many research
groups!®! have reported the simple prepa-
ration of rGO aerogels from GO solu-
tion by hydrothermal and freeze-drying
methods or etching methods, employing
a spherical template/GO composite. The
microstructural features of rGO aero-
gels make them some of the most prom-
ising building blocks for energy-related
and environmental applications. This is
because these features can greatly improve
working-volume deformability, can form
a multidimensional conduction network,
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energy absorption, and sensing applications.

1. Introduction

During the past five years, 3D graphenel'! and reduced gra-
phene oxide (rGO)®! nanostructured aerogels have been exten-
sively investigated. These materials have potential for use in
next-generation technology for flexible energy storage and
generation®®! as well as use in energy cushions,* sensors,!!
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and can provide 3D interfacing or interca-

lation with other system components (e.g.,

electrolytes, reactants).[®] However, the per-

formance and diversity of such graphene
aerogel conductors are limited by the lack of a sufficient com-
pressive modulus (that is, they are fragile and collapse under
stress).[*] Aerogels usually have an extremely low density due
to their relatively high rigidity and/or a rather low electrical
conductivity (e.g., 0.12 S m™! with a density of 5.10 mg cm~3).1*%
These properties can result from an incomplete reduction
if mild chemical reducing conditions are employed without
thermal annealing. Zhao et al.'¥l reported the development
of a compression-tolerant rGO sponge supercapacitor with
a polypyrrole coating, which is conductive and provides
mechanical reinforcement. This work showed that the use of
rGO sponges in conjunction with other materials can over-
come some of the shortcomings of monolithic rGO sponges.
Recently, Wu et al.l'?l fabricated a spongy graphene material
(density = 1.15 mg cm~3; conductivity = 0.37 S m™!) that showed
compressive elasticity and a near-zero Poisson’s ratio by using
a solvo-thermal reaction and thermal annealing. The primary
remaining challenge is the synthesis of additive-free monolithic
rGO aerogels that preserve the low density, high conductivity,
and good elasticity inherent in GO nanosheets.

In this article, we describe the development of a facile
approach for fabricating support-free monolithic nitrogen
(N)-doped rGO aerogels using a simple hydrothermal method
employing hexamethylenetetramine (HMTA) as a stabilizer
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and nitrogen source. These N-doped rGO aerogels have both
good compressibility and electrical conductivity as well as
an extremely low density (=2.32 mg cm™). Our rGO aerogel
showed 11.74-704.23 S m™! conductivity when uniaxial com-
pression was increased from zero strain to 80% strain. This
approach leads to a simplified, lightweight architecture that
allows for larger mass loading of guest materials. Furthermore,
our novel graphene aerogel has unique electrical and mechan-
ical properties due to the presence of N-doped monolithic gra-
phene, and these aerogels may be suitable for a wide variety of
applications.

2. Results and Discussion

Figure 1la illustrates the preparation procedure for the 3D
porous rGO aerogels. Briefly, the target nitrogen-doped mono-
lithic rGO aerogel was prepared through a two-step approach.
First, the rGO aerogel (denoted as rGOpyqy, aerogel) was syn-
thesized successfully through a simultaneous self-assembly
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additives or polymer reinforcement) and was easily converted
into compressible 1GOyerma via thermal treatment. The syn-
thesized macroporous rGOpygr, and rGOyerma aerogels were
ultra-lightweight with densities (p) of =3.20 mg cm™ and
=2.32 mg cm~3, respectively (see Figure 1a).

HMTA not only served as a nitrogen dopant and reducing
agent in the hydrothermal reaction process, but also played a
role as modifier in the self-assemble formation process of the
porous hydrogels. In the majority of cases, it remains in the
design and synthesis of these aerogels of macrostructures due
to the limited knowledge of the sol-gel chemistry between gra-
phene oxides and/or crosslinking agents.l'*l During hydrolysis
in an aqueous solution, however, HMTA releases ammonia and
hydroxide ion.") An abundance of hydroxide ion and ammonia
can reduce graphene oxide to rGO by removing oxygen-con-
taining functional groups!’ and can simultaneously introduce
nitrogen atoms into the graphene skeleton by substituting
carbon atoms, "% respectively.

The following reactions might occur in solution above 60 °C1*#l

and reduction process. In this process, we used HMTA as a  CeH, N, (HMTA)+6H,0 — 6HCHO +4NH, (1)
reducer and a nitrogen source. HMTA was also used to stabilize
the graphene dispersion through electrostatic interactions. The ~ NH,; + H,0 — NH; + OH~ (2)

obtained rGO hydrogel was taken out of the reactor and sub-
sequently freeze-dried for 48 h. To improve the quality of the
aerogel, the rGOyyq, aerogel was thermally annealed in a 107
Torr atmosphere at 1000 °C for 3 h (heating rate = 1 °C min~}),
yielding a sample referred to as the rGOyerma aerogel. In
Figure 1b, rGOy,erma aerogels show a striking recovery of their
original shape under high compression (& > 80%) without col-
lapsing (Movie 1 and 2, Supporting Information). The obtained
rGO aerogel was highly elastic (without using any linkage

' self-assemble

GO/HMTA
Suspension

3D rGO
Hydrogel

uniaxial _

compression

2. thermal annealing

hydrothermal l 1. freeze drying

And also, the excess ammonia in GO aqueous-formed stable
colloids through electrostatic repulsion of negatively charged GO
sheets.l'”] Considering the simple reaction system containing
only GO and HMTA, we infer that the excess HMTA could act
as a capping reagent in stabilizing as-prepared rGO sheets.

As-prepared rGO aerogels were characterized by a variety
of methods including X-ray diffraction (XRD), scanning
electron microscopy (SEM), Raman spectroscopy, and X-ray
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Figure 1. a) Schematic representation and photo images of the synthesis procedure for ultralight N-doped rGOypema aerogels with a density of
=2.32 mg cm>. b) Snapshots of the compressibility of the rGOypermal aerogel.
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Figure 2. a) The XRD patterns of GO, rGOpgr,, and rGOypemal 2erogels. b)
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Raman spectra of rGOpyqr, and rGOynermat aerogels with a laser excitation at

532 nm (2.33 eV). ¢,d) Low- and high-magnification SEM images of rGO thermal aerogels. Inset in (b) shows EDX elemental maps of carbon (gray),

oxygen (light gray), and nitrogen (white) (scale bar =3 mm).

photoelectron spectroscopy (XPS). The XRD pattern of rGOpyqy,
(Figure 2a) showed a broad (002) peak at about 18°-20°,
which corresponds to an interlayer distance of approximately
4.9-4.4 A (dgpz) (in GO a 26 of =10.93° corresponds to an inter-
layer distance of =8.08 A (dy,)). This distance is the largest
value ever reported in the literature and is due to both the cage-
like (nearly spherical) shape of HMTA as well as the remaining
oxygen-functional groups in the rGO nanosheets, which occupy
the interlayer galleries of the rGO sheets. The rGOy,e;ma aerogel
shows a broad peak at a position similar to that of the tGOypyq4y,
aerogel. In addition, a new broad diffraction peak at 26 = 42°
and 49° appeared, corresponding to the planes (100) and (004),
respectively. The (002) and (004) peaks correspond to parallel
graphene layers. The (100) peak characterize the 2D in-plane
symmetry along the graphene layers.'¥! A broad shoulder at 260
= 26° (dgo; = 3.4 A) was also observed closer to the (002) graphite
peak of 3.36 A" This result suggested that the TGOuermal
aerogel was well ordered and had some 2D sheets of graphite
without oxygen functional groups.

Representative Raman spectra of rGO aerogels using 532 nm
laser excitation are shown in Figure 2b. The G-bands of the
rGOpyaro and 1GOyerma aerogel appeared at 1589 and
1583 cm™!, respectively. The downshift of the G-band in the
rGOypermal aerogel can be attributed to sp? restoration during
pyrolysis? and the incorporation of heteroatoms into the
graphene structure.’!] The relative peak intensities of the G-
and D-bands were Ip/Ig = 1.12 for the rGOyyq,, aerogel and
Ip/Ig = 1.66 for the rGOyerma aerogel. The crystallite size (L,)

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

can be determined according to the Tuinstra—Koening rela-
tion,? I, (nm) = (2.4 X 10719 A*(Ip/I)~! (where A is the Raman
excitation wavelength). An L, of =11.58 nm was obtained for the
rGOpermar 2erogel, and this was smaller than that of the rGO-
hydro @€togel (L, = 17.16 nm). This result can be attributed to a
decrease in the average size of the sp? domains upon thermal
reduction of the rGOyyq,, aerogel. In other words, the increased
Ip/ I ratio probably resulted from the release of gases by decom-
position of the remaining oxygen-functional groups and sp*-
hybridized carbon atoms during thermal annealing. Reduction
may also have caused cracking of the in-plane C=C, resulting in
the generation of more defects. Defects may also have resulted
from the generation of smaller nanocrystalline graphene
domains!?® and the incorporation of N-heteroatoms.?1:24

The N-doped monolithic rGOy,em, aerogels were imaged
using SEM to determine the uniformity and microporous struc-
ture of the rGO layers (Figure 2c,d. Clearly, the open-pore walls
in the foams are continuously cross-linked, forming an intercon-
nected porous network between the rGO layers in each cell wall.
This structure not only provides effective stacking of the graphene
sheets with lateral sizes ranging from several hundred nanom-
eters to several micrometers, but it also improves intersheet con-
tact and provides large area-to-volume ratios. The rGO cells show
a typical quasicork-like structure. Moreover, the graphene platelet
walls are rather thin and wrinkled, indicating the efficient self-
assembly of graphene nanosheets. Energy dispersive X-ray spec-
troscopy (EDX) elemental mapping of rGOpy4r, and rGOmermal
aerogels shown in Figure S1 (Supporting Information) and the

Adv. Funct. Mater. 2015, 25, 6976-6984
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inset of Figure 2d, respectively, indicates that a uniform distribu-
tion of N, C, and O atoms was present in the rGO aerogels. As
shown in Figure S2 (Supporting Information), the obtained rGO,.
hermal Nanosheets include wrinkled and folded sheets.

As expected, the chemically N-doped rGO aerogels exhibit C
1s and N 1s peaks at =286 and =398 eV from XPS survey scan
in Figure S3 (Supporting Information), respectively, because
of the HMTA doping. As shown in Figure 3a,b, the C 1s core-
level spectrum of the rGO aerogels was fitted using five compo-
nent peaks with binding energies of 284.6, 285.9, 287.1, 288.5,
and 290.0 eV. These are attributed to the contribution of sp?
(284.6 and 290.0 eV) hybridized carbon, sp* hybridized carbons,
C-0, C=0, and C(O)OH, respectively. After hydrothermal and
thermal annealing of GO in the HMTA mixture, the O 1s peaks
decreased significantly. The carbon-to-oxygen atomic ratio
(R¢jo) was determined from the C 1s core-level spectra. The
Rejo (=31.12) of 1GOyperma aerogel was a dramatically reduced
as compared to the rGOyyqy, aerogel (R¢/o = 4.47) (see Tables S1
and S2 in the Supporting Information).

The characteristic N 1s peak is also present in both N-doped
rGO aerogels. This N 1s peak can be deconvoluted into three
main component peaks, representing pyridinic-nitrogen
(Np at 398 eV), pyrrolic-nitrogen (Npyr at 399 eV), and quater-
nary-nitrogen (Nq at 401 eV); no chemisorbed nitrogen oxides
were observed at =404-406 eV.?’! Their configurations are sche-
matically described in Figure S4 (Supporting Information). Np
and Nq heteroatoms within the rGO sheet show sp*hybridized
bonding, while Npyg is sp® hybridized in a five-membered ring.**!
For the 1GOyermal Sponge, the area compositions of Np, Ng, and
Npyr were 21.59%, 50.57%, and 21.85%, while these values for
the rGOyyqy, aerogel were 3.21%, 60.23%, and 36.56%, respec-
tively. The relative intensities of Np/Nq in 1GOpygro and rGOermal

www.afm-journal.de

aerogels were =0.05 and =0.43, indicating that the nitrogen atoms
incorporated into the rGO aerogel are mainly in the form of qua-
ternary nitrogen. After thermal annealing (T = 1000 °C) of the
rGOpyaro aerogel, the percentage of Np increases significantly. In
contrast, the percentage of Ng and Npyg decreased slightly due to
the thermal stability of nitrogen derivatives within the graphitic
structure.”) N levels in both rGOyygy, and rGOyerm aerogels
were =7.7% and =3.63%, respectively. N-doping levels observed
in our work are compared with reported N-doped graphene
(doping level =1%-3%) materials made by thermal annealing,
arc discharge, plasma, and chemical vapor deposition methods
in Table S3 (Supporting Information).¢!

Wettability of the as-prepared both rGOyyar, and rGOermal
aerogels was determined by measuring both water and oil con-
tact angle (CA) (Figure 4a,b; Figure S5, Supporting Informa-
tion). The synthesized rGOyyqyr, and rGOypermal aerogels showed
water contact angles of 131° to 144.5°, which are due to the
decrease in the number of oxygen-functional groups of rGO
sheets. These results are supported by XPS data, where the
rGOfpermal a€rogel (Rg o = 31.12 by XPS) exhibited fewer surface
oxygen atoms than those of the rGOyqy, aerogel (R o = 4.47 by
XPS). These results indicate that the rGOyerma aerogel is an
ideal candidate for oil/solvent absorbents to clean oil/solvent
spills in marine environments. Along these lines, Figure S6
(Supporting Information) presents an image of the combustion
of gasoline absorbed by the aerogel.

The macro-, micro-, and mesoporous features of these aero-
gels were further confirmed by N, adsorption—desorption meas-
urements (see Figure 4c). The surface areas of rGOyyyy, and
rGOyermal aerogels, which were calculated by the Brunauer—
Emmett-Teller (BET) equation using N, adsorption/desorption
isotherms, were estimated to be 327.05 and 194.14 m? g7},
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Figure 3. XPS high-resolution spectra of both a) rGOyyqro and b) rGOsperma aerogels. The atomic percentages of C, O, and N in rGO aerogels were

obtained from XPS data.
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Figure 4. a,b) rGO thermal aerogel capability for organic absorption and wetting behavior. The rGOyemal aerogel floats when in contact with water. A
water droplet forms a contact angle of 144.6° with the longitudinal section of the aerogel (inset: water droplets on a rGOypeima aerogel). The rGOyermal
aerogel rapidly absorbs gasoline, filling the highly porous structure. ¢) N, adsorption/desorption isotherms and d) BJH pore-size distribution curves

obtained from the adsorption branch of each rGO aerogel.

respectively. Figure 4d shows the pore-size distribution of the
rGOyerma aerogel. As shown, a broad distribution centered at
2 nm and a broader distribution ranging from 10 to 110 nm
were observed using the Barret—Joyner—Halenda (BJH) method.

Uniaxial compression and electrical conductivity results
are provided in Figure 5a. Under an increased compressive
loading, more contact area was created between rGO platelets
in the 3D networks, thus decreasing the contact resistance.
Upon unloading, the reverse occurred, which is reflected in
the change of resistance. The conductivity (0) of the rGOyermal
aerogel at zero strain (aerogel density =2.32 mg cm™) was
=~11.74 S m™!, whereas under compressive strain (&) = 80%, it
was =704.23 S m~!, which appears to be the largest electrical
conductivity reported so far for any low-density 3D sponge-like
carbon material 142101227331 In contrast, the rGOyyqy, aerogel
(density of =3.20 mg cm™3) showed values of =0.13 S m™" at
€= 0% and 358.17 S m~! at £ = 80%.

Electrical conductivity was measured by using a four-
probe method (see Figure S7 in the Supporting Information).

wileyonlinelibrary.com
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Figure 5a shows electric conductivity as a function of uniaxial
compressive strain, which ranges from several S m™ to sev-
eral hundreds of S m~'. The conductivity changed dramatically
only when the strain was larger than 60%. Increases in conduc-
tivity were also ascribed to densification or buckling between
graphene platelet sheets, bridging of the cell wall under high
strain (€ > 60%), and higher degrees of interconnection within
their highly porous structures. These mechanisms are con-
sistent with the dynamic-SEM results (see Figure 5¢; Figure S8
in the Supporting Information). When the rGO aerogel is
compressed, its density p increases as p = po/(1 —€), where
po is the initial density.} Results of calculations using this
equation during the uniaxial compression with each aerogel
density are shown in Figure 5b. The electrical conductivity
of the rGOyermal aerogel was 15.65 S m™' at & = 10%, which
is over 42 times higher than values for graphene-based aero-
gels with similar densities after thermal annealing at 400 °C
(0=0.37 Sm™! at £ = 10% with a density of =1.15 mg cm?®) (see
Figure 5b).[12]

Adv. Funct. Mater. 2015, 25, 6976-6984
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Figure 5. a) Electrical conductivity of both rGO aerogels when compressed along the axial direction. b) The electrical conductivity of both rGO aerogels
as a function of density together with several low-density carbon materials reported in the literature. The line is a guide for the eyes. c) SEM images of
loading states of rGOypemal aerogel under uniaxial compression (scale bar = 250 mm).

To better explain the change in conductivity of the rGOyermal
aerogel with compression, SEM images of the 1GOy,erma aerogel
within the range of 0% to =75% compressive strain were collected
and compared (see Figure 5¢). As expected, the SEM images in
Figure 5c reveal deformation processes at various applied com-
pressive strain levels. The original aerogel had many macropores,
which inhibit electrical transport. As the images of the compressed
rGOyermar aerogel show, the 3D graphene network became more
compact and macropores disappeared. With increasing strain
(€ = 45%-75%), buckling or densification between cell walls and/
or graphene platelet sheets increases, and many flat cells appear.
All of these mechanisms result in an increase in the electrical con-
ductivity of the aerogel. This result confirms the presence of a 3D
conducting pathway throughout the macropore structure, which
perfectly matches the electrical conductivity results.

We have done mechanical testing on rGOpygr, and 1GOermal
aerogels to study their compressive strength, compressibility,
and recoverability (up to 50% strain). When an rGO aerogel
is uniaxially compressed, it exhibits a porous-like response,
i.e., the stress increases nonlinearly with strain up to the peak
stress, and then follows a rapid unloading along a different
stress—strain path, is responsible for the energy dissipation.
Figure 6a,b and Movies 1 and 2 (Supporting Information) show
a typical cyclic stress—strain curve of the rGOpy4y, and 1GOypermal
aerogels that the rGOyyqy, aerogels become stiffer after thermal
annealing. This may be explained on the basis of the strongly
interacting surface oxygen groups in rGOyyqy, sheets, the large
pore size of interconnected tGO networks,*”! and the van der
Waals interaction between graphene sheets in different reduc-
tion degrees. The curves show the typical features of porous
material, with an initial linear elastic region (& < 40%-45%) at

Adv. Funct. Mater. 2015, 25, 69766984
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relatively lower stress levels after the third cycle due to the high
porosity and softness of the sponge, followed by compaction and
a steep slope region at € > 40%—45% with rapidly rising stress
because of the densification of aerogels (Figure 6a,b); it has been
shown that rGO aerogels show a rapid increase in tangent mod-
ulus at £ > 40%-45% after the third cycle. Under compression
at >45% strain, this result coincides well with both SEM results
and conductivity under uniaxial compression in Figure 5. The
cyclic stress—strain curves of rGOyygro and rGOgpepma a€TO-
gels show a strain-hardening behavior, and no yield stress can
be detected. This may indicate good stress transfer between
the graphene sheets also at low density due to homogeneous
structure and graphene-graphene joints. In the initial linear
elastic region, both rGOpygr, and 1GOyermar aerogels gradually
shrink, and the compressive stress slowly increases with the
strain, which results from the elastic bending of the intercon-
nected rGO pore structures.*® Both rGO aerogels, the stress—
strain curve in the second cycle is far more compliant than that
observed in the first cycle; this effect is referred to as softening
behavior (preconditioning effects).?”] The stable curves are typi-
cally observed after only three cycles. For the rGOyyerma aerogel,
the peak stress decreases by =11.5% in the first three cycles,
while the rGOyyqy, aerogel decreases by =17.5%. Note that the
stress—strain curve for rGO aerogels featured a plateau region
followed by a steep region after the second cycle. In the plateau
region, compressive stress gradually increased with the strain,
indicating elastic deformation; in the steep regions, the stress
increased rapidly with the strain owing to the densification of
porous structures.¥ This is because the TGOjpemar aerogel had
few structural defects and a well-organized 3D network struc-
ture, which led to excellent compressive properties.
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Figure 6. a,b) Compressive stress—strain curves of rGOyyq, (r = 3.20 mg cm™) and rGOypermal (r = 2.32 mg cm™) aerogel over 10 load—unload cycles.
Compressive stress—strain curves of 10 cycles of loading-unloading (inset: magnified stress—strain curve in the region of low compressive strain).
c) Maximum stress (left pointing arrows) and energy-loss coefficient (right pointing arrows) of rGOypemal aerogel during 10 cycles (calculated from
the stress—strain curves shown in panel (a) and (b). d) The relationship between Young’s modulus and bulk density as compared with other carbon-

based aerogels.

Hysteresis behavior is very important in materials used for
absorption.[*348-50 Hysteresis loops remain almost unchanged
after the third cycle. The energy loss coefficient per cycle as a
function of cycle number is plotted in Figure 6¢ for different
values of compressive strain amplitude. Our rGOy,ema a€rogel
exhibits excellent energy absorption capability. In Figure 6c,
the energy loss coefficient of rGOyermar aerogel decreases from
74.9% to =54.8% in the first three cycles and then remains
fairly constant. For all the rGO aerogels, a permanent plastic
deformation is observed at the whole performance cycle. These
results reflect during the measurements the damage of the
inner structures.® The plastic deformation of the rGOyyqy
and rGOy,erm, aerogels only amounts to =12.9% and =21.3%
of a residual strain after the 10 compression cycles, respec-
tively, which corroborates the excellent structural robust-
ness of the compressible rGO aerogel.’?! In comparison, the
plastic deformation for polymeric foams at £ = 20% is typically
10%-30%, and nanotube-based foams usually have a plastic

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

deformation of 8%-20% with degradation under a compres-
sive stress of 20%-30% at similar strain.l® These results sug-
gest that our aerogels are suitable for damping applications.
The Young's modulus of the rGOy,erma aerogel as a function
of density is shown together with literature values for other
3D carbon-based aerogels in Figure 6d. The compressive mod-
ulus (94.5 kPa; p = 2.32 mg cm ™) of the rGOy,erma aerogel was
higher at € = 50% than that of other carbon-based aerogels.’>

3. Conclusion

In summary, we prepared N-doped rGO aerogels exhibiting
high electrical conductivities and compressibility by a com-
bined method of hydrothermal and thermal annealing. These
unique ultralow-density rGO aerogels provide both a porous
graphene 3D network and good electrical and mechanical prop-
erties. This synthetic method provides fundamental insights
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for further design and construction of other 3D layered hybrid
aerogel materials for energy storage, photocatalysis, environ-
mental protection, energy absorption, and sensing applications.

4. Experimental Section

Sample Preparation: GO (highly concentrated GO dispersion in
water, Graphene Supermarket) and HMTA (Sigma-Aldrich) were used
as received. In the hydrothermal method, the GO solution (1 mL) and
HMTA (15 mg) were dissolved in deionized water (0.5 mL, > 18 MQ cm)
in a vial (5 cc). The vial was sealed and then sonicated for 5 min.
Hydrothermal treatment of the mixed solution was conducted at 110 °C
for 8 h in an autoclave. Then, the autoclave was naturally cooled to
room temperature and the product was removed. The rGO hydrogel
was carefully washed using deionized water several times and then
lyophilized (at =55 °C for 2 d) to remove the rGOyq,, aerogel. Finally,
the rGOyhermal aerogel was obtained by annealing the rGOy, 4, aerogel in
a tubular furnace at 1000 °C for 3 h at a rate of 1 °C min~' under vacuum
(107 Torr).

General Characterization: XRD patterns were collected on a Rigaku
diffractometer using Cu Ko radiation. Raman spectra were measured
on a LabRam Aramis Raman spectrometer from Horiba Jobin Yvon. The
instrument was fitted with a 532 nm laser. Samples were measured at
room temperature using the microscope accessory with a 50x aperture
using at least 100 scans. All XPS measurements were obtained using a
SIGAM PROBE (ThermoVG) with a monochromatic Al Kot X-ray source
at 100 W. The microstructure was observed by field-emission SEM
(JSM-6701F/INCA Energy, JEOL). Contact angles were measured using
a Dataphysics Model OCA 15EC at six different points. Specific surface
area and pore-size distribution were measured using a BET-BJH test.
This study was performed in a Minisorp Il BEL-Japan with an activation
temperature of 150 °C in a vacuum. The sample was first conditioned
isothermally at 77 K for 24 h. The Langmuir adsorption equation was
used for analysis. Electrical conductivity was measured using a four-
probe method. To optimize the electrical contact between copper foils
and the rGO aerogel, both ends of the aerogel were carefully coated with
a thin layer of silver paste. The electrical conductivity was measured with
R-CHEK (model RC2175, see Figure S6 in the Supporting Information).
Compressive strength was measured on cylindrical specimens =7 mm in
height x 8 mm in diameter using a Lloyd LR10K plus mechanical tester
with a crosshead speed of 2.0 mm min~'. The compressive strength was
calculated from the maximum load registered during the test divided by
the original area.
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