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ABSTRACT: We demonstrate a simple method to prepare high-quality
and uniform three-dimensional (3D) graphene networks through thermal
degradation of graphene oxide (GO)—nitrocellulose composites over a large
area. The nitrocellulose simultaneously acts as a support and aids in the
reduction of GO by exothermic decomposition. The graphene networks
have tunable porous morphology where the pore size can be controlled by
adjusting the concentration of GO in the composite. This new technique is
a very simple method to obtain 3D graphene networks and has the potential
to produce 3D graphene-modified substrates for use in energy storage and
conversion applications, in supporting frameworks of catalyst, and in
sensors. In this report, the prepared 3D graphene networks were directly
used as the electrodes of supercapacitors without using a binding agent and/
or conducting additive with a high specific capacitance of 162.5 F g™" at 0.5

A ¢! current density.
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B INTRODUCTION

Graphene, which is a one-atom thick sheet of carbon, has been
widely applied in energy storage and conversion, organic
synthesis, catalysis, polymer fabrication, biomedicine, sensors,
and micro/nanoelectronics due to its high electronic and
thermal conductivity, mechanical strength, optical properties,
and large theoretical specific surface area.' "' However, these
graphene sheets commonly aggregate during processing in
solution due to strong 77—z interactions and van der Waals
forces making dispersion difficult.'">"® Aggregation of the
graphene sheets reduces the specific surface area, hinders the
mass and electron transport, and can adversely affect the
thermal and mechanical properties of graphene-based materi-
als.”>™'® Therefore, it is of continuous interest to develop
simple, practical, and effective methods to construct graphene
networks to avoid aggregation and take full advantage of
graphene’s intrinsic physical and chemical properties. To date, a
series of techniques have been applied to fabricate graphene
networks, such as chemical vapor deposition (CVD),"'¢™"
electrochemistry,'* chemical or thermal reduction of graphene
oxide (GO)-based composites,”* > self-assembly,”>* litho-
graphic patterning,®>" chemical etching,® vacuum filtration,>*
and nucleate boiling.33 Among these methods, CVD and
chemical or thermal reduction of GO-based composites appear
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to be the most effective methods for large-area preparation of
high-quality and uniform graphene networks.

CVD is a popular microfabrication process widely used to
produce high-purity and large-scale thin films. It has been
commercially applied in the semiconductor industry, for
example, in the preparation and modification of silicon-based
materials. It is also the dominant method for producing carbon
nanofibers and carbon nanotubes. CVD has been used for
producing graphene networks using metal catalysts such as Cu,
Au, and Ni."'*"'® However, the CVD process usually uses
highly flammable gases for raw carbon sources and typically
requires high processing temperatures. In addition, after
depositing graphene sheets on a template, extra steps are
often required to remove the template. To avoid the collapse of
three-dimensional (3D) structured graphene during the
template etching, a thin layer of polymer such as poly-
(dimethylsiloxane) (PDMS) is often deposited to protect the
graphene sheets as a support.'® After etching, the polymeric
residue can influence the electrical and thermal properties of
graphene.34’35 Therefore, the CVD process can be high-cost,
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complex, and time-consuming for the preparation of graphene
networks.

Chemical or thermal reduction of GO-based composites is
another popular technique for the preparation of graphene
networks.”®~>® This technique requires constructing a GO-
based composite and then reducing the GO to produce the
graphene networks. GO is one of the most important functional
graphene materials.”” > It is widely studied due to the low cost
of preparation and is a well-adopted precursor to synthesis
various graphene-based materials through high-temperature
thermal reduction,* chemical-reagent reduction,** or photo-
thermal reduction.” In contrast to pure graphene, which is
difficult to disperse,43 GO contains abundant oxygen-
containing groups on the basal planes and edges, making it
easier to disperse in many organic solvents and water.””** One
challenge in making 3D networks is that the chemical or
thermal reduction of GO often causes collapse of the pore
structure without the use of a support (e.g,, polymer or other
material), which must be subsequently removed,'>'??072%4575

Herein, we report a simple method to fabricate high-quality
and uniform 3D graphene networks through thermal
degradation of GO—nitrocellulose (NC) composites without
the use of an additional support. NC is a low-cost industrial
polymer with wide-ran§in5§ applications in coatings, filtration,
and biological sciences.”">* It is also an energetic material fill
and remains a leading major in§redient of gunpowder and solid
rocket propellant formulation.”*™*° GO is easily dispersed in
NC to form a composite material.*” Unlike other polymers or
small molecular compounds, which have been used to construct
graphene networks, NC can be rapidly, and fully, decomposed.
In addition, the reaction is exothermic simultaneously releasing
heat to its surroundings during thermal degradation. Through
the thermal degradation of the GO—NC composites, the heat
generated from the decomposition of NC can be an efficient in
situ method to reduce GO to graphene without additional
supports. These 3D graphene networks can be fabricated on
different substrates and can be directly used as the electrodes of
supercapacitors without using a binding agent and/or
conducting additive.

B EXPERIMENTAL SECTION

Materials. GO powders were purchased from Graphene
Laboratories Inc. (Calverton, NY). NC (4—8% in ethanol/diethyl
ether, 11.8—12.2 wt % nitrogen) was purchased from Sigma-Aldrich
Inc. NC solution was made to solid films before using by evaporating
organic solvents at ambient conditions and drying at 70 °C in a
vacuum oven until a constant weight is achieved in air.

Preparation of GO—NC Composites. GO powders were
dispersed in deionized water by a tip sonicator (Bandelin Sonoplus)
for 60 min to make 3 mg/mL GO-—water solution. Solid NC was
dissolved in acetone to make 5% (mass concentration) NC—acetone
solution. Then different amounts of fresh GO solution were added
into the NC—acetone solution and stirred for 6 h at room temperature
to make various ratios GO—NC solutions. The various GO—NC
composites were made through adding various ratios GO—NC
solutions to glass Petri dishes (VWR International) of 7.5 X 7.5 cm
and then evaporating solvents at ambient conditions and drying at 70
°C in a vacuum oven until a constant weight is achieved in air.

Transmission Electron Microscopy Analysis. Thermally
reduced GO (TMRGO) networks were dispersed in acetone by a
tip sonicator (Bandelin Sonoplus) for 10 min. The TMRGO networks
for transmission electron microscopy (TEM, Hitachi 8100) observa-
tion was prepared by placing drops of the TMRGO acetone
suspension onto the carbon-coated copper grid (Ultrathin Carbon
Film on Holey Carbon Support Film, 400 mesh, Copper, Ted Pella,
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Inc.), which was then dried under ambient conditions prior to being
introduced into the TEM chamber. The samples were measured by
using an acceleration voltage of 60 kV.

Scanning Electron Microscopy Analysis. The morphologies of
GO-NC composites and TMRGO networks were examined by
Hitachi S570 scanning electron microscopy (SEM). All samples were
sputter coated a thin layer of gold prior to them (~S5 nm) to ensure
good conductivity and imaging.

Atomic Force Microscope Analysis. The thickness of graphene
sheets from TMRGO networks were obtained with a Nanoscope IIla
multimode atomic force microscope (AFM, Veeco, Santa Barbara,
CA) operating in tapping mode. The AFM tips (TetralS/Au/1S,
Nanotechnology LLC.) is a silicon cantilever with Au conductive
coating, with the resonant frequency of 200—400 kHz and force
constant of 20—75 N/m. All images were collected at a scan rate of 0.5
Hz with a driving frequency of 325 kHz (256 X 256 lines scan). All
samples were made by placing drops of the TMRGO acetone
suspension onto a silicon substrate (1 cm X 1 cm), and the solvent was
then dried using spin-coater with 3000 rpm for 3 min. Polished silicon
wafers were purchased from Nova Electronic Materials Ltd. The diced
silicon substrates were cleaned by a solution containing S parts
NH,OH (20%), 1 part H,0, (30% solution), and 1 part deionized
water and heated to 50—70 °C for 3 h, rinsed with deionized water,
and dried at 70 °C in N, environment. The substrates were stored in
desiccators prior to use.

X-ray Photoelectron Spectroscopic Analysis. The X-ray
photoelectron spectroscopic (XPS) analysis of pure GO, pure NC
films, GO—NC-1, and TMRGO-1 was performed using the PHI 5000
VersaProbe II Scanning Microprobe with the PHI MultiPak Version
9.3 software (Physical Electronics Inc,, MN, USA). All spectra were
acquired with a monochromatic aluminum X-ray source (hv = 1486.6
eV), a 100 um spot size in point mode, both electron and ion
neutralization, and a hemispherical analyzer pass energy of 29.35 eV.
All samples were mounted with double-sided copper tape to the XPS
sample holder. All spectra were collected at a 45° takeoff angle. Curve
fitting of the C 1s and O 1s spectra was performed using a Gaussian—
Lorentzian peak shape after performing a Shirley background
correction.

Thermogravmetric Analysis. Thermogravmetric analysis (TGA)
was carried out in a2 TGA i 1000 (Instrument Specialist, Inc.). The
temperature was raised from 25 to 1000 °C at the rate of 10 °C/min in
air or helium (He) atmospheres.

Brunauer—Emmett—Teller Specific Surface Area Analysis.
Prior to data collection, samples were degassed for 24 h at 50 °C. The
Brunauer—Emmett—Teller (BET) specific surface area of each
material was obtained from the N, adsorption/desorption isotherms
obtained at 77 K on a Nova 4200e model Surface Area Analyzer
(Quantachrome Instrument Corp.) The BET specific surface areas
were calculated from five data points of the adsorption branch of the
isotherm between the relative pressures of 0.05 and 0.3 P/P,,.

Electrical Conductivity Measurements. The van der Pauw
method was employed for electrical conductivity measurements.
Electrical contacts were made by pressing small indium pellets on
the four corners of each sample. The current—voltage (I-V) sweeps
were performed using a Keithley 6221 current source and a Keithley
2182A nanovoltmeter. Direct current (DC) was applied from corner 2
to corner 1, and the voltage was measured between corner 3 and
corner 4, R, was calculated as (V3,/I,, + V,,/I5,)/2. DC current was
applied from corner 3 to corner 2, and the voltage was measured
between corner 1 and corner 4, Ry was calculated as (V) 4/L,5 + V, 5/
I,,)/2. By measuring R, and Rg, the electrical conductivity can be
calculated by the following equation:

[ ]

T m2 2
where d is the film thickness and f(x) = 1/cosh(In(x)/2.403) is the
correction factor.>®
Electrochemical Analysis. To study the electrochemical behavior
of TMRGO networks, original GO—NC films were deposited on the
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Figure 1. SEM images of GO—NC composites and 3D graphene networks. (a) GO—NC-1, (b) GO—NC-2.5, (c) GO—NC-S, (d) GO—NC-10, (e)
TMRGO-1, (f) TMRGO-2.5, (g) TMRGO-5, and (h) TMRGO-10. (inset) Scale bar is 900 nm.
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Figure 2. AFM images of graphene sheets from TMRGO networks. (a) TMRGO-1. (b) TMRGO-S.

gold foil and then were heated at 500 °C for S min under a helium
atmosphere. The electrochemical characterization was carried out on
the CHI 660D electrochemical station with a three electrochemical
configuration. The TMRGO network on gold foil was used as working
electrode, a platinum wire was employed as the counter electrode, and
the reference electrode was Ag/AgCl electrode. The 1 M KOH
aqueous solution was employed as electrolyte.

B RESULTS AND DISCUSSION

Figure 1 represents typical morphologies with various
concentrations of GO-doped NC composites as observed by
SEM. When introducing 1%, 2.5%, or 5% GO into NC, the
morphology of GO—NC composites is formed of highly porous
networks, and the pore sizes of these networks are in the range
of hundreds of nanometers to several micrometers; see Figure
la—c. The formation of highly porous networks can be
attributed to the interaction forces between NC and GO. The
abundant hydroxyl groups and carboxyl groups in GO surface
could form hydrogen bonding with nitro groups in NC to allow
NC chains connect to GO sheets to form highly porous
structures. However, when mixing 10% GO into NC, the pore
density is significantly reduced (Figure 1d). After heating the
GO—-NC composites at 500 °C for 5 min under a helium
atmosphere, well-defined and interconnected highly porous 3D
networks are obtained (Figure le—h). The final weight
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percentages after reduction (compared to original GO—NC
composites) of different 3D networks at 1%, 2.5%, 5%, and 10%
GO—NC composites were 0.62 + 0.11%, 1.58 + 0.18%, 3.22 +
0.48%, and 7.96 + 1.08%. The morphology of these 3D
networks is strongly dependent on the GO concentration in
original GO—NC composite. With low concentrations of GO
(e.g, 1% and 2.5%), the pore sizes of the 3D networks are
several micrometers, and the pore walls appear to be graphene
sheets. Images of individual sheets with AFM and TEM can be
found in Figures 2 and 3.

With higher concentrations of GO (e.g,, 5% and 10%), the
pore size distribution is in the range of hundreds of nanometers
to several micrometers, while the number of pores is reduced
significantly. These results indicate that at high GO
concentrations, there may be aggregation in the GO-NC
composites. To simplify the description, we define 1%, 2.5%,
5%, and 10% GO—NC composites as GO—NC-1, GO—NC-
2.5, GO—NC-5, and GO—NC-10, respectively. We also define
different 3D graphene networks after thermal degradation as
TMRGO-1, TMRGO-2.5, TMRGO-5, and TMRGO-10, with
the final number indicating the amount of GO added.

To characterize the specific surface areas (SSA) of different
3D graphene networks, low-temperature nitrogen adsorption
measurements were performed. The BET SSAs of TMRGO-1,
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Figure 3. TEM images of graphene sheets from TMRGO networks.
(a) TMRGO-1. (b) TMRGO-2.5.

TMRGO-2.5, TMRGO-5, and TMRGO-10 were run in
duplicates and measured to be 734/842, 245/305, 44/62, 49/
51 m* g™', respectively. It can be speculated that all these high
SSAs are a result of the highly porous structures formed
between ultrathin graphene sheets in TMRGOs. Furthermore,
the density of TMRGO-1, TMRGO-2.5, TMRGO-5, and
TMRGO-10 were measured to be 3.668 + 0.635, 6.679 +
0.875, 9.615 + 1.337, and 16.864 + 2.921 mg cm>
respectively. Because TMRGO-1 had the highest SSA and the
lowest density, we focused on this material for further studies.

To determine the chemical nature of the graphene network
post-reduction, XPS was carried out to evaluate the
composition and chemical bonding of the 3D graphene
networks. As seen in Table 1, the thermal treatment reduces

Table 1. Relative Atomic Percent Composition of GO, NC,
GO-NC-1, TMRGO-1, and TMRGO

sample C atomic % O atomic % N atomic %
GO 75.1 24.9
NC 452 453 8.5
GO-NC-1 49.9 42.1 6.5
TMRGO-1 97.0 3.0
TMRGO 952 43

both the pure GO and the GO—NC-1 composite leaving 4.3%
oxygen remaining in the thermally reduced GO (TMRGO) and
3.0% oxygen remaining the thermally reduced GO—NC-1
(TMRGO-1). In the pure NC film and GO—NC-1, the N
atomic composition is 8.5% and 6.5%, respectively. However,
there is no observable nitrogen in the TMRGO-1 sample,
which indicates NC is completely degraded after heating.

The XPS carbon and oxygen elemental spectra of pure GO,
pure NC film, GO-NC-1, TMRGO-1, and TMRGO are
shown in Figure 2, and can help elucidate the differences in
morphology from thermally treated GO and thermally treated
GO—NC-1 as well as to understand any chemical differences
between GO and GO from nitrocellulose. To compensate for
charging, all spectra were shifted to a C—C bonding of 284.6
eV. As shown in Figure 4a, the C 1s peak for pure GO contains
C—OH and C=0 functional groups at the bonding energies of
286.5 and 288.1 eV, respectively,*”® as well as the C—C
bonding of 284.6 eV. The pure NC and GO—NC-1 films show
the C—OH and C—O-NO, C 1s bonding peaks located at
286.9 and 288.3 eV, respectively. However, after heat treatment
the C 1s spectrum in TMRGO-1 is almost pure C—C bonds
and contains a very small peak at 286.5 eV, which can be
assigned to residual C—OH bonds.*® This bonding state
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Figure 4. XPS spectra of GO, NC, GO—NC-1, TMRGO-1, and
TMRGO. (a) C Is spectra. (b) O 1s spectra.

change of the C 1s suggests that most of the oxygen-containing
groups in original GO sheets are reduced after heating the
GO—-NC-1 composite, and this is consistent with the change in
overall atomic composition. There is no 288.1 eV peak, which
indicates all C—O—-NO, groups are degraded during the
heating, again consistent with the overall composition change.
The C 1s spectrum in TMRGO also has a small peak at 286.4
eV, which is likely within the uncertainty of C—OH group
bonding, and is thus consistent with TMRGO-1.

As shown in Figure 4b, the O 1s peaks are consistent with
the carbon peaks in showing the reduction of GO through
heating. Pure GO contains C=0 and C—OH groups located at
531.0 and 532.7 eV, respectively.’® The O 1s peak in the pure
NC film and GO—NC-1 is located at 533.5 eV and represents
the O—NO, groups. The O 1s spectrum in TMRGO-1 has
some mixed bonding states in the ~3% of atomic oxygen
remaining in the sample. The peak at 530.6 eV is characteristic
of C=0 groups, which has been observed in reduced graphene
oxide.*” The peak at 533.0 eV is assigned to the C—OH
groups.” These results also indicate most C=0 and C—OH
groups on original GO sheets are reduced during heating the
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Figure S. (a) Raman spectra of GO and TMRGO-1 and (b) TGA curves of GO, GO—NC-1, pure NC and TMRGO-1 in He gas and air.

Figure 6. Optical images of GO—NC-1 and TMRGO-1 networks. (a—d) Original GO—NC-1 composites. (¢) TMRGO-1 without substrate. (f)

TMRGO-1 on ITO/glass (square) and copper substrates.

GO—-NC-1 composite. Furthermore, no peak is observed at
533.5 eV, which also indicates that all O—NO, groups were
decomposed. The O 1s spectrum in TMRGO also has two
small peaks at 530.6 and 533.0 eV, which is similar to TMRGO-
1 and also supports the conclusion that TMRGO-1 is RGO.
Overall, the XPS results clearly demonstrated that thermal
degradation of GO—NC composites can produce high-quality
3D graphene networks.

We further investigated the quality of the 3D graphene
network using Raman spectra and TGA. The relative intensity
of D bands and G band (Ip/I;) in the Raman spectra for
graphene materials reveals the electronic conjugation state.SV5
As shown in Figure Sa, the Raman spectra show that the ratio
of Iy/I; increased from 0.85 (GO) to 1.14 (TMRGO-1)
indicating that GO was reduced during thermal treatment.’"**
The TGA curves of the pure GO, GO—NC-1, pure NC, and
TMRGO-1 are in Figure 5b. Under dry air as a purge gas, pure
GO exhibits two onsets for mass loss at 230 and 420 °C, which
are attributed to the decomposition of oxygen-containing
groups and combustion of graphene sheets, respectively;** the
GO—NC-1 shows just one mass loss at 200 °C, which is similar
to pure NC and is attributed to the decomposition of NC.
Subsequent experiments on TMRGO showed a single mass loss
at 500 °C indicating the reduced sample is thermally stable up
to this temperature and did not contain any residual NC.
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TGA experiments were also performed under a He
environment. Pure GO shows one mass loss at 230 °C
attributed to the reduction step becoming RGO, which is
thermally stable up to at least 1000 °C. The TMRGO is
thermally stable under He up to 1000 °C, which indicates
TMRGO is high-quality RGO.

We demonstrated a simple method to fabricate high-quality
and uniform 3D graphene networks through direct thermal
degradation of GO—NC composites. The original GO—NC
composites are flexible and can be fabricated to the different
shapes, as shown in Figure 6a—d; after heating, the shape and
size of the 3D networks did not change significantly (Figure
6e). In addition, the thickness of GO—NC composites can be
adjusted by controlling the concentration and can also be
processed as monoliths (Supporting Information, Figure S1). It
is noteworthy to point out that GO—NC composites can be
prepared on different substrates, such as indium tin oxide
(ITO), various metals, glass, silicon wafers, and even mica.
After thermal degradation of the GO—NC composites on these
substrates, the 3D graphene networks are still attached to the
substrate allowing for further study (Figure 6f).

The TMRGO-1 can be directly used as the electrodes of
supercapacitors without using a binding agent and/or
conducting additive, and its performance was evaluated by
cyclic voltammetry (CV) and galvanostatic charge/discharge.
First, the four-probe method was used to measure the electrical
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Figure 7. (a) Cyclic voltammograms for the TMRGO-1 that was tested in the 1 M KOH at 10 mV/s; (b) galvanostatic charging/discharging curves

measured with different current densities for the TMRGO-1.

conductivity of TMRGO-1, ranging from 1.5 to 52 S cmL
Then CV was employed to study the electrochemical
performance of the TMRGO-1, and with the CV curve
presented in Figure 7a it can be clearly observed that the as-
prepared TMRGO-1 showed a characteristic electric double-
layer capacitive behavior, since it not only showed a nearly
rectangular curve but also showed no obvious oxidation and
reduction peaks, indicating an almost ideal electric double-layer
capacitor. Also, the positive and negative scan curves are almost
symmetric, which implies the high columbic efficiency of the
electrode.

To calculate the specific capacitance of the TMRGO-1,
galvanostatic charging/discharging tests were carried out, and
the results are presented in Figure 7b. It is suggested that this
electrode has excellent electric conductivity, since no obvious
IR drops can be found in all of the galvanostatic charging/
discharging curves. The specific capacitance can be obtained
from the following equation:*®

It

mAV

where C; is the specific capacitance, I is the charge—discharge
current, t is the charge—discharge time, m is the mass of the
active material on the electrode, and AV is the difference of
voltage between beginning and ending of the test. The
calculated specific capacitances are 162.5, 105.7, and 68.3 F
g ™! for the 0.5, 1, and 5 A g™' current densities, respectively.
Because the structure of the electrode facilitated the ion
transportation, the capacitive retention of the electrode is up to
42% when the current density increased 10 times from 0.5 to 5
A g7, It is worth mentioning that the columbic efficiencies are
139% at 0.5 A/g™" and 114% at 1 A g~', indicating that some
foreign material also contributes to the capacitance. Given that
supercapacitors are usually operated at high current densities,
TMRGO-1 has practical applications.

B CONCLUSIONS

In conclusion, we have demonstrated a simple method to
fabricate high-quality and uniform 3D graphene networks
through direct thermal degradation of GO—NC composites.
These graphene network assemblies have an open porous
structure, and the pore size can be effectively controlled by
adjusting the concentration of GO in the NC matrix. In
addition, the 3D graphene networks can be fabricated on
various substrates and can be directly used as the electrodes of
supercapacitors without using a binding agent and/or
conducting additive.
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