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remain significantly inferior to individual graphene sheets due to

their poor crystallinity. Here, we report a straightforward method to
synthesize highly crystalline GO-based graphene aerogels via high-
temperature processing common in commercial graphite production. The crystallization of the graphene aerogels versus annealing temperature is
characterized using Raman and X-ray absorption spectroscopy, X-ray diffraction, and electron microscopy. Nitrogen porosimetry shows that the highly
crystalline graphene macrostructure maintains a high surface area and ultrafine pore size. Because of their enhanced crystallinity, these graphene aerogels
exhibit a ~200 °C improvement in oxidation temperature and an order of magnitude increase in electrical conductivity.
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ince its discovery, graphene has been a

highly investigated material across a

wide range of research fields.'™® Its
exceptional properties, such as electrical con-
ductivity of up to 10* S/cm, elastic modulus
of up to 1 TPa, and surface area of over
2500 m*g have inspired applications in
electronics," > conductive composites,4
catalysis,® photovoltaics,® energy storage,’
and biology.® Recent efforts to build three-
dimensional (3D) architectures of graphene
have demonstrated significantly enhanced
performance due to increased active materi-
al per projected area.” Several methods have
been proposed for building 3D graphene,” in-
cluding chemical vapor deposition (CVD),'®""
colloidal gelation,'® sol—gel,*~"* and gra-
phene oxide (GO)-based gelation.'®~% While
CVD is the most common method for high
quality two-dimensional (2D) graphene film
growth,” the only 3D graphene structures
available via CVD are macroporous foams
due to limitations imposed by the require-
ment for growth on a metal support.'® As a
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consequence, chemically derived GO-based
graphene aerogels are the most common
3D graphene found in the literature due to
their simple and versatile fabrication pro-
cess and the ability to realize a wide range of
pore morphologies, including ultrafine pore
sizes (<100 nm).'*"2® The ultrafine pore
sizes in aerogels are a key advantage over
macroporous foams in a number of applica-
tions. For example, small pores have shown
enhanced capacitance relative to larger
pores, leading to performance enhance-
ments in supercapacitor’’ and capacitive
desalination?®?° applications. Similarly, the
small pore sizes and high surface areas
inherent in aerogels have also proved
advantageous in technologies, such as
hydrogen storage,® catalysis,®’ batteries, >
filtration,*® insulation,?*** and sorbents.3>3¢
In general, the GO-based graphene aerogels
are formed by inducing the gelation of an
aqueous GO suspension, such that the GO is
partially reduced and forms a porous 3D
network within the fluid.?® Upon removal of
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Figure 1. (a) Nitrogen adsorption—desorption isotherms for GMA at different annealing temperatures. b) GMA surface area
(BET) and pore volume (BJH) vs annealing temperature. GMA pore size distributions in the (c) meso- and (d) micropore regimes.

the fluid phase via critical point drying (or freeze-
drying), the dry 3D graphene emerges.">?*~2°> How-
ever, the quality of the graphene sheets in these
chemically derived graphene aerogels is very poor
compared to the graphene produced via mechanical
exfoliation or CVD. The poor quality of the individual
building units of the GO-based graphene aerogels
translates to macroscale bulk properties, such as elec-
trical conductivity, that are inferior to those of CVD-
grown 3D graphene used in conductive polymer
composites.10 Therefore, methods are needed to im-
prove the quality of the graphene sheets in chemically
derived GO-based graphene aerogels.

Herein, we report a straightforward method for pre-
paring chemical-derived GO-based graphene aerogels
of a quality (e.g., defect density, crystallinity, and domain
size) approaching that of CVD-grown 3D graphene yet
retaining the characteristic pore size distribution of
chemically derived graphene aerogels. The general
strategy involves subjecting a GO-based 3D graphene
to high temperature annealing, similar to that used for
the production of commercial graphite and carbon
fibers,>” as well as high quality graphene paper.3® In
this case, the graphene macroassembly (GMA)?*** is
annealed at temperatures up to 2500 °C. In contrast to
template-driven CVD-grown 3D graphene, which results
in a macroporous foam, the annealed GMA possesses
ultrafine pore sizes making it a true graphene aerogel.
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Moreover, the superior quality 2D graphene building
blocks result in an order of magnitude improvement in
bulk electrical conductivity versus previously reported
graphene aerogels. Thus, the highly crystalline GMA
exhibits conductivity on the order of CVD-grown macro-
porous graphene foam while maintaining significant
pore volume in the submicron regime.

RESULTS AND DISCUSSION

The surface area and pore size of conventional
aerogels have been shown to be sensitive to heat
treatment.®' Large losses in surface area are typically
associated with coarsening of the primary particles in
the aerogel network. Comparable losses have even
been reported for traditional carbon aerogels.3®
Wiener et al. reported loss of surface area begins above
1000 °C for resorcinol—formaldehyde-derived carbon
aerogels. Nitrogen porosimetry is a useful technique to
observe the evolution of the pore morphology with
temperature. Nitrogen adsorption/desorption iso-
therms for our GMA as a function of temperature
(Figure 1a) are Type IV, indicative of mesoporous
(pore diameters of 2—50 nm) material. The observation
of a type 3 hysteresis loop (IUPAC classification) at
high relative pressure is consistent with other 3D
graphene materials.'* The magnitude of the hysteresis
between adsorption and desorption curves corre-
sponds to the amount of pore volume present in the
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Figure 2. HRTEM images of GMA annealed at (a, b) 1050 °C, (c, d) 1500 °C, (e, f, i) 2000 °C, and (g, h, j, k) 2500 °C. Scale bar is
50 nm in (a), (c), (e), and (g). Scale bar is 10 nm in (b), (d), (f), (h), and (i). Scale bar is 2 nm in (j) and (k).

aerogel. The pore volume remains close to 4 cm®/g at
1050 and 1500 °C. At 2000 °C it drops by 10% and then
decreases to 2 cm3/g at 2500 °C (Figure 1b). The trend
in BET surface area behaves similarly. Surface area is
approximately 1200 m?/g at 1050 and 1500 °C, drops
to 877 m?/g at 2000 °C, and is further lowered to
345 m?%/g at 2500 °C. Pore size distributions in the
meso- (2—50 nm) and micropore (<2 nm) regimes are
also determined from the nitrogen isotherms as a
function of temperature treatment (Figure 1 ¢, d). In
the mesopore regime, the pore size distribution (PSD)
exhibits a peak around 5 nm with a tail reaching to
higher pore sizes at 1050 °C, which is characteristic of
the GMA.?®> Above 1500 °C, a dramatic loss of the peak
at 5 nm is observed as a function of temperature,
though pores in the 20—100 nm range remain un-
changed. In contrast, the micropore regime shows
some changes in the intensity of the peak diameter
around 1 nm with increasing heat treatment, but the
general shape of the distribution is unchanged. Tradi-
tional carbon aerogels typically suffer large losses
in both the meso- and micropore regimes above
1000 °C3° Therefore, these results suggest that the gra-
phene aerogels are much more resistant to coarsen-
ing/sintering than traditional aerogels and able to
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maintain significant surface area and pore volume to
much higher temperatures. The surface area and pore
volume losses that are observed at 2000 and 2500 °C
are a consequence of the loss of pores limited to the
2—10 nm regime. Remarkably, in contrast to traditional
aerogels, pores in the 20— 100 nm and sub-2 nm ranges
remain intact and provide the considerable surface
area measured in the annealed GMA up to 2500 °C.
High-resolution transmission electron microscopy
(HRTEM) is also used to visualize the evolution of
the pore morphology with temperature. Figure 2 pre-
sents low and high magnification images of the GMA
after each heat treatment. At 1050 and 1500 °C,
one observes the common “wrinkled sheet” network
structure, with sheets primarily 1-3 layers thick
(Figure 2a—d). The observed pore sizes are predomi-
nately sub-20 nm. At 2000 °C, one begins to observe
changes in the wrinkled sheet morphology (Figure 2ef,i)
such as some flattening of the graphene sheets, and
instead of curves, there are well-defined kinks with
angles ranging from 110 to 170° that have emerged.
Within the flatter layers the atoms appear to be highly
ordered over length scales >10 nm as evidenced by the
large-area Moiré pattern (Figure 2i). The Moiré pattern
also indicates that though the layers in the few-layer
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Figure 3. (a) XRD patterns for GMA at different annealing temperatures. Red lines denote peak fits for (100) and (101)
diffraction peaks. (b) Plots of (002) diffraction angle and full width at half-maximum (fwhm) for GMA vs annealing
temperature. (c) XAS spectra for GMA after annealing at different temperatures. Spectra offset for clarity.

graphene are well ordered, they are not perfectly
aligned. Fast Fourier transform (FFT) analysis from
selected areas of the HRTEM images indicates the
angle of rotation between sheets is typically in excess
of 10°. Figure 2i shows a typical HRTEM image of such a
region, which has a rotation angle between graphene
sheets of 15 & 0.5°. In the GMA fired at 2500 °C, the
material appears generally flatter than the material
fired at 2000 °C and one observes sizable flat multi-
layered (>5 layers) regions as shown in Figure 2h. The
atoms within each layer appear to be highly ordered, as
observed for the GMA fired at 2000 °C (Figure 2jk).
Closer inspection reveals both single-layer graphene
honeycomb lattice (also confirmed by the folded edge)
with a length scale longer than 10 nm and multilayered
(>5 layers) regions suggesting some graphitization of
the GMA (Figure 2j). The inset in Figure 2j shows the
FFT of the HRTEM image of the region outlined by the
square, showing a single 6-fold symmetric diffraction
pattern. Other regions are found to contain graphene
sheets with a rotation angle between layers as shown
in Figure 2k. The FFT of region 1 shows the rotation
angle between the two layers of graphene is approxi-
mately 30° and the folded edge between regions 1 and
2 gives the information about the number of layers.
Region 2 is single-layer graphene. Furthermore, the
HRTEM images for 2500 °C show that the dominant
pore size appears to shift above 20 nm. The increase in
pore size with heat treatment is consistent with the
PSD revealed from porosimetry measurements
(Figure 1c¢) indicating a loss of the 2—10 nm pore with
increasing temperature. At 2500 °C, porosimetry indi-
cates that pores in the 20—100 nm range dominate,
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which is in excellent agreement with the HRTEM
images. The observation of multilayers at high tem-
peratures is consistent with the lower surface areas and
pore volumes measured at 2500 °C. The flattening/
kinking of the graphene sheets and long-range order
(Moiré pattern) suggest significant crystallization at
higher temperatures. Further characterization with
more focused techniques will provide more details
concerning crystallinity of the annealed GMAs.

X-ray diffraction (XRD) is an effective technique for
probing the amount and orientation of graphitic car-
bon layers as well as the curvature of the individual
sheets.*® Figure 3 shows XRD patterns for the graphene
aerogel after different heat treatments. All samples
show a weak (002) peak at ~26° compared to HOPG
or bulk graphite?*® suggesting minimal stacking of
sheets (predominantly single and few-layer graphene).
The small increase in (002) peak intensity and the
appearance of a weak (004) peak in samples annealed
at 2500 °C indicates more stacking, which is consistent
with the HRTEM images showing the appearance of
regions with >5 layer stacks. Figure 3b also shows that
the (002) full width at half-maximum (fwhm) decreases
and (002) peak position increases with temperature.
This is evidence of less graphene sheet curvature in the
samples annealed at higher temperatures and is also
supported by the appearance of the (004) peak*® and
the HRTEM results. It is also interesting to note the
asymmetry in the (002) peak at 2000 and 2500 °C. This
asymmetry is consistent with increased interlayer spac-
ing due to the rotation between layers as observed in
turbostratic graphite.° Lastly, there is an evolution in
the broad (100)/(101) peak at 43—45° with increasing
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temperature. Peak fits (Figure 3a) show an increase in
the (101) peak intensity at 2500 °C. Li et al. report that
an increase in the (101) peak intensity is evidence of
more ordered stacking between layers (less rotation or
translation).*® Thus, all of the XRD results suggest a less
defective graphene aerogel emerges after heat treat-
ment while restacking of graphene layers is minimized.
X-ray absorption spectroscopy (XAS) is an angular
momentum resolved probe of the unoccupied density
of electronic states and, as such, can provide detailed
information regarding local chemical bonding and
insight into the quality and crystallinity of the gra-
phene aerogel with heat treatment. Figure 3c displays
XAS spectra recorded at the carbon K-edge for GMA
heated to different annealing temperatures. All of
the spectra exhibit features characteristic of highly
sp>-hybridized carbon. These features include a sharp
resonance at ~2854 eV arising to C(1s) — x*
transitions,*' a resonance at ~291.5 eV that is attrib-
uted to a core-hole exciton state,*” a broad onset to
the core-hole exciton feature beginning at energies
289.5 eV and higher attributed to C(1s) — C—H o*/R*
transitions,*' and a series of broad resonances above
291.5 eV arising from C(1s) — C—C ¢* transitions. The
as-prepared GMA exhibits an additional resonance at
288.5 eV that is attributed to C(1s) — C—0 o* transi-
tions, which is indicative of oxygen-based surface
functionalities (e.g., carboxyl, hydroxyl or epoxide
groups).**** Significantly, the intensity of this reso-
nance is substantially diminished following annealing
at 1500 °C and is completely absent from the XAS
spectra after annealing at higher temperatures, provid-
ing a clear indication that the oxygen-based functional
groups are successfully removed by thermal annealing.
The core—hole exciton feature and the broad onset
thatimmediately precedes it are also observed to under-
go pronounced changes as a function of the annealing
temperature. More specifically, the intensity of the broad
absorption onset substantially diminishes upon anneal-
ing of the GMA at temperatures of 1050 °C and above,
indicating that the proportion of carbon bonded to
hydrogen falls below the detection limits of the tech-
nique (~2%). Meanwhile, the core—hole exciton feature,
which occurs due to the presence of extensive planar
sheets of highly conjugated sp? carbon, is observed to
sharpen and increase in intensity with increasing anneal-
ing temperature. This evolution in the core—hole ex-
citon feature is consistent with an increase in the crys-
tallinity and domain size of the graphene sheets within
the GMA.***¢ Equally, C—H bonds can only be present at
domain edges or as defects in the graphene ligaments,
and as such, the reduction in the C—H 0*/R* resonances
must arise due to an increase in domain size (reduction
in the proportion of edge sites) or healing of defect sites
under thermal annealing (increased crystallinity).
Raman spectroscopy is considered the gold stan-
dard for probing graphene due to its sensitivity to
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defects, chemical doping, and number of graphene
layers present.*”*¢ Raman spectra for typical GO-based
graphene aerogels fired at <1500 °C (Figure 4a) look
very similar to those of traditional carbon aerogels with
strong, broad D and G bands and weak, ill-defined D’
and G’ bands.'*3° Heat treatments of carbon aerogels
at 2500 °Cresult in a sharpening of the bands, but the D
band remains dominant,> indicative of nanocrystal-
line graphite.* In contrast, parts a and b of Figure 4
show that above 1500 °C, in addition to a significant
sharpening of the peaks, there is an order of magni-
tude decrease in the D/G band intensity ratio. This
dramatic decrease in D/G ratio indicates a removal of a
considerable number of defects and is in agreement
with decreased curvature seen in HRTEM and XRD
results. The presence of a small D band at 2500 °C
likely arises from the persistence of kinks and folds in
the graphene sheets as seen in HRTEM. The D/G ratio is
also an indicator of the crystallite size of the graphene
sheets.>®" Larger crystallite size means larger single
crystal graphene domains (e.g., better crystallinity).
Using the method pioneered by Tuinstra and Koenig,*®
Wiener et al. reported that traditional carbon aerogels
show crystallite sizes increasing to ~5 nm at 2500 °C.*°
On the other hand, the graphene aerogels reported here
show crystallite sizes >40 nm (Tuinsta and Koenig)>® and
as high as 150 nm using the method reported by
Cancado et al>' (Figure 4c). Large graphene domains
in the 20— 100 nm range are consistent with observations
in HRTEM and nitrogen porosimetry for the annealed
GMA. This large crystallite size represents an order of
magnitude improvement over traditional carbon aero-
gels or previously reported graphene aerogels.'**°

The Raman spectra of the graphene aerogels treated
at 2000 and 2500 °C also reveal dramatic changes in the
G band at ~2700 cm ™. The G'/G band intensity ratio
and the shape/position of the G’ band provide indica-
tors of the number of layers and/or how well the layers
are stacked. Single graphene layers have G'/G ratios >1,
and the G’ band is a narrow, single peak.*” Bulk graphite,
few-layer, and bilayer graphene layers with ordered
stacking have G'/G < 1, and the G’ band has a broad
complex shape with a upshift in peak position com-
pared to a single graphene sheet*” The upshift scales
relative to the number layers in the stack. And finally,
turbostratic graphite has G'/G ~1, and the G’ band is a
single, broadened peak with a large upshift relative to
graphite.*” Turbostratic graphite also has a D band.
The graphene aerogel treated at 2000 and 2500 °C
has a G'/G~ 1 (Figure 4a). The G’ band is a single, broad
(fwhm of 60 cm™") peak with a minimal shift (2698 +
6.cm™ ') compared to single-layer graphene. This unique
Raman signature appears to support the HRTEM results
indicating few- and bilayer turbostratic (rotated) gra-
phene. The decoupling of the layers due to rotation
gives the G'/G ~ 1 and peak broadening, while the
minimal number of layers results in the minimal peak
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Figure 4. (a) Raman spectra for GMA after annealing at 1050, 1500, 2000, and 2500 °C. (b) Plot of Raman Ip/Ig and I/l for
GMA vs annealing temperature and (c) crystallite size, L,, of GMA as calculated according to methods by Cancado et al.>" and

Tuinstra and Koenig®® vs annealing temperature.

shift relative to a single graphene. And finally, the high
degree of crystallinity within each layer results in the
diminished D band.

To date, the only report of such high quality Raman
spectra from a three-dimensional graphene macro-
structure required chemical vapor deposition (CVD)
onto a macroporous metal foam substrate.'® Because
of the high level of graphene crystallinity in that
structure, those authors reported good mechanical
properties and order of magnitude improvements in
electrical conductivity. Our GO-based graphene aero-
gel with ultrafine pore size also produced excellent
mechanical properties, enhanced electrical conductiv-
ities, and robust thermal stability with the improve-
ment in graphene quality. Thermal gravimetric analysis
(TGA) in oxygen was performed on the GMA to deter-
mine its thermal stability in air. Figure 5a shows that as
the GMA is annealed at higher temperatures, it be-
comes more resistant to oxidation in air. A quantitative
determination of thermal stability was determined via
the oxidation temperature, Ty (i.e., the temperature of
maximum rate of mass loss, Figure S1, Supporting
Information). Figure 5b shows that To for the GMA
increases from less than 600 °C for the standard GMA
(1050 °C) to almost 800 °C after the 2500 °C anneal.
This improvement of nearly 200 °C in thermal stability
is due to the decreased defect density of the highly

WORSLEY ET AL.

crystalline GMA and makes them suitable for high-
temperature sensing and catalyst applications. Nano-
indentation results (Figure 5c¢ and Figure S2, Sup-
porting Information) show that the modulus of the
aerogel increases from ~90 to 143 MPa after the
2500 °C anneal. This increase in stiffness is a 50%
improvement over the standard GMA (1050 °C) and
3—14 times larger than values previously reported
for graphene aerogels with comparable densities
(<100 mg/cm?®).2'?? As the GMA does not exhibit sig-
nificant densification with annealing, the ~50% im-
provement in stiffness is attributed to the larger, flatter
crystalline domains present at 2500 °C. All samples ex-
hibit primarily elastic behavior showing nearly full re-
covery after each loading—unloading cycle (Figure S2,
Supporting Information). However, there were significant
differences in the hysteresis loops, indicating changes
in energy dissipation behavior with temperature.
Figure 5c shows that the energy loss in the aerogel
during compressive loading and unloading increases
with temperature. The effective doubling in energy
dissipation behavior by 2500 °C suggests enhanced
performance for the highly crystalline GMA in energy
absorbing applications. Four-point probe electrical
measurements of the graphene aerogel show an in-
crease in electrical conductivity of roughly an order of
magnitude between GMA samples annealed at 1050
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and 2500 °C, which increases linearly with annealing
temperature and reaches >5 S/cm at 2500 °C
(Figure 5d). This trend is in contrast to previous work
showing no improvements in electrical conductivity
above 1800 °C for carbon aerogels®® and also repre-
sents a 2—10 fold increase over comparable graphene
aerogels.?'?2 Moreover, the high electrical conductiv-
ity is on the order of that reported for the CYD-grown
macroporous graphene foam."® In addition to polymer
composite applications, this order of magnitude drop
in resistance could be a game-changer for important
energy technologies, such as capacitive deionization
and fuel cells,"® which could reap large energy effi-
ciency gains from a lower resistance electrode.

CONCLUSION

In summary, we present a general strategy for
producing high quality GO-based graphene aerogels
via high-temperature annealing. These annealed GMAs

METHODS

Highly Crystalline Graphene Aerogel. Graphene aerogel samples
were initially prepared according to a previous method.?*** All
graphene macroassemblies (GMA) prepared according to this

WORSLEY ET AL.

maintained high surface area and ultrafine pore sizes
even at temperatures up to 2500 °C. HRTEM shows that
the annealed GMAs consist primarily of highly crystal-
line single and few-layer graphene. XRD studies confirm
the removal of various defects with rising annealing
temperature. Raman characterization is particularly in-
formative, showing a steady decrease in defects and a
marked increase in crystallite size with increasing tem-
perature. Finally, it is observed that the improved quality
of the graphene sheets in the annealed GMAs results in
enhanced thermal stability and an order of magnitude
increase in Young's modulus and bulk electrical con-
ductivity compared to standard GO-based aerogels.
With the already extensive and broad usage of GO-
based aerogels in applications like supercapacitors,
lithium ion batteries, biomimetics, and water remedia-
tion, the availability of CVD-grade GO-based graphene
aerogels should facilitate significant performance en-
hancements for a wide range of technologies.

method received the standard thermal anneal at 1050 °C for 3 h
in nitrogen. To prepare the highly crystalline GMA samples, the
standard GMA was subjected to an additional thermal anneal
for 1 hin He at 1500 °C, 2000 °C, or 2500 °C. Thus, GMA samples
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treated at 1050, 1500, 2000, and 2500 °C were prepared and
characterized according to the following methods.

Electron Microscopy. High-resolution transmission electron mi-
croscopy (HRTEM) characterization was performed on a JEOL
JEM 2010 electron microscope and on TEAM 1.0, which is a
double-aberration-corrected S/TEM with a resolution of 50 pm.
All the HRTEM images were taken under TEM mode operated at
80 keV to minimize beam damage to the samples. The aerogels
were sonicated in IPA and then dropcast onto lacey carbon TEM
grids for analysis.

X-ray Absorption Spectroscopy. X-ray absorption spectroscopy
(XAS) measurements were performed on beamline 8.0.1 of
the Advanced Light Source, Lawrence Berkeley National
Laboratory.>? All XAS spectra were recorded at the carbon K-edge
(from 280 to 330 eV) in the total electron yield mode via the
drainage current from the experimental sample of interest. Cali-
bration of the energy scale of BL8.0.1 was achieved by assigning an
energy of 28538 eV to the C(1s) — 7* resonance of a freshly
cleaved sample of highly oriented pyrolytic graphite.>® Each XAS
spectrum was normalized to the incident flux (lp), which was
measured concurrently via the drainage current from a gold mesh
located upstream of the experimental sample. In addition, the XAS
spectra were normalized to the magnitude of the absorption
edge step, which was taken as the difference in signal between
the pre-edge (280 eV) and postedge (330 eV) regions. All XAS
measurements were perfomed at an angle of incidence of 45°
between the experimental sample and the incident X-ray beam.

Nitrogen Porosimetry. Textural properties were determined by
Brunauer—Emmett—Teller (BET) and Barrett—Joyner—Halenda
(BJH) methods using an ASAP 2020 surface area analyzer
(Micromeritics Instrument Corp.) via nitrogen porosimetry.54
Samples of approximately 0.1 g were heated to 300 °C under
vacuum (10~ Torr) for at least 24 h to remove all adsorbed species.

X-ray Diffraction. X-ray diffraction (XRD) measurements were
performed on a Bruker AXS D8 ADVANCE X-ray diffractometer
equipped with a LynxEye 1-dimensional linear Si strip detector.
The samples were scanned from 5 to 75° 26. The step scan
parameters were 0.02° steps and 2 s counting time per step with
a 0.499° divergence slit and a 0.499° antiscatter slit. The X-ray
source was Ni-filtered Cu radiation from a sealed tube operated
at 40 kV and 40 mA. Phases in the samples were identified by
comparison of observed peaks to those in the International
Centre for Diffraction Data (ICDD PDF2009) powder diffraction
database and also peaks listed in reference articles. Goniometer
alignment was ensured using a Bruker-supplied Al,O3 standard.

Raman Spectroscopy. Raman spectra were collected using a
Renishaw inVia spectrometer equipped with an Leica micro-
scope (objective 50x) and a 514 nm Ar" laser (power of 9 mW)
as the excitation source. In each scan, samples were exposed to
the laser for 10 s (one accumulation), and the spectra were
obtained in the range of 100—3200 cm™' (Raman shift). The
spectrometer was calibrated using a silicon standard, with a
strong primary band at 520.5 cm™'. Peak positions were fit
assuming a Lorentz peak shape and a linear background.

Nanoindentation. The samples were indented in the load-
controlled mode in an MTS XP nanoindenter with a Berkovich
diamond tip. Elastic properties are characterized by the Young's
modulus, which was calculated on the basis of the initial slope of
the unloading curve according to the Oliver—Pharr method.> In
Oliver—Pharr calculations, we assumed Poisson's ratios of dia-
mond and the graphene assemblies of 0.07 and 0.2, respec-
tively, and the Young's modulus of diamond of 1141 GPa.>®
Several (>10) indentations were performed on different sample
locations and loading directions, and results were averaged.
Standard deviation error was +10%.

Thermal Gravimetric Analysis. Thermal gravimetric analysis
(TGA) was performed on a PerkinElmer thermogravimetric
analyzer. Each sample was heated in 20% O, (balance Ar)
environment at a rate of 10 °C/min to at least 900 °C. The first
derivative of each thermal decomposition curve was calculated
to determine the temperature at which the maximum rate of
decomposition occurred.

Electrical Conductivity. Electrical conductivity was measured
using the four-probe method with metal electrodes attached to
the samples. The amount of current transmitted through the

sample during measurement was 100 mA, and the voltage drop
along the various sample axes was measured over distances of
3 to 6 mm. Seven or more measurements were taken on each
sample, and results were averaged.

Density. Bulk densities of the samples were determined from
the physical dimensions and mass of each sample.
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