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ABSTRACT High-performance graphene nanopapers are prepared

from an aqueous solution of functional graphenes with benzenesulfonic
acid groups via covalent bonds. The formed hydrophobic graphene
nanopapers showed the highest tensile strength of 360 MPa and
Young's modulus of 102 GPa for samples with 13.7 wt % functional
group and annealed at 150 °C. These samples showed a high electrical
conductivity of 4.45 x 10* S/m after being annealed at 250 °C. The
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aforementioned properties of graphene nanopapers are much higher

than any previously reported data. The properties of nanopapers
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depend on the degree of functionality on graphenes and the annealing temperatures, which are further evidenced by X-ray photoelectron spectroscopy,

FTIR, and X-ray diffraction patterns. Such unique nanopapers can be easily bounded and sandwiched onto any solid surface to give rise to great potentials in

many applications such as gas diffusion barriers, EMI shielding, thermal management, and anticorrosion.
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anopapers are often referred to as

thin sheets or films made of nano-

materials such as carbon nanotubes,
carbon nanofibers,® nanoclays,* cellulose
nanofibrils,”> and more recently graphene
nanoplatelets.%” Noticeably, nanopapers al-
low highly concentrated nanoparticles to be
tightly packed in a thin film to reach unique
properties such as very high electrical and
thermal conductivities, very low gas diffu-
sivity, and strong corrosion resistance that
are not shared by conventional polymer nano-
composites,® where the loading of nano-
particles is very limited because of disper-
sion issues. Among these, graphene is of
particular interest because this one-atom-
thick planar sheet with sp? hybridized car-
bon possesses ultrahigh strength,'® super-
ior electrical'’ and thermal conductivity,'?
and an extremely high surface area.'® These
unique features allow graphene to stand
out as an ideal nanomaterial for fabricating
high-performance nanopapers.

To achieve graphene nanopapers with
superior properties, two prerequisites must
be satisfied: the exfoliation and good dis-
persion of individual graphene nanosheets
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in a medium and the strong bonding among
graphene nanosheets in the resulting nano-
papers. The seminal work of Ruoff et al."* on
graphene oxide (GO) nanopapers lies in the
fact that GO can be well exfoliated in water
by ultrasonication owing to its hydrophilic
nature, and then processed into nano-
papers through flow-directed assembly of
individual GO nanosheets during filtration.
The resulting GO nanopapers have a decent
tensile strength around 40 MPa and Young's
modulus around 32 GPa, but they are elec-
trically insulated. When the hydrophilic
GO in the aqueous solution is reduced into
hydrophobic graphene using reducing agents,
restacking of graphene nanosheets is ines-
capable, and the resulting aggregates are
hard to redisperse in water or organic sol-
vents.' For this reason, surfactants or water-
soluble polymers are often employed to over-
come the problem of restacking,'®'” but it s
rather difficult to completely remove them
from the graphene surface upon the forma-
tion of nanopapers and consequently the
mechanical and electrical properties of nano-
papers suffer.'®® For this reason, ammonia
was wisely employed as the electrostatic
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TABLE 1. The Concentration of Functional Groups, Degree of Functionality per 100 Carbons, Zeta Potentials, and Contact

Angle of GP—SO;H under Different Reaction Conditions

GO/diazonium molar ratio 10/
concentration of functional group (wt %)” 10.6
degree of functionality (DS) per 100 carbons 0.90
zeta potential (mV) at pH =7 —30.93 & 3.12
contact angle (degree)l7 84.6

5N 7 12

137 16.8 224
1.21 1.54 221
—34.88 & 2.03 —4534 & 246 —56.86 & 3.38
719 59.4 26.7

“Determined by thermogravimetric analysis in Figure S2. ® After annealing at 150 °C in vacuum for 24 h to remove the entrapped water.

stabilizer to achieve stable graphene colloids, which
could be processed into nanopapers with the highest
reported tensile strength of 293.3 MPa and an electrical
conductivity of 3200 S/m at room temperature.”® How-
ever, the resulting graphenes are only partially reduced
due to the insufficient hydrazine used, and also the
high volatility of ammonia represents a major obstacle
for the scale-up of this process. More recently, gra-
phene oxide was processed into fibers and then ther-
mally treated at 800 °C, giving rise to a tensile strength
of 420 MPa and an electrical conductivity of about
1000 S/m in the final product.?’ Up to now, the great
potential of graphene is far from fully exploited in
nanopapers, and thus it is imperative to develop a
reliable approach to achieve large-scale production for
stable graphene colloids and strong bonding in the
resulted nanopapers.

Herein we present a facile method to achieve high
performance graphene nanopapers by covalently fun-
ctionalizing the graphene surface with a controllable
amount of negatively repulsive groups (i.e., benzene-
sulfonic acid) in such a way that the obtained func-
tional graphene can be well dispersed in water and is
capable of fabricating into nanopapers in an environ-
mentally friendly manner. Through a systematic study,
we have finely tuned the degree of functionality and
processing conditions to achieve graphene nano-
papers with the highest mechanical and electrical pro-
perties ever documented in the literature and yet with
excellent stability in a humid environment.

RESULTS AND DISCUSSION

Functional graphenes (GP—SOsH) were synthesized
according to literature in an improved manner.??
The detailed reaction scheme is given in Figure S1 of
Supporting Information. Specifically, expanded gra-
phite was oxidized into graphite oxide via the
Staudenmaier method.”>** Graphite oxide was then ex-
foliated into graphene oxide (GO) in water under
sonication, followed by partial reduction by sodium
borohydride. The partially reduced graphene oxide
remained soluble in water while the recovered con-
jugated structure was able to react via reductive coupl-
ing®>%® with 4-sulfonic acid phenyl diazonium tetra-
fluoroborate to form GO—SO;H. Tetrafluoroborate dia-
zonium salt is stable at room temperature and
therefore is much easier to purify and handle than
chloride diazonium salt that is only stable at 0 °C,** an
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important consideration for large-scale synthesis of
functional graphenes. Finally, GO—SOsH was fully re-
duced into GP—SOsH by hydrazine with a hydrazine to
GO—SOsH weight ratio of 12.8:1. Because of the exis-
tence of sulfonic acid groups on the surface of gra-
phenes, GP—SOsH showed excellent dispersion in water
and then hydrazine was able to reach each single-layer
graphene surface to conduct complete reduction. This
is an essential part toward the preparation of high-
performance graphene nanopapers. Since GP—SO3H
could be homogeneously dispersed in water, high-
quality graphene nanopapers were prepared by filtra-
tion of the aqueous solution of graphene nanosheets
through a polycarbonate membrane filter.

The degree of functionality in GP—SO3H is closely
associated with the amount of 4-sulfonic acid phenyl
diazonium tetrafluoroborate used for reductive cou-
pling, as illustrated in Table 1. That is, a higher loading
of diazonium salt provides a higher weight percentage
of functional group in GP—SO3H, and thus a higher
degree of functionality (DS) per 100 carbons, thereby
leading to a larger zeta potential in water and a smaller
water contact angle on nanopapers. A higher degree of
functionality in GP—SO3H gives rise to better graphene
dispersion in water; for example, the solubility of
GP—SO3H with DS = 0.9 is about 0.2 mg/mL, while that
with DS = 2.21 is approximately 6 mg/mL. However, an
excessive amount of functional groups in GP—SOsH
(e.g., DS = 1.54 or 2.21) leads to poor stability of nano-
papers in humid environment. We have found out that
GP—SOsH nanopapers with DS = 0.9 or 1.21 were very
stable in humid atmosphere after being annealed at
150 °C to remove the entrapped water. Furthermore,
the hydrophobicity of nanopapers could be greatly
improved when the nanopapers underwent thermal
treatment at an elevated temperature. For instance,
the contact angle for GP—SOsH nanopaper with DS =
0.9 was increased by 13.6° when the annealing tem-
perature was raised from 150 to 250 °C (Supporting
Information, Figure S3). Note that its mechanical prop-
erties remained the same after soaking in water for 4
weeks. The mechanism behind these will be elabo-
rated on by structural characterizations.

The "H NMR spectrum in Figure 1a verifies the pres-
ence of phenyl groups in the graphene nanosheets
with the following chemical shifts (250 MHz, D,0-d,,
d/ppm): 7.67 (d, J = 8.0 Hz, 2H, Ar—H), 7.42 (d, /= 6.75 Hz,
2H, Ar—H). In contrast, the precursor monomer, 4-sulfonic
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Figure 1. (a) "H NMR spectrum of GP—SO3H in D0 and the
inset gives its chemical structure, (b) Raman spectrum of GP—
SO3H nanopaper, (c) AFM image of monolayer GP—SOsH, and
(d) height profile indicated by the red line in the AFM image.

acid phenyl diazonium tetrafluoroborate, shows higher
chemical shifts at 8.64 (d, J = 8.5 Hz, 2H, Ar—H) and 8.10
(d, J = 85 Hz, 2H, Ar—H), due to the influence of
diazonium salt. It can be observed from Raman spec-
trum in Figure 1b that GP—SOsH has a G band at
1586 cm™ ' and a D band at 1351 cm ™. The integrated
intensity ratio (Ip/lg) of the D band and G band for
GP—SOsH nanopaper is 1.3, which is significantly larger
than that of expanded graphite (0.003) (Supporting
Information, Figure S5).2” The increased Ip/lg ratio of
GP—S03H nanopaper is the combined consequence of
the formation of the sp> nodes on the graphene basal
plane after functionalization and the sp* hybridized
carbon in benzenesulfonic groups. The 2D band for
GP—S05H nanopapers resides at 2703 cm ™, indicative of
the sp? network being present within nanosheets. %%
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The successful attachment of benzenesulfonic groups
onto graphene via covalent bonds facilitates the disper-
sion of GP—SO3H in water as a single layer, which is
confirmed by an AFM image in Figure 1c. As shown in
Figure 1d, the average thickness of graphene nanosheets
is about 1.06 nm, which is consistent with the theoretical
calculation in Supporting Information, Figure S4 and
supports the existence of single layers.

Because of the strong repulsive force of —SO3zH in
GP—S03H, about one functional group per 100 carbons
is sufficient for achieving its good dispersion in water.
Most of graphene surfaces still have a great chance to
form m—x interactions, producing a strong bonding
force inside the nanopapers. As a result, the tensile
strength of our nanopapers with 13.7 wt % functional
group after being annealed at 150 °C can reach a value
as high as 360 MPa (Figure 2a), very close to that of
structural steel and 10 times higher than that of GO.
Referring to SEM images in Figure 3, GP—SOsH nano-
sheets are packed much more tightly than GO nano-
sheets in the nanopapers. It should be noticed that the
density of steel is 7.8 g/cm?®, while the density of our
nanopaper having 13.7 wt % functional group after
being annealed at 200 °C is only about 1.72 g/cm?.
Figure 2b reveals that the tensile strength of graphene
nanopapers highly depends on the concentration of
functional groups, and it goes through a maximum at
13.7 wt %, where both good dispersion of graphenes in
water and strong interlayer bonds inside the resulted
nanopapers are achievable. An excessive amount of
functional groups would result in a larger gallery dis-
tance and consequently lead to the reduced interlayer
n— interactions, whereas a lower amount of func-
tional groups would not afford good dispersion of
graphene in water.

Mechanical properties of graphene nanopapers are
also governed by the annealing temperature because
water residuals or organic species existing between
nanosheets would be removed during this process,
leading to the reduced distance between graphene
layers. Note that the van der Vaals or 7—a interactions
are highly dependent on the distance between gra-
phene nanosheets, and significantly increase as the
distance reduces.3° It can be observed from Figures 2c,
d that the average tensile strength and Young's mod-
ulus of graphene nanopapers with 13.7 wt % functional
group increased up to 311.9 + 33.5 MPa and 894 +
8.5 GPa, respectively, as the annealing temperature
increased from 60 to 200 °C. However, these properties
showed a descendant trend above 200 °C, which may
be the consequence of the bubble defects induced by
the decomposed SO, and CO, gases entrained in the
nanopapers.

The concentration of functional groups and the an-
nealing temperature also play vital roles in the electrical
conductivity of GP—SO3H nanopapers, as displayed
in Figure 4. Specifically, the electrical conductivity
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Figure 2. Mechanical properties of nanopapers. (a) Stress—strain curve for the highest tensile strength measured for
GP—SO3H nanopaper with 13.7 wt % functional group annealed at 150 °C for 24 h. (b) Effect of the concentration of functional
group on the tensile strength of GP—SOsH nanopapers after annealing at 150 °C for 24 h. Effect of the annealing temperature
on tensile strength (c) and Young's modulus (d) on GP—SO3sH nanopapers with 13.7 wt % functional group, as compared with

those of GO nanopaper and structural steel.

Figure 3. SEM images for the perpendicular surfaces of (a) GP—SOsH and (b) GO nanopapers after tensile tests.

of nanopapers diminished with the increase of func-
tionality, whereas it showed a reverse trend for the
annealing temperature. This is because the covalently
bonded functional groups on the graphene would
result in sp® nodes, interrupting the conducting path-
ways in the graphene plane and thus decreasing elec-
trical conductivity. Moreover, the interlayer gallery
distance in nanopapers would increase if the degree
of functionality is raised, resulting in the reduced elec-
trical conductivity due to the decreased contact points
between nanosheets. Since the annealing temperature
has a positive effect on the distances between gra-
phene nanosheets, a higher annealing temperature is
beneficial for electrical conductivity of graphene nano-
papers. The electrical conductivity of about 4.45 x 10*
S/m was measured for the nanopaper with DS = 1.21

HUANG ET AL.

after being annealed at 250 °C, which is more than one-
third of that of natural graphite®' and three times over
the reported value of graphene nanopaper under the
same annealing condition.?® This observation can be
attributed to the high degree of reduction of our
functional graphenes and high quality of our graphene
nanopapers.

XPS data provide an insight into the structural change
of GP—SO3H nanopapers during thermal annealing.
[t can be observed from Figure 5a that the peak of
the sulfur element in GP—SO3H remained unchanged
when the annealing temperature was 150 °C, then it
greatly reduced at an annealing temperature of 250 °C
and completely disappeared at an annealing temperature
of 500 °C. This means that a majority of —SO3zH groups
in the functional graphenes degraded at temperatures
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Figure 4. Electrical conductivity of graphene nanopapers. (a) Effect of the concentration of functional group of GP—SOzH
nanopapers annealed at 150 °C and (b) effect of annealing temperature on the electrical conductivity of GP—SO3H

nanopapers with 13.7 wt % functional group.
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Figure 5. XPS spectra of (a) S, signal, (b) C(1s) signal, and (c) O(1s) signal, as well as (d) FTIR spectra of GP—SO3H annealed at

different temperatures.

above 250 °C. It can be learned from Supporting Informa-
tion, Figure S7 that GP—SOsH only exhibits a peak at
284.4 eV for C—C species, supporting the loss of C—O
and C=0 functionalities on the surface of graphene
by reduction.3*** The long tail of the C(1s) signal of
the unannealed sample in Figure 5b reflects the presence
of water because it would increase the gallery distance
between graphene nanosheets. The tail became invisible
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upon the removal of water at an annealing temperature
of 150 °C. As the sample was annealed at 250 °C, a small
shoulder exhibited at 287.1 eV, which became very
strong at an annealing temperature of 500 °C. This
arose from the partial oxidation of carbon element
by the decomposed SOzH at elevated temperatures.
Figure 5c shows the O(1s) signal changes of GP—SO3H
nanopapers at various annealing temperatures. A binding
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energy peak at 532.6 eV primarily came from the
—S05 in the GP—SOsH nanopaper, while a shoulder at
533.9 eV indicated the contribution of water to the
O(1s) signal for the nanopaper without annealing.>*
This shoulder disappeared as the water was removed
upon annealing at 150 °C. As the annealing tempera-
ture increased to 250 °C, the number of sulfonic acid
groups in GP—SOsH nanopaper decreased while some
of the carbon elements in the graphene were oxidized.
As a result, we observed the reduced peak intensity ata
binding energy of 532.6 eV for sulfonic acid groups and
a new peak at 533.7 eV for C=0 groups. At an anneal-
ing temperature of 500 °C, the O(1s) signal was pre-
dominately assigned to the C=0 groups, as a con-
sequence of oxidization of graphenes. This observation is
further confirmed by the FTIR spectra in Figure 5d for
GP—SOsH nanopapers annealed at various temperatures.

The FTIR spectra in Figure 5d gives the evidence of
—SO;3H at a broad absorption peak ranging from 2850
to 3600 cm ™', a phenyl absorption peak at 1621 cm ™",
and a —S=0 absortion peak at 1120 cm™". At room tem-
perature, the water residual in the nanopaper contributes
a lot to the absorption peak ranging from 2850 to
3600 cm ™', due to the hydroxyl groups in water
molecules. Upon annealing at 150 °C, most of water
residual would be removed under vacuum. Thus, we
observed a significant reduction in absorption density
for this peak after annealing at 150 °C. This absorption
peak intensity was slightly reduced when the anneal-
ing temperature increased from 150 to 250 °C, mean-
ing that some of —SOsH groups have been lost due to
degradation. This observation is well consistent with
those made in XPS spectra in Figure 5a. However, when
the annealing temperature was further increased to
300 °C, this absorption peak became fairly small, and
completely disappeared when the annealing tempera-
ture arrived at 500 °C. These trends can be further
confirmed by the change of absorption intensity for
the —S=0 peak at 1120 cm™' with the annealing
temperatures. The intensity of absorption peak at
1621 cm™' began to diminish when the annealing
temperature was greater than 300 °C, indicating that —
phenyl groups in benzenesulfonic acid would degrade
above this temperature. These results agree with
our observation that there were bubble-like defects
in the nanopapers annealed at temperatures above
250 °C, and these defects became more obvious at
higher annealing temperatures because more decom-
posed gases like SO, and CO, were entrained inside
the nanopaper and the built-up pressure led to bubble
formation. Consequently, we observed the reduced
mechanical properties as the annealing temperature
exceeded 250 °C.

The X-ray diffraction (XRD) patterns of GP—SOsH
nanopapers in Figure 6 are significantly different from
those of expanded graphite and graphene oxide'*
in Supporting Information, Figure S8. Specifically, the
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Figure 6. XRD patterns of GP—SOsH nanopapers. (a) Effect
of annealing temperatures for nanopaper with DS = 1.54,
and (b) effect of degree of functionality (DS) per 100 carbons
after annealing at 150 °C for 24 h.

GP—SO3H nanopaper with DS = 1.21 annealed at 60 °C
in Figure 6a exhibits three reflection peaks with d-
spacings of 9.97, 4.86, and 3.53 A, respectively. The first
two peaks may be attributed to bulky benzenesulfonic
acid groups that increase the gallery distance between
graphene nanosheets, while the latter one arises from
the 71— stacking between nanosheets. We have fur-
ther examined the effect of annealing temperature
on the XRD patterns of nanopapers, and have found that
the d-spacings are gradually lessened with the increase
of annealing temperatures. This agrees with our ob-
servations in the annealing effects on GP—SOsH nano-
papers via XPS spectra and FTIR spectra in Figure 5 that
increasing the annealing temperature would remove
more water/organic species existing between the nano-
sheets and thus drive them to pack more tightly. As a
result, the mechanical and electrical properties of nano-
papers gradually increase with the annealing tempera-
tures below 250 °C.

The effect of concentration of functional groups on
the X-ray diffraction patterns of GP—SOsH nanopapers
is illustrated in Figure 6b. For GP—SOsH with DS = 0.9
after being annealed at 150 °C for 24 h, there exhibits
three reflection peaks with d-spacings of 9.65, 4.63, and
3.42 A, respectively. As DS increases to 1.21 in Figure 6a,
the d-spacings of these three reflection peaks become
9.68, 4.7, and 3.45 A respectively, due to the increased
amount of functional groups. Interestingly, GP—SOsH
nanopaper with DS = 1.54 shows five reflection peaks
with d-spacings of 16.05, 8.34, 5.6, 4.18, and 3.47 A,
respectively. These peaks are further enlarged to 17.48,
8.34, 5.78, 4.23, and 3.49 A, respectively for GP—SO;H
nanopaper with DS = 2.21. It is noticeable that the re-
flection peak at 17.48 A shows stronger intensity while
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the intensity of other reflection peaks attenuated for
nanopapers with DS = 2.21. The aforementioned un-
ambiguous evidence verifies the conjecture that the
increased number of functional groups on graphenes
would give rise to a larger gallery distance between
graphene nanosheets, leading to the reduced proper-
ties observed in Figures 2b and 4a.

CONCLUSION

In summary, we developed a facile and effective ap-
proach to synthesize functional graphenes having benze-
nesulfonic acid groups that facilitate the dispersion of

METHODS

For the synthesis of 4-sulfonic acid phenyl diazonium tetra-
fluoroborate, tetrafluoroboric acid (48 wt % aqueous solution,
21.6 mL, 170 mmol) was added dropwise to a suspension of
4-sulfanilic acid (17.8 g, 100 mmol) in 100 mL of distilled water.
The mixture was then cooled to 0 °C and a saturated solution of
sodium nitrite (7.1 g, 100 mmol) in water was added slowly.
During the addition, the temperature was carefully kept below
5 °C.The reaction mixture was stirred for 2 h. The resulting white
precipitate was collected by filtration and washed with diethyl
ether, followed by freeze-drying and storing in a refrigerator.
FTIR spectrum (cm™"): 2920(—CH—), 2850(—CH—), 2306 (—N, 1),
1564, 1400, 1313(—S=0), 1236, 1191, 1168, 1125, 1114(—S=0),
1071, 1028, 997, 830, 819, 700, 652, 551, 517. "H NMR spectrum
(250 MHz, DMSO-ds, 6/ppm): 8.64 (d, J = 8.5 Hz, 2H, Ar—H), 8.10
(d, J = 8.5 Hz, 2H, Ar—H).

As a typical example for synthesizing GP—SOsH with DS =
1.21, graphite oxide (1.2 g, about 100 mmol) powder was dis-
persed in 1000 mL of distilled water and the pH of the mixture
was adjusted to about 9 using 5 wt % sodium carbonate aque-
ous solution. The mixture was then subjected to mild ultra-
sound for 30 min. During this process, graphite oxide was
exfoliated to individual graphene nanosheets to form a stable
dispersion of graphene oxide solution. The obtained solution
was centrifuged at 2000 rpm for 30 min to remove any trace of
unreacted graphite. The solution of graphene oxide was then
partially reduced using sodium borohydride (7.8 g, 200 mmol)
in 100 mL of distilled water at 70 °C for 1 h. The resulting
suspension was filtered off and washed with distilled water until
the pH value reached 7. The obtained partially reduced gra-
phene oxide was redispersed in 1000 mL of distilled water
under mild sonication for 30 min, and then cooled down to
room temperature using an ice bath. A solution of 4-sulfonic
acid phenyl diazonium tetrafluoroborate (1.36 g, 5 mmol) in
10 mL of distilled water was added dropwise to the partially
reduced graphene oxide solution, and stirred at this tempera-
ture for 6 h. The reaction solution was sonicated for 30 min, and
then the second portion of 4-sulfonic acid phenyl diazonium
tetrafluoroborate (1.36 g, 5 mmol) was applied according to the
aforementioned procedures. Upon the completion of the reac-
tion, 5 wt % sodium carbonate aqueous solution was added to
adjust the pH value of the solution to above 10, during which
precipitates were formed. The precipitates were filtered off and
washed with water and ethanol to form GO—SOsH. Subse-
quently, GO—SOsH was redispersed in 1000 mL of distilled
water and then fully reduced to GP—SOsH using hydrazine
hydrate (50—60%, 32 mL) at 100 °C for 24 h, during which the
presence of sulfonic acid would keep graphenes in good dis-
persion in water. After the reaction was finished, the pH value of
the reaction solution was adjusted to above 10 using 5 wt %
sodium carbonate aqueous solution, and precipitates were
filtered off and washed completely with water, and then
freeze-dried to give GP—SO3H (1.19 g).

Preparation of Graphene Nanopapers. A predetermined amount
of GP—SO3H was dispersed in water, sonicated in a batch sonicator,

graphene nanosheets in water and allow the preparation
of nanopapers by flow-directed assembly. Both mechan-
ical and electrical properties of graphene nanopapers are
sensitive to the annealing temperature and the degree
of functionality. We optimized the processing conditions
to achieve hydrophobic graphene nanopapers with the
highest tensile strength of 360 MPa and Young's modulus
of 102 GPa in a sample with 13.7 wt % functional group
and annealed at 150 °C and also possessing a high
electrical conductivity of 445 x 10* S/m for the same
sample being annealed at 250 °C, properties much
higher than any previous reported data.

and then centrifuged at 2000 rpm to remove any insoluble impurity.
Nanopapers with different thicknesses ranging from several
hundred nanometers to 30 um were prepared by filtration of
the graphene solution through a polycarbonate membrane
filter with a pore size of 400 nm, followed by air drying. The
free-standing graphene nanopapers were obtained by peeling
them off from the filter, and then annealing at different tem-
peratures in a vacuum oven for 24 h. GO nanopapers were
prepared according to the literature.'

Characterizations of Functional Graphenes and Nanopapers. 'H NMR
spectra were obtained on a Bruker DPX 250 spectrometer at 298
K. Chemical shifts (0) were reported in ppm relative to the signal
of tetramethylsilane (TMS). Residual solvent signals in the 'H
spectra were used as an internal reference. Coupling constants
(J) were given in Hz. Atomic force microscope (AFM) images
were taken in the tapping mode with Asylum MFP-3D AFM.
Fourier transform infrared (FTIR) spectra were recorded on a
Thermo Nicolet 380 FTIR spectrometer (Thermo Fisher Scientific)
with a diamond attenuated total reflectance (ATR) accessory. Thin
films suitable for FTIR spectroscopy were prepared by casting an
aqueous solution (0.3 mg/mL) of GP—SOsH directly on the KBr salt
plate. X-ray photoelectron spectroscopy (XPS) was carried outon a
Kratos Axis Ultra XPS instrument equipped with both monochro-
mated (Al) and dual (Mg and Al) X-ray guns set at 10 mA, 12 kV, and
pass energy of 80 eV for high-resolution scan (5 x 10~° Torr). The
magnification gave an analysis area of 700 um by 300 um. The
Raman spectra were recorded using a Renishaw inVia Raman
microscope with an excitation wavelength of 514.5 nm. The
X-ray diffraction (XRD) patterns were determined on a Scintag
XDS-2000 X-ray diffractometer equipped with an intrinsic ger-
manium detector system using Cu Ko radiation (1 = 1.5418 A),
operated at 45 kV and 20 mA. The morphology of graphene
nanopapers was observed using a scanning electron micro-
scope (SEM, PhilipsXL30). The mechanical properties of nano-
papers were measured on a dynamic mechanical analyzer (RSA Ill,
TA Instruments) in the controlled strain rate mode. The specimens
were cut with a razor into rectangular strips with a width of 5 mm
and a length of 30 mm. The thickness of a specimen was deter-
mined from the SEM image of the perpendicular fractured surface.
Eight measurements were conducted for each sample, and the
results were averaged. The electrical conductivity was measured
by the Van Der Pauw method with a Keithley 6514 electrometer.
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