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Abstract: Surfactant-wrapped chemically converted graphene sheets obtained from reduction of graphene
oxide with hydrazine were functionalized by treatment with aryl diazonium salts. The nanosheets are
characterized by X-ray photoelectron spectroscopy, attenuated total reflectance infrared spectroscopy,
Raman spectroscopy, atomic force microscopy, and transmission electron microscopy. The resulting
functionalized nanosheets disperse readily in polar aprotic solvents, allowing alternative avenues for simple

incorporation into different polymer matrices.

Introduction

Oxidation of graphite to graphene oxide' (GO) allows for a
high-yielding route to exfoliated carbon nanosheets.> The GO
sheets disperse readily in water due to the presence of hydro-
philic oxygen groups on the basal planes and edges,® although
there may be variations depending on which oxidation method
is used.* While the graphitic nature of the resulting nano-
sheets is highly compromised by oxidation, leading to loss of
conductivity, reduction by chemical,®®” thermal,® or electro-
chemical” treatment results in partial recovery of the graphitic
character. The reduction step, while capable of removing a
majority of the oxygen functionality, is still disordered when
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compared to graphene, and hence, the product has been referred
to as chemically converted graphene (CCG).® Nevertheless, the
sp2 network is reestablished to a certain extent, as evidenced
by the conductivity of the films when these nanosheets are
deposited on different substrates,” powder X-ray diffraction,”®
and the electron diffraction pattern.>*

While the “scotch tape” method'® of removing thin sheets is
convenient for trace amounts of material, the chemical exfo-
liation route using thermal expansion of graphite intercalation
compounds (GIC)'' is appealing to prepare materials for systems
such as composites that require bulk quantities of graphene
structures.'? Functionalized graphene sheets obtained from rapid
thermal expansion of GO have been shown to yield individual
sheets that disperse readily in a variety of solvents.®® Further-
more, derivatization of the GO via the oxygen groups>>>"'3'4
has rendered the initial hydrophilic sheets hydrophobic. Prepara-
tion of CCG composites with minimal aggregation of the
additive by in situ reduction of GO and its functionalized

counterparts in different matrices has also been reported.'**!
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Scheme 1. Starting with SDBS-Wrapped GO, Reduction, and Functionalization of Intermediate SDBS-Wrapped CCG with Diazonium Salts
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Similarly, GO dispersed in ceramic precursors and subsequently
thermally treated yielded composites that imparted conductivity
to an otherwise nonconductive matrix.'*

Previous work in our group has shown that aryl diazonium
treatment of single-wall carbon nanotubes (SWCNTSs)'® pro-
duces functionalized SWCNTs; the diazonium chemistry gives
us the capability of tailoring the functionalized materials by
changing the addends. Functionalized SWCNTSs have been
shown to improve the dispersion and interfacial adhesion of
the nanoreinforcing agent within the host matrix.'” Likewise,
substituted aryl groups can be readily anchored to other carbon
surfaces such as graphite and glassy carbon by electrochemical
reduction of diazonium salts.'®

Here we report a convenient method to attain functionalized
CCG (f-CCGQG) by reduction of GO with hydrazine followed by
treatment with aryl diazonium salts. Although stable aqueous
dispersions of CCG have been reported,**!? direct use of CCGs
is somewhat challenging because of the difficulty of redispersing
the products in solvents after workup and recovery, unless
stabilized by surfactants or molecules that prevent reaggregation.

Experimental Section

Graphite Oxide. Graphite oxide was synthesized from ex-
panded graphite obtained from SupraCarbonics, LLC using the

Figure 1. Cryo-TEM image of S-CCG. Scale bar is 50 nm.
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Staudenmaier procedure.'”®* Briefly, 5 g (416.7 mmol C) of
expanded graphite was added in five portions to a stirred mixture
of concentrated H,SO4 (87.5 mL) and fuming HNO; (45 mL)
while cooling in an ice—water bath. To the mixture was added
KCl1O; (55 g) in five separate portions for a period of 15 min
with sufficient venting using nitrogen gas to reduce the risk of
explosion upon generation of chlorine dioxide gas. [Caution:
protective equipment including face shield, acid-resistant gloves,
and blast shield must be used at all times.] The resulting slurry
was stirred at room temperature for 96 h. The green slurry was
poured into 4 L of ice water, and the mixture was filtered and
subsequently washed with 5 L of 5% HCI. The filter cake was
then rinsed thoroughly with water until the filtrate was neutral.
This was followed by rinsing the filter cake with methanol and
diethyl ether, yielding 4.1 g of a fine brown powder of GO.
Diazonium Functionalization. The surfactant-wrapped disper-
sion of CCG (S-CCG) sheets was attained based on a similar
procedure reported for SWCNT decant preparation.’*>° GO (225
mg) was dispersed in 1 wt % aqueous sodium dodecylbenze-
nesulfonate (SDBS) surfactant (225 mL) and homogenized for
1 h using a Dremel tool (400 xpr) fitted with a standard-capacity
rotor-stator generator (Cole-Parmer A-36904-52) followed by
cup horn sonication (Cole-Parmer Ultrasonic Processor model
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Figure 2. XPS Survey scan of (a) GO, (b) S-CCG, (c) 1b, and (d) 4b. (e) High-resolution XPS Cls spectra of GO (red) and S-CCG (blue) showing
significant loss of C—0O and C=O0 groups after reduction. XPS was carried out on a PHI Quantera SXM Scanning X-ray Microprobe with a base pressure
of 5 x 1072 Torr, with an Al cathode as the X-ray source set at 100 W and a pass energy of 140.00 (survey scan) and 26.00 eV (high-resolution scan), 45°

takeoff angle, and a 100 #m beam size.

CP 750) at 80% power for 10 min. The pH was adjusted to 10
(measured with pH paper) using 1 M aqueous NaOH. The
resulting GO dispersion was reduced with 60% hydrazine hydrate
(2.25 mL, 72.23 mmol) at 80 °C for 24 h>* followed by filtration
using glass wool to remove large aggregates, yielding the S-CCG
dispersion decant with a typical concentration of 1 mg/mL. In a
typical functionalization procedure (Scheme 1) 20 mL of S-CCG
dispersion was reacted with an aryl diazonium salt (0.33 mmol/
mL S-CCQG) for 1 h at room temperature. The mixture was then
diluted with 100 mL of acetone and filtered through a 0.45 um
PTFE (Teflon) membrane. The filter cake was washed with water
and acetone (3 x) and resuspended in DMF to remove SDBS
and excess diazonium salt. This was followed by filtration (0.45
um PTFE) and copiously washing the filter cake with acetone.

The resulting solid was dried in a vacuum oven overnight at 70
°C with a yield of 22—24 mg of f-CCG.

Results and Discussion

Owing to the high yield of individual sheets, chemical
oxidation of graphite to GO is one of the preferred methods
to achieve nanosheets from graphite. For preparation of
composites where large quantities are required, mechanical
cleavage is less attractive.'?® Use of reducing agents such as
hydroquinone, NaBH4, and hydrazine have all been shown
to be effective in removing most of the oxygen-containing
groups®97%7 and to a certain extent restore the conductivity
of the material, albeit several orders of magnitude lower (in

J. AM. CHEM. SOC. = VOL. 130, NO. 48, 2008 16203
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Figure 3. Raman spectra of (a) GO, (b) S-CCG, (c) 1b, and (d) 1b after
heating under Ar to 850 °C.

nce (a.u.

SOr|

4000 3500 3000 2500 2000 1500 1000 501
Wavenumbers.(cm-1)

Figure 4. ATR-IR spectra of (a) GO, (b) S-CCG, and (c) {-CCG 2b.

Figure 5. Photographs of supernatant DMF solutions obtained from
dispersions of (a) CCG and (b) 4b, (c) 1b, (d) 2b, and (e) 3b after
centrifugation for 15 min at 3200 rpm.

Q cm ') than that of graphene.'' In situ reductions within
matrices have also been shown to render the composites
conductive.'?

Prior to functionalization the S-CCG sheets were analyzed
in their solution environments by cryogenic transmission
electron microscopy (cryo-TEM) to establish the existence
of individual sheets and a few multiple sheet structures
(Figure 1). Aqueous CCG dispersions without SDBS were
also prepared based on the procedure reported by Li et al.,?
treated with aryl diazonium salts, and found to react similarly

16204 J. AM. CHEM. SOC. = VOL. 130, NO. 48, 2008

-10.0

Figure 6. (a) Atomic force micrographs by height of f-CCG 2b spin
coated onto a freshly cleaved mica surface showing single f-CCG sheets
accompanied by bilayers to several layers. (b) Section analysis of 2b
showing height ranges from 1.8 to 2.2 nm (red, green, and black lines)
for the imaged regions shown in c.

in conjunction with the findings of Si et al."” However,

diazonium functionalization is maximized with the use of
S-CCG decants due to a more concentrated nanosheet
dispersion (1 mg/mL based on GO weight) compared to the
nanosheets from aqueous CCG (0.25 mg/mL).

Removal of a majority of the oxygen groups by hydrazine
has been verified using X-ray photoelectron spectroscopy
(XPS) as reported by several groups.’*%?>° The C1s spectrum
of the CCG shows a significant decrease of signals at
286—288 ¢V, which indicates loss of C—O and C=0
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functionalities (Figure 2). The surface oxygen groups in GO
were estimated to be 32% with little nitrogen (0.4%), while
after treatment with hydrazine the percentage of oxygen
decreased to 8.7% with 1.4% nitrogen. The small increases
of nitrogen content can be attributed to hydrazones.>*® Upon
treatment with the diazonium salts a significant percentage
of halogen markers, CI or Br, was detected with very little
accompanying nitrogen, which implies that the surface has
been successfully functionalized. High-resolution XPS of 1b
and 4b gave the following atomic percentages of halogens:
(1b) 4.6% Cl and (4b) 3.2% Br with ~1% N (see Supporting
Information). A control experiment was conducted by adding
chlorobenzene to the S-CCG decant followed by workup and
XPS analysis to rule out the possibility that Cl was present
due to physisorption and intercalation of chlorinated materials
between the sheets. XPS analysis showed no CI peak at 200
eV. Furthermore, GO without hydrazine reduction and treated
with 4a showed no Br peak after workup. Hence, successful
functionalization supports the assumption that partial rearo-
matization of the nanosheets under the hydrazine reduction
conditions has occurred and thereby provided a surface for
aryl grafting using the diazonium species.'?

The Raman spectrum of bulk CCG using 514 nm laser
excitation shows a similar profile to that of GO with a
diamondoid (D) to graphitic (G) ratio close to 1, confirming
incomplete recovery of graphene structure, similar to what
was observed for thermally reduced graphene.>® However,
the 2D peak at ~2700 is more pronounced on reduced
samples compared to the parent GO, which is an indication
of the sp® network being present within the sheets. After
functionalization with diazonium salts as described here the
D to G ratios of the f-CCGs were similar to those of the
S-CCG:; therefore, gauging the degree of functionalization
was difficult using Raman spectroscopy. f-CCG samples
heated in a thermogravimetric analysis (TGA) instrument to
850 °C under argon also showed some decrease in the
intensity of the diamondoid peak, consistent with defunc-
tionalization upon heating (Figure 3). Edge defects may be
responsible for the minimal change in the D/G ratios,
although larger CCG sheets (~2 um) evaluated by Raman
also gave the same profile.”®

The IR spectrum (Figure 4a) of GO shows a C—O stretch
at ~1200 cm ™' and O—H stretch at 3500—3300 cm ™" as well
as a C=0 stretch at 1720—1690 cm™'. The S-CCG (Figure
4b), however, is devoid of any informative signal and

resembles that of bulk graphite. Figure 4c shows the ATR-
IR spectrum of f-CCG 2b. Asymmetric and symmetric
stretches at 1513 and 1343 cm™ !, respectively, are attributed
to the NO; group and the C—N stretch at 852 cm™ !, and the
aromatic stretch at 1586 c¢cm ' indicates the presence of
nitrobenzene moieties on the f-CCG sheets.'**f The presence
of NO, was further confirmed by XPS with a strong signal
at 406 eV (see Supporting Information). Also, the absence
of azo groups in the 1400—1500 cm ™' region in the spectra
of the halogen-containing f-CCGs supports the assumption
that a radical process is operating in the functionalization
with diazonium salts, similar to the process with SWCNTs,
thereby generating the aryl radicals.'®"¢

The f-CCGs can be readily dispersed in N,N'-dimethyl-
formamide (DMF), N,N'-dimethylacetamide (DMAc), and
1-methyl-2-pyrrolidinone (NMP) up to 1 mg/mL with
minimal sedimentation (Figure 5). To further illustrate their
respective solubilities in DMF, 3 mg of S-CCG or f-CCGs
was dispersed in 3 mL of DMF using an ultrasonic cleaner
(Cole-Parmer model 08849-00) for 5 min followed by
centrifugation in an Adams Analytical centrifuge (model CT
3201) for 15 min at 3200 rpm, after which a 2 mL aliquot of
each supernatant (Figure 5) was taken and precipitated in
acetone and filtered, and the filter cake was washed with
acetone, dried, and weighed. The supernatant of f-CCGs gave
dark solutions with some sedimentation, while nothing
remained in the S-CCG supernatant; everything settled to
the bottom, and hence, the solubility is taken as near zero.
The solubilities of the f-CCGs are as follows: 1b, 0.25 mg/
mL; 2b, 0.45 mg/mL; 3b, 0.30 mg/mL; and 4b, 0.50 mg/
mL.

Individual functionalized graphene sheets were imaged
using tapping mode AFM. Figure 6 shows images of graphene
sheets spin coated onto a mica surface using a 0.1 mg/mL
dispersion of 2b in DMF. The theoretical height for a
graphene sheet functionalized on both sides is ~2.2 nm,
assuming that the height of the bare graphene sheets is 1
nm>*°* with the substituted aromatic groups contributing
~0.6 nm in heights. On average, the height of f-CCG sheets
ranges from 1.8 to 2.2 nm. Overall, the nanosheets may be
composed of single or bilayers of graphene sheets.

The presence of functional groups on the graphene sheets
was further analyzed using TGA by heating under an argon
atmosphere to 850 °C at a rate of 10 °C/min (Figure 7).'%*¢
The overall weight loss of S-CCG is ~7.4%, which can be
attributed mostly to the COOH groups that are not reduced
by hydrazine treatment as well as incomplete rearomatization.
On the other hand, heating GO produced a weight loss of
50%. The observed weight loss for the f-CCG sheets are as
follows: 1b, 29%; 2b, 24%; 3b, 29%; 4b, 31%. The degree
of functionalization is estimated to be ~1 functional group
in 55 carbons from these weight losses. This underscores
the efficacy of the functionalization method described here.

Conclusion

We employed a convenient procedure, originally developed
for functionalization of SCWNTs, to functionalize CCGs with
high amounts of varying aryl addends, allowing these
nanosheets to be solubilized in organic solvents. This
development may prove to be useful in the area of compos-
ites, especially in the use of these 2-D structures as
reinforcing agents where intimate interfacial bonding between
the host and the structural modifier is critical. Unlike the

J. AM. CHEM. SOC. = VOL. 130, NO. 48, 2008 16205
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1-D-functionalized SWCNT composites, these 2-D structures
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