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G
raphene, a one atom thick sheet of
sp2-bonded carbon, has attracted
strong scientific and technological

interest since its discovery in 2004.1,2 Due to
its huge surface area, excellent electric con-
ductivity, and mechanical strength, graphene
has shown great application potential in
many fields, such as electronic devices,3,4 en-
ergy storage and conversion,5-7 and bio-
sensors.8-10 Micromechanical cleavage of
layered graphite is the first procedure re-
ported on preparing graphene. However, this
method is not suitable for mass production.1

Epitaxial growth via high-temperature treat-
ment of silicon carbide11,12 and chemical
vapor deposition (CVD) of hydrocarbons on
transition metal substrates such as nickel or
copper13 are two promising methods to pro-
vide the large-area and high-quality graphene
wafers required for applications in electronics.
Colloidal route, especially the one employing
chemicals to reduce exfoliated graphite oxide
(GO), is currently considered as one of the
most attractive approaches.14-17 The chemi-
cal reduction of GO is usually carried out using
hydrazine or NaBH4 as the reducing agents,
which are highly toxic or explosive.18,19 On the
other hand, graphene nanosheets tend to
form irreversible agglomerates through van
der Waals attractive force, which leads to a
great technical difficulty in the applications of
graphene.20,21 Recently, great efforts have
been devoted to addressing this issue, among
which attaching some molecules or polymers
onto the surface of graphene nanosheets is a
promising approach to obtain well-dispersed
graphene suspension.22,23 Therefore, an envir-
onmentally friendly approach to the large-
scale production of soluble graphene is of
great significance for its practical applications,
which is still a great challenge.

Herein we report a scalable and eco-
friendly method for preparation of soluble
graphene. Poly(diallyldimethylammonium
chloride) (PDDA), an ordinary polyelectro-
lyte, is able to adsorb on the surface of
carbon nanotubes through π-π interaction
and electrostatic interaction,24,25 which re-
sults in electrostatic repulsion between
carbon nanotubes to prevent them from
aggregating in water. Inspired by this, we
employ PDDA to disperse graphene na-
nosheets; that is, positively charged PDDA
first adsorbs onto the surface of GO
(negatively charged) via the electrostatic in-
teraction, and then during the reduction of
GO, the adsorbed PDDA is expected to act as
a stabilizer to make reduced GO (graphene)
stable in water. Surprisingly, the addition of
PDDA to GO aqueous solution induced an
unexpected color change (from yellow-
brown to black) as shown in Figure S1 in
Supporting Information. Careful experiments
revealed that exfoliated GO underwent a
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ABSTRACT Here we report that poly(diallyldimethylammonium chloride) (PDDA) acts as both a

reducing agent and a stabilizer to prepare soluble graphene nanosheets from graphite oxide. The

results of transmission electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy,

atomic force microscopy, and Fourier transform infrared indicated that graphite oxide was

successfully reduced to graphene nanosheets which exhibited single-layer structure and high

dispersion in various solvents. The reaction mechanism for PDDA-induced reduction of exfoliated

graphite oxide was proposed. Furthermore, PDDA facilitated the in situ growth of highly dispersed Pt

nanoparticles on the surface of graphene nanosheets to form Pt/graphene nanocomposites, which

exhibited excellent catalytic activity toward formic acid oxidation. This work presents a facile and

environmentally friendly approach to the synthesis of graphene nanosheets and opens up a new

possibility for preparing graphene and graphene-based nanomaterials for large-scale applications.

KEYWORDS: graphene . graphite oxide . PDDA . formic acid . Pt nanoparticles .
electrocatalysts . in situ growth
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deoxygenation process in PDDA solution, and the
obtained graphene nanosheets remained well-dis-
persed in water. To the best of our knowledge, this is

the first time that polyelectrolyte is used as both a
reducing agent and a stabilizer to prepare a colloidal
suspension of graphene nanosheets. More impor-
tantly, the incorporation of PDDA as a “glue”molecule
successfully turns graphene nanosheets into general
platforms for in situ growth of Pt or Pd nanoparti-
cles, which are demonstrated as promising electro-
catalysts toward formic acid oxidation. The whole
procedure for the synthesis of Pt/graphene is shown
in Scheme 1.

RESULTS AND DISCUSSION

A facile synthesis of water-soluble graphene was
developed. In brief, 60 mL of exfoliated GO suspension
(0.5 mg mL-1) in water and 600 μL of PDDA solution
(35 wt % in water) were added into a three-necked
flask. The temperature was controlled by a heating
jacket, and the whole solution was subjected to vigor-
ous stirring. The yellow-brown exfoliated GO suspen-
sion became black after it was kept at 90 �C for several
hours. Figure 1a shows transmission electron micro-
scopy (TEM) of exfoliatedGO,which exhibits the typical
wrinkle morphology.5 The selected area electron dif-
fraction (SAED) of GO further confirmed the disordered
nature of GO.26 When heated at 90 �C for 5 h, GO
suspension changed from yellow-brown to black. TEM
of the as-preparedmaterial shown in Figure 1b exhibits
a wrinkle-like thin sheet, which is the feature structure
of graphene nanosheets. The corresponding SAED
yields well-defined six-fold-symmetry diffraction pat-
terns matching those expected for graphene
nanosheets,27-29 which indicates that GO is success-
fully reduced to graphene nanosheets.30

We employed X-ray photoelectron spectroscopy
(XPS) to further confirm the reduction of GO. Figure 2a
shows that the oxygen content in exfoliated GO

Scheme 1. Procedure for PDDA-induced reduction of graphite oxide and the in situ growth of Pt nanoparticles on them.

Figure 1. Typical TEM images and the corresponding SAED
pattern of exfoliated graphite oxide (a) and graphene
nanosheets (b).

Figure 2. Survey XPS spectra (a) and C1s XPS spectra (b) of
grahite oxide (GO) and graphene.

TABLE 1. Relative Atomic Percentage of Various Func-

tional Groups in GO and Reduced GO

fitting of C1s (relative atomic percentage/%)

oxygen % C-C C-O/C-O-C C-N CdO O-CdO

GO 56.6 24.5 58.4 0 14.2 3.0
graphene 15.5 52.7 33.8 4.5 7.0 2.0
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decreased remarkably after the reduction, that is,
15.5% in graphene versus 56.6% in GO. Moreover, the
oxygen content in the graphene prepared via conven-
tional NaBH4 reduction is 18.6% (Figure S2 in Support-
ing Information), which indicates a higher reduction
degree in the PDDA-reduced graphene nanosheets.
Figure 2b and Figure S3a,b in Supporting Information
show the C1s peaks, which consist of five components
arising from C-O-C/C-O (epoxyl and hydroxyl), CdO
(carbonyl), O-CdO (carboxyl), and C-C.31 The addi-
tional component at 285.9 eV in Figure S3a is assigned
to the C-N bond.32 The contents of the functional
groups, which are calculated from areas of the con-
tributing peaks, are listed in Table 1. The peak inten-
sities of oxygen functionalities in graphene nanosheets
are much smaller than that in GO. These observations
indicate considerable deoxygenation through thePDDA
reducing process. In addition, N1s spectra in Figure 2a
and Figure S3c were observed in the graphene sample
and suggested the presence of PDDA, which adsorbed
on the surface of graphene nanosheets by π-π and
electrostatic interaction,24 generating electrostatic re-
pulsion between graphene nanosheets and resulting in
a good dispersion in water (shown in Figure S1).
The obtained graphene is also characterized by the

powder X-ray diffraction (XRD). As shown in Figure 3,
the XRD pattern of GO exhibits a diffraction peak

centered at 2θ = 11.4�, corresponding to the C(002)
interlayer spacing of 0.78 nm,5 which indicates the
complete oxidation of graphite to GO.22 This is a
prerequisite for successfully exfoliating GO and
obtaining graphene nanosheets.33 After chemical
reduction with PDDA, the diffraction peak of GO
at 2θ = 11.4� disappears and a very broad peak
around 20� is observed in the graphene sample,
indicating that most oxygen functional groups were
removed.31 It should be noted that the diffraction
peak in graphene nanosheets was rather broad and
significantly different from that in graphite.34

The dispersion of graphene (0.25 mg mL-1) in
different solvents is shown in Figure 4. Homogeneous
colloidal suspensions of graphene nanosheets are
easily produced in H2O, ethanol, glycol, and N,N-
dimethylformamide (DMF), and these colloidal suspen-
sions are stable for several months. Atomic force
microscopy (AFM) image in Figure S4 shows that the
average thickness of as-prepared graphene was about
1.1 nm, which is larger than the exfoliated GO sheets
(less than 1 nm)18 and normal single-sheet graphene
(less than 0.9 nm).14,21 It is reasonable to conclude that
PDDA adsorbs on the surface of single-sheet graphene
and increases the thickness of the obtained graphene.
In addition, the ratio of the intensities of the {1100} to
the {2110} can also give an unambiguous local identi-
fication of monolayer versus multilayer to provide
information on the yield of monolayer graphene.35

The relative intensity of the outer (I2110) and inner
(I1100) circle spots in Figure 1b is measured to be <1,
which indicates the single-layer structure of the result-
ing graphene nanosheets.29,30,35

To develop a more effective chemical reduction
method to produce graphene nanosheets, it is neces-
sary to elucidate the underlying reduction mechanism
of GO. In the present study, it should be noted that, in
the absence of PDDA, no color change was observed
for the GOdispersion. This indicated that the formation
of graphene can be attributed to the presence of PDDA,
an ordinary polyelectrolyte with an ammonium group,
which has been used as both a reducing and a stabiliz-
ing agent for preparing metal nanoparticles.36,37 It has
been reported that ammonium salts can be used as
excellent catalysts for ring-opening reactions of epo-
xides.38 Therefore, we propose a possible mechanism
for deoxygenationofGOwith PDDA (shown in Figure 5).
Like hydrazine reducing GO, in step I, Nþ groups of
PDDA attack the oxygen atom of epoxides in GO,38,39

Figure 3. XRD patterns of graphite oxide (a) and
graphene (b).

Figure 4. Digital photos of graphene (0.25 mg mL-1) dis-
persed in different solvents: (left to right) H2O, ethanol,
glycol, and DMF.

Figure 5. Proposed reaction pathway for the deoxygena-
tion of exfoliated GO in PDDA solution to obtain graphene
nanosheets (G), where “R-Nþ”was used to designate PDDA.
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which induces the ring-opening reaction (step II).31,40

However, the ring opening of the epoxides with PDDA
in itself would not result in any oxygen removal in GO.
Previous study showed that, during the reduction of

metal salts, the Nþ groups in PDDAwere oxidized to the
nitroso groups.37 Fourier transform infrared (FTIR) spec-
troscopy of PDDA-reduced GO shows two peaks at 1385
and 831 cm-1 (Figure S5), which can be assigned to
N-O and C-N vibrations, respectively.37 This confirms
that the nitroso groups are produced during the deox-
ygenation of GO. Therefore, it is reasonable that the
initial derivative produced by the epoxide opening
reacts further via the elimination of nitroso groups to
form a CdC bond (shown in step III). This results in
removing epoxides from GO, which is consistent with
the XPS results above (the amount of C-O/C-O-C is
significantly decreased). Most oxygen functionalities
in GO are in the form of either hydroxyl or epoxide
groups,32 which has been confirmed by XPS. We have
above proposed a possible mechanism for the re
moval of epoxide groups by reducing GO with PDDA.

Figure 6. TEM imageswith differentmagnification (a,b) and
XRD pattern of Pt/graphene.

Figure 7. Formic acid oxidation (a) at the scan rate of 20mV
s-1 and amperometric i-t curves (b) at a fixed potential of
0.3 V on Pt/graphene and commercial Etek-Pt/C in N2-
saturated 0.5 M H2SO4 þ 0.5 M HCOOH.

Figure 8. TEM image of Pd/graphene (a), formic acid oxi-
dation (b) in N2-saturated 0.5 M HCOOH and 0.5 M H2SO4,
amperometric i-t curves (c) of HCOOH electro-oxidation at
a fixed potential of 0.3 V on Pd/graphene and Pd/XC-72.
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In contrast, the removal of a hydroxyl group (-OH) is
considered as a thermal dehydroxylation process,40,41

where the hydroxyl group directly leaves the graphene
sheet with producing an OH radical and a graphene
radical when GO suspension is heated.
Recently, graphene nanosheets with potentially low

cost, high surface area, and good electrical conductiv-
ity, have been attracted considerable attentions as a
promising candidate for fuel cell electrocatalyst
supports.42,43 However, only a few examples of Pt/
graphene as fuel cell electrocatalysts have been de-
monstrated to date.44-48 The possible reason is that it
is difficult to uniformly load metal nanoparticles on
graphene due to its hydrophobic property. In contrast,
we find that the presence of PDDA on the surface of
graphene facilitates the uniform distribution of Pt
nanoparticles. PDDA adsorbed on the surface of gra-
phene nanosheets acts as a glue molecule to facilitate
the in situ growth of metal nanoparticles on the
graphene surface. PtCl6

2- ions were first confined in
the positively charged PDDA via electrostatic interac-
tion and then reduced to Pt nanoparticles by NaBH4.
The presence of PDDA prevents Pt NPs from agglom-
eration. TEM images in Figure 6a,b show that Pt
nanoparticles have a rather uniform dispersion on
the surface of graphene nanosheets. The XRD pattern
of Pt/graphene (Figure 6c) confirms that the average
particle size of Pt is 3.0 nm calculated with Scherrer
equation.36

The electrocatalytic activity toward formic acid oxi-
dation on Pt/graphenewas evaluated in the solution of
0.5 M H2SO4 þ 0.5 M HCOOH. Generally, HCOOH
oxidation on Pt usually follows the so-called dual
pathway:49

I: Direct dehydrogenation producing CO2.

HCOOH f HCOOads þHþ þ e- ; HCOOads f CO2 þHþ þ e-

II: Dehydration generatingCO (poisoning intermediate).

HCOOH f COþH2O f CO2 þ 2Hþ þ 2e-

As displayed in Figure 7a, the PI peak is related to the
direct oxidation of HCOOH to CO2, while the PII peak is
ascribed to the oxidation of the COads generated from
the dissociative adsorption step.49 The PI peak current
densities on Pt/graphene are nearly two times that on
commercial Etek-Pt/C, indicating much higher activity
toward formic acid oxidation on Pt/graphene. In addi-
tion, the amperometric i-t curves (Figure 7b) also
exhibit that Pt/graphene has a higher catalytic stability
toward HCOOH oxidation.
Recently, Sutter et al. confirmed that the strong

electronic interaction exists between graphene and
metal NPs, which can affect adsorption energies of
molecules on the metal NP surfaces.50 Yoo et al.

reported that the CO adsorption rate on Pt nano
particles in Pt/graphene is much smaller than that in

Pt/XC-72.6 As shown in Figure 7a, the intensity of
peak PII on Pt/graphene is lower than that on Etek-Pt/
C, thus indicating less CO formed on Pt/graphene
during the oxidation of formic acid. Therefore, the
reason for the high electrocatalytic activity of Pt/
graphene is that the strong electronic interaction
between Pt NPs and graphene suppresses the CO
formation during the oxidation of formic acid, which
facilitates the direct oxidation of HCOOH on the Pt
surface.
Another important aspect is that this approach is not

restricted to the synthesis of Pt/graphene alone. We
also loaded Pd nanoparticles on graphene nanosheets
(Pd/graphene) with the same method, where Pd na-
noparticles were highly dispersed on graphene, as
shown in Figure 8a. Compared with Pd/XC-72 catalyst,
Pd/graphene exhibits significantly improved activity
toward formic acid oxidation (Figure 8b). The i-t

curves (Figure 8c) show that Pd/graphene has a higher
catalytic stability toward HCOOH oxidation.51

To the best of our knowledge, this is the first report
that polyelectrolyte is used as both a reducing agent
and a stabilizer to prepare a colloidal suspension of
graphene nanosheets. The advantages of this method
are listed as follows. (1) Considering that PDDA is an
eco-friendly chemical, this is a facile and environmen-
tally friendly method for the preparation of the solu-
ble graphene. (2) PDDA facilitates the uniform de-
position of metal nanoparticles on graphene na-
nosheets. PDDA adsorbed on the surface of graphene
nanosheets acts as a glue molecule to facilitate the in
situ growth of metal nanoparticles on graphene sur-
face. The obtained Pt/graphene with a high disper-
sion of Pt nanoparticles (∼3.0 nm in diameter)
exhibits much higher activity toward formic acid
oxidation than Pt/XC-72. (3) A possible reaction me-
chanism for PDDA-induced reduction of exfoliated
graphite oxide is proposed. Nþ groups of PDDA attack
the oxygen atom of epoxides in GO, which induces
the ring-opening reaction. The initial derivative pro-
duced by the epoxide opening reacts further via the
elimination of nitroso groups to form a CdC bond.
This results in oxygen removal fromGO and formation
of graphene.

CONCLUSIONS

In summary, we have developed a green and facile
approach to prepare soluble graphene nanosheets.
The key is the introduction of a positively charged
polyelectrolyte, PDDA, which acts as both a reducing
agent and a good stabilizer during the formation of
graphene nanosheets. Another important role of PDDA
is to facilitate the uniform deposition of metal nano-
particles on graphene nanosheets, which exhibit high
activity toward formic acid oxidation. We therefore
expect that our findings will lead to the further
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development in preparation of high-quality graphene
nanosheets and graphene-based nanocomposite,

which may significantly facilitate the application of
graphene in fuel cells and other fields.

EXPERIMENTAL SECTION
Synthesis of Graphene. The preparation procedure for graphite

oxide (GO) is reported in our previous paper5 and provided
in Supporting Information. GO was deoxygenated using poly-
(diallyldimethylammonium chloride) (PDDA) as follows. Typi-
cally, a 60 mg GO powder in 20 mL of H2O was sonicated for
10 min to form a homogeneous GO suspension, and 800 μL of
35 wt % PDDA solution was mixed with the GO suspension
under vigorous stirring for 10min. Then the solutionwas heated
in refluxing conditions at 90 �C for 5 h. During this process, the
color of the solution changed from yellow-brown to black. The
resulting graphene suspension was filtered and washed with
plenty of ultrapure water.

Synthesis of Pt/Graphene. Thirty milligrams of graphene na-
nosheets was redispersed in 200 mL of H2O by sonication for
5 min. A 0.996 mL H2PtCl6 (7.53 mg of Pt per H2O) solution was
added dropwise under vigorous stirring for 10 min. Then 10 mg
of NaBH4 solved in 5 mL of H2O was added dropwise to reduce
H2PtCl6. After 48 h of stirring, the Pt/graphene suspension was
filtered and then dried at 90 �C in vacuum for 3 h.

Physical Characterization. The TEM images of the catalysts were
taken in a JEOL TEM 2010 microscope equipped with an Oxford
ISIS system. The operating voltage on the microscope was 200
keV. All images were digitally recorded with a slow-scan CCD
camera. X-ray diffraction (XRD) patterns were obtained using
a Philips Xpert X-ray diffractometer using Cu KR radiation at
λ = 1.5418 Å. AFM images were recorded on a 5100 ALP
(prototype Agilent Technologies) in tapping mode (dynamic
force mode). Commercially available Si cantilevers with a force
constant of 20 N/m were used as substrate. Fourier transform
infrared (FTIR) analysis was carried out using a NICOLETiS10
spectrometer. The spectra were obtained by mixing the sample
with KBr. The X-ray photoelectron spectroscopy (XPS) measure-
ments were obtained on Physical Electronics Quantum 2000
scanning ESCA microprobe. This system uses a focused mono-
chromatic aluminumK_ X-ray (1486.6 eV) source and a spherical
section analyzer. The samples were dried in vacuum before the
XPS test.

Electrochemical Measurements. The electrochemical tests were
carried out in a standard three-electrode system controlled with
a CHI660C station (CH Instruments, Inc., USA) with Pt wire and
Hg/Hg2SO4 as the counter electrode and reference electrode,
respectively. The working electrodes were prepared by applying
catalyst ink onto the prepolished glass carbon disk electrodes. In
brief, the electrocatalyst was dispersed in ethanol and ultrasoni-
cated for 15 min to form a uniform catalyst ink (2 mg mL-1). A
total of 7.5μL ofwell-dispersed catalyst inkwas applied onto the
prepolished glassy carbon (GC) disk electrode (5 mm in
diameter). After drying at room temperature, a 2 � 5 μL 0.05
wt % Nafion solution was applied onto the surface of the
catalyst layer to form a thin protective film. The total loading
of the catalyst was 15 μg. The working electrodes were first
activated with cyclic voltammograms (CVs) (0 to 1.1 V at 50 mV
s-1) in N2-purged 0.5 M H2SO4 solution until a steady CV was
obtained. To measure formic acid electro-oxidation, the solu-
tion of 0.5 M H2SO4 þ 0.5 M HCOOH was purged with N2 gas
before measurements were taken, and the CV was recorded in
the potential between 0.05 and 1.2 V at a scan rate of 50mV s-1.
The amperometric current density-time (i-t) curves were
measured at a fixed potential of 0.3 V for 1.5 h. All of the tests
were conducted at room temperature. All potentials were
reported versus the reversible hydrogen electrode (RHE).
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