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We describe a simple and general approach to conjugate
nanoparticles on pristine graphene. The method takes
advantage of the high reactivity of perfluorophenyl nitrene
towards the C=C bonds in graphene, where perfluorophenyl
azide-functionalized nanoparticles are conjugated to pristine
graphene through the [2+1] cycloaddition reaction by a fast
photoactivation.

Graphene-based hybrid nanomaterials have attracted much attention
since the isolation of free-standing graphene becomes a reality. The
unique and superior properties of graphene, such as high carrier
mobility, high electrical and thermal conductivity as well as stability,
make it an excellent candidate for the fabrication of novel hybrid
nanomaterials. The hybrid nanomaterials can offer synergetic
enhancement of material properties that may not be possible from
each individual component. Various types of hybrid nanomaterials,
especially those with nanoparticles, have been developed for a broad
range of applications including catalysis,'> sensor devices,* * fuel
cells,* 7 solar cells,* ? and therapeutics.'® Most graphene-based
hybrid nanomaterials used graphene oxide (GO) which is relatively
easy to prepare in large quantities. Unlike pristine graphene, GO
contains various oxygen-containing functional groups (carbonyl,
carboxylic acid, epoxy, and hydroxyl) which can be used as reaction
sites to covalently attach nanoparticles.'''® Several reactions have
been employed for immobilizing nanoparticles including
amidation,!” 12 hydrolysis,13 reduction,'*'7 and solvothermal
process.'® For example, Chan et al. conjugated iron oxide magnetic
nanoparticles (MNPs) to GO by activating the carboxy group on GO
with N-hydroxysuccinimide followed by coupling with amine-
functionalized iron oxide MNPs.!! The density of MNPs on GO
could be varied by the concentration of MNPs in the feed. Another
approach involves the in situ reduction of the nanoparticle precursor
as well as GO to produce reduced GO-nanoparticle conjugates. For
example, Kamat et al., employed ultrasonication of poly(ethylene
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glycol) to generate radicals which reduced both Au(Ill) and GO to
produce gold nanoparticles on reduced graphene surface.'

The advantage of GO is the possibility of obtaining single-layer
materials in large quantities. However, because GO is made by
treating graphite with strong oxidation reagents, a subsequent
reduction step, either chemical or thermal, is necessary to regain the
property of graphene. Even after extensive reduction, oxygen species
still remain. In addition, the harsh oxidation process could cleave the
hexagonal framework causing permanent structural damage that
cannot be restored. For example, Gomez-Navarro et al. reported that
the conductivity and carrier mobility of reduced GO at room
temperature decreased by 3 and 2 orders of magnitude,
respectively.'” In the case of in situ reduction of metal salts,>'® the
morphology of the nanoparticles generated was difficult to control.?’

In this article, we report a new method to synthesize graphene-
nanoparticle conjugates using pristine graphene and pre-made
nanoparticles. By using pristine graphene, no oxygen species are
introduced and the materials are not subjected to harsh oxidation or
reduction treatment. In addition, the nanoparticles are prepared in
advance, and the size, shape and properties can be well controlled.
To make the graphene-nanoparticle hybrid materials, the
nanoparticles were functionalized with perfluorophenyl azide
(PFPA), and the resulting nanoparticles were covalently attached to
pristine graphene using the photocoupling chemistry developed in
our laboratory.?! Upon light activation, PFPA is converted to the
singlet perfluorophenyl nitrene which subsequently reacts with C=C
in graphene through [1+2] cycloaddition reaction.”>?® Irradiation of
the PFPA- functionalized nanoparticles in the presence of pristine
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Scheme 1. Synthesis of graphene-nanoparticle conjugates.
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graphene resulted in the conjugation of the nanoparticles on
graphene. Three different types of pristine graphene were used based
on the preparation method, including solvent-exfoliated few-layer
graphene (FLG), and graphene prepared by micro-mechanical
exfoliation and chemical vapor deposition (CVD)

To make liquid-exfoliated FLG, graphite flakes (50 mg, Sigma)
were added to 1,2-dichlorobenzene (DCB) (20 mL), and the mixture
was sonicated using a sonication probe (SONICS, 20 kHz, 40%
Ampl.) for 30 min and then settled for 1 week. The supernatant was
centrifuged at 4500 rpm for 30 min, and the upper solution was
collected.”® The concentration of FLG was determined to be 0.3
mg/mL by weighing the powder after drying the sample under
vacuum. Mechanically exfoliated graphene was prepared using the
scotch tape method.?’” Commercially available ZYH grade HOPG
(highly oriented pyrolytic graphite, 5 mm x 5 mm x 1 mm, Union
Carbide, USA) was peeled repeatedly for 15 times using a scotch
tape, and was deposited by pressing the sample on a silicon wafer
having an oxide layer of [1300 nm thick. The wafer was then baked
at 140 °C for 40 min. CVD graphene prepared on copper film was a
gift from AIXTRON SE (Germany). The graphene samples prepared
by the three methods were characterized by Raman spectroscopy
(Bruker Senterra Raman microscope) at 532 nm excitation (Figure
S1). The two peaks indicative of single-layer graphene were
observed in the Raman spectra of mechanically exfoliated graphene
and CVD graphene: the G band at ~1580 cm™ which is due to the
vibration mode of sp” carbon and the symmetric 2D band at ~2685
em! which is from the second order vibration. Liquid exfoliated
FLG flakes had a broad and asymmetric 2D band peak which is
consistent with multilayer graphene, and the D band at 1370 cm’
which is due to the defects resulting from the edge of graphene
sheets.

Silica nanoparticles (SNPs) and gold nanoparticles (AuNPs) were
used to demonstrate the method. PFPA-functionalized nanoparticles
were prepared by treating SNPs and AuNPs with PFPA-silane®® and
PFPA-disulfide,” respectively, following the protocols developed
previously in our laboratory (Scheme 1, see Supporting Information
for experimental details). Figure 1 shows the TEM images and IR
spectra of PFPA-functionalized nanoparticles. The average particle
sizes were 81.2 £ 7.3 nm (Figure 1a) and 14.9 £ 1.5 nm (Figure 1b)
for PFPA-SNP and PFPA-AuNP, respectively, measured by TEM.
The asymmetric stretch of the azido group at 2126 cm™, the amide
stretches at 1653 cm™ for PFPA-SNP and the ester stretch at 1750
cm’ for PFPA-AuNP were observed in the IR spectra (Figure 1c),
indicating that the nanoparticles have been successfully
functionalized by PFPA. To covalently conjugate nanoparticles on
graphene, the graphene samples were treated with PFPA-
functionalized nanoparticles by photoactivation (Scheme 1). For
FLG, a dispersion of PFPA-functionalized SNPs or AuNPs in
acetone was mixed with FLG flakes in o-dichlorobenzene and the
mixture was irradiated with a medium-pressure Hg lamp for 30 min.
Excess nanoparticles were removed by repetitive washing and
centrifugation in acetone to afford nanoparticle-conjugated FLG. For
mechanically exfoliated graphene or CVD graphene, the samples
were immersed in a suspension of PFPA-SNPs or PFPA-AuNPs and
were irradiated with medium pressure Hg lamp for 30 min. Figure 2
shows the images of SNPs and AuNPs covalently attached to FLG (a,
d), mechanically exfoliated graphene (b, ¢), and CVD graphene (c, ).
In all cases, nanoparticles distributed fairly evenly and were clearly
attached on graphene without obvious distortion. Note that there
were areas on CVD graphene samples that did not have
nanoparticles (darker areas in Figure 2c, 2f). This is due to the
defects in the CVD graphene starting material, i.e., areas on the
wafer that did not have any deposited CVD graphene as shown in the
Raman map of the CVD graphene (Figure S2).
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Fig. 1 TEM images of PFPA-functionalized nanoparticles: a) PFPA-
SNPs and b) PFPA-AuNPs. c) IR spectra of corresponding samples.

Fig. 2 Electron microscopy images of SNPs conjugated on a) FLG
flakes, b) mechanically exfoliated graphene, (c) CVD graphene; and
AuNPs conjugated on d) FLG flakes, e¢) mechanically exfoliated
graphene, (f) CVD graphene.

To confirm that the nanoparticles were indeed covalently attached
to graphene, control experiments were carried out where the
graphene samples were treated with PFPA-functionalized
nanoparticles under the same conditions except that no UV
irradiation was applied. In this case, almost no particles were present
on the graphene samples (Figure S3, S4), indicating that UV
activation of PFPA was responsible for the covalent bond formation
between nanoparticles and graphene. Additionally, when
unfunctionalized nanoparticles were treated with graphene under the
same conditions, very little nanoparticles were observed on graphene.
This is in contrast with the many nanoparticles seen on covalently
conjugated samples. The residual nanoparticles seen on the control
samples (Figure S3, S4) are likely due to the non-specific physical
adsorption of nanoparticles on graphene. These results demonstrated
that the nanoparticles observed on graphene in Figure 2 are the
results of the covalent bond formation between the PFPA-
functionalized nanoparticles and graphene.
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Fig. 3 XPS spectra of FLG conjugated with SNPs (a-d) and AuNPs
(e-h).

X-ray photoelectron spectroscopy (XPS) was performed to further
study the covalent bond formation between the nanoparticles and
graphene. Figure 3 shows the survey and high resolution spectra of
FLG flakes conjugated with SNPs (SNP-FLG, a-d) and AuNPs
(AuNP-FLG, e-h). The XPS system is a Vacuum Generators Escalab
MK II x-ray photoelectron spectrometer equipped with a dual Mg/Al
x-ray source and with a 150 degree spherical sector electron energy
analyzer operated in constant analyzer energy mode. The vacuum
level during XPS analysis was at 1 x 10” torr. Survey and core level
spectra were collected at pass energy of 100 eV and 50 eV,
respectively. All spectra were referenced to the Cls binding energy
position of adventitious carbon taken at 285.0 eV. The XPS spectra
showed the anticipated F 1s and N 1s peaks, as well as the Si 2p
peak in the SNP-FLG sample (Figure 3a, 3d) and the Au 4f peak in
the AuNP-FLG sample (Figure 3e, 3h). The XPS of PFPA-
functionalized surfaces has two N 1s peaks at 402.1 eV and 405.6 eV
with the intensity ratio of 2:1, corresponding to the two outer and the
one inner N of the azide.** After PFPA-functionalized NPs were
conjugated to FLG, the XPS spectra of SNP-FLG (Figure 3b) and
AuNP-FLG (Figure 3f) showed two N 1 s at 400.2 eV and 401.4 eV,
repectively. The disappearance of the peak at 406.5 eV was a result
from the loss of nitrogen when the azide decomposed upon
photolysis. When PFPA-SNPs or PFPA-AuNPs were irradiated in
the presence of FLG, only those PFPAs that were in contact with
FLG would be involved in the covalent bond formation with FLG.
The majority of PFPA on the nanoparticles, upon UV irradiation,
gave singlet perfluorophenyl nitrene that could either react with the
solvent DCB to give CH insertion products (i.e., aniline derivatives)
or undergo intersystem crossing to triplet nitrene which then yields
an aniline product.®’ Based on this, we assign the larger peak at
400.2 eV to the N in the various aniline products.’> The N of the
amide bond in PFPA-silane (Scheme 1) also shows up in the same
region, thus contributing to the larger peak in Figure 3b.** The
smaller peak at 401.4 eV was assigned to the N in the covalent
structure formed between graphene and PFPA.* % The peaks at
285.0, 286.4, and 288.1 eV in the C 1s spectra are consistent with
previous results of PFPA-functionalized graphene, and are assigned
to C-C, C-N, and C-F and O=C-N, respectively (Figure 3c, 3g).**
Taken together, the XPS results demonstrated that the nanoparticles
were covalently bound on FLG through PFPA-mediated
photocoupling chemistry.

Conclusions

In summary, we have successfully developed a general method to
conjugate nanoparticles to pristine graphene for the synthesis of
graphene-nanoparticle hybrid nanomaterials. This method takes
advantage of the high reactivity of perfluorophenyl nitrene towards
C=C bonds in graphene whereby PFPA-functionalized nanoparticles
can be readily conjugated to graphene by a simple photoactivation of
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PFPA. The method applies to pristine graphene prepared by solvent
exfoliation, mechanical exfoliation and CVD. By using pre-prepared
nanoparticles, the size, shape, and morphology of nanoparticles can
be controlled in advance. The type of nanoparticles is not limited to
SNPs and AuNPs in this study so long as they are functionalized
with PFPA. We have prepared a variety of PFPA-functionalized
nanoparticles including iron oxide (Fe304),*® quantum dots,”’
titanium dioxide nanoparticles, silver nanoparticles, and polymer
nanoparticles. The method developed here could be readily used to
synthesize graphene hybrid nanomaterials with these nanoparticles.
The new method should pave the way for the fabrication of high
performance graphene-based hybrid nanomaterials that can be
utilized in applications including catalysis, nanoelectronics, sensing
devices, and therapeutics.
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