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Polyaniline (PANI) is one of the most studied conducting polymers owing to its high electrical conductivity,
straightforward synthesis and stability. Graphene-supported PANI nanocomposite materials combine the
superior physical properties of graphene, synergistically enhancing the performance of PANI as well as
giving rise to new properties. Covalent nanocomposites have shown to give higher stability and better
performance than their counterparts, however, graphene—PANI
nanocomposite are primarily prepared from graphene oxide. We report a new method to synthesize
covalent graphene—PANI nanocomposites from pristine graphene. Using few-layer graphene (FLG) flakes
as the model system, we first conjugated aniline to FLG via a perfluorophenyl azide (PFPA)-mediated

non-covalent the covalent

coupling chemistry. A subsequent in situ polymerization of aniline gave polyaniline covalently grafted on
the FLG surface. Characterization by FTIR, TEM, SEM, XPS, XRD and electrochemistry confirmed the
successful conjugation of PANI to FLG. The grafting density of PANI was estimated by thermal analysis to
be ~26%. As the PFPA-mediated coupling chemistry is applicable to other carbon materials including
carbon nanotubes and fullerene, the method developed in this work can be readily adapted to grow
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Introduction

Polyaniline (PANI), one of the most valuable polymers, has
a long history, already discovered in the 1850s as a “blue
substance” during the electrolysis of aniline sulphate.’ It has
gained increasing interest after being found to have intrinsic
electrical conductivity comparable to those of semiconductors
and metals.” Its rich chemistry of the polymerization process,
the complex redox chemistry and the doping mechanism
continue to attract intense investigations from researchers.
PANI can be directly synthesized from the inexpensive aniline
starting material, resulting in a polymer having higher chemical
stability compared to other conducting polymers like poly-
thiophene. Demonstrated applications of PANI include print-
able electronics, as conductive coating for charge dissipation
and in making smart wearables, as chemical and biological
sensing material, as energy storage material in supercapacitors,
as imaging and drug delivery vehicles, and for tissue
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engineering.*” The high potential of PANI, however, has been
hindered by its poor melt and solution processability. To over-
come this issue, new polymerization techniques, such as
interfacial and electrochemical polymerization, have been
developed to fabricate PANI of different morphology, like
nanofibers.® The in situ polymerization is another attract
approach where PANI can be directly synthesized on a solid
substrate to make composite materials, thus avoiding the pro-
cessing step altogether.’

Graphene is considered as one of the best matrix materials
for nanocomposites due to its superior mechanical and elec-
tronical properties in addition to its high specific surface area.
Blending PANI with graphene is expected to give nano-
composites that not only overcome shortcomings of PANI, but
also synergistically enhance the performance of both materials
thus giving rise to new properties.'® For example, the relatively
high specific capacitance (>950 F g~') and its ability to
undergo multiple redox reactions makes PANI a highly
promising pseudo-capacitive materials, however, it suffers
from relatively low surface area and poor cycling stability
caused by structural degradation during the redox process.'
Blending PANI with graphene is expected to give a nano-
composite that can increase the contact surface area and
improve its cycling stability.”* Studies have shown that the
covalent binding between graphene and PANI gave rise to
higher capacitance and longer cycle life compared to the non-

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthesis of G-PANI nanocomposite by grafting PANI onto PFPA-ANI-functionalized graphene via in situ polymerization of aniline.

covalent materials by decreasing the interfacial resistance and
enhancing the charge transfer stability.”*™*® Improved stability,
electromagnetic and microwave absorption, and electro-
chemical performances have also been demonstrated through
covalent bonding at graphene-polyaniline interface.**"*

The graphene-PANI nanocomposites have been prepared
from graphene oxide (GO) or reduced graphene oxide (rGO),
owing to the low chemical reactivity of pristine graphene.'®*%*”
GO is synthesized by treating graphite with strong oxidation
reagents such as H,SO,, KMnO, or H3;PO,.*® This process
produces a number of oxygen-containing functional groups, i.e.,
hydroxy, carboxy and epoxy,***° which serve as functionalization
sites for either physisorption or covalent conjugation with PANI.
The introduction of these species, on the other hand, also
severely disrupts the electronic network of graphene, as such
the conjugated sp® network of graphene and its transport
properties cannot be completely restored even after extensive
reduction of GO to rGO.*** Furthermore, the oxidation/
reduction process is difficult to control, and is known to
cause permanent structural damages on graphene. Unlike the
stable pristine graphene, GO would eventually degrade into
humic acid-like materials upon storage,* which hinders the
applications that demand long-term stability of its component
materials.

Here, we report a covalent conjugation chemistry to graft
PANI onto pristine graphene. The covalent functionalization of
graphene is accomplished by perfluorophenyl azide (PFPA)-
mediated coupling chemistry previously developed in our
laboratory.**** Photochemical or thermal activation of PFPA
generates the perfluorophenyl nitrene, which undergoes cyclo-
addition reaction with graphene to form a covalent adduct. In
this work, graphene was first functionalized with aniline-
derivatized PFPA-ANI to introduce aniline groups on gra-
phene. PANI was subsequently grafted onto the graphene
surface by in situ polymerization of aniline (Scheme 1). The
resulting nanocomposite, G-PANI, was characterized by spec-
troscopy, microscopy, X-ray powder diffraction (XRD) and elec-
trochemistry techniques. The grafting density of PANI was
estimated from the thermal analysis.

This journal is © The Royal Society of Chemistry 2020

Experimental
Materials

Graphite powders, methyl pentafluorobenzoate (>97%), sodium
azide, N-hydroxysuccinimide (NHS), 4-dimethylaminopyridine, 4-
(N,N-dimethylamino)pyridine ~ (DMAP),  1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride, phenylenediamine,
acetone, ethyl ether, dichloromethane, methanol, N-methyl-2-
pyrrolidone (NMP) were purchased from Sigma-Aldrich, and
were used as received without further purification. "H NMR spectra
were collected on a Bruker Avance Spectrospin DRX500 spec-
trometer, referenced to the non-deuterated residual solvent peak
in DMSO-d, (dimethyl sulfoxide) at 2.50 ppm. '°F NMR was done
on a JEOL ECZ 400 MHz spectrometer using CF;COOH (—76.55
ppm) as the external standard. The high-resolution mass spectrum
(HRMS) was obtained at the University of Illinois at Urbana
Champaign Mass Spectroscopy facility.

Synthesis of N-(4-aminophenyl)-4-azido-2,3,5,6-
tetrafluorobenzamide (PFPA-ANI)

N-Hydroxysuccinimide-4-azido-2,3,5,6-tetrafluorobenzoate (PFPA-
NHS) was synthesized from methyl pentafluorobenzoate
following the previously reported procedures.**® A solution of
PFPA-NHS in methanol was added into the solution of 4-(N,N-
dimethylamino)pyridine (DMAP) (0.4 equiv.) and excess phenyl-
enediamine (10 equiv.) in methanol, and the mixture was contin-
uously stirred at room temperature overnight. The mixture was
then washed with water to remove unreacted phenylenediamine
and DMAP. Purification by column chromatography using 4 : 1
dichloromethane : ethyl acetate as the eluent gave PFPA-ANI as
ayellow solid (190 mg, 65%). "H NMR (CD;CN): 6 8.68 (s, 1H), 7.31
(d, 2H), 6.64 (d, 2H), 4.16 (s, 2H). °F NMR (CD;CN): 6 —141.84 (m,
2F), —150.73 (m, 2F). FTIR: 800.5, 829.6, 991.2, 1259.2, 1331.8,
1335.7, 1430.9, 1485.3, 1511.3, 1560.2, 1610.3, 1652.1, 1670.3,
2130.1, 3037.2, 3247.5, 3379.2 cm ‘. HR-MS: calculated for
C,5HN;OF, [M + H]': 326.06, obtained 326.06.

Preparation of FLG flakes

Graphite powders were dispersed in NMP at the concentration
of 1 mg mL™ ", and the mixture was sonicated for 24 h using

RSC Adv, 2020, 10, 26486-26493 | 26487
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a sonication probe (SONICS, 20 kHz, 40% Ampl.). The resulting
dispersion was then centrifuged for 30 minutes at 500 rpm, and
the supernatant was collected. The concentration of FLG flakes
in the supernatant was calculated by measuring the absorbance
of the dispersion at 660 nm on a UV-vis spectrometer (Perkin
Elmer Lambda 45).*

Functionalization of graphene with PFPA-ANI

PFPA-ANI was added to a dispersion of FLG flakes in NMP at
1 :1 mole ratio of PFPA : C. The mixture was heated at 150 °C
for 1 h in a microwave reactor (Mars 6tm, microwave digesting
system, CEM corporation). Unreacted PFPA-ANI was removed by
repetitive washing and centrifugation in acetone to give the
product G-ANI.

Synthesis of PANI-grafted graphene

Graphene-PANI composite (G-PANI) was prepared by way of
oxidative polymerization of aniline in the presence of G-ANI
using ammonium persulfate (APS) as the oxidant.'****° G-ANI
was dispersed in a solution of aniline in 1 M HCI (0.03 M), and
the mixture was sonicated for 30 min. The mixture was then
cooled in an ice-bath, and APS was slowly added. The mole ratio
of aniline : APS was set at 4:1. The polymerization was
continued for 4 h in the ice bath, and the resulting dark-green
products were filtered and washed with HCI, distilled water
and ethanol to remove unreacted monomer and oxidant, and
finally dried at 50 °C for 24 h under vacuum.

Electrochemical measurements

Cyclic voltammograms (CVs) were obtained to determine the
capacitance of graphite and G-PANI electrodes. In order to carry
out an electrochemical measurement, a substrate material was
mounted in a cell holder that has a 0.11 cm? circular opening,
which allows the electrolyte solution to interact with the elec-
trode. This cell holder provides a well-defined electrode area for
electrochemical measurements. All electrochemical measure-
ments were carried out using a three-electrode cell, where
a platinum wire and a silver/silver chloride (Ag/AgCl) were used
as the counter and reference electrodes, respectively. The elec-
trolyte solution (0.1 M sulfuric acid) was purged with nitrogen
gas for 10 min prior to the measurements.

Results and discussions

The covalent graphene-PANI nanocomposites were prepared by
in situ polymerization of aniline on aniline-functionalized gra-
phene. The PFPA-mediated coupling chemistry, previously
developed in our laboratory, was employed to covalently func-
tionalize pristine graphene, through the cycloaddition reaction
of the photochemically- or thermally-generated perfluorophenyl
nitrene. Towards this end, an aniline-derivatized PFPA, PFPA-
ANI, was synthesized by the amide coupling between PFPA-
NHS and phenylenediamine in methanol in the presence of
DMAP at room temperature overnight (Scheme 1). The structure
of the product was confirmed by FTIR, 'H and '°F NMR, and
HRMS. Compared to phenylenediamine, the FTIR spectrum of
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Fig. 1 IR spectra of (a) PFPA-ANI and (b) phenylenediamine.

PFPA-ANI showed strong new absorptions at 2130 and
991 cm ™, originated from the asymmetric stretching of the
azido group and the C-F stretching, respectively (Fig. 1). The
absorption bands at 3400-3200 cm ™' can be assigned as the
asymmetric and symmetric N-H stretching (Fig. 1a). Two peaks
at 1610 and 1259 cm™ ' were from N-H and C-N vibrations,
respectively. The "H NMR spectrum showed the aniline amine
proton at 5.06 ppm and the amide proton at 10.51 ppm in
addition to the two sets of aniline aromatic peaks at 6.55 and
7.29 ppm, respectively (Fig. 2). The '°F NMR spectrum con-
tained two sets of F signals at —146.67 and —141.18 ppm, which
is consistent with the 2,3,5,6-tetrafluorophenyl structure
(Fig. 3).%>2

To facilitate material characterization, liquid-exfoliated few-
layer graphene (FLG) flakes were used as the model system to
demonstrate the feasibility of the conjugation chemistry. FLG
flakes were prepared by subjecting graphite powders to probe
sonication and collecting the supernatant.® The concentration
of the FLG suspension was determined by measuring the
absorbance at 660 nm.” FLG was then functionalized with
PFPA-ANI by subjecting the reaction mixture to microwave
radiation at 150 °C for 1 h to give G-ANI (Scheme 1).** Under
TEM or SEM, no obvious changes in morphology were observed
after the FLG flakes were functionalized with PFPA-ANI (Fig. 4b
vs. 4a and 5a). Graft polymerization was accomplished from G-
ANI in the presence of aniline, APS and HCI, through APS-
mediated polymerization that is frequently used to prepare
PANI-based composites on materials like graphene oxide.'®

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 1°F NMR spectrum of PFPA-ANI in DMSO-de.

After grafting PANI onto G-ANI, densely distributed and verti-
cally grafted needles can be seen on the FLG surface (Fig. 4c and
5b). These are PANI as the polymer synthesized from aniline
under the same conditions in solution without G-ANI
possessed similar shape and morphology (Fig. 4d). A control
experiment was carried out by subjecting FLG flakes under the
same polymerization conditions except that the flakes were not
functionalized with PFPA-ANLI. In this case, the PANI polymer
was randomly distributed on the flakes and no vertically grafted
PANI was observed (Fig. 5c). The difference in the polymer
morphology might be due to the different nucleation mecha-
nism of polymerization.**** According to the nucleation theory,

This journal is © The Royal Society of Chemistry 2020

both heterogeneous and homogenous nucleation mechanisms
are possible. In the control experiment where aniline was
polymerized in the presence of un-functionalized FLG flakes,
homogenous nucleation in solution and around the FLG
surface can be anticipated. The agglomerated PANI observed on
the FLG flakes could result from either the deposition of
solution-polymerized polymer or polymer grown from the
aniline monomer physisorbed on FLG flakes. In the case of
aniline polymerized in the presence of aniline-functionalized
FLG, G-ANI, the covalently attached aniline on the FLG
surface serves as nucleation sites for polymer growth, in which

case, aniline polymerization is anticipated to undergo

RSC Adv, 2020, 10, 26486-26493 | 26489
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Fig.4 TEM images of (a) FLG flake, (b) aniline-functionalized FLG, G-ANI, (c) FLG grafted with PANI prepared by polymerization, G-PANI, and (d)
PANI prepared under the same conditions in solution without the addition of G-ANI.

heterogeneous nucleation.” It has been reported that hetero-
geneous nucleation on the graphene surface dominates when
the aniline concentration is lower than 0.05 M.* In this case,
the polymer would grow directly from the FLG surface, resulting
in covalently grafted PANI on FLG.

G-ANI and G-PANI were characterized by X-ray photoelec-
tron spectroscopy (XPS). Both N and F peaks were observed in
the XPS survey scan of G-ANI (Fig. 6a), supporting the
successful functionalization of the FLG flakes with PFPA-ANI.
After grafting of PANI, both N and F peaks were again
observed in the survey spectrum of G-PANI but the relative
intensity of N 1s increased whereas that of the F 1s decreased.
The intensity ratio of N : F changed from 1 : 1 in G-ANI (Fig. 6a)
to 4.2 : 1 in G-PANI (Fig. 6b). This is anticipated as grafting
PANI would drastically decrease the surface concentration of F
whereas the concentration of N would increase after PANI was
grafted (Scheme 1).

In the deconvoluted high-resolution N 1s spectrum of G-ANI
(Fig. 6e), the peak at ~401 eV is characteristic of the N in the
PFPA-functionalized graphene.***>* The peak at ~400 eV can
be attributed to the aniline N°” and the amide N in PFPA-ANIL.>
Polymerization of ANI under the acidic oxidative condition gave
the green emeraldine salt of PANI, which consists of un-
protonated and protonated aniline structures with the N 1s
binding energies at 399.3 eV and 401 eV, respectively.®®
Furthermore, the N 1s peak at 399.3 eV dominates in the XPS
spectrum of the emeraldine salt regardless of the degree of

26490 | RSC Adv, 2020, 10, 26486-26493
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Fig. 5 SEM images of (a) G-ANI, (b) G-PANI, prepared by polymerization of ANI in the presence of G-ANI, and (c) control sample prepared by
polymerization of ANI in the presence of un-functionalized FLG.

protonation.’® In our case, after grafting PANI, there should be
a net increase in the aniline N concentration and a decrease in
the effective concentration of the amide N in PFPA. Indeed, in
the high-resolution N 1s spectrum of G-PANI (Fig. 6f), the
intensity of N 1s peak at ~400 eV increased dramatically relative
to the peak at ~401 eV.” Taken together, these XPS data support
the successful grafting of PANI on aniline-functionalized FLG
flakes.

The XRD patterns of PANI and G-PANI composite are shown
in Fig. 7. For PANI obtained by oxidative polymerization under
the same conditions, three peaks at 26 = 15.3°,20.7° and 25.2°,
corresponding to the (011), (020) and (200) crystal planes of
PANI in its emeraldine salt form, were observed.®® The G-PANI
composite contained the characteristic peaks of pure PANI. The
intense diffraction peak at 2 = 26.5° corresponds to the (002)
hexagonal graphitic carbon which is characteristic to graphene
(JCPDS card no. 75-1621). No additional crystalline order was
observed in G-PANI composite, supporting the successful
formation of PANI on the graphene surface.

The thermal property of G-PANI was characterized by
thermal gravimetric analysis (TGA). Fig. 8 show the TGA weight
loss curves recorded from room temperature to 800 °C, together
with the corresponding differential thermogravimetric analysis
(DTGA) curves which identify the onset, maximal and end
temperatures of each decomposition event. The FLG flakes had
negligible weight loss, ~0.70% at 800 °C. The TGA and DTGA
curves of PANI agreed well with that reported in the literature.**

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 XPS survey spectra of (a) G-ANI and (b) G-PANI. High-resolution (c) N 1s and (d) F 1s spectra of G-ANI and G—-PANI. High resolution N 1s
XPS spectra of (e) G-ANI and (f) G-PANI. All peaks were referenced to the binding energy of adventitious carbon at 285.0 eV (C 1s).

The initial weight loss before 258 °C is likely due to the loss of
moisture and dopant. The major event of PANI decomposition
started at above 258 °C,'®> which was also observed in G-PANI
composite, supporting the successful conjugation of PANI to
graphene. The additional DTGA peaks observed in G-PANI
could be from PFPA-ANI and/or lower molecular weight PANI
physisorbed on the FLG surface.

The grafting density of PANI on G-PANI, i.e., the percent of
PANI grafted on FLG x, can be estimated from the TGA data in
Fig. 8 following eqn (1),

x x wpant + (I — X) X wg = wg_pant (1)

where wg, Wpan, and Wg_pant are the percent weight losses of
FLG, PANI, G-PANI, respectively. The weight loss in the
temperature range of 258-800 °C, which included the PANI

This journal is © The Royal Society of Chemistry 2020

decomposition and excluded the contributions from moisture,
solvents and low molecular weight organics, was used for the
calculation. From eqn (1), and wg, Wpani, and Wwg_pant values
obtained from Fig. 8 (0.70%, 37.9% and 10.2%, respectively), x
was calculated to be 26%. In other words, in 1 g of G-PANI,
~0.26 g of PANI was grafted.

To further confirm the presence of PANI on the FLG surface,
the G-PANI electrode was characterized using cyclic voltam-
metry in a three-electrode cell. Fig. 9 shows the cyclic voltam-
mograms of FLG and G-PANI electrodes at 25 mV s~ '. The
optimized potential window was from 0.5 to —0.2 V vs. Ag/AgCl,
which was determined such that the solution electrochemistry
was eliminated at the two extreme ends of each CV. Compared
to the FLG electrode, the capacitance of the G-PANI electrode
increased from 1.4 F g ' to 12.3 F g~ . The enhance of specific
capacitance in the sample is due to the contribution of both

RSC Adv, 2020, 10, 26486-26493 | 26491
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Fig. 9 Cyclic voltammograms of FLG (black) and G-PANI (blue) in
0.1 M sulfuric acid at 25 mV s~! scan rate.
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electrical double layer capacitance and pseudocapacitance
because PANI can be reduced or oxidized within the potential
window under our experimental conditions. The CV results
indicate that PANI was successfully grafted onto the FLG surface
and remained electrochemical active.

Conclusions

We have successfully synthesized covalently-grafted PANI on
FLG flakes using the PFPA coupling chemistry. Functionaliza-
tion of FLG flakes with PFPA-ANI gave the covalently conjugated
aniline that served as the heterogeneous nucleation sites for the
in situ polymerization of aniline, leading to polyaniline needles
covalently grafted on the FLG flakes. The resulting G-PANI
composites were characterized by spectroscopy, microscopy,
XRD and electrochemistry, confirming the successful grafting of
PANI on FLG. The grafting density of PANI was estimated to be
~26% from TGA analysis. As the PFPA functionalization
chemistry is applicable to other carbon nanomaterials such as
carbon nanotubes and fullerene,**** the method developed here
can be readily adapted to grow polyaniline or other conducting
polymers on these technologically-important carbon materials.
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