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Phenylenediamine functionalized reduced graphene oxide (GONH?2) is designed and
synthesized for the preparation of polyaniline/reduced graphene oxide hybrid having better
interactions than that of unfunctionalized graphite oxide/polyaniline hybrid. Hybrids are
synthesized by the in situ polymerization of aniline in the presence of GONH2. Defects
generated in GONH2 during functionalization are repaired during hybrid formation. Due to
the presence of free amino groups in GONH2, it will participate in the polymerization of
aniline and covalent bonds will be formed between polyanline and GONH2, resulting in the
increased room temperature conductivity and photocurrent generation compared to pure
polyaniline and polyaniline/graphite oxide hybrid synthesized in the same experimental
conditions. Significant reduction and exfoliation of graphite oxide after functionalization
with phenylenediamine, formation of direct conducting pathways by covalent connections
and the photoinduced electron transfer between polyaniline and GONH2 plays a major role
for the improved electrical conductivity and photocurrent generation.
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1. Introduction

Graphene, the single layered graphite with conjugated hexagonal
lattice, is the nearly ideal 2D material 2. The optoelectronic and
light harvesting applications of graphene are of particular interest
for academic, technological and industrial sectors. A major
challenge in developing light harvesting devices is the effective
separation of photogenerated electron-hole pairs and the transfer
of electron to the electrode. Graphene is a promising electron
acceptor material® for the photocurrent generating devices due to
its high specific surface area, tunable bandgap and the higher
linear in-plane dimensions (approximately 5 um) compared to the
thickness (0.34 nm)*®. The photoinduced electron transfer from
various semiconducting materials to carbon materials like carbon
nanoparticles7, carbon quantum dots®, grapheneg, etc. have been
recently demonstrated for photovoltaic and photocatalytic
applications. To date various synthetic methods, like mechanical
exfoliation, epitaxial growth, chemical and electrochemical
reduction of graphite oxide (GO), etc. have been developed for
producing high quality graphene™'*'*. Among them the chemical
reduction of GO is proven to be the effective method because of
the low cost and possibility of mass production. Heavy
oxygenation of graphite during GO synthesis'® results in different
functional groups (hydroxyl, carboxy, epoxy and alkoxy groups)
on the basal planes and the edge sites and makes GO sheets
strongly hydrophilic and easily dispersible'®'®, hence opens up a
way to introduce various functional materials. Recently graphene
based composite materials of metal and metal oxide
nanoparticles'>*, nanoparticles of semiconducting oxides®*,
quantum dots*, conducting polymers®®?®, etc. are gaining more
attraction due to the synergetic combination of properties of
different components. The challenge in designing composite
systems is the requirement to obtain defect free individual
graphene oxide or graphene sheets in the reduced form.
Conducting polymer/graphene hybrids are a major class of
composite materials for the fabrication of donor/acceptor based
electronic devices**?. Among conducting polymers, polyaniline
being an excellent organic conductor with good environmental
stability and low cost, has often been used to make composite
with carbonaceous materials, especially with graphene. Mainly
polyaniline/graphene hybrids are synthesized by noncovalent
mixing or covalent grafting. Both methods have its own
advantages and disadvantages.

The covalently connected graphene-porphyrin hybrids have
been recently studied for photocurrent generation applications.
Karousis et al.*® electrophoretically deposited graphene oxide
with covalently linked porphyrin antennae on tin oxide and the
electrode exhibits an incident photon-to-photocurrent-efficiency
of 1.3% in a standard photoelectrochemical cell. Tang et al.**
very recently synthesized porphyrin hybrid covalently
functionalized with graphene and studied the improved
photocurrent generation compared to free porphyrin. Eventhough
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covalently grafted hybrids of graphene are known in the literature
for photocurrent generation applications, the advantages of
covalently connected polyaniline—graphene hybrids are not highly
explored. Few papers are published specially aiming
supercapacitor applications®™°, memory effect*® and optical
limiting" of polyaniline-graphene hybrids with covalent
interactions.

Herein we report the phenylenediamine functionalization of
GO (synthesis of GONH2) followed by the hybridization with
polyaniline. Phenylenediamine functionalization is designed to
achieve covalent linkage between polyaniline and reduced
graphene oxide in the simple one step polymerization reaction.
Considerable reduction and exfoliation of GO is achieved after
functionalization and Raman spectrum suggests the repairing of
defects after hybridization with polyaniline. Significant electron
transfer between polyaniline and GONH2 is evidenced by the
photoluminescence quenching of polyaniline after hybrid
formation. The hybrid shows considerable improvement in dc-
conductivity and photocurrent compared to pure polyaniline.

2. Experimental
2.1. Materials

Graphite powder with particle size less than 20 pm was
purchased from Sigma Aldrich and used as such for the synthesis
of GO. All the other chemicals used were purchased from Merck
India. Aniline, thionyl chloride and dimethyl formamide were
distilled prior to use and other chemicals were used as such.

2.2. Characterization

Fourier Transform Infra-red (FTIR) spectra were recorded using
Perkin Elmer 100 FTIR spectrometer. X-ray diffraction (XRD)
studies and X-ray photoelectron spectroscopy (XPS) were
performed using Bruker AXS D8 advance X-ray diffractometer
using Cu Ka (A = 1.54 A) radiation and Kratos Axis ultra
photoelectron spectrometer with a monochromatic Al Ko X-ray
source respectively. The Raman spectrum of the samples were
recorded in WiTech alpha 300 Raman spectrometer excited with
488 nm. Thermal studies were done using thermogravimetric
analysis (TGA Q50, TA instruments) at a heating rate of 10 °C
under nitrogen atmosphere. Morphology of the samples were
studied using FEI Quanta FEG 200 high resolution scanning
electron microscope (HRSEM) and FEI Quanta high resolution
transmission electron microscope (HRTEM). UV-visible spectra
were  recorded using  Careyl00 Bio  UV-Visible
spectrophotometer. Cyclic Voltametry was performed on an
Autolab electrochemical workstation with a three electrode cell in
a solution of NaCl (0.1 M) at a scan rate of 100 mV/ s. The m-
cresol solution of the sample was drop cast onto the glassy carbon
electrode and then dried at 100 °C to form a thin film. A Pt wire
was used as the counter electrode, and a Ag/AgNO; electrode
was used as the reference electrode.
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2.3. Electrical conductivity measurements

The dc-conductivity of the samples, in the form of circular
pellets, were measured at room temperature using four-probe
method. The current from a dc-source meter (Keithley, 2182A)
was allowed to pass through the outer probes of the four-probe
and voltage across the two inner probes was measured using
Keithley nanovoltmeter (6221). The dc-conductivity is calculated
using the standard van der Pauw relation

p=(In2/m)1/V)

where t is the thickness of the sample and is taken as the average
of three different measurements using a screw gauge. The
equation can be applied only if the sample size is large compared
to the probe spacing (d/s>40), hence in order to get accurate
measurements correction for the edge effects is required. For our
studies, we used circular pellets of the samples with a diameter of
13 mm and thickness less than 0.5 mm. The probe spacing used
was 2 mm. So edge correction of 0.82 was applied to the above
equation. The pellets of the samples were prepared by applying a
pressure of 4 tons using a hydraulic press (PCI Analytics Pvt.
Ltd, Mumbai). The correction factor is obtained from the
National Bureau of Standards Technical Note 199 — “Correction
Factor Tables for Four-Point Probe Resistivity Measurements on
Thin, Circular Semiconductor Samples”.

2.4. Photocurrent measurements

Thin films of the samples were fabricated on clean FTO glasses.
The FTO glasses were cleaned by ultrasonication in acetone,
methanol and distilled water. The samples in a cresol/nafion
mixture were spin coated on FTO at 1500 rpm for 1 min. After
spin coating, the films were baked at 100 °C for 30 min.

Photocurrent experiments were conducted with Autolab
electrochemical work station in a conventional three electrode
electrochemical cell comprising of the thin film sample as the
working electrode, platinum wire as counter electrode and
Ag/AgCl as a reference electrode. 0.2 M Na,SO, taken in a
quartz beaker was used as the electrolyte solution. The electrolyte
was bubbled with nitrogen before and during the measurement.
The active area of the working electrode was 0.25 cm® The
potential of the working electrode was set at 3 V. An
incandescent lamp operating at 300 W was used as the
illumination source and the photointensity was measured using
digital solar meter (Daystar meter, USA) which uses
polycrystalline silicon photovoltaic cell as the sensor. The light
intensity chosen for the measurement was 100 mW/cm?.

2.5. Synthesis and phenylenediamine functionalization of GO
and the hybrid formation with polyaniline

GO was synthesized by the oxidation of graphite by low
temperature modified Hummers method'® and it is functionalized
with phenylenediamine by the formation of amide linkages. The
hybrids were synthesized by the in situ polymerization of aniline
in the presence of GONH2. The aniline: GONH?2 ratio was chosen
as 1:2 and the hybrid was named as PINH2G2. Because of the
presence of phenylenediamine groups, the GONH2 can
participate in the polymerization of aniline. The chains initiated
by the phenylene diamine radical cation will get covalently

grafted into the reduced graphene oxide layers, while the chains
initiated by the aniline radical cations will get physically trapped
in reduced graphene oxide layers. The detailed synthesis
procedure is reported earlier*.

60 2.6. Synthesis of polyaniline/GO hybrid

In order to study the improved properties of the hybrid by the
formation of covalent bonds between polyaniline and GONH2,
polyaniline/GO hybid was synthesized as a control sample using
GO, instead of GONH2, keeping other conditions the same. The

es hybrid is named as P1G2.

3. Results and Discussion
3.1. Characterization of GO and GONH2

The presence of oxygen functionalites in GO is characterized
using FTIR spectrum. Figure 1 (a) shows the FTIR spectrum of

70 graphite, GO and GONH2.
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Fig. 1 (a) FTIR spectrum and (b) XRD spectrum of graphite, GO and
GONH2

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3

Page 4 of 9



Page 5 0of 9

20

25

30

35

4

S

4

@

RSC Advances

In GO, the peak observed at 1729 cm’! is due to the carbonyl
stretching vibration of carboxylic acid groups. The peaks at 1399,
1186 and 1084 cm™ are due to the C-O stretching vibration of
carboxy, epoxy and alkoxy groups, respectively’®. The peak at
1624 cm” is ascribed to skeletal vibrations of unoxidized
graphitic domain®. After functionalization with
phenylenediamine, the peak corresponding to carbonyl stretching
is shifted to 1709 cm™ due to the formation of amide bonds. The
characteristic N-H bending vibration at 1505 cm™ is also
recorded. XRD spectrum of samples are shown in figure 1 (b).
Graphite shows characteristic peak at 26=26.7°. After the
introduction of oxygen functionalities, the graphitic peak shifts to
10.3° with an increase of d-spacing to 0.86 nm. The increase in d-
spacing is due the weakening of van der waals interaction
between the layers because of the intercalation of oxygen
functionalities. The disappearance of 0.34 nm inter-graphene
spacing indicates the complete oxidation of graphite into
GO.When phenylenediamine is grafted, the peaks at 26=10.3°
disappears and a new broad peak appears at 26=25.1° due to the
decrease of interlayer spacing by the removal of intercalated
oxygen functional groups, hence indicating the reduction of GO
after phenylenediamine functionalization. The broadening of the
peak compared to the graphitic peak is due to the poor ordering in
the stacking direction and hence suggests destacking of GO
during grafting of phenylenediamine.

The decomposition pattern of the samples is studied by TGA
analysis and shown in figure 2 (a). Graphite is stable in the
temperature range up to 800 °C, where as GO shows a major
weight loss from 150-200 °C due to the loss of labile oxygen
functional groups®. The increased inter layer spacing also
promotes the easy removal of oxygen functionalities. Weight loss
after 680 °C is due to the degradation of sp® carbon atom. The 8%
weight loss up to 150 °C is due to the loss of adsorbed water
molecules. From the TGA analysis, oxygen percentage is
calculated as 47% (weight loss in the temperature range
150-680 °C). The weight loss in this temperature range is
significantly reduced after the phenylenediamine grafting due to
the removal of oxygen groups. XPS and Raman spectrum of the
samples are given in figure 2 (b) and (c) respectively. XPS
spectrum of GO shows 47% oxygen content and after
functionalization, oxygen percentage is drastically reduced (8%)
and carbon percentage is increased (86%) compared to GO. The
peak corresponding to nitrogen also appears at 400 eV. Raman
spectrum of graphite shows an intense G band at 1574 cm™ and a
very small D band at 1357 cm™. The G band is associated with
the doubly degenerate phonon mode (E,, symmetry) at the
Brillouin zone center and D band is the disorder induced band*.
After oxidation, the intensity of D band increases due to the
introduction of defects. The Ig/Ip ratio of GO is 0.91, which is a
measure of disorder. After phenylenediamine grafting, the
intensity of D band again increases and I/Ip ratio is decreased to
0.81 because of more defects.
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Fig. 2 (a) TGA pattern (b) XPS spectra and (c) Raman spectra of the
samples.

SEM and TEM image of GO shown in figure 3 clearly depicts
the layered and aggregated morphology of GO. The bumpy

o texture of the flat regions in SEM images can be related to the

presence of isolated epoxy and hydroxyl reaction sites*. After the
introduction of phenylenediamine, the surface become very rough
and GONH2 shows wrinkled morphology. TEM image of

This journal is © The Royal Society of Chemistry [year]
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GONH?2 clearly shows the considerable exfoliation of GO after
phenylenediamine functionalization.

(a)

5 Fig. 3 (a) SEM images and (b) TEM images of GO and GONH2
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Fig. 4 UV-visible spectra of GO and GONH2

Figure 4 shows the UV-visible spectra of GO and GONH2 in 2-
propanol. The spectrum of GO shows a peak at 244 nm
10 corresponding to m-m* transition of C=C bond and a shoulder
around 290-300 nm due to the n-n* transition of C=0 bond.The
absorption of GO at 244 nm is red shifted to 274 nm after
diamine functionalization, indicating that the electronic
conjugation is revived after phenylenediamine functionalization
1s due to the reduction of GO'. All the above characterization
techniques reveal the significant reduction and exfoliation of GO
after phenylenediamine grafting, hence it is named as
phenylenediamine functionalized reduced graphene oxide.

3.2. Characterization of polyaniline-GONH2 hybrid

20 Polymerization of aniline is carried out in the presence of

GONH?2 for the formation of hybrid. The structure of the hybrid
is characterized by FTIR, XRD, TGA, and XPS analysis and is
shown in figure 5 (a-d).
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The FTIR spectrum of the hybrid shows all the characteristic
peaks of polyaniline, but is shifted to higher wavenumber side
because of the 7-n interaction of polyaniline with aromatic region
30 of GONH2. The FTIR spectrum of polyaniline is shown in figure
S1 (Supplementary Information) for a comparison. In figure 5 (a),
the peak at 1570 and 1496 cm™ are due to the C=C stretching
vibration of the quinonoid and benzenoid rings of polyaniline. C-
H in-plane and out-of-plane bending vibration are seen at 1146
35 and 818 cm™, respectively. C-N stretching vibrations of polaronic
and nonpolaronic structures are found at 1241 and 1303 cm’
respectively. The XRD spectrum of the hybrid (figure 5 (b))
shows the characteristic peaks of polyaniline at 15° and 25°
corresponding to (011) and (200) plane respectively. The
4 intensity of the characteristic peak of polyaniline at 26=20°
(figure S2) corresponding to the periodicity parallel to the
polymer chain is reduced in the hybrid spectrum because of the
better n-n stacking in the hybrid. The peak corresponding to GO
at 10.3° completely disappears in the spectrum of polyaniline-
4s GONH2 hybrid. This clearly indicates the successful reduction of
GO in the hybrids synthesized by this novel methodology. The
decomposition pattern of the hybrid plotted along with that of
polyaniline, hybrid and GONH2 are shown in figure 5 (c).
Compared to pure polyaniline (38%), the hybrids show more
so residue (47%) because of the presence of stable GONH2. The
XPS spectrum of the hybrid shown in figure 5 (d) reveals all the
elements present in the hybrid (O, C, N and S). Raman spectrum
of the hybrid shows increased Ig/Ip ratio (0.98), hence reduced
disorder. This suggests defect repairing of GONH2 after hybrid
ss formation with polyaniline resulting in larger sp’ domain and
extended m-conjugation. Figure 5 (f) shows the UV-Visible

This journal is © The Royal Society of Chemistry [year]
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spectra of polyaniline and the hybrid PINH2G2 recorded in
2-propanol. The hybrid spectrum shows all the three
characteristic peaks of polyaniline; A, at 325 nm due to the n-*
transition of the benzenoid rings, a shoulder around 435 nm and a
tail extending to the NIR region due to the wellknown polaron
transitions*,

SEM and TEM images of the hybrid PINH2G2 is shown in
figure 6, which shows the presence of polyaniline covered with
exfoliated and reduced graphene oxide. HRTEM image showing
the lattice fringes of reduced graphene oxide is shown in figure
S3.

.

Fig. 6 (a) SEM and (b) TEM images of hybrid PINH2G2

Room temperature dc-conductivity of polyaniline is observed as
2 S/cm. The hybrid PINH2G2 shows increased conductivity (6.3
S/cm) than that of pure polyaniline. This may be because of the
formation of direct conducting pathways due to the covalent
bonds between polyaniline and GONH2. To investigate the effect
of phenylenediamine grafting in improving the conductivity, the
conductivity of PINH2G2 is compared with that of
polyaniline/GO hybrid (P1G2). P1G2 shows conducitivity less
than that of pure polyaniline (0.03 S/cm) because of the
insulating nature of GO. After
phenylenediamine, because of the considerable reduction and
exfoliation, GONH2 acts as a conducting filler and the direct
covalent linkage between polyaniline and GONH2 promotes
easier delocalization of electrons, hence better conductivity.
Photoluminescence of the samples in equal weights (I mg in 5
ml) are recorded in 2-propanol and given in figure 7 (a).
Polyaniline shows a broad emission centered at 480 nm. The n-n*
transition of the benzenoid units are responsible for the
photoluminescence in polyaniline*’. The excitation wavelength is
chosen as 360 nm, since it falls inside the m—m* absorption
envelope.  After hybridization with  polyaniline, the
photoluminescence is significantly quenched due to the efficient
electron transfer between polyaniline and GONH2 before
recombination. Photoluminescence quenching is more significant
in PINH2G2 than in P1G2, revealing better electron transfer
through the direct covalent linkage between polyaniline and
GONH2 in  PINH2G2. Similiar ~ observation  of
photoluminescence quenching due to photoinduced -electron
transfer from P3HT to graphene is reported by Liu Q. et al.’

functionalization with

Photoresponse property of the samples under white light
illumination is studied by measuring the photocurrent growth and
decay of the samples by repetitive switching of the illumination
(on/off) at an interval of 30 s. From figure 7 (b) and (c), it is clear
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that large and efficient photocurrent generation (29 pA) is

so observed in PINH2G2, where as polyaniline does not show much

higher photocurrent (4.6 pA). The responsivity of the samples are
calculated by the equation (Iy,-I,)/L,g Pure polyaniline shows a
responsivity of 7.8%, while the hybrid shows an increased
responsivity of 25.6%. Low exciton dissociation and immediate
recombination of the photogenerated electrons and holes is
responsible for the low photocurrent in polyaniline. But in the
hybrid, the photogenerated exciton may easily be diffused into
the interface between polyaniline and reduced graphene oxide
and get dissociated. The electrons are transferred to reduced
graphene oxide layers and the holes are delocalized along the
polyaniline chain and results in large photocurrent. The
photocurrent cycles of the hybrids are more reproducible
compared to polyaniline. For a comparison, the photocurrent
cycles of unfunctionalized GO/polyaniline (P1G2) hybrid is also
given in figure 7 (d). It shows only slight improvement in
photocurrent (9.1 pA) compared to pure polyaniline. Hence the
efficient photocurrent generation of PINH2G2 is due to the
formation of direct conducting pathways because of the covalent
linkage between polyaniline reduced graphene oxide sheets.
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Fig. 7 (a) Photoluminescence spectrum and (b-d) photocurrent cycles of
the samples

To get an insight into the process of photocurrent generation in
this hybrid, energy level diagram of the photocurrent generating

75 system is drawn as shown in figure 8. The calculated

wrokfunction of graphene is approximately 4.4 eV*. CV
experiments were used to calculate the exact HOMO/LUMO
energy levels of polyaniline in the PINH2G2 hybrid. CV curve is
shown in Figure S4 of the Supplimentary Information. HOMO
and LUMO energy Levels (Eyomo and Epymo) of polyaniline
were calculated through the following equations using ferrocence
as the reference potential (E,.p).

Eromo = (4.8 + Eper — Eoy) €V
ELUMO = (748 + Erefi Ered) eV

On the basis of these equations, the energy levels of HOMO and
LUMO for polyaniline in the hybrid were calculated to —5.05 and
—4 eV, respectively, yielding a band-gap of 1.05 eV.

This journal is © The Royal Society of Chemistry [year]
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Under white light illumination, electrons are excited from the
the HOMO to the LUMO level of polyaniline. The exciton then
diffuses into the interface between donor and acceptor levels of
the hybrid. Due to the difference in LUMO energy levels, there
exists a strong electric field at the interface between donor and
acceptor, which allows the dissociation of excitons. Reduced
graphene oxide is having higher electron affinity, so naturally the
dissociated electrons can relax to GONH2 and get transported
away from polyaniline. The seperated holes can be delocalized
along the polyaniline chain. The electrons and holes are then
extracted out at cathode and anode respectively, supported by an
internal electrical field generated mainly due to the difference in
work function of the electrodes used, as figure 8 (a) and (b)
depict.

-4.4 eV

FTO_& " Homo
- R A a AR
ooV i -5.05eV

Energy

Polyaniline H Polyanilinei

Pt !
-6.3 eV §

(b) pt_|
-7.8 EVE

(a)

Fig. 8 (a) band alignment of FTO-P1NH2G2-Pt system before the
applied bias; (b) band alignment of the system when a bias of 3V is
applied across the device and illuminated with light. The arrows show the
direction of the photogenerated electrons.

Although the nonlinear optical property of polyaniline-reduced
graphene oxide hybrid was reported in our earlier publication*,
the systematic studies on the improved dc-conductivity and
photocurrent in polyaniline-GONH2 hybrid in comparison to the
pure polyaniline and polyaniline-unfucntionalized GO hybrid is
new to the scientific community.

Conclusions

Phenylenediamine functionalized reduced graphene oxide is
designed, synthesized and characterized for synthesizing
polyaniline hybrids with direct covalent connectivity to reduced
graphene oxide sheets. The hybrid shows around 3 times increase
in electrical conductivity compared to pure polyaniline and
around 200 times increase with respect to unfunctionalized
GO/polyaniline hybrid. Considerable reduction and exfoliation of
GO after phenylenediamine grafting and the covalent bonds
between polyaniline and GONH2 are responsible for the better
conductivity. Significant photoluminescence quenching is
observed in the hybrid and is due to the efficient electron transfer
between polyaniline and GONH2. The hybrid produces large and
stable photocurrent under white light irradiation and hence it is an
interesting material for optoelectronic applications.
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