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Abstract

In the present study, we introduce a simple chemical method to synthesize p-phenylenediamine (PPD) as an efficient mate-
rial for functionalizing graphene oxide. Functionalized reduced graphene oxide Aerogel with PPD (PPD-rGO Aerogel) is
used for improving electrochemical performance of polyorthoaminophenol electroactive film. The structural morphology
and microstructure analysis of the materials used in this work are performed by different surface analyses. The composite
electrode's electrochemical behavior is studied using an acidic solution in cyclic voltammetry (CV) and charge/discharge
system. The POAP/PPD-rGO composite electrode shows a C, of 1180 F/g at 1.0 A/g current density. Our results provide
an improved conductive polymer composite film with high active surface area, ease of synthesis and high cycling stability

for supercapacitors (SCs).
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Introduction

Because of the rapidly growing demand for green energy,
the researchers' efforts are focused on the exploration of
efficient, clean and sustainable equipment for energy stor-
age (Ehsani et al. 2021a). Supercapacitors are known for
their exceptional energy storage with rapid charge/discharge,
long cycle-life, and wide temperature range (Burke 2000).
Therefore, SCs are considered one of the promising electri-
cal energy storage devices that might replace the present
battery technology for efficient energy storage applications
in portable and wearable electronics, and electric and hybrid
vehicles (Kaempgen et al. 2009; Zhao et al. 2012; Hu et al.
2011). Different materials such as CNT, graphene (Kong
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et al. 2018; Chen and Xue 2014, 2015, 2017; Kang et al.
2017; Chen et al. 2015a, b, 2017; Liu and Xue 2013, 2015;
Liu et al. 2012) and activated carbon (Chen et al. 2011; Yu
et al. 2009) have been studied as active materials in double
layer capacitor due to their significantly high surface area.
However, it has been reported that conducting polymer (CP)
and transition metal oxide (TMO)-based electrode materi-
als show pseudo-capacitance behavior (Shakir et al. 2020).
Polyaniline (PA) and poly orthoaminophenol (POAP),
among pseudo-capacitive polymers, are being significantly
investigated due to their features such as flexibility, ease of
synthesis, high energy density and great power density (Eft-
ekhari et al. 2017; Mohilner et al. 1962; Moussa et al. 2016).

However, durable electrochemical performance of POAP
still suffers serious losses due to its low conductivity and
decomposing during the consecutive charge process. Many
studies have been done on the constructing of different
composite to improve the cyclic stability of POAP, which
could easily accommodate their volume change (Meng
et al. 2013a; Ehsani et al. 2019a). Investigation of graphene
composite has attracted growing interest in the field of elec-
trochemical capacitors and batteries (Meng et al. 2013b).
Accordingly, we designed and prepared POAP/PPD-rGO
composite with an ideal structure by electrochemical tech-
nique. These results demonstrate that the POAP/PPD-rGO
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composite with the desirable electrochemical features can be
a promising active compound for the development of SCs.

Experimental
Characterization

The instrument used in the electrochemical performance
test process is Ivium V21508, Vertex electrochemical ana-
lyzer. In the three-electrode system, carbon paste, a platinum
plate, and Hg/HgO electrodes were employed as the work-
ing electrode, counter electrode, and the reference electrode,
respectively. We used 1.0 M HCIO, as the acidic electrolyte.
The electrochemical behaviors are characterized and tested
by cyclic voltammetry and constant-current galvanostatic.
The charge transfer mechanism in electrochemical process
is further investigated by electrochemical impedance spec-
troscopy (EIS) over the frequencies of 0.01-100,000 Hz
with 5 mV amplitude at the open circuit potential condi-
tion. The morphology of polymeric films was investigated
by SEM analysis. Morphology and particle dispersion were
studied by scanning electron microscopy (SEM) (Cam scan
MV2300). X-ray diffraction (XRD) patterns were obtained
from an X-ray diffractometer (PANalytical X’Pert-Pro) with
a Fe—K® monochromatized radiation source.

Synthesis of PPD-rGO aerogel

The schematic description of the method applied for the
synthesis of PPD-rGO is exhibited in Scheme 1. Accord-
ingly, the reduction of GO was carried out using PPD as an
suitable reducing substance through the facial hydrothermal
approach, leading to the formation of PPD-rGO aerogels, in

which PPD molecules are capable of providing more free
spaces between graphene sheets arising from the reaction
between —NH, functional groups of PPD and oxygen ones
providing by GO sheets. Finally, a freeze dryer instrument
was employed to dry the as-prepared materials and fabricate
the final solid product.

Synthesis of poly orthoaminophenol and poly
orthoaminophenol/PPD-rGO

Poly orthoaminophenol/PPD-rGO composites were prepared
by in a stirring solution containing 0.01 M monomer (ortho
aminophenol), 1.0 M perchloric acid, 0.1 M lithium perchlo-
rate and 5.0 x 107> M SDS on the surface of the PPD-rGO
aerogel modified WE. Poly ortho aminophenol electrode was
synthesized in same solution without PPD-rGO in the sur-
face of the carbon electrode. Forty consecutive cycles was
used for electropolymerization of polymer and composite on
the surface of the working electrode (Sadeghinia et al. 2019;
Ehsani et al. 2018a, 2021b; Kahriz et al. 2020).

Results and discussion

The FTIR spectra of GO and PPD-reduced graphene oxide
are depicted in Fig. 1A, through which the changes in the
functional groups can be easily demonstrated. After the oxi-
dation of graphite, the characteristic bands corresponding to
epoxy C-0, C=C, C=0 (carbonyl and carboxylic acid moie-
ties), and O—H stretches emerged at 1052, 1630, 1741, and
3420 cm™!, demonstrating the successful oxidation reaction
(Zhang et al. 2013). In addition, after the reduction reaction,
it was observed that the peaks at 1741 and 1052 cm™! disap-
peared in the spectrum of PPD-rGO and new bands emerged
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Fig.1 A The FTIR spectra corresponding to GO (the red line) and
PPD-rGO (the blue line). B Raman spectra of GO (the blue line)
and PPD-rGO (the red line) and C the XRD peaks corresponding to
graphite (the blue line), GO (the green line) and PPD-rGO (the red
line)

at 1265 and 1542 cm™! attributing to sp? bonded C-N and
N-H bend vibrations (Peng et al. 2013). Accordingly, it is
demonstrated that the oxygen-containing functional groups
existing in GO have reacted with the -NH, ones existing in
PPD, by which new other covalent bonds have been formed.

Raman spectroscopy analysis was carried out for investi-
gating how the disorder degree of the fabricated PPD-rGO
samples is affected by PPD, as the reducing agent. Accord-
ingly, the D band (1366 cm™!) and G band (1576 cm™')
can be easily seen in both spectra shown in Fig. 1B. It is
well known that the D band related to the formation of

disorder carbon and defects in the graphitic layers involves
grain boundaries as well as hetero-atoms embedded in the
structure of graphene planes. On the other hand, the G band
(the 1st order scattering of E,, vibrational mode in plane)
is related to sp? hybridized C—C bonds existing in a 2-D
hexagonal lattice (Gholipour-Ranjbar et al. 2016). In addi-
tion, it is worth pointing out that /,/I5 have been extensively
employed by researchers for the purpose of evaluating the
quality of the fabricated carbon materials. It was found that
Ip/1; of the prepared PPD-rGO aerogel (assessed at 1.73)
was more than that of GO (assessed at 1.57), which strongly
demonstrated the successful modification of GO with doped
defects (Mahdavi et al. 2017; Yu et al. 2016).

The results corresponding to structural analyses, con-
ducted by applying an XRD instrument, are presented in
Fig. 1C, in which the peaks related to graphene, GO and
PPD-rGO samples are exhibited. For GO, the peak at about
10.22° is attributed to (002) plane (Dezfuli et al. 2015),
which entirely disappeared after functionalization of GO.
Additionally, a weak and broad peak emerged around 24.6°
in the spectrum represented by PPD-rGO which is attributed
to the (002) plane of G (Bharath et al. 2015). All the pro-
vided results demonstrate the fruitful reduction of graphene
oxide.

As can be seen in Fig. 2A, the surface chemical compo-
sition along with the changes in the functional groups in
both GO and the fabricated PPD-reduced graphene oxide
was analyzed by using XPS analysis as an efficient method.
It is obvious in Fig. 4A, in the XPS spectrum of GO, that
two peaks which are attributed to Cls and Ols energy are
located at 285.1 and 531.9 eV. Based on the Fig. 4A, the
peak appeared at about 400 eV is related to N1s, by which
the fruitful reduction of graphene oxide using PPD can be
strongly confirmed. Close investigation of the N1s peak,
as exhibited in Fig. 4B, indicated presence of pyridinic N,
amino N, pyrrolic N and graphitic N. It is worth pointing
out that the surface functionalization of GO can be easily
confirmed by the amine N1s peak. Moreover, by drawing
a comparison between the C1s/O1s intensity ratio in gra-
phene oxide and that of the fabricated PPD-rGO aerogel, a
considerable increase in the intensity ratio can be observed,
by which the fruitful N-doping is confirmed. XPS data con-
fimed presence of 7.09 at% in the prepared PPD-rGO.

For the purpose of analyzing the morphological archi-
tecture of the prepared GO and PPD-rGO aerogel, FESEM
analysis was utilized (Fig. 3A, B). Close investigation of
the images provided for GO (Fig. 2A) demonstrates that
crumpled, wrinkled and folded sheets which are closely
attached to each other, as a result of the harsh oxidation
process in the Hummer’s approach, causing innumerable
oxygen-containing functional groups in the structure,
have constructed the structure of GO layers (Drmosh et al.
2019). Nonetheless, by drawing a comparison with GO
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Fig.2 A The XPS data presented by graphene oxide and the fabricated PPD-reduced graphene oxide, and B XPS spectra of the N1s
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sheets, it can be indicated that an ultrathin sheet-like mor-
phology with macro pores, a well-defined porous network
and much lower agglomerations is provided by the fabri-
cated PPD-rGO aerogel, as exhibited in Fig. 3B, by which
the successful reduction of GO through the utilization of
PPD is demonstrated.
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The distribution along with the atomic and weight per-
centage of carbon, nitrogen and oxygen in the PPD-rGO
aerogel was investigated by using quantitative dispersive
X-ray spectroscopy (EDX) element mapping. As can be seen
in Fig. 3C, carbon, nitrogen and oxygen atoms are homo-
geneously distributed on the whole surface of the prepared
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Fig.4 The EDX spectrum of the fabricated PPD- reduced graphene
oxide

PPD-reduced graphene oxide, observed in the selected area,
demonstrating the excellent distribution of PPD as the reduc-
ing agent. Moreover, the corresponding EDX data of the
fabricated PPD-reduced graphene oxide are represented in
Fig. 4, providing a quantitative analysis by which the atomic
percentage of C, O and N have been assessed at 81.88 at%,
10.64 at% and 7.48 at%, respectively. It is worth pointing
out that, by drawing a comparison with GO (considering
the results obtained from XPS analysis as 61.44 at% C and
38.56 at% 0), the low oxygen content existing in PPD-rGO
aerogel strongly demonstrates the outstanding efficiency of
PPD in reduction of GO (Kumar et al. 2018).

Consecutive cyclic voltammograms of electropolymeri-
zation of POAP in the presence of PPD- reduced graphene
oxide are shown in Fig. 5. Cation radical and oligomer
formed from the oxidation of OAP monomer resulted in
formation of POAP. Enhanced peak in 0.3 V is related to
oxidation of formed conductive polymer. Presence of the
PPD- reduced graphene oxide increased polymerization rate
via reducing repulsive center during oxidation of monomer.
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Fig.5 Consecutive CV for polymerization of POAP in the presence
of PPD- reduced graphene oxide

Figures 6 shows the CV curves of prepared electrodes
at specific potentials window and scanning rates. A pair of
cathodic/anodic peaks emerged on the CV curves of elec-
trode materials, indicating that they all exhibited pseudo-
capacitive mechanism for charge storage. At the sweeping
rate of 100 mV/s, the CV curves of POAP/PPD-rGO exhib-
ited larger peak areas, indicating that the electrochemical
capacitance of POAP/PPD-rGO could have been better than
POAP. Moreover, the CV voltammograms of the composite
electrode has a slight slope at high potentials, indicating
better storage performance and lower resistivity. In addi-
tion, improved performance is related to synergistic effect
between POAP and PPD-rGO. Also, the reversibility reac-
tion among the composite and electrolyte confirmed by sym-
metric voltammograms of POAP/PPD-rGO.

The effect of the applied sweep rate on the electrochemi-
cal performance of the prepared electrodes is shown in
Fig. 6B. An apparent pair of redox peaks still can be dis-
tinctly recognized even at the scan rate of 400 mV s™!, sug-
gesting that the POAP/PPD-rGO is beneficial to fast redox
reactions. Additionally, low shift for the redox peak potential
is observed for increasing scan rates, which can be owning
to excellent conductivity of prepared electrode.

Although CV can be used to determine the specific capac-
itance of the redox materials, the galvanostatic charge/dis-
charge (GCD) curve closely reflects the potential practical
use of the electrode material for the supercapacitor device
applications for a 2-electrode device system. To know the
composite’s supercapacitive behavior, GCD was carried
out at different current densities (Fig. 7B). The shape of
the GCD curves for POAP/PPD-rGO did not appear to be
exactly triangular as we observed for pseudo-capacitive
material. Instead, it exhibits a non-linear discharge response
due to the presence of a faradaic type of material in the
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nanocomposite, which undergoes redox reactions during
charge and discharge of the device.

The Cs of 1180F/g at current density of 1A/g was
obtained from the discharge curves (Ehsani et al. 2018b,
2019b, 2020; Shiri et al. 2017a, b, 2018, 2019; Naseri et al.
2016; Sadeghi et al. 2020; Shayeh et al. 2017). Based on the
obtained charge/discharge curve in Fig. 7C, D, the POAP/
PPD-rGO electrode revealed the highest areal capacitance at
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high current density. Furthermore, the specific capacitances
of POAP/PPD-rGO electrode were also competitive to most
of reported POAP based electrode materials (Ehsani et al.
2018a, 2019a, 2020; Shiri et al. 2017a, b, 2018, 2019; Naseri
et al. 2016; Sadeghi et al. 2020).

The capacitance retention of composite electrode was
studied for consecutive C/D in acidic media at high cur-
rent density. As shown in Fig. 7C, D, C, of the polymer
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film dramatically decreases due to degradation process
duding consecutive charge/discharge. Presence of PPD-
rGO in POAP/PPD-rGO dramatically modified its capaci-
tance retention, due to synergism effect between POAP/
PPD-rGO and pure polymer film. Therefore, the value of
91% was obtained for retention capacitance of prepared
composite film during consecutive 3000 cycles.

EIS as a powerful technique was conducted to deter-
mine the electrical characteristic parameters of the elec-
trode—electrolyte interface over a wide range of frequen-
cies (Sadeghi et al. 2020; Shiri et al. 2018; Ehsani et al.
2011, 2018b, 2021c, d; Shayeh et al. 2017; Mahjani et al.
2010; Shabani-Shayeh et al. 2015). The EIS data of fabri-
cated samples were employed to draw their Nyquist plots
as displayed in Fig. 8. From Nyquist plot, it is evident
that it consists of a semicircle indicating high frequency
related to charge transfer resistance Rct. A straight line in
a low-frequency region is related to ions diffusion mech-
anism. It has been evident that lower value of charge-
transfer resistance (Rct) results in enhanced conductiv-
ity as in the presence of PPD-rGO. Evidently, presented
composite electrode showed lower diameter compared to
POAP (Mabhjani et al. 2010), indicating smaller R and
higher specific capacitance.
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Fig. 8 Nyquist plot of composite electrode
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Conclusion

In a word, we successfully prepared a unique and uniform
superstructure POAP/PPD-rGO. Simple operation and
low cost are the advantage of the synthesis process. In
the electrochemical test, the C, of the composite electrode
reached 1180 F/g at 1.0 A/g and the capacitance retention
was approximately 91% after 3000 cycles. The reason this
new electrode material showed good pseudo-capacitance
performance was related to the following: First, the unique
porous superstructure allowed for sufficient diffusion of
the electrolyte and fast electron transfer. Second, the pore
structure exposed a greater number of electrochemical
active centers in the electrolyte. Third, in the amorphous
state, the lattice energy of the material was low, and chem-
ical intercalation/de-intercalation or redox reaction was
facilitated.
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