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Abstract

Sulfur and nitrogen co-doped graphene quantum dots (S,N:GQDs) were prepared by a hydrothermal method. A series of
polyaniline/S,N:G QDs nanocomposites (PGQDx where x is the mass of S,N:GQDs and equal to 0, 10, 20, 30, and 40 mg)
has been synthesized via chemical in situ polymerization process. The UV—vis and Fourier transform infrared (FTIR) spectra
showed an extra-doping level in H,SO,-doped polyaniline (PANI) due to —-COOH groups of GQDs. However, increasing of
GQDs content enhanced the aggregation of GQDs and reduced the doping level. The surface morphologies of nanocomposites
showed a mixed of nanofibers, granules, and flakes with highly porous structure and particle size varied from 50 to 70 nm.
Electrochemical properties of PGQD nanocomposites cast onto nickel-foam substrate as a supercapacitor electrode were
performed in 2 M KOH electrolyte using cyclic voltammetry, charge/discharge, and electrochemical impedance techniques.
PGQD20 exhibited maximum specific capacitance of 2524 F/g at 2 A/g with an excellent cyclic stability of 100% after 1000
cycle at scan rate of 50 mV/s. GQDs with unique properties reduces the charge transfer resistances, and promotes the contact

between polyaniline and electrolyte and the electrochemical performance.

1 Introduction

Supercapacitors are more appealing than other electrochemi-
cal energy storage device, such as batteries and fuel cells
because of their distinctive characteristics including light
weight, very small volume, and long-life cycle. The super-
capacitor electrode possesses high power density similar
to traditional capacitors existed in most electronic devices
due to their unique charge storage mechanism [1]. Polyani-
line (PANI) has been studied as a supercapacitor electrode
with high specific capacitance due to low production cost,
easy synthesis, controllable conductivity and fast charge/
discharge. However, PANI electrode suffers from low sta-
bility and undergoes degradation through the reduction and
oxidation reaction. Moreover, the chemical and mechanical
changes of PANI electrode including swelling, shrinkage,
and cracks during charging and discharging process effects
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on rate capability, cycle stability, and electrochemical per-
formance [2].

To improve the electrochemical performance and devel-
oped the energy and power densities of the supercapacitor
electrode, PANI with high specific capacitance based on the
pseudocapacitive behavior hybrids with carbon structure
materials having a high surface area with electrical double
layer capacitance (EDLC) was fabricated [3]. GQDs have
excellent electronic, mechanical and optical properties,
amazing water solubility, and negligible toxicity and can be
replaced graphene sheets in different applications, such as
bioimaging [4], optoelectronic devices [5], solar cells [6],
photocatalysis [7], sensors [8], and heavy metal ion detec-
tion [9].

GQDs have been involved in the fabrication of superca-
pacitor electrodes due to their large specific surface area
and high pseudocapacitance originated from functional
groups, edges, defects, and dopants [10]. The doping of
GQDs with sulfur and nitrogen (S,N:GQDs) can success-
fully create more catalytically active sites [11], broad pho-
toabsorption in wide-range spectra, high carrier transport
mobility, and good chemical stability [12].

Ouyang et al. synthesized S,N:GQDs with high crys-
tallinity by a top-down hydrothermal method and a low
specific capacitance of 362.6 F/g at a scan rate 5 mV/s
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was obtained [13]. Malik et al. [14] prepared GQDs by
top-down route from graphene oxide flakes and followed
by synthesis GQD-PANI by polymerization of aniline. The
GQD-PANI composite showed a relatively high specific
capacitance of 1044 F/g at 1 A/g with 80.1% retention
of capacitance after 3000 cycle. Dinari et al. [15] pre-
pared S,N:GQD-PANI composite by electropolymerizion
of aniline using titanium electrode and 0.5 M H,SO, in
the presence of S,N:GQDs by cyclic voltammetry, where
the S,N:GQDs was synthesized using the hydrothermal
method. Although Dinari et al. applied this composite
as a supercapacitor electrode but they did not accom-
plish the electrochemical performance including specific
capacitance, energy density values, and cyclic stability.
Moreover, they used glassy carbon and titanium sheet as
substrates.

The main objective of this work is to produce high
performance and stable supercapacitor electrode with a
specific capacitance of 2524 F/g at 2 A/g based on PANI/
S,N:GQD nanocomposite and nickel-foam substrate. The
effect of S,N:GQDs to polyaniline ratio on performance of
supercapacitor electrode is investigated. PGQD nanocom-
posites with different S,N:GQD contents via in situ chemi-
cal polymerization are carried out. The electrochemical
properties of PGQD nanocomposites cast onto nickel-foam
substrate as a supercapacitor electrode are evaluated using
cyclic voltammetry, charge/discharge, and electrochemi-
cal impedance techniques. The retentions capacitance for
1000 cycle is performed as indicators for the supercapaci-
tor stability of PANI and PGQD nanocomposite electrode.

2 Experimental work
2.1 Materials

Aniline monomer, citric acid, and N-methyl-2-pyrrolidone
(NMP, 98%) were obtained from Loba Chemie. Ammo-
nium peroxodisulfate (APS) was purchased from Chem-
Lab. Thiourea and KOH were obtained from local chemi-
cal companies. Sulfuric acid (95-97%) hydrochloric acid
(30-34%), and polyvinylidene difluoride (PVDF) powder
were obtained from J. T. Baker, SDFCL, and Alfa Aesar,
respectively. Ethanol (99.8%) and dimethylformamide
(DMF, 99%) were purchased from Fisher. All chemicals
were used without further purification.

2.2 Synthesis of S,N:GQDs
S, N: GQDs were synthesized by hydrothermal method

using citric acid as carbon source and thiourea as S, N
source [16]. Typically, 15 mmol citric acid and 45 mmol

@ Springer

thiourea were dissolved in 75 mL deionized water to form
a clear solution. After that this solution was transferred
into a 300 mL Teflon-lined stainless autoclave and placed
at 160 °C for 4 h. The final product was precipitated col-
lected by adding 50 mL ethanol into the solution, and cen-
trifuged at 10,000 rpm for 10 min. The obtained solid was
easily dispersed into water.

2.3 Synthesis of PANI/S,N:GQDs

PANI/S,N:GQDs (PGQDs) nanocomposites were syn-
thesized via chemical oxidation polymerization of PANI
in situ GQDs as shown in Scheme 1. Typically, 10, 20,
30, and 40 mg of S,N:GQDs were dispersed in 20 mL
deionized water using ultrasonication for 20 min and
200 pL aniline followed by 0.5 M H,SO, was added and
sonicated for another 30 min. After that 20 mL deionized
water containing 0.5 g APS as an oxidant was added to the
above mixture under stirring (molar ratio between aniline
and APS is 1:1). The resulting mixture was allowed to
stand for 5 h in the ice bath and the stirring was continued
for overnight. The product was filtered and washed with
deionized water and ethanol for several times to remove
the excess of APS. Finally, the product was dried in vac-
uum oven at 60 °C overnight to get PGQDs nanocomposite
by the interaction between —-NH groups of PANI and car-
boxylic (-COQ) groups of GQDs as shown in Scheme 1.
Pure PANI without S,N:GQDs was prepared by the same
method. The samples were denoted by PANI, PGQD10,
PGQD20, PGQD30, and PGQD40 according to the content
of GQDs.

2.4 PGQD electrode preparation

Nickel foam (NF) (approximately 1 x 4.5 cm?) as a current
collector was cleaned in 1 M HCI solution in the soni-
cation bath for 20 min to remove the NiO layer formed
onto the NF surface and then washed in an ultrasonic bath
with deionized water and absolute ethanol. The working
electrode was prepared by mixing 80% of PGQD as an
active material, 10% carbon black, 10% PVDF, 0.3 mL of
NMP, and followed by 0.3 mL of ethanol. This mixture
was dropped onto the NF. The pressed loading mass on NF
electrode was about 1.5 mg, and dried at 60 °C overnight.

2.5 Characterization techniques

The UV-VIS spectra of PGQDs nanocomposites dispersed
in DMF by sonication were recorded in the range of 300
to 1100 nm using Thermo (Evolution 300). Photolumi-
nescence (PL) measurements were executed by a (Perkin
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Elmer LS-55) spectrometer at room temperature. Fourier
Transform Infrared FT-IR (PerkinElmer-Spectrum 2B,
USA) spectrophotometer over a wavenumber in the range
from 400 to 4000 cm™' was used to identify the struc-
tures of PGQDs nanocomposites pressed with potassium
bromide pellet. For characterizing the chemical bonding
structure, Raman spectrometer (Senterra Bruker, Ger-
many) was used at excitation wavelength of 532 nm. The
structural characterization was carried out using X-ray dif-
fractometer (XRD-7000 Shimadzu-Japan) with a Cu-Ka
radiation (A=1.54060 A) operating at 40 kV and 30 mA
with a scan rate of 10° min™! over 20 between 5° and 80°.
Scanning electron microscopy (SEM) was performed using
JSM-IT200 instrument operated at an acceleration volt-
age of 20 kV. Transmission electron microscopy (TEM)
was executed using JEOL (JEM-2100 LaB6) Japan.
Brunauer—-Emmett Teller (BET) surface area test was per-
formed using Belsorp Mini II (BEl Japan Inc., Ltd.), where
the samples were degassed under vacuum at 160 °C for 4 h
before the measurement.

2.6 Electrochemical test
Electrochemical properties of the pure PANI, PGQD10,

PGQD20, PGQD30, and PGQD40 nanocomposites were
evaluated as electrode materials for supercapacitors using

PANI/S,N:GQD (PGQD)

cyclic voltammetry (CV), galvanostatic charge—discharge
(GCD), and electrochemical impedance spectroscopy
(EIS) with a three-electrode setup in 2 M KOH using
OrigaFlex-OGFO0S5 (Origalys, France). Cyclic voltamme-
try was performed for the prepared samples in the poten-
tial range from O to 0.6 V at scan rate ranging from 5 to
50 mV/s. The specific capacitance (Cs in F/g) was esti-
mated from the area enclosed in cyclic voltammogram
zifI(V)dV using the following equation [17]:

\%i
wI(V)dv

CAL SRR (1)
2smAV

Cs(F/g) =
where m is the mass of the active material on the electrode
(g), AV is a potential window (V), and s is the scan rate
mV/s.

For GCD measurements, we applied a constant current
on the supercapacitor electrode for charging and discharging
and the Cs related to the discharge current (/) and the time
of discharge (7) is given by the following relation [18, 19]:

For GCD measurements, we applied a constant current
on the supercapacitor electrode for charging and discharging
and the Cs related to the discharge current (/) and the time
of discharge (7) is given by the following relation [18, 19]:
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It
Cs(F/g) = ——
s(F/g) = — @)
where AV is the working potential (V).
The energy density (E) and power density (P) can be cal-
culated using the following equations [20, 21]:

1000

1
E(W h/Kg) = 5 Cs = V2 = 2600 3)

P(W/Kg) = % % 3600 )

3 Results and discussion
3.1 Absorption property

The absorption spectrum of S,N:GQDs presented in Fig. 1a
shows three absorption peaks at 245, 332, and 590 nm. The
first two peaks belong to the GQDs and are due to 1 — nt* of
C=C and n — =* transition of the C=0 bond, respectively
and these spectra are similar to the GQDs prepared by a
chemical cutting of oxidized graphene sheets [22]. The third
peak at 590 nm confirms the doping process with sulfur and
may be attributed to n— n* of S=0 [16].

The PL spectra of S,N:GQDs solution with different exci-
tation wavelengths from 320 to 500 nm is shown in Fig. 1b.
The S,N:GQDs exhibit excitation independent PL spectra of
emission peak at 442 nm with excitation in the region from
320 to 380 nm. The PL intensity of S,N:GQDs is increased
with rising the excitation wavelength from 320 to 340 nm.
The PL intensity is steadily decreased with further increase
in the excitation wavelength after 340 nm. The excitation-
independent PL spectra is attributed to the high uniformity
in the size of sp2 clusters of S,N:GQDs [16, 23, 24]. When
the excitation wavelength exceeds 380 nm, weak PL emis-
sion spectra with an excitation dependent are observed in
the inset of Fig. 1b. The position of PL spectra peaks is
red shifted from 442 to 534 nm due to the existence of sul-
fur doping [16]. The functional groups, such as oxygen and
nitrogen or S=0 create energy levels and result in a series
of emissive traps [13, 23].

Figure lc displays the UV-visible spectra of pure
PANI and PGQDs nanocomposite with different GQDs
contents. For the spectra of pure PANI, three absorption
bands at 356 nm, 435 nm, and 875 nm are attributed to the
T — 1* transition of the benzenoid rings, polaron — n*, and
1 — polaron transitions, respectively [25]. In addition, the
peaks at 435 and 875 nm are associated with the doping level
and polaron band formation.

The absorption spectra of PGQDs are similar to the spec-
trum of pure PANI with a slightly shift of the absorption
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Fig.1 a UV-vis spectrum S,N:GQDs, b PL spectra of S,N:GQDs at
different excitation wavelengths, and ¢ UV—-vis spectra of PANI and
different PGQD nanocomposites
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Table 1 The assignments

. . Polymer Wavelength of the absorption peaks Absorption at ~ 875/

of UV-vis absorption peaks — Absorption at ~ 350
of pure PANI and PGQDs n— 7* transition Polaron — n* n— polaron
nanocomposites transition transition

Pure PANI 358 nm 432 nm 875 nm 1.03

PGQD10 355 nm 440 nm 910 nm 1.066

PGQD20 350 nm 436 nm 908 nm 0.95

PGQD30 353 nm 446 nm 914 nm 0.92

PGQD40 344 nm - 909 nm 0.65

peaks as reported in Table 1. The decrease in the absorption
peak at 432 nm with increasing the S,N:GQDs content is
observed and there is a new small peak appeared at 620 nm
due to the dedoping of PANI chains [26]. Based on the pre-
vious research, the ratio between the intensities of absorp-
tion peaks at~875 nm and at~350 nm indicates the extent
of doping level of PANI [27-29]. It is noticed that this ratio
is the smallest for PGQD 40 and this accompany by the
appearance of the peak at 620 nm of the emeraldine base.

3.2 Structural property

The FTIR spectrum is recorded in Fig. 2a to identify
chemical functional groups of GQDs. The IR spectrum of
S.N:GQDs shows a very broad absorption band centered
at 3173 cm™! and is assigned to stretching vibrations of
O-H, N-H, and this is recognized the presence of amino
and hydroxyl groups on the surface of GQDs. The charac-
teristic band of graphite structure at 1582 cm™' corresponds
to the bending vibrations of C=C. The peak at 1400 cm™! is
assigned to the stretching vibration of C-N which validates
the successful doping with N element. C=S stretching group
appears in a wide region from 1000 to 1400 cm™~! while C-S
stretching is observed at 617 cm~! 16, 30].

In the FTIR spectrum of pure PANI shown in Fig. 2b, the
main characteristic peaks of PANI are observed. The peaks
at 1562 and 1476 cm™! are corresponded to the stretching
vibration modes C=C of the quinone diimine and benzenoid
diamine units, respectively. In addition, the peaks at 1299
and 1105 cm™! are due to C—N stretching of the secondary
aromatic amine and the polaron band vibration peak asso-
ciated with doping, respectively [31]. The peak appearing
at 795 cm™! is attributed to an aromatic C—H out-of-plane
bending vibration. The presence of C—S group is confirmed
by the appearance of peaks at about 616 cm™".

For PGQD nanocomposites, the spectra are similar to that
of pure PANI, but the main characteristic bands have slightly
shifted. The polaron band appeared at 1105 cm™! of doped
PANI shifts to higher energy at 1118 cm™' in PGQD10 and
this is attributed to an extra degree of doping [32]. How-
ever, it is noted that this peak shifts to a lower energy with
increasing of the GQDs content due to the self-aggregation

of GQDs. The intensity ratio between quinoid and benze-
noid ring vibrational modes (//I) provides information on
the degree of oxidation of the PANI [33, 34]. The values
of relative intensity of IQ/IB are 1.01, 1.036, 1.002, 1.014,
and 1.13 corresponding to pure PANI, PGQD10, PGQD20,
PGQD30, and PGQDA40, respectively. The relative inten-
sities are close to unity indicating that PANT in PGQDs
samples has an emeraldine form. PGQD40 has a high I/l
ratio, i.e. more oxidation of benzenoid rings to quinoid rings
and more dedoping to PANI chains as expected from the
absorption spectra. Moreover, the relative intensity of /o/l
for PGQD20 is unity. This indicates that PGQD20 has a
perfect emeraldine structure [34]. These results conform a
strong interaction between PANI and S,N:GQDs.

Raman spectrum of S,N:GQDs presents two peaks at
1353 and 1568 cm™! and a broad peak around 2800 cm™!
assigned to D, G, and 2D bands, respectively as shown in
Fig. 2c. The position and the broadening of two-dimensional
(2D) band characterize the multilayer of graphene sheets
[35]. The D band or a disordered band in carbon nanostruc-
tures is related to the presence of sp> defects. The G band is
also known a crystalline band or graphite band and is related
to the in-plane vibration of sp? carbon. The relative intensity
of D and G band (I/I;) expresses the atomic ratio of sp>/
sp? and represents the degree of disorder. The Ip/1g ratio
of N,S:GQDs (0.85) is larger than that reported previously
[16, 36]. However, it is lower than that of the original gra-
phene film (~ 1.05) [37]. This result shows that S,N:GQDs
are highly crystalline and graphitic structure.

After polymerization of aniline in situ S,N:GQDs, the
Raman spectrum of PGQD20 exhibits a shift in the posi-
tions of D and G bands to higher frequency from 1353 to
1374 cm™! and from 1568 to 1580, respectively. This shift
is attributed to the interaction between GQDs and PANI
chains. However, the 2D band is disappeared, and this means
that the Raman spectra cannot detect the multilayer of GQDs
[38]. Such interaction can offer strong interfacial adhesion
between PANI and GQDs and facilitates the electron trans-
portation during redox reaction [39].

Figure 3 shows the XRD patterns of the S,N:GQDs,
pure PANI, and PGQD nanocomposites. The pattern of
S.N:GQDs exhibits two diffraction peaks at 20=11.6° and
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Fig.2 FTIR spectra of a S,N:GQDs, b PANI, and PGQD nanocom-
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S,N:GQDs are incorporated into the PANI matrix, the peak
around 16° shifts to a lower angle and the broad peak of
GQDs at 28.16° overlaps with the peak of PANI, and the
results in a new peak in the composite at around 27°. The
average crystallite sizes of the prepared nanocomposites
calculated from XRD pattern using Scherrer’s formula are
1.1,4.2,5.1,4.9, and 5 nm for S,N:GQDs, PANI, PGQD10,
PGQD20, and PGQD30, respectively.

3.3 Morphological study

The morphology of as-synthesized S,N:GQDs examined by
TEM displays a good dispersion of GQDs without agglom-
eration with a size of 3-7 nm as shown in Fig. 4a. The high
resolution TEM image (inset of Fig. 4a) elucidates the lat-
tice spacing distance of 0.21 nm, which is close to the (100)
facet of graphite [41]. The surface morphologies of pure
PANI and PGQD nanocomposites are investigated as shown
in Fig. 4b. Mixed of nanofibers, granules, and flakes with
highly porous structure is clearly visible in pure PANI. The
nanofibers morphology of PANI is related to the fast mixing
of monomer and oxidant during polymerization in the initial
stage [42, 43]. The fast consumption of oxidant can easily
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Fig.4 a TEM image of S,N:GQDs and high-resolution TEM image
is inserted as inset, SEM images of b pure PANI, ¢ PGQDI10, d
PGQD20, and e PGQD30 nanocomposites

produce 1D nanostructure (nanofibers) and avoids over-
growth of PANI by additional polymerization [44]. The size
of PANI nanoparticles measured from SEM image is varied
from 50 to 70 nm which is very larger than the size deter-
mined by XRD and this indicates that the PANI is a cluster
of some crystallites. It is observed that the SEM image of
PGQD10 nanocomposite is similar to that of pure PANI as
shown in Fig. 3c. By increasing the GQDs content, the SEM
images of PGQD nanocomposites (Fig. 4d and e) display
a change of the nanofibers to granules due to aggregation
of GQDs. Different morphologies with nanofibers network
contribute to a high specific capacity by increases the spe-
cific surface area and reduce the diffusion resistance of the
electrolyte ions into the matrix of the electrode.

3.4 Surface analysis

Pure PANI and PGQD nanocomposites are characterized by
nitrogen adsorption/desorption tests at 77.0 K to investigate
the specific surface area and pore size distribution and the
isotherm plot of PGQD20 is given in Fig. 5. According to
the IUPAC classification, all isotherm curves of the pre-
pared nanocomposites correspond to type III with a hyster-
esis loop of type H3 [45]. The pore size distribution curves
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=2} < n
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Fig.5 Nitrogen adsorption/desorption and pore-size distribution iso-
therms are inserted as inset for PGQD20

according to Barrett-Joyner—Halenda (BHJ) method in the
inset of Fig. 5 show good distribution of pores in the range
between 1 and 90 nm which indicates the meso/macroporous
pores of adsorbent and few micropores in the nanocompos-
ites. The BET specific surface area values are 30.8, 21.9,
24.06, and 28.9 ng_l for pure PANI, PGQD10, PGQD20,
and PGQD30, respectively. Based on BHJ method, the total
pore volumes of PANI, PGQD10, PGQD20, and PGQD30
at a relative pressure of 0.99 are 0.24, 0.28, 0.35, and 0.46
cm?® g7, respectively. It is found that the average pore diam-
eters of PANI, PGQD10, PGQD20, and PGQD30 are 31.7,
51.9, 58.7, and 63 nm, respectively. This increase in aver-
age pore diameter is associated with microporous blockage
or enhancement the size of macroporous of the nanocom-
posites. As the increase in S,N:GQDs content, the specific
surface area of PGQD10 is found to be less than the specific
surface area of pure PANI. This behavior is due to interca-
lated of S,N:GQDs into PANI matrix and the disappearance
of micropores during the polymerization process. In other
words, the small content of S,N:GQDs enhances the doping
level of PANI and reduces its specific surface area. The BET
surface area values of PGQD20 and PGQD30 are increased
and this is related to the high value of the free volume of
PANI [46]. The existence meso/macroporous structure of the
PGQDs nanocomposites provides the possibility of electrons
and ions transportation, which lead to the high electrochemi-
cal performance of PGQDs nanocomposite electrodes.

3.5 Electrochemical analysis
CVs response of pure PANI, PGQD10, PGQD20, PGQD?30,
and PGQDA40 cast on NF substrate have been studied in 2 M

KOH. Before performing the electrochemical experiments,
the PGQDs electrodes are charged and discharged for 100
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repetitive CV at a scan rate of 50 mV/s to achieve the stability
in electrochemical performance. Initially, the PGQDs elec-
trodes display some variations in their performance due to the
insufficient wetting of the electrode surface by the electrolyte.
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After about 100 cycle, the PGQDs electrodes exhibit steady

electrochemical performance with a slight variation [47].
Figure 6a compares the cyclic voltammograms of different

samples at scan rate of 5 mV/s in a voltage window from O to
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0.6 V. It is well known that PANI electrode is an inactive in
neutral or alkaline solution. However, the CV curve of PANI-
NF electrode exhibits a pseudocapacitance behavior with a
pair of redox peaks (0.365/ 0.195 V) in alkaline electrolyte
and this result is in agreement with the reported in the litera-
tures [48-51]. This is attributed to the combined contributions
from both NF and PANI. It is found that the CV of pure bare
NF shows small redox peaks (0.334/0.246 V) with very small
integrated area and specific capacitance of 83 F/g (assumed
the loading mass is 1.5 mg) as depicted in the inset of Fig. 6a.
The NF substrate plays a key role in providing high specific
capacitance due to its redox reactions. On the other hand, the
contribution of PANI results from the penetration and passi-
vation of NF pores by PANI and this boosts the mass transfer
process to enhance the redox reactions of Ni [51].

It is observed that PGQDs nanocomposites have higher
integral area and specific capacitance than pure PANI. GQDs
with unique properties reduces the charge transfer resistance
and rises the contact between PANI and electrolyte and thus
could improve the electrochemical performance [39]. The
specific capacitances of 1216, 2458, 2953, 2633, and 1802
F/g correspond to PANI-NF, PGD10, PGQD20, PGQD30,
and PGQDA40, respectively. CV curves of PGQD20 display
higher specific capacitance than other samples as shown in
Fig. 6a. The different in the position of redox peaks can be
ascribed to the variation in the polarization of the electrodes
during CV test. The superior electroactivity of PGQD nano-
composites in alkaline solution is resulted from the strong
interface interaction through the n—x stacking. In addition,
the hydrogen bonding between PANI and S,N:GQDs facili-
tates the electron delocalization and dope PANI mainly by
charge transfer occurred in redox process [52].

To examine the influence of scan rate on electrochemical
performance, Fig. 6b shows the CVs of PGQD20 at differ-
ent scan rates from 5 to 50 mV/s. The area under the CV
curves increases. It is noted that the shape of the oxidation/
reduction peaks at different scan rates is the same indicating
the excellent rate capability and electrochemical reversibility
of the nanocomposite electrode. In addition, the oxidation/
reduction peaks are shifted to the positive/negative direc-
tions with increasing the scan rates due to the change of
the internal resistance of the electrode materials [53]. The
specific capacitance values of PGQD20 based on CV meas-
urements are calculated to be 2953, 2291, 1800, 1538, 1372,
and 1240 F/g at scan rate of 5, 10, 20, 30, 40, and 50 mV/s,
respectively. At low scan rate, the electrolyte ions can dif-
fuse and migrate into active material and consequently high
specific capacitances are produced. On the other hand, the
lower specific capacitances of supercapacitor electrode at
high scan rate are attributed to inaccessibility of electrolyte
ions to some active surface sites [54, 55].

The electrochemical performance parameters of PGQDs
nanocomposites are further calculated using GCD analysis

at the current density ranging from 2 to 10 A/g. Figure 6¢
depicts the GCD for the prepared electrodes at 2 A/g between
0.0 and 0.45 V. The deviation from the linearity observed in
charge and discharge curves confirms the pseudocapacitive
behavior. The specific capacitance values based on GCD
measurements for PANI-NF, PGQD10, PGQD20, PGQD30,
and PGQD40 are found to be 1110, 1644, 2524,1690, and
1217 F/g, respectively. These values agree with the specific
capacitance values calculated by the cyclic voltammogram.

The value of specific capacitance of blank NF substrate is
40 F/g at a current density of 3 mA/cm?. This means that the
contribution of blank NF in specific capacitance is negligible
when compared with the PGQDs active materials. However,
NF plays as a good current collector and provides tracks for
electrons/ions transport [47].

The charge/discharge curves of the PGQD?20 electrode at
different current densities of 2—10 A/g have the same shape
as shown in Fig. 6d. Also, the specific capacitance values of
PGQD20 are 2524, 2240, 1973, 1804, 1699 F/g at 2, 4, 6, 8,
and 10 A/g, respectively. These results indicate sustainable
performance of PGQD20 electrode in a wide current range
[3]. The decrease in specific capacitance at elevating current
density reflects that the decline in electrochemical perfor-
mance at high current densities is due to the inaccessibility
of electroactive sites by the electrolyte ions.

The specific capacitance values of PANI-NF and PGQD-
NF nanocomposites calculated based on CV measurements
as a function of scan rate are plotted in Fig. 6e. It is observed
that the specific capacity of PANI and PGQDs nanocom-
posites gradually decreases with an increase in the scan rate
from 5 to 50 mV/s. The fall in specific capacitance is due
to decreasing of electron/ion diffusion at higher scan rate
[41, 56]. In addition, the relation of the specific capacitance
as a function of the discharge current density of PANI and
PGQD nanocomposites is plotted in Fig. 6f. The capacitance
retention rates of PANI, PGQD10, PGQD20, PGQD30,
and PGQD40 are 64%, 67%, 67.5%, 59%, and 62% at 10
Alg, respectively. The best capability rate of PGQD20 is
achieved.

Figure 7a demonstrates the Ragone plots of the PGQDs
nanocomposites electrodes, where the specific energy and
specific power were computed based on Egs. (3) and (4),
respectively. The energy densities at 2 A/g are 31.2, 46.2,
71, 47.5, and 34.2 Wh/kg for PANI, PGQD10, PGQD20,
PGQD30, and PGQDA40, respectively. PGQD20 displays a
broad range of power density while it retains a relatively
high energy density. At a power density of 450 W/kg, the
PGQ20 electrode exhibits an energy density value of 71 Wh/
kg, whilst the delivered energy density can remain 47.78
Wh/kg at a high-power density of 2250 W/kg.

To gain further insights about the excellent electro-
chemical performance of PGQDs nanocomposites, EIS is
conducted at the open circuit voltage (OCV) in a frequency

@ Springer
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mental impedance data and fitting results for the PGQD40 electrode,
inset is the electrical equivalent circuit and the fitted values of R, and
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range from 10 kHz to 0.03 Hz. Figure 7b shows EIS in the
form of the Nyquist plots for PANI and PGQDs nanocom-
posites. EIS spectra are fitted by the electrical equivalent
circuit using ZView software provided in Fig. 7c. The fitting
parameters of equivalent series resistance (R,) and charge
transfer resistance (R in the electrical equivalent circuit
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are listed in the inset of Fig. 7c. The EIS spectra of PANI
and PGQDs nanocomposites exhibit a clear semi-circle
in the middle-frequency domain and a nearly straight line
sloped by 45° in the low-frequency domain, indicative of
low Rct and Warburg element (W). Besides, the intercept
at Z'-axis denotes to Rs. EIS studies present that PGQDs
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Table 2 Electrochemical performance of different supercapacitor electrode materials based on GQDs or PANI reported in previous works

Active material Electrolyte Substrate Specific capacitance  Capacitance retention Ref
S,N:GQDs 2 M KOH Glassy carbon ~ 362.6 F/g at 5 mV/s - [13]
GQD/PANI 0.5MH,SO, Glassy carbon 1044 F/gat 1 A/g 80.1% after 3000 charge/discharge cycles  [14]
CQDs/PANI 1 M H,SO, Carbon fiber 7383 F/gatl Alg 78% atter 1000 charge/discharge cycles [39]
N-CQDs/PANI 1 M H,SO, Carbon plate 4983 F/gat 1 Alg 36.2% after 2000 charge/discharge cycles  [61]
PANI-S,N:GQDs @CeO, 1M H,SO, Carbon fiber 270 F/gat1 Alg 75% atter 1000 charge/discharge cycles [62]
Graphene/MnO,/PANI 6 M KOH Nickel foam 1081 F/g at 1 mV/s 99% after 1000 charge/discharge cycles [63]
PGO@PANI 6 M KOH Nickel foam 603 F/gat1 Alg 77% atter 1500 charge/discharge cycles [17]
NiMoO,-PANI 6 M KOH Nickel foam 1214 F/g at 1 A/g 80.7% after 2000 charge/discharge cycles  [59]
GO/PANI/Ni(OH), 6 M KOH Nickel foam 743 F/g at 1 mV/s 84.4% after 2000 charge/discharge cycles  [64]
GQDs/NiCo-LDH 2 M KOH Nickel foam 2220 F/gat 1 A/g 75.3% after 5000 charge/discharge cycles  [65]
CQDs/Co50, 2 M KOH Nickel foam 1603 F/g at 1 A/g 97% after 2000 charge/discharge cycles [66]
MnCo,0, 5/GQD 2 M KOH Nickel foam 1625 F/gat1 Alg 80% after 5000 charge/discharge cycles [21]
GQD/CuCo,S, 3 M KOH Nickel foam 1725 F/g at 0.5 A/g 90% after 10,000 charge/discharge cycles  [67]
PANI/S, N:GQDs 2 M KOH Nickel foam 2524 F/g at 2 Alg 100% after 1000 CV cycles This work

nanocomposites electrodes with different N,S:GQDs con-
tents have small Rs and consequently small internal resist-
ances of the entire electrodes compared with the pure PANI
electrode are expected. The values of Rct extracted from
the diameter of semicircle consistent with the capacitive
performance of the prepared electrodes [57]. The Rct of
pure PANI (6.8 Q) illustrates larger value compared with
PGQDs nanocomposites. This can be explained based on
the GQDs have a crucial role in decreasing the electrochemi-
cal impedance of the electrode materials and hence increase
the capacitive performance. The Rct value of the PGQD20
electrode (1.8 Q) is also clearly smaller than other electrodes
suggesting that it has a better electron transport [58]. Briefly,
the PGQD20 electrode displays small Rs and Rct indicating
a better capacitive behavior [59].

3D cycling stability test of PGQD20 electrode was car-
ried out in 2 M KOH electrolyte based on repeating the
CV test between 0 and 0.6 V (vs. Ag/AgCl) at scan rate
of 50 mV/s for 1000 cycle as shown in Fig. 7d. 3D plots
can clearly illustrate the change in CVs over the number of
cycles and, in this case, the plots show that the CVs preserve
their original shapes after 1000 cycles [56, 60]. Figure 7¢
displays the specific capacitance retention for PGQD20 and
pure PANI electrodes as a function of cycle number. The
PGQD20 electrode shows exceptional cycling stability with
100% capacitance retention after 1000 cycle. However, due
to swelling/shrinkage of PANI during redox reactions, pure
PANI electrode exhibits 88% capacitance retention after
1000 cycle. It is noticed that after 500 cycle, the specific
capacitance of PGQD20 electrode increases by 6.8% to
reach the stability state. After that, the specific capacitance
is slowly decreased. The improvement in cycle stability
for PGQD?20 is attributed to the synergistic effect of PANI
and S,N:GQDs where the addition of S,N:GQDs to PANI

reduces the mechanical deformation of PANI chains dur-
ing the repetitive redox reaction. This result reveals that the
PGQD20 electrode appears good cycle stability and it has
a great potential in supercapacitor application. The electro-
chemical performance of PGQDs nanocomposites electrodes
is compared with others supercapacitor electrodes published
in the literatures as shown in Table 2.

4 Conclusion

PGQDs nanocomposites were prepared via in situ chemical
polymerization process. The morphological results showed
that 3—7 nm GQDs are homogenously distributed on the sur-
face of PANI nanofibers. FTIR spectra of PGQD20 showed
partially oxidized emeraldine form with unity of relative
intensity of /o/Ig. The specific capacitance values of pure
PANI of 1080 F/g at current density 2—10 A/g were obtained.
PGQD20 nanocomposite presented superior specific capaci-
tances of 2524—-1699 F/g at 2-10 A/g and the energy density
of PGQD20 was 71 W h/kg at 2 A/g with exceptional cyclic
stability of 100% under 1000 cycle. The incorporation of
GQDs into PANI matrix enhanced the capacitive perfor-
mance of PGQD20 nanocomposite by providing the electro-
chemical active sites, reducing the charge transfer resistance
and increasing the ion diffusion capability.
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