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ABSTRACT: Hybrid films of polyaniline/graphitic carbon nitride (PANI/g-C3N4) deposited on titanium was fabricated. First, g-C3N4 as

a two-dimensional graphite-like structure was synthesized by the stepwise condensation reaction of melamine and cyanuric chloride

in the presence of N,N-dimethylmethanamide as a high boiling point nonnucleophilic base. Then composite films of PANI/g-C3N4

were prepared by in situ electrochemical polymerization of an aniline solution containing g-C3N4. Different concentrations of g-C3N4

were utilized to improve the electrochemical performances of the hybrids. The resulting PANI/g-C3N4 composite films were character-

ized by X-ray diffraction, field emission scanning electron microscopy, transmission electron microscopy, Fourier transform infrared

spectroscopy, and ultraviolet–visible diffuse reflection spectroscopy techniques. The electrochemical performance of the composites

was evaluated by cyclic voltammetry (CV). Application of the prepared samples has been evaluated as supercapacitor material in

0.5 M H2SO4 solution using CV technique. The specific capacitances of PANI/g-C3N4 composite films were higher than obtained for

pure PANI films. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44059.
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INTRODUCTION

One of the great challenges in the 21st century is unquestion-

ably energy storage. In this sense, we need novel economical

and environmentally benign energy conversion and storage sys-

tems.1 So, a strong demand for the development of inexpensive,

flexible, light-weight, and green energy storage devices is neces-

sary.2,3 As an intermediate system between dielectric capacitors

and batteries, supercapacitors are emerging as efficient energy

storage devices due to their fast charge/discharge capability,

high power density, long-term stability, and broad energy stor-

age application prospects.4,5 Supercapacitors have several appli-

cations in different areas, including power electronics, memory

protection, battery enhancement, portable energy sources, power

quality improvement, adjust able speed drives, high power

actuators, hybrid electric vehicles, renewable and off-peak

energy storage, and military and aerospace applications.6–8

Recently, much effort has been devoted to developing the nano-

structure and good conductive electrode materials that has high

electrochemical capacitance.9,10 Though it is still a critical chal-

lenge to enhance the energy density and cycling stability while

retain the high-power density of electrode materials for flexible

supercapacitors,10,11 conducting polymers, carbon-based materi-

als, and metal oxides have been extensively used for high per-

formance electrode materials.12–14

Various conducting polymers have been reported for supercapa-

citor application, and the majority of research works reported

till date is based on polyaniline (PANI), due to its reasonably

high specific capacitance, high stability, light weight, and low

material cost.15,16 It holds great promise than other conducting

polymers due to its unique tunable conductivity either by pro-

tonation or by charge-transfer doping. Due to its conducting

behavior and thermal stability, it has been widely used in elec-

trocatalysis, electrochromic devices, and biosensors.17,18 Though

PANI has several advantages like high polymerization yield,

good redox reversibility, and high thermal and environmental

stability, yet it shows its conductivity only in acidic media at

pH < 3 in Emeraldine salt state.19 However, the poor stability

during the charge/discharge process restricts its practical appli-

cations in supercapacitor.20,21 In order to maximize the electro-

chemical performance, the nanostructure PANI is greatly

developed.

Graphitic carbon nitride (g-C3N4), a two-dimensional graphite-

like structure, exhibited strong attraction owing to its high

nitrogen content, excellent chemical and thermal stability, spe-

cial optical features, appealing electronic structure, and environ-

mental friendly feature.22–25 Due to the high nitrogen content,

g-C3N4 may provide more active reaction sites than other N-

carbon materials to serve as a feasible template for metal

VC 2016 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4405944059 (1 of 8)

http://www.materialsviews.com/


nucleating as well as growing.26 Moreover, g-C3N4 is often well-

crystallized due to the nature of the lamellar structure, which

consequently facilitates the charge transfer as well. Compared

with graphene, g-C3N4 can be easily synthesized by polyconden-

sation directly without any complicated post treatment. Also,

the presence of nitrogen in g-C3N4 may provide more active

reaction sites, increase the electron donor/acceptor characteris-

tics, improve the wettability with the electrolytes and conse-

quently enhance the mass transfer efficiency, and provide a large

additional pseudocapacitance.27,28 g-C3N4 has exhibited multi-

functional potential applications in the fields of CO2 reduction,

hydrogen/oxygen evolution through water splitting, wastewater

detoxification, electroactive materials for batteries, sensor, and

so on.29–32

In recent years, there have been many reports about the prepa-

ration of g-C3N4/metal oxides hybrids. However, the g-C3N4

composites were mainly focused on photocatalysis applica-

tions,33–36 and to the best of our knowledge, coupling of PANI

and g-C3N4 as the electrode materials for supercapacitors has

not been reported yet. In this study, for the first time, a PANI/

g-C3N4 composite film was synthesized by in situ electropoly-

merization of aniline monomer in the presence of g-C3N4 pow-

der on titanium electrode. Chemical structure and morphology

of PANI/g-C3N4 composite films and electrochemical perform-

ances as electrode materials for supercapacitors were investi-

gated. Comparison of the supercapacitive properties of the

PANI sample with the composite material demonstrated signifi-

cant improved specific capacitance.

EXPERIMENTAL

Chemicals, Solutions, and Equipment

All chemicals were of analytical grade purity. Aniline was dis-

tilled under reduced pressure and then stored at low tempera-

ture before use. Melamine and cyanuric chloride were parches

from Merck Chemical CO (NJ, USA).

All electrochemical experiments were carried out at room tem-

perature. Distilled water was used throughout this study. The

electrochemical experiments were performed in a three-

electrode cell assembly. A platinum sheet was used as counter

electrode, while all potentials were measured with respect to a

commercial saturated calomel electrode. Electrochemical experi-

ments were carried out using a computerized potentiostat/galva-

nostat SAMA 500 (Isfahan, Iran).

Synthesis of g-C3N4

g-C3N4 was synthesized by the stepwise condensation reaction

of melamine and cyanuric chloride. In brief, 0.1 g (1 mmol) of

melamine was dispersed in 50 mL of DMF under stirrer at

0 8C, and then 0.146 g (1 mmol) of cyanuric chloride was

added to the suspension. After 10 min, few drops of diisopropy-

leethylamine were poured into the mixture, and it was stirred

for 1 h. Then the reaction temperature was increased to room

temperature, and the solution was stirred for an additional 6 h

under N2 atmosphere. In the next step, the temperature was

reduced to 0 8C, 1 mmol of cyanuric chloride was added to the

reaction mixture, and it was stirred for 1 h. Then, the reaction

temperature was raised to 25 8C for 5 h. Finally, it was refluxed

for 12 h under nitrogen. After cooling, the precipitates was col-

lected by filtration, and it was washed with a solution of 3:3:4

of benzene:hexane:water. The resulting product was washed

with DMF by Soxhlet extractor and then dried under vacuum

at 100 8C.

Preparation of PAN/g-C3N4/Ti Electrodes

Electropolymerization of PANI from an acidic solution was con-

ducted on titanium electrode. Titanium discs were cut from a

titanium sheet (purity 99.99%, 1 mm thickness) and mounted

using polyester resin. The deposition of conducting polymers

on spontaneously passivating metals such as titanium and alu-

minum usually requires a pretreatment of the substrate in order

to remove natural oxides, which cover the metal surface. Prior

to electropolymerization of aniline, the titanium electrodes were

first mechanically polished with different grades of abrasive

Scheme 1. Condensation reactions of melamine and cyanuric chloride to produce extended networks of g-C3N4. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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papers, rinsed in a run of distilled water, then chemically etched

by immersing in a mixture of volumetric 1:4:5 of

HF:HNO3:H2O. The last step of pretreatment was rinsed in dis-

tilled water. After the pretreatment, electropolymerization of

aniline was conducted in 0.5 M H2SO4 solution containing of

0.1 M aniline 1 0.0l and 0.015 g of g-C3N4 solution through 30

successive cyclic voltammetry (CV) scans in the potential range

of 20.5 and 1.5 V at a scan rate of 10 mV s21. The temperature

is maintained at 25 8C.

Characterization Techniques

Fourier transform infra-red (FTIR) spectra were recorded on

Jasco-680 (Tokyo, Japan) spectrophotometer with 4 cm21 reso-

lution. The KBr pellet technique was applied for monitoring

changes in the FTIR spectra of the samples in the range of

4000–400 cm21. The vibrational transition frequencies are

reported in wavenumbers (cm21). X-ray diffraction (XRD) pro-

files were obtained with a Bruker (Rheinstetten, Germany) XRD

(D8 Advance, Germany) advanced powder X-ray diffraction sys-

tem at 45 kV and 100 mA. using Cu Ka radiation. The mor-

phology of the hybrid was examined by transmission electron

microscopy (TEM; Philips CM120 (Eindhoven, Netherlands))

and field emission scanning electron microscopy (FE-SEM;

HITACHI S-4160 (Tokyo, Japan)) using an accelerator voltage

of 100 kV. The UV–Vis absorption spectra were recorded using

UV–vis–NIR spectrophotometer with an integrating sphere

(DUV-3700, Shimadzu, Japan), which BaSO4 was used as a ref-

erence. Electrochemical experiments were carried out using a

computerized potentiostat/galvanostat (SAMA 500, Iran).

RESULTS AND DISCUSSION

Synthesis of PANI/g-C3N4 Hybrids

Nitrogen-rich g-C3N4 was synthesized from the stepwise con-

densation reaction of melamine and cyanuric chloride in the

presence of N,N-dimethylmethanamide as a high boiling point

nonnucleophilic base.37 Due to the different reactivities of mela-

mine and cyanuric chloride, the reaction was occurred at differ-

ent temperatures. At low temperature (0 8C), only one site of

triazine can be substituted, whereas two sites can participate in

substitution reactions that occur at room temperature (25 8C),

and all three sites can react under elevated temperatures (greater

than 70 8C). Scheme 1 shows the step-wise formation of the g-

C3N4 networks. The formation of g-C3N4 was confirmed by dif-

ferent techniques.

Cyclic Voltammetry

Cyclic voltammograms recorded during electropolymerization

of PANI and PANI composites on titanium electrode in 0.5M

H2SO4 solution containing of 0.1M aniline 1 0.0l and 0.015 g

of g-C3N4 solution at a scan rate of 10 mV s21 are shown in

Figure 1. Figure 1 shows CVs recorded during electropolymeri-

zation of PANI in the absence [Figure 1(a)] and in the presence

of 0.0l g [Figure 1(b)] and 0.0l5 g [Figure 1(c)] of g-C3N4 solu-

tion. Upon the oxidation of its monomer, the PANI film starts

to form and grow on the electrode surface as seen from its

cyclic voltammogram. The oxidation and reduction peaks of the

PANI film increase in intensity as the film grows. In the pres-

ence of g-C3N4, the increase in the peak intensities of the film

is much faster. Also, with increasing cyclic numbers, shifts in

Figure 1. Cyclic voltammograms during polymerization in 0.5 M H2SO4

solution containing 0.1 M aniline at a scan rate of 10 mV s21 (a) in the

absence of g-C3N4, (b) in the presence of 0.010 g of g-C3N4, and (c) in

the presence of 0.015 g of g-C3N4.
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the oxidation and reduction peak potentials can be seen. It

seems that electrode kinetics changed by deposition and

increased deposits on the surface of electrode. At the beginning,

the electron transfer is between redox active species and the

electrode surface (they pass through pin-holes, defects, etc.).

But, by covering the electrode surface, they will block com-

pletely via electron transfer, and the shift of the oxidation and

reduction peak potentials can be observed with increasing cyclic

numbers.

Figure 2. FTIR spectra of (a) g-C3N4, (b) pure PANI, and (c) PANI/

g-C3N4 hybrids. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. XRD pattern of (a) g-C3N4, (b) PANI, and (c) PANI/g-C3N4

composite. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 4. UV–vis diffuses reflection spectra of (a) g-C3N4, (b) PANI and

PANI/g-C3N4 composite with (c) 0.01 g and (d) 0.015 g of g-C3N4. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Figure 5. FE-SEM images of g-C3N4 with different magnifications.
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FTIR Study

The molecular structures of the synthesized g-C3N4, pure PANI,

and hybrids of PANI/g-C3N4 are characterized by FTIR spectros-

copy, and the results are presented in Figure 2. The spectrum of

g-C3N4 nanostructures clearly shows several peaks at the fre-

quency characteristic of vibrational modes related to the chemical

bonding between carbon and nitrogen. The broad peak at 3000–

3400 cm21 is ascribed to the stretching vibration of NAH

groups. The strong band of 1200–1600 cm21, with the character-

istic peaks at 1241, 1325, 1414, 1465, and 1570 cm21, is attrib-

uted to the typical stretching vibration of CAN and C@N

heterocycles [Figure 2(a)]. The characteristic peak at 808 cm21

was assigned to the breathing mode of triazine units.38,39 Figure

2(b) shows the FTIR spectra of the pristine PANI which was pro-

duced by electropolymerization of aniline monomer. The charac-

teristic peak at 3368 cm21 can be attributed to the hydrogen

bonding between NAH of amine and imine sites [Figure 2(b)].

The C@N and C@N stretching of the quinonoid and benzenoid

rings was appeared at 1562 and 1481 cm21. The bands at 1302

and 1240 cm21 were ascribed to the CAN stretching mode for

the benzenoid unit, while the band at 1111 cm21 to the quino-

noid unit of PANI and the peak at 767 cm21 are associated with

CAC and CAH in the benzenoid unit.40

For the hybrid of PANI and g-C3N4, the major peaks of both

PANI and g-C3N4 were observed as shown in Figure 2(c).

Though, some differences from either PANI or g-C3N4 are

observed. For instance, the PANI/g-C3N4 reveals a band at

767 cm21, which is attributed to the out-of-plane bending

vibrations of CAH band in the aromatic ring. However, it

became weak after doping, because the PANI chain was anch-

ored by the g-C3N4 plane, and aromatic structures were conju-

gated with the g-C3N4 plane via p-stacking. The out-of-plane

bending vibrations were restricted naturally. For the PANI/g-

C3N4 sample, the characteristic peaks from PANI around 1302,

1481, and 1562 cm21 shift to higher wave numbers of 1307,

1486 and 1566 cm21 after the g-C3N4 are introduced. Mean-

while, the hydrogen bond absorption at 3234 cm21 is strength-

ened. These results suggested that not only the PANI/g-C3N4

has main chain of the PANI, but also the PANI is loaded with

g-C3N4 as the dopant.

X-ray Diffraction Study

The X-ray diffraction patterns of the as-prepared samples are

shown in Figure 3. The detailed information on the purity and

crystallinity of the samples was obtained in the XRD measure-

ment. Figure 3 shows the XRD patterns of the g-C3N4, PANI,

Figure 6. TEM images of g-C3N4 with different magnifications.

Figure 7. FE-SEM images of as-synthesized PANI with different

magnifications.
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and PANI/g-C3N4 composites. For pure g-C3N4 sample [Figure

3(a)], the characteristic peaks at 27.4 and 12.68 correspond to

the (002) plane arising from the stacking of the conjugated aro-

matic system and the (100) plane diffraction arising from the

in-plane repeating motifs of the continuous heptazine network,

respectively.41 In the XRD patterns of PANI, the characteristic

peaks appeared at 15.8, 20.5, and 26.38 corresponding to (011),

(020), and (200) crystal planes, respectively.42 The peak at 15.88

is attributed to parallel repeat units of PANI. The peak at 20.58

is usually ascribed to the periodicity parallel and perpendicular

to the polymer chains of PANI, as well as the peak at 26.38 is

assigned to a periodicity caused by H-bonding between PANI

chains [Figure 3(b)]. When g-C3N4 was incorporated into the

PANI matrix, the diffraction peak of g-C3N4 at 26.38 was over-

lap with the peak of PANI, which results in the broad and

intense peak in the composite [Figure 3(c)]. The data indicate

that no additional crystalline order has been introduced into

the composite. Compared with functionalized g-C3N4, the

obvious characteristic peaks in PANI/g-C3N4 hybrids can be

ascribed to the formation of crystal appearing on the outer

layers of g-C3N4. This result shows that the homogeneous

coating of PANI onto the g-C3N4 indicates that it was well dis-

persed in polymer matrix.

Absorbance Properties

The absorbance properties of the synthesized materials were

measured using UV–vis diffuse reflectance spectroscopy. As

illustrated in Figure 4(a), the pure g-C3N4 sample can absorb

both UV and visible light with an absorption edge at 460 nm,

which can be assigned to the intrinsic band gap of g-C3N4

(2.7 eV).43,44 Pristine PANI can not only absorb UV light but

also has strong absorption in visible light and near infrared

regions, which can be attributed to transitions in the PANI mol-

ecules.45 A comparison of the absorption spectra of the pure g-

C3N4 with those acquired from the PANI/g-C3N4 shows that the

composites exhibit stronger absorption in the visible region at

wavelengths longer than 400 nm, and the red shifts are also

observed in the composite samples after the in situ formation of

PANI polymers (Figure 4).

Morphological Study

The morphology and microstructure of the samples were inves-

tigated by FE-SEM and transmission electron microscopy

(TEM) techniques. FE-SEM images [Figure 5(a,b)] show that g-

Figure 8. FE-SEM images of PANI/g-C3N4 composite with 0.01 g of

g-C3N4.

Figure 9. FE-SEM images of PANI/g-C3N4 composite with 0.015 g of

g-C3N4.
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C3N4 has random stacking clubbed morphology with anoma-

lous smooth nanostructure. Figure 6 shows the TEM image of

the g-C3N4. According to the TEM images, the g-C3N4 shows

its characteristic platelet-like, layered morphology (Figure 6).

The structure and morphology of the pristine PANI and PANI/

g-C3N4 composites with 0.01 and 0.015 g of g-C3N4 was investi-

gated by FE-SEM techniques with different magnifications. As

shown in Figure 7, the pure PANI formed flake-like agglomera-

tions, which were stacked by spherical particles. When g-C3N4

was incorporated to the polymer, the g-C3N4 nanosheets were

dispersed on the surface of PANI and tended to exist in the

form of small nanosheets. In the case of PANI/g-C3N4 compo-

sites with 0.01 g of g-C3N4, the resulting hybrids show spherical

particles in which g-C3N4 particles get deposited on the surface

of PANI and get the composite structures (Figure 8). By

increasing the amount of g-C3N4 in the PANI/g-C3N4 compo-

sites (sample with 0.015 g of g-C3N4), the hybrids show road-

like morphology (Figure 9).

Electrochemical Performance

The capacitive performance of the PANI and PANI/g-C3N4

composite films is evaluated by CV tests. Figure 10 shows the

cyclic voltammograms of various samples, recorded in 0.5 M

H2SO4 electrolyte with the potential scan rate of 10 mV s21 at

the potential range 20.20–0.60 V. Voltammograms are the same

in shape except in the capacitance of the PANI/g-C3N4 compos-

ite films electrode became larger than that of PANI film elec-

trode at the same scan rate. The higher capacitance of films

may be attributed to the larger surface area of these samples in

comparison to the neat polymer. This results in more interfacial

surface between the nanostructures and the electrolyte, leading

to more fascinated reactions.

CONCLUSIONS

PANI/g-C3N4 composite films with different contents of g-C3N4

on the titanium substrate were synthesized by a versatile and

facile electropolymerization method. XRD, FE-SEM, EDX, and

FTIR have been used to characterize these films. FE-SEM

images showed that PANI intercalated into g-C3N4 sheets and

coated on the surface of titanium homogeneously. The prepared

samples were investigated as supercapacitor electrode materials

in 0.5M H2SO4 as the electrolyte solution using CV. As com-

pared to the PANI film, the PANI/g-C3N4 composite film has a

higher specific capacitance.
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