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a b s t r a c t

Conducting polymer is an important electrode material for supercapacitors because of its high initial spe-

cific capacitance. Herein, a novel nanocomposite composed of polypyrrole (PPy) film homogeneously im-

mobilized on the pillar[5]arene functionalized reduced graphene oxide nanosheets (RGO-HP5A-PPy) was

successfully prepared. RGO-HP5A induced pyrrole to polymerize on the graphene surface and the specific

capacitance loss caused by PPy agglomeration was avoided. Noticeably, the specific capacitance of RGO-

HP5A-PPy was up to 495 F/g at 1 A/g. Compared with pure PPy (319 F/g), the specific capacitance was

increased by 55%. The specific capacitance retention of the assembled symmetric supercapacitor reached

76% after 10,000 cycles at 5 A/g. This study gave full play to the advantages of pillar[5]arene, graphene

and PPy, and was expected to promote the development of supramolecular functionalized composites in

energy storage.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Supercapacitors have the advantages of high power density, al-

most no maintenance, no memory effect and good safety [1–4].

The relevant studies have attracted much attention in the field

of electrochemistry. Electrode materials play a decisive role in the

performance of supercapacitors, so it is very important to improve

the electrochemical performance of electrode materials. Conduct-

ing polymer is a promising pseudocapacitive material with high

initial specific capacitance, good conductivity and low cost [5–8].

However, pure conducting polymers tend to aggregate when used

as electrode materials, reducing the effective transport path of

ions [9,10]. Therefore, researchers often combine polymers with

other materials to alleviate agglomeration and improve their elec-

trochemical properties [11,12]. As an important member of the

conducting polymer family, polypyrrole (PPy) has relatively good

chemical and thermal stability [13,14]. However, like other con-

ducting polymers, PPy has poor cyclic stability and its specific ca-

pacitance will be greatly attenuated due to polymer chain fracture

during continuous charge and discharge [15,16]. It is necessary to

find materials with good conductivity and stability to compound

with PPy for better electrochemical performance.

Graphene has been widely reported as an electrode mate-

rial, described as far superior to existing carbon- and polymer-
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based materials for supercapacitors [17–19]. However, the spe-

cific capacitance of graphene is not as high as expected due to

the restacking of graphene nanosheets caused by van der Waals

interactions [19,20]. Surface modification and the introduction

of intercalated materials are commonly used to inhibit stacking

[21,22]. For example, using pillar[5]arenes (supramolecular macro-

cyclic compounds with pillar shape [23–26]) to modify graphene

could effectively inhibit the aggregation of graphene nanosheets.

Our group used to modify amphiphilic pillar[5]arenes onto the

surface of reduced graphene oxide (RGO) to prepare a water-

dispersible nanocomposite, which had selective supramolecular

recognition and enrichment for guest molecules [27]. After that,

a hydrazide-pillar[5]arene functionalized reduced graphene oxide

(RGO-HP5A) for supercapacitor electrode with high specific capac-

itance, good rate capability and long cycle life was prepared via

the reduction of graphene oxide (GO) by hydrazide-pillar[5]arene

(HP5A) [28]. In addition, loading conducting polymers on the sur-

face of graphene could also inhibit the re-stacking of graphene

nanosheets and easily form disordered nanosheets with porous

structure, which increased the surface area of composite materials

and provided channels for ion diffusion [29,30]. With graphene as

a support, conducting polymers improved both their conductivity

and cycling stability. The researchers synthesized conducting poly-

mers/graphene hybrid structures through various approaches, such

as initiating polymerization on the surface of GO [31] and RGO
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Fig. 1. (A) Schematic of the synthesis process of RGO-HP5A-PPy composites. TEM

images of (B) RGO-HP5A-PPy 1–1, (C) RGO-HP5A-PPy 1–2, (D) RGO-HP5A-PPy 1–3,

(E) RGO-HP5A-PPy 1–4, (F) RGO-HP5A-PPy 1–5 and (G) RGO-HP5A-PPy 1–6.

[32], preparing by electrochemical deposition [33] and chemical

vapor deposition (CVD) polymerization [34]. Although these stud-

ies have indeed improved a certain property of the material (one

of capacitance or cycle life), it often results in a decrease in other

aspects of the material’s performance. One of the important rea-

sons is that the components are not tightly combined. Therefore,

it is still an important topic to find a more simple and effective

method to synthesize conducting polymer/graphene hybrid mate-

rials with stable structures.

Herein, we utilized pillar[5]arene functionalized graphene as

the substrate to induce pyrrole to polymerize on the surface of

graphene (mainly due to the enrichment ability of pillar[5]arenes

on RGO-HP5A for guest molecules) to prepare graphene-

pillar[5]arene-polypyrrole ternary composites (RGO-HP5A-PPy)

as supercapacitor electrode materials. The PPy in the composite

was uniformly covered on the graphene surface in the form of a

film, compared with the pure PPy prepared by a similar method

in the form of particles. Our synthesis strategy simplified the

conventional preparation process of PPy-based film composites,

because it did not require multi-step reactions or additional

dispersant agents. The obtained RGO-HP5A-PPy composites with

good hydrophilicity had a maximum specific capacitance of 495

F/g (RGO-HP5A-PPy 1–5) at the current density of 1 A/g, which

was 55% higher than that of pure PPy (319 F/g). Meanwhile, the

rate capability of RGO-HP5A-PPy 1–5 in the range of 1∼20 A/g

was improved obviously, which was increased by 150% compared

with that of PPy.

The novel RGO-HP5A-PPy composites were prepared by free-

radical polymerization of pyrrole (see Experimental section in Sup-

porting information for details). The main process of preparation

was shown in Fig. 1, where pyrrole was added in an aqueous dis-

persion of RGO-HP5A and adsorbed on the surface of RGO-HP5A

through supramolecular complexation of pillar[5]arene with pyr-

role [35,36]. Then, ammonium persulfate (APS) acted as a radical

initiator and was dropped into the aqueous dispersion. Both the

pyrrole in the cavity of pillar[5]arenes and free pyrrole in the so-

lution could polymerize. Due to the relatively higher concentration

of pyrrole on the graphene surface, the pyrrole adsorbed on the

graphene surface polymerized [36]. The formed PPy covered the

graphene and caused a decrease in the concentration of pyrrole

here. The concentration gradient induced the free pyrrole in the

reaction mixture diffusing to the surface of the graphene, so that

the PPy layer continued to grow.

The morphology and microstructure of the composites were in-

vestigated by transmission electron microscopy (TEM) and scan-

ning electron microscopy (SEM). Figs. 1B-G showed the TEM im-

ages of RGO-HP5A-PPy composites, where graphene maintained a

thin sheet shape during the polymerization of pyrrole. Figs. 1B-F

exhibited that PPy was uniformly loaded on the surface of

graphene in a thin film form, and the thickness of the lamella

increased gradually with the increase of the amount of pyrrole

added, indicating that RGO-HP5A could induce the polymerization

of pyrrole on the graphene. However, pyrrole would polymerize

outside the graphene sheet (free PPy particles existed in Fig. 1F)

when the amount of pyrrole added exceeded the adsorption capac-

ity of RGO-HP5A. The SEM images of RGO-HP5A-PPy composites

shown in Fig. S1 (Supporting information) revealed that free gran-

ular PPy was generated outside the graphene sheet when the mass

ratio of RGO-HP5A to pyrrole was 1:6. Based on these results, it

could be predicted that when the mass ratio of RGO-HP5A and pyr-

role added was 1:5, the composite obtained had the highest initial

specific capacitance. In addition, the composites could be better

infiltrated by aqueous electrolytes when used as electrode mate-

rials for supercapacitors, because contact angle tests confirmed the

hydrophilicity of these composites (Fig. S2 in Supporting informa-

tion). The dispersion stability of the composites in water was also

investigated (Fig. S3 in Supporting information). Loading PPy onto

RGO-HP5A greatly affected the stability of the pillar[5]arene func-

tionalized graphene dispersed in aqueous solution, and the larger

the proportion of PPy in the composite, the worse the stability of

the aqueous dispersion. Therefore, too much PPy loaded on the

graphene would affect the stability of the composites in water sys-

tems.

For comparison, the same method was used to synthesize pure

PPy, PPy doped with HP5A (HP5A-PPy) and RGO loaded with PPy

(RGO-PPy). The morphology of the obtained PPy was granular

(Fig. S4 in Supporting information). Compared with HP5A-PPy, the

Fig. 2. (A) Charge-discharge curves (1 A/g) of the electrodes modified of RGO-

HP5A-PPy 1–1, RGO-HP5A-PPy 1–2, RGO-HP5A-PPy 1–3, RGO-HP5A-PPy 1–4, RGO-

HP5A-PPy 1–5 and RGO-HP5A-PPy 1–6. (B) The specific capacitance of the com-

posites obtained by adding different amounts of pyrrole solution. (C) EIS Nyquist

plots of RGO-HP5A-PPy modified electrodes. Inset: a modified Randles’ equivalent

circuit model applied to fit the impedance data. (D) Specific capacitance at various

discharge current densities of RGO-HP5A-PPy composites.
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Table 1

Physical properties deduced from N2 adsorption-desorption at 77K on PPy, RGO-HP5A-PPy 1–4 and RGO-HP5A-PPy 1–5.

Samples Surface area (m2/g) Average pore volume (cm3/g) Average pore diameter (nm)

PPy 33.26 0.08 9.67

RGO-HP5A-PPy 1–4 71.04 0.23 12.96

RGO-HP5A-PPy 1–5 52.15 0.17 13.13

size of pure PPy was larger and the agglomeration was more se-

rious. The sheets of RGO-PPy were very thick and the PPy loaded

on the RGO was not uniform (Fig. S4C). Part of PPy particles out-

side the graphene sheet in Fig. S4F revealed that RGO-HP5A had

a much better binding ability with PPy than RGO. The prepared

materials were also characterized by FT-IR spectra (Fig. S5 in Sup-

porting information), XRD patterns (Fig. S6 in Supporting infor-

mation), Brunauer-Emmett-Teller (BET) method and the Barrett-

Joyner-Halenda (BJH) model (Fig. S7 in Supporting information).

PPy had a BET specific surface area of only 33.26 m2/g, while RGO-

HP5A-PPy 1–4 and RGO-HP5A-PPy 1–5 had a larger specific sur-

face area of 71.04 m2/g and 52.15 m2/g respectively (Table 1). The

small specific surface area of PPy was mainly due to the serious ag-

glomeration of pure PPy. However, PPy was uniformly attached to

the graphene surface when it was compounded with RGO-HP5A,

causing the agglomeration to be significantly inhibited. As the load

of PPy increased, the composite became thicker, resulting in a de-

crease in the specific surface area. In addition, RGO-HP5A-PPy had

a slightly better thermal stability in comparison with pure PPy (Fig.

S8 in Supporting information).

The unique structural features resulted in an excellent electro-

chemical performance of RGO-HP5A-PPy electrodes (Fig. 2 and Fig.

S9 in Supporting information). Cyclic voltammetry (CV) curves ex-

hibited that the capacitance of the composites was contributed

by electric double layer capacitance and pseudocapacitance [37].

As the added amount of pyrrole increased, it could be observed

that the relative intensity of the redox peak attributable to HP5A

weakened, while the contribution of the PPy component to the

capacitance increased (Fig. S9) Figs. 2A and B clearly revealed

that RGO-HP5A-PPy 1–5 had the highest specific capacitance

(Cs =495 F/g) at 1 A/g, followed by RGO-HP5A-PPy 1–4 (Cs =462

F/g). As the amount of RGO-HP5A was constant, the Cs of the com-

posite was enhanced from 324 F/g to 495 F/g with the increase

of pyrrole from 0.5 to 2.5mg/mL. The improvement in specific ca-

pacitance was due to the increase in the loading of PPy, and the

inhibition of the aggregation by RGO-HP5A. When the amount of

pyrrole continued to increase to 3.0mg/mL, the Cs decreased to

372 F/g. This was because the amount of pyrrole exceeded the

load carrying limit of RGO-HP5A, and the excess pyrrole sponta-

neously and disorderly agglomerated after polymerization outside

of graphene. In general, the Cs of the composites prepared on the

basis of RGO-HP5A was significantly higher than that of PPy, HP5A-

PPy and RGO-PPy (Fig. S10 in Supporting information).

Then, electrochemical impedance spectroscopy (EIS) was used

to characterize the electronic conductivity and ion transport per-

formance of the materials (Fig. 2C and Fig. S11 in Supporting in-

formation). The Nyquist plots fitted according to an adjusted Ran-

dles’ equivalent circuit [38–40] were shown in Fig. 2C. The charge

transfer resistance (Rct) of these RGO-HP5A-PPy composites were

5.1, 6.8, 7.1, 8.0, 10.5 and 15.6 �, respectively. It could be seen

that as the content of PPy in composites increased, the resistance

increased, which would influence the rate capability. Compared

with PPy (Fig. S12 in Supporting information), the rate capabil-

ity of RGO-HP5A-PPy composites was observably improved (Fig. 2D

and Fig. S13 in Supporting information), which was mainly due to

the connection role of HP5A and the support of graphene, improv-

ing the conductivity and making the composites more stable dur-

Fig. 3. (A) Galvanostatic charge and discharge curves at 1 A/g, (B) cycling stability

over 10,000 cycles at a current density of 5 A/g of the RGO-HP5A-PPy 1–4//RGO-

HP5A-PPy 1–4 and RGO-HP5A-PPy 1–5//RGO-HP5A-PPy 1–5 symmetric supercapac-

itors.

ing high-current charging and discharging. The Cs retention rates

of these RGO-HP5A-PPy composites in 1∼20 A/g were 72%, 65%,

61%, 57%, 55% and 54%, respectively (Fig. 2D). When the loading

of PPy increased, the rate capability of the composite decreased,

mainly because the increase of organic matter in the composi-

tion weakened the conductivity of the material. The amount of pil-

lar[5]arenes on the graphene also affected the performance of the

composites (Fig. S14 in Supporting information). Additionally, the

RGO-HP5A-PPy composites prevail over many PPy/graphene com-

posites in the literature (Table S2 in Supporting information).

For purpose of evaluating the feasibility of RGO-HP5A-PPy com-

posites in the practical application of supercapacitors, two sym-

metrical supercapacitors were assembled using RGO-HP5A-PPy 1–4

and RGO-HP5A-PPy 1–5 as active materials. The CV curves of RGO-

HP5A-PPy 1–4//RGO-HP5A-PPy 1–4 and RGO-HP5A-PPy 1–5//RGO-

HP5A-PPy 1–5 in the potential window of 0∼1.3V were shown in

Fig. S15 (Supporting information). The supercapacitors were sub-

sequently subjected to a galvanostatic charge and discharge test

at 1 A/g to evaluate their performance (Fig. 3A). The specific ca-

pacitances of the two supercapacitors were calculated to be 103

and 110 F/g, respectively. According to the CV curves of the assem-

bled two supercapacitors at different scan rates (Figs. S16A and

C in Supporting information) and the charge-discharge curves at

different current densities (Figs. S16B and D in Supporting infor-

mation), the Cs retention rate of RGO-HP5A-PPy 1–4//RGO-HP5A-

PPy 1–4 from 1 A/g to 20 A/g was 71% (Fig. S16E in Supporting

information). The Cs retention rate of RGO-HP5A-PPy 1–5//RGO-

HP5A-PPy 1–5 from 1 A/g to 20 A/g was 54% (Fig. S16E). According

to the obtained Ragone plot [41] shown in Fig. S16F (Supporting

information), when the power density was 2340W/kg, the maxi-

mum energy density of the two supercapacitors were 81.7 and 87.0

Wh/kg, respectively; when the power density reached 46,800W/kg,

the energy density remained 58.4 and 47.3 Wh/kg, respectively.

Fig. S17 (Supporting information) showed the Nyquist plots of the

supercapacitors. It was obvious that the impedance of RGO-HP5A-

PPy 1–4//RGO-HP5A-PPy 1–4 was smaller (Rct =0.4 �), which re-

sulted in the better rate capability of RGO-HP5A-PPy 1–4//RGO-

HP5A-PPy 1–4. Then, the cyclic stability was investigated at 5 A/g,

and the specific capacitance retention rates of the two symmetrical

supercapacitors were 86% and 76%, respectively, indicating that the

composites had good electrochemical stability (Fig. 3B).
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In this paper, hydrophilic RGO-HP5A-PPy composites with thin

sheet morphology were obtained by using pillar[5]arene function-

alized graphene as substrate and inducing polymerization of pyr-

role on graphene surface by the assistance of pillar[5]arenes. Dif-

ferent from the granular morphology of pure PPy, the PPy in the

composites covered the graphene surface in the form of a film.

RGO-HP5A-PPy 1–5 had the highest specific capacitance (495 F/g

at 1 A/g, 55% higher than that of PPy), and its rate capability was

much better than that of PPy. The assembled symmetric superca-

pacitors exhibited a high initial specific capacitance, good rate ca-

pability and fine cyclic stability. The research was expected to of-

fer a new model for constructing PPy/graphene hybrid materials

and a reference for the development of pillar[n]arene functional-

ized composites in energy storage.
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