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Abstract Polypyrrole (PPy) has received extensive

attention in supercapacitor electrodes due to its

promising electrochemical activity, while the poor

cycling stability and densely packed structure limited

its electrochemical performance. Herein, we demon-

strate the fabrication of flexible and freestanding

PPy@bacterial cellulose (BC)/MXene composite film

with significantly enhanced electrochemical perfor-

mance. PPy nanoparticles were uniformly deposited

on BC nanofibers via in situ polymerization, and

assembled with highly conductive MXene (Ti3C2Tx)

nanoflakes through strong interfacial interactions. BC

as a biological template can effectively disperse PPy

nanoparticles. The intercalation of PPy@BC nanofi-

bers into Ti3C2Tx layers constructs hierarchically

packed nanofibrous structure, which provides

extensive accessible electrochemical active sites.

Freestanding PPy@BC/Ti3C2Tx (PBM) electrode

exhibits superior specific capacitance (gravimetric

and areal capacitance of up to 550 F g-1 and

879 mF cm-2, respectively) and excellent capaci-

tance retention of 83.5% after 10,000 cycles. In

addition, the symmetric supercapacitor assembled by

PBM papers present a high energy density of

33.1 W h kg-1 (power density of 243 W kg-1) and

excellent capacitance retention. The elaborately

designed nanostructure and PPy-Ti3C2Tx hybridiza-

tion make great contribution to the enhanced electro-

chemical performance, which provide a feasible

method for the fabrication of conductive polymer-

based high-performance flexible supercapacitor

electrodes.
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Introduction

Rapid widespread of portable electronic devices

requires the development of flexible energy storage

systems (Simon and Gogotsi 2008). Supercapacitors

(SCs) have been widely explored for energy storage

application owing to their higher power density, cycle

efficiency and rapid charge–discharge rates (Zhang

and Zhao 2009; Choi et al. 2012; El-Kady et al. 2016).

To date, pseudocapacitive materials such as metal

oxides/hydroxides (e.g., RuO2 (Jiang et al. 2018),

MnO2 (Zhu et al. 2018) and Ni(OH)2 (Ke et al. 2017))

or conductive polymers (e.g., polypyrrole (PPy) (Song

et al. 2015; Kashani et al. 2016) and polyaniline (Ge

et al. 2015)) have been widely used as electrode

materials to promote electrochemical performance.

Specifically, conductive polymers have become

increasingly popular as pseudocapacitive electrode

material for SCs in virtue of their low cost, good

environmental stability (Wang et al. 2012; Huang et al.

2016; Wan et al. 2017), high conductivity in doped

state and high specific capacitance (theoretical of PPy

is 620 F g-1 (Lota et al. 2004)). However, pristine

conductive polymers tend to agglomerate during

polymerization, which impede the diffusion and

transportation of electrolyte ions. Furthermore, con-

ductive polymers suffer from poor cycling

performance owing to the swelling-shrinking behavior

during the ion intercalating/deintercalating process.

Recently, transition metal carbides and nitrides,

known asMXenes, have arisen as a new family of two-

dimensional (2D) functional materials (Lei et al. 2015;

Liu et al. 2020; Jin et al. 2020). Among them, titanium

carbide (Ti3C2Tx, where Tx stands for the surface

termination groups) is the most extensively reported

material due to its great conductivity (Geng et al.

2019), good hydrophilicity (Ghidiu et al. 2014), and

excellent ion intercalation behavior (Lukatskaya et al.

2013; Mu et al. 2019). It has been demonstrated as

promising supercapacitor electrode materials with

outstanding electrochemical performance (specific

capacitance up to 1500 F cm-3) (Anasori et al.

2017; Lukatskaya et al. 2017). Due to its unique

advantages, Ti3C2Tx is expected to serve as desirable

supporting materials for the conductive polymer-

based electrode. Zhi et.al intercalated PPy into the

Ti3C2Tx sheet via electrophoretic deposition, which

increased the capacitance from 150 to 203 mF cm-2

(Zhu et al. 2016). Beidaghi et al. reported the oxidant-

free polymerization of aniline on the Ti3C2Tx nano-

flakes, which intercalated between the Ti3C2Tx layers

expanding the interlayer space to facilitate charge

transport (VahidMohammadi et al. 2018). Gogotsi

et.al prepared hybrid electrodes by in-situ synthesis of

pyrrole on Ti3C2Tx, in which the capacitance of the

13 lm thick electrode was as high as 416 F g-1

(Boota et al. 2016). The incorporation of MXene is a

feasible strategy to improve the electrochemical

performance of intrinsic conductive polymers.
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Herein, we report the fabrication of flexible and

freestanding PPy@bacterial cellulose (BC)/Ti3C2Tx

film (PBM) with well-enhanced electrochemical per-

formance. PBM with hierarchically packed nanofi-

brous structure was synthesized through BC templated

pyrrole polymerization and subsequent self-assembly

with Ti3C2Tx nanoflakes. Nanocellulose, such as

cellulose nanofibrils (CNFs) and bacterial cellulose

(BC), has proven to be a promising candidate for green

novel energy device due to its excellent mechanical

properties, large specific surface area, light weight and

flexibility (Du et al. 2017; Wang et al. 2018; Li et al.

2018). For example, Edberg et al. combined cellulose

nanofibrils, sulfonated lignin and conductive polymer

to produce supercapacitors with excellent rate perfor-

mance (Edberg et al. 2018); Zhang et al. used wood

cellulose as the raw material and manipulated the

carbonization temperature to control the nanofiber

structure to obtain high-performance supercapacitors

(Zhang et al. 2019). Compared with CNFs prepared by

physical method and TEMPO-CNFs prepared by

chemical method, BC has very high cellulose content

(higher than 99%) and can be easily obtained through

simple and non-toxic processing steps (Wu et al.

2016). Meanwhile, the crystallinity of BC comprised

of 2–4 nm nanofibrils exceeds 70%, resulting in

excellent mechanical robustness (Zhao et al. 2020).

Based on the green chemistry and recycling economy,

these 1D flexible, low-cost and environmentally

friendly BC nanofibers with nanofibrous network are

appealing substrate, serving not only as template for

uniform deposition of PPy nanoparticles, but the

resulted PPy@BC nanofibers intercalated into Ti3C2-

Tx layers can also effectively prevented restacking of

Ti3C2Tx and expand their interlayer space. Moreover,

the Ti3C2Tx nanoflakes were closely contacted with

PPy@BC hybrid nanofibers to construct continuous

conductive pathways. The synergistic enhancement

effect endows PBM with good flexibility, high con-

ductivity and facilitates charges/ions diffusion, which

greatly contributed to the improved capacitance and

cyclic stability. This work provides a simple and

feasible strategy to design and fabricate MXene/con-

ductive polymer-based SCs electrode with enhanced

electrochemical performance.

Experimental section

Materials

All starting materials and reagents were obtained from

commercial sources and used without further purifi-

cation unless otherwise noted. BC aqueous dispersion

was purchased from Qihong Co., Ltd, Guilin, China.

Ferric chloride hexahydrate (FeCl3�6H2O, AR) was

purchased from Kermel Chemical Reagent Co., Ltd.

Lithium fluoride (LiF, AR) and Pyrrole (Py, AR) was

purchased from Aladdin Inc. (China). Ti3AlC2 powder

(400 mesh) was purchased from 11 Technology Co.,

Ltd. (China).

Preparation of delaminated MXene (Ti3C2Tx)

nanoflakes

Ti3C2Tx was prepared by selectively etching off

aluminum atoms in MAX powder. In a typical

experiment, Ti3AlC2 powder was added to a 9 M

hydrochloric acid solution (HCl) in which LiF salt was

dissolved (Ti3AlC2:LiF = 1:1 wt./wt.). The etching

solution was continuously stirred at 35 �C for 36 h.

Subsequently, the etched Ti3C2Tx solid residue was

washed with deionized water and centrifuged at

3500 rpm until the supernatant pH exceed 6. Then

the sediment was re-dispersed in deionized water by

hand-shaking, followed by centrifugation at 3500 rpm

for 5 min to obtain the Ti3C2Tx nanoflakes aqueous

dispersion. The concentration of the Ti3C2Tx solution

was determined by vacuum filtration of a known

weight of the supernatant into a film.

Preparation of PPy@BC conductive

nanocomposites

The PPy@BC conductive nanocomposites are pre-

pared by in-situ oxidative polymerization of pyrrole

self-assembled onto BC. A typical synthesis was as

follows. Freshly prepared BC aqueous dispersion

(50 g, 0.2 wt%) was added to dimethyl formamide

(DMF) solution (2:1, v/v) and stirred vigorously to

fully disperse BC nanofibers at 25 �C. Pyrrole

(6 mmol, 1 g) was added to the BC suspension and

stirred vigorously for 0.5 h to fully self-assemble onto

the surface of the BC nanofibers. Then, a mixed

solution of ferric chloride hexahydrate (FeCl3�6H2O,

7 mmol, 1.89 g) and 1 M HCl (18 mmol) were added,
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in which FeCl3�6H2O was used as oxidant catalyst and

HCl was used as dopant. The reaction temperature was

controlled at 0–4 �C and the reaction time is 6–8 h.

After reaction was completed, the resulting precipitate

was sequentially washed with ethanol, deionized

water and 1 M HCl to remove monomers and

oxidants. Finally, the washed product was re-dissolved

in 1 M HCl to make PPy@BC black suspension, and

the PPy@BC concentration was determined by mea-

suring the residual mass after drying a certain mass of

the suspension. For reference, pristine PPy was also

synthesized by oxidation polymerization of pyrrole

with FeCl3�6H2O (7 mmol, 1.89 g) as oxidant and

1 M HCl (18 mmol) as dopant in H2O-DMF (2:1, v/v)

at 4 �C.

Preparation of PBM conductive paper

Delaminated Ti3C2Tx nanoflakes and PPy@BC nano-

fibers were respectively dispersed in deionized water

with a concentration of 0.2 wt% and 0.1 wt%.

Different amount of Ti3C2Tx dispersion was added

into the PPy@BC dispersion with stirring. The

mixture of Ti3C2Tx and PPy@BC was continuously

stirred for 4 h. Then the suspension was filtered

through vacuum-assisted filtration to obtain PBM

composite paper. The mass ratio of PPy@BC to

Ti3C2Tx in the composite film were 7:1 5:1, 3:1, 1:1,

1:3 and 1:5, which were denoted as PBM 7:1 5:1, 3:1,

1:1, 1:3 and 1:5, respectively. Depending on the

proportion of PPy@BC and Ti3C2Tx, the thickness of

the prepared PBM conductive films were between

45 lm and 67 lm (details are shown in Table S1).

PPy@BC and BC/Ti3C2Tx papers were also fabricated

under the same conditions for comparison.

Characterizations and electrochemical

measurements

The morphology and microstructure of BC, PPy@BC,

BC/Ti3C2Tx and PBM composite paper were studied

by scanning electron microscopy (SEM) on a micro-

scope (JSM-5600, JEOL, Japan). Transmission elec-

tron microscopy (TEM) was performed using a

transmission electron microscope (JEOL JEM-

100CX, Japan) to intuitively observe the morphology

of Ti3C2Tx nanoflakes, BC nanofibers, PPy@BC

nanofibers and PBM composite. A Nicolet 6700

spectrophotometer (USA) with attenuated total

reflectance (ATR) mode was used to collect Fourier

transform infrared spectroscopy (FTIR) at ambient

temperature. X-ray diffraction (XRD) patterns of

Ti3C2Tx film, BC film, PPy@BC film and PBM

composite film were recorded with a Philip X pert

PRO MPD (Philips Co., Netherlands) X-ray diffrac-

tometer. Cu Ka radiation (k = 1.54 Å) at a generator

current of 50 mA was used as the radiation source and

the generator voltage was set as 40 kV with a scanning

speed of 4�/min. Tensile tests of samples were

measured using a universal tensile testing machine

(Instron-5560, USA) with an extension rate of

100 mm/min at room temperature. The electric resis-

tance of all samples was measured by a four-point

probe measurement with an M-3 mini type four-probe

tester (Suzhou Jingge Electronic Co., Ltd., China).

VersaSTAT3 electrochemical workstation was

employed to measure the electrochemical perfor-

mance of the as-prepared electrodes. A plastic

Swagelok cells was used to perform the electrochem-

ical tests. The fabricated freestanding films, over

capacitive activated carbon, and Ag/AgCl served as

the working electrode, counter electrode, and refer-

ence electrode, respectively. A glassy carbon elec-

trode was used as current collectors for the working

electrodes. The electrochemical impedance spec-

troscopy (EIS) was conducted within a frequency

range from 200 kHz to 0.01 Hz at an amplitude of

10 mV.

Results and discussion

Morphologies and structures

Figure 1 shows the strategy for the preparation of

flexible and freestanding PBM composite film. The

PPy@BC nanofibers were fabricated by in situ oxida-

tive polymerization of pyrrole with BC as the

biotemplate (Fig. 1a). A mixture of ferric chloride

hexahydrate (FeCl3�6H2O) and hydrochloric acid

(HCl) were added into the BC/pyrrole suspension as

oxidant catalyst and dopant, respectively. Pyrrole

monomers were deposited on the surface of BC

through hydrogen bonding between pyrrole ring and

BC. As reaction proceeded, the BC/pyrrole suspension

was observed to change from semi-translucent ivory

dispersion to suspended dark agglomerates, demon-

strating that the surface of BC nanofibers was
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uniformly coated with the obtained PPy, which

blocked their hydrophilic hydroxyl groups. Figure 1b

schematically shows the synthesis process of Ti3C2Tx.

The delaminated Ti3C2Tx dispersion was prepared by

eliminating Al atomic layer in the Ti3AlC2 (MAX)

phase structure through etching by LiF and HCl mixed

solution and subsequent hand shaking delamination.

TEM image (Fig. S1) shows that the delaminated

Ti3C2Tx nanoflakes present flat and almost transparent

lamellar morphology with average transverse size of

several hundred nanometers. The delaminated Ti3C2-

Tx nanoflakes can form stable and uniform dispersion

in aqueous solution. Then PPy@BC and Ti3C2Tx

dispersions were mixed to obtain PBM dispersions

(Fig. 1c), and freestanding flexible PBM films were

obtained through vacuum-assisted filtration (Fig. 1d).

The Ti3C2Tx nanoflakes closely contacted with

PPy@BC nanofibers through hydrogen bonding. As

a result, the PBM suspension exhibits black suspended

agglomerates similar to the PPy@BC suspension.

Figure 2a and d exhibit scanning electron micro-

scope (SEM) and transmission electron microscope

(TEM) images of pristine BC. BC nanofibers with a

diameter between 10 and 40 nm exhibit smooth

surface and nanofibrous network, which is similar to

the morphology of previously reported BC nanofibers

(Qiu et al. 2016). Their 1D structure and high aspect

ratio makes an excellent template for loading active

materials. Meanwhile, the existence of hydrogen

bonding that acts as traction force between pyrrole

monomer and BC hydroxyl group is a necessary

guarantee for the uniform deposition of PPy on the BC

surface (Ma et al. 2016a). After in situ polymerization,

PPy nanoparticles with a diameter of 50–60 nm were

Fig. 1 Schematic illustration of the synthesis of PBM

composite paper. a Schematic illustration of the synthesis of

PPy@BC by in situ oxidative polymerization of pyrrole with BC

as the template. b Schematic diagram of Ti3C2Tx obtained by

selective etching of aluminum atomic layer from layered

Ti3AlC2 phase. c Illustration and photograph of PPy@BC and

Ti3C2Tx mixture. PPy@BC nanofibers rely on hydrogen

bonding to make close contact with Ti3C2Tx nanoflakes.

d Image of the freestanding PBM paper and demonstration of

the flexibility of the freestanding PBM film
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uniformly grown on the surface of BC nanofibers to

form string-bead-like structure (Fig. 2b, e), and the

interconnected nanofibrous structure of BC was well-

reserved after polymerization (the mass ratio of PPy

and BC nanofibers in the synthesized PPy@BC is 7:1).

SEM of the PBM (Fig. 2c) presents that Ti3C2Tx

nanoflakes are embedded in interconnected PPy@BC

nanofibers network without regional agglomeration.

The uniform distribution of Ti3C2Tx in PBM is further

demonstrated by elemental mapping images (Fig. S2).

The nanofibrous structure in composite film is

expected to provide accessible active sites and ion

diffusion channels. As shown in Fig. 2f, intercalation

of PPy@BC nanofibers into Ti3C2Tx nanoflakes to

form intimate contact and prevent restacking, which

are attributed to the hydrogen bonding forces between

N–H and hydroxyl groups on PPy@BC and the

oxygen containing groups on the surface of Ti3C2Tx.

Their close contact and uniformly distribution of

Ti3C2Tx nanoflakes facilitate the construction of

continuous conductive pathway. The addition of

Ti3C2Tx greatly improved electrical conductivity of

the composite films (Fig. S3). The conductivity of

PPy@BC is only 136 S m-1, while it significantly

increased to 14,245 S m-1 when the mass ratio of

PPy@BC to Ti3C2Tx is 1:5 (PBM 1:5).

For comparison, PPy/Ti3C2Tx suspension was pre-

pared by directly mixing Ti3C2Tx with PPy nanopar-

ticles dispersion (Fig. S4). The SEM image of PPy/

Ti3C2Tx hybrid paper (Fig. S4a) clearly exhibits that

large particles of PPy are distributed on Ti3C2Tx,

forming severe dense packing. The simple mixed PPy/

Ti3C2Tx dispersion is unable to form a complete film

via natural drying or filtration as shown in Fig. S4b,

Fig. 2 SEM images of a Pristine BC film, b PPy@BC film and c PBM composite film. TEM images of d Pristine BC dispersion,

e PPy@BC aqueous dispersion and f PBM aqueous dispersion
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indicating poor processability. In sharp contrast to

PPy/Ti3C2Tx, the PBM composite films are highly

flexible, bendable (Fig. 1d) and present appropriate

mechanical strength (Fig. S5), indicating that the

introduction of BC not only effectively regulates the

morphological structure of PPy to facilitate dispersion,

but also greatly improves the processability of

nanocomposites.

FTIR spectroscopy and XRD analysis

PBM hybrid films were further characterized by

Fourier transform infrared (FT-IR) spectroscopy and

X-ray diffraction (XRD). As shown in Fig. 3a, pristine

PPy exhibits a band at 1644 cm-1 due to the N–H in

plane bending vibration, band at 1540 cm-1 corre-

sponding to the C = C stretching vibration in the

pyrrole ring, broad band at 1440 cm-1 attributed to the

C–N stretching vibration, and band at 1160,

1045 cm-1 related to C–H in-plane ring stretching

vibration (Liu et al. 2015; Ma et al. 2016a). For

PPy@BC, the C–O stretching vibration peaks of BC

(1157, 1049 cm-1) are redshifted to 1118, 1018 cm-1

respectively, indicating the hydrogen bonding

between BC and PPy. The obvious peaks at 1648,

1533, 1437 and 1284 cm-1 are attributed to the N–H

in plane bending vibration, C=C, C–N ring-stretching

vibration and C–N in-plane deformation modes of PPy

respectively (Wang et al. 2013; Xu et al. 2013), which

demonstrates that BC nanofibers are wrapped with

PPy. While for PBM composite film, the peaks

belonging to PPy@BC are still retained (1645, 1533,

1435, 1284, 1120 and 1018 cm-1), but the character-

istic peak of N–H wagging shifts from 862 to

840 cm-1 and became wider and stronger, indicating

the formation of hydrogen bonding between Ti3C2Tx

and PPy.

XRD patterns were shown in Fig. 3b, the pattern of

pristine BC displays three sharp peaks at 14.6�, 16.8�
and 22.7�, corresponding to the typical ð1 1 0Þ, (1 1 0)
and (2 0 0) diffraction planes of cellulose I, respec-

tively (Ma et al. 2016b). Pure PPy is known to be

amorphous and has a broad diffraction peak at& 25�,
corresponding to the scattering of PPy chains (He et al.

Fig. 3 a FTIR spectrum of pristine PPy, pristine BC, PPy@BC, and PPy@BC/Ti3C2Tx. b XRD patterns of Ti3C2Tx, pristine BC,

PPy@BC, and PPy@BC/Ti3C2Tx. XPS spectra of the N1s core level of the c PPy@BC and d PPy@BC/Ti3C2Tx
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2019). After polymerization of PPy onto the BC, the

pattern of PPy@BC exhibits significantly weakened

characteristic peaks of BC and PPy. While in the XRD

pattern of PBM, the characteristic peaks of BC and

PPy are retained, and a new sharp strong peak appears

near 6� attributing to the incorporation of Ti3C2Tx

(Naguib et al. 2014). The downshift from & 5.96� to
5.78� in the Ti3C2Tx (002) peak of PBM indicates an

increased interlayer spacing between Ti3C2Tx layers,

which is attributed to the intercalation of PPy@BC

nanofibers (Cao et al. 2018).

XPS spectroscopy

To further explore the interaction between PPy and

Ti3C2Tx, the chemical state of N in the PPy backbone

was revealed by X-ray photoelectron spectroscopy

(XPS). Figure 3c shows the N1s spectra of PPy@BC.

The core N1s spectrum has been deconvoluted into

neutral nitrogen (–NH–) at 399.7 eV and protonation

benzenoid amine (–N?H–) at 400.8 eV (Ge et al.

1994). After addition of Ti3C2Tx, a new Gaussian peak

appeared at high energy tail (Fig. 3d), corresponding

to the protonation quinonoid imine (–N?=). The

polaron ratio (N?/N), defined as the area ratio between

polaron peak (–N?H– and –N?=) and the total

nitrogen peak (–NH–, –N?H– and –N?=), increased

from 31 to 37%. This may be attributed to the

coactions between PPy and Ti3C2Tx, such as hydrogen

bonding between the –OH groups of Ti3C2Tx flakes

and the nitrogen lone pairs of PPy. Polarons are

generally considered to provide electrochemical activ-

ity (Song et al. 2014). The increase in the polaron

indicates that there may be more ions and electrons to

contribute to increase the electrochemical activity.

Electrochemical performances of PBM films

in three-electrode system

The electrochemical performances of the fabricated

freestanding films were evaluated in a three-electrode

system with Ag/AgCl electrode as reference electrode.

3 M H2SO4 was used as electrolyte due to its high

conductivity, which facilitates the surface redox

reactions of PPy (Boota et al. 2015). Figure 4a

compares the CV curves of PBM films with different

PPy and Ti3C2Tx contents, all of which are quasi-

rectangle, indicating excellent electrochemical

reversibility. As PPy content increases, the area of

the curve gradually increases. PBM 5:1 exhibits

highest capacitance (550 F g-1, 879 mF cm-2, the

active material loading is 3.21 mg cm-2), which is

among the best values of previous reported similar

electrode materials (Table S2). This may be attributed

to the uniform regulation of morphology of PPy

nanoparticles via BC biotemplate polymerization and

the intercalation of nanofibers into Ti3C2Tx layers,

resulting in more accessible active sites and high

electrochemical activity. PBM 5:1 in the GCD curve

(Fig. 4b) has longest discharge time, typical quasi-

triangular shape and low IR drop, indicating optimized

charge transfer and charge storage capability. Fig-

ure 4c intuitively compares the gravimetric capaci-

tance and area capacitance of different PBM films.

The capacitance of PBM 5:1 is 8.2% and 38.7% higher

than that of PBM 3:1 (505 F g-1, the active material

loading is 2.80 mg cm-2) and PBM 7:1 (337 F g-1,

the active material loading is 2.27 mg cm-2), respec-

tively. The possible reason is that the optimum loading

of Ti3C2Tx in PBM composite reached a good balance

between high charge density and Faraday capacitance

provided by p-type doped PPy and excellent electrical

conductivity resulted fromTi3C2Tx (Snook et al. 2011;

Xiong et al. 2018). It is worth noting that Ti3C2Tx

exhibits higher redox capacitance at negative poten-

tials (Boota and Gogotsi 2019), so the PBM 1:1 (the

active material loading is 3.32 mg cm-2) hybrid

electrode with more Ti3C2Tx has the lowest capaci-

tance in our voltage window. Therefore, PBM 5:1 was

chosen for the comparative study of electrochemical

performance (Other PBM films are shown in Fig. S6).

The CV curve (Fig. 4d) exhibits a typical EDLC

rectangular shape below 100 mV s-1, indicating good

capacitive behavior. As scan rate increases, the

rectangular shape of CV curve gradually deviated,

which may be caused by the polarization of electrode

and increase of the overpotential of ion transport

between electrolyte and electrode material (Zhang

et al. 2014). The quasi-triangular galvanostatic charg-

ing-discharging curves (GCD) at different current

densities of 1, 2, 4, 6, 8 and 10 mA cm-2 (Fig. 4e)

further demonstrate the high reversibility of charging-

discharging process.

Electrochemical impedance spectroscopy (EIS)

measurements were performed to understand the

kinetics of electrode process. Nyquist plots (Fig. 4f)

of PBM films include two regions, high frequency

region of semi-circular arc and low frequency region
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of straight line, respectively. All curves have similar

approximate vertical lines in the low frequency region,

indicating rapid diffusion of ions between electrolyte

solution and electrode interface. The diameter of semi-

circular arc in the high frequency region is usually

related to charge transfer resistance. And the smallest

semicircle of PBM 5:1 indicates that the proper

addition of Ti3C2Tx greatly enhances electrical con-

ductivity of flexible film. As a result, PBM 5:1

presents well-balanced conductivity and charge den-

sity, which leads to improved capacitance. Further

studies were conducted on sample PBM 5:1.

Comparative study of PBMwith PPy@BC and BC/

Ti3C2Tx composite electrode films were conducted to

further elucidate the electrochemical properties of

PBM as shown in Fig. 5. The CV curve of BC/Ti3C2Tx

has a quasi-rectangular shape in the potential range of

0–0.5 V (Fig. 5a), while the introduction of PPy leads

to extended potential range (from 0 to 0.8 V) and

significantly improved gravimetric capacitance

(550 F g-1 for PBM 5:1, 53.6% higher than that of

BC/Ti3C2Tx 255 F g-1 and the active material loading

of BC/Ti3C2Tx is 8.16 mg cm-2). PPy uniformly

deposited on the surface of BC nanofibers provides

extensive accessible active sites and excellent elec-

trochemical activity, which significantly improve the

capacitance. Furthermore, the specific capacitance of

PBM 5:1 is 30.9% higher than PPy@BC (380 F g-1,

the active material loading is 2.68 mg cm-2), and the

areal capacitance of PBM 5:1 (879 mF cm-2) is

42.1% higher than PPy@BC (509 mF cm-2). The

improved capacitance is attributed to the uniform

distribution of Ti3C2Tx nanoflakes incorporated on the

surface of nanofibers, which constructed continuous

conductive pathways and increased long-range trans-

port channels of electrons and ions (schematic illus-

tration displayed in Fig. 5f). The GCD curves of PBM

5:1, PPy@BC and BC/Ti3C2Tx films (Fig. 5b) present

approximate triangle shapes, indicating high

reversibility of redox reactions and good coulombic

efficiency. PBM 5:1 has the longest discharge time,

indicating its highest capacitance. The

Fig. 4 Characterization of electrochemical properties of PBM

composites: a Comparison of cyclic voltammograms (CV)

curves of PBM 1:1 3:1 5:1 and 7:1 at scan rate of 5 mV s-1.

bGalvanostatic charge–discharge (GCD) curves of PBM 1:1 3:1

5:1 and 7:1 at 1 mA cm-2. c Effect of different PPy@BC and

Ti3C2Tx contents on gravimetric capacitance and areal

capacitance measured at 5 mV s-1. The dotted line between

the points is for visual viewing. d CV curves of PBM 5:1 film at

various scan rates. e GCD curves of PBM 5:1 film at various

current densities. f Nyquist impedance plots of PBM 1:1 3:1 5:1

and 7:1. The inset magnifies the high-frequency region
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electrochemical performance of pristine PPy,

PPy@BC, and BC/Ti3C2Tx composites are shown in

Fig. S7. Figure 5c compares the Nyquist plots of PBM

5:1, PPy@BC and BC/Ti3C2Tx. The low real-axis

intercept value for each sample indicates low series

resistance, which makes them attractive for superca-

pacitor electrodes. The plot of PBM 5:1 is almost

vertical in the low frequency region, indicating its

excellent capacitive behavior. For comparison, the

straight line of BC/Ti3C2Tx is inclined, corresponding

to high ion diffusion impedance. In high frequency

region, the width of semi-circular arc of PBM 5:1 is

between PPy@BC and BC/Ti3C2Tx, which demon-

strates that the addition of Ti3C2Tx effectively reduces

charge transfer resistance.

Figure 5d compares rate-dependent behavior of

PBM 5:1, PPy@BC, and pristine PPy. The dense

packing structure of PPy leads to reduced active site

and hinders in-time ions intercalation/extraction,

resulting in capacitance retention of 45% at

100 mV s-1. However, the capacitance retention rates

of PPy@BC and PBM 5:1 at 100 mV s-1 are 59% and

65%, respectively. This is attributed to the fact that BC

template effectively regulates the aggregation mode of

PPy resulting in uniform dispersion and high conduc-

tivity of Ti3C2Tx. Figure 5e shows cycling stability of

PBM 5:1 and PPy@BC. Generally, pristine PPy

exhibits poor cycling stability due to structural polar-

ization and counterion drain effect (Heinze et al. 2010;

Liu et al. 2014). The capacitance retention of

PPy@BC drops to 67.3% after 10,000 cycles at

20 mV s-1. To contrast, the capacitance retention of

PBM 5:1 is as high as 83.5%. The well-improved

capacitance retention during cycling may be attributed

to close contact between PPy@BC and Ti3C2Tx

nanoflakes which effectively inhibit swelling-shrink-

ing during ion intercalating and deintercalating

process.

Fig. 5 Comparison of electrochemical performance: a Cyclic

voltammograms (CV) at 5 mV s-1. b Galvanostatic charge–

discharge cycles (GCD) at current densities of 1 mA cm-2.

c Nyquist plots. The inset magnifies the high-frequency region.

d Gravimetric capacitance of PBM 5:1, PPy@BC and pristine

PPy versus different scan rate. e Cycling stability of PBM 5:1

and PPy@BC electrode measured at 20 mV s-1, confirming the

high cycle stability of PPy in the PBM composite. f Schematic

illustration of ions and electrons transport in PBM electrode
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Symmetric supercapacitor

In order to further evaluate the capacitor devices

performance of freestanding PBM composite papers,

electrochemical characterization was performed by

sandwiching two PBM 5:1 films into a symmetric

supercapacitor (Fig. 6). The CV curves (Fig. 6a and

S8) appear distortion because scan rate increases from

1 to 100 mV s-1 resulting in potential polarization of

the PBM electrode. The GCD curves at different

current densities (Fig. 6b) present quasi-triangle

shapes, revealing low resistance, fast ion and electron

transfer kinetics and high coulombic efficiency (Boota

and Gogotsi 2019). Gravimetric capacitance of PBM

symmetric supercapacitor was calculated from dis-

charge curve of GCD (Fig. 6c). The capacitance at

current density of 1 mA cm-2 is 294 F g-1. As the

current of charging and discharging process gradually

increases, PBM electrode exhibits great capacitance

retention. The capacitance is 236 F g-1 when current

density is increased to 10 mA cm-2, which is only

19.7% lower than the value of 1 mA cm-2. In

addition, the energy density of up to 33.1 W h kg-1

(power density of 243 W kg-1) can be obtained with

specific capacitance at 1 mA cm-2, surpassing most

previous reported similar symmetric supercapacitor

(Fig. 6d and detailed comparison data is given in

Table S3). High capacitance, excellent energy density

and outstanding capacitance retention of PBM sym-

metric supercapacitors can be attributed to the well-

designed PBM nanostructures and synergies between

components. EIS curve (Fig. 6e) shows a small semi-

circular arc in the high frequency region and a nearly

vertical straight line in the low frequency region,

which also reveal that the device has low transfer

resistance and fast ion electron transport. Addition-

ally, three PBM symmetric supercapacitors were

assembled in series into one energy storage device.

After charging to 3 V, it is demonstrated that a red

LED light can be easily illuminated (Fig. 6f).

Fig. 6 Electrochemical performance of PBM symmetric

supercapacitors: a Cyclic voltammetry curves of PBM sym-

metric supercapacitors at different scan rate. b Galvanostatic

charge–discharge curves at various current densities. c Gravi-

metric capacitance under different current densities. The

illustration shows the structure of PBM symmetrical two-

electrode supercapacitor. d Ragone plots of PBM symmetric

supercapacitor in comparison to other PPy-based symmetric

supercapacitors. e Nyquist plots. The inset magnifies the high-

frequency region. f Three PBM symmetric supercapacitors in

series illuminate a red LED light
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Conclusions

In summary, we demonstrate a facile strategy for the

fabrication of PPy@BC/Ti3C2Tx composite film

through in situ polymerization of PPy on BC

nanofibers and their self-assembly with Ti3C2Tx

nanoflakes. As a template, BC effectively regulates

the morphology of PPy nanoparticles to prevent dense

packing, and intimately contacts Ti3C2Tx nanoflakes

through hydrogen bonding, resulting a hierarchically

packed nanofibrous structure and conductive path-

ways. The elaborately designed structure and the

synergistic effect impart PBM desirable electrical

conductivity (up to 14,245 S m-1) and enhanced

electrochemical performance. PBM composite film

exhibits high specific capacitance (gravimetric capac-

itance of 550 F g-1, area capacitance of

879 mF cm-2) and excellent cycling stability (capac-

itance retention rate is 83.5% after 10,000 cycles) as

freestanding supercapacitor electrode. Furthermore,

the as-prepared symmetrical supercapacitor of sand-

wiched freestanding PBM papers shows high capac-

itance of 294 F g-1, desirable energy density

(33.1 W h kg-1 at power density of 243 W kg-1)

and great capacitance retention at high current density.

This facile strategy demonstrates a feasible approach

for the fabrication of freestanding high-performance

conductive polymer-based SCs electrode.
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