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Abstract Polyaniline/cellulose fibers (PANI/CFs)

composite prepared by heterogeneous in situ poly-

merization of aniline (ANI) in the presence of

cellulose fibers offered a new preparation approach

for flexible paper-based electrodes. However, one

problem was the undesirable and inevitable polymer-

ization of aniline in the solution. It reduced the

utilization efficiency of aniline, and therefore

decreased the mass loading of PANI on CFs. Here

we described a unique paper-based electrode com-

prising zirconium phenylphosphonate (ZrPP)-modi-

fied CFs and PANI. CFs were first in situ modified

with ZrPP to enhance the binding of aniline monomer

to the surface of CFs resulting in a higher utilization

ratio of aniline, deposition ratio of PANI and a very

promising electrode material. A conformal coating of

porous PANI was formed on the ZrPP-modified CFs

by a facile in situ polymerization process in water. The

electrical conductivity of PANI/ZrPP/CFs composite

was increased to 11.53 9 10-2 S m-1. The electro-

chemical measurement revealed that the specific

capacitance of PANI/ZrPP/CFs paper electrode was

up to 321 F g-1 which is nearly as twice as that of

PANI/CFs at a current density of 1 mA cm-2. More-

over, the composite were highly environmental sta-

bility and flame retardency compared to pure cellulose

due to high mass loading of PANI induced by ZrPP.

The PANI/ZrPP/CFs composite with integrate perfor-

mance provided a promising paper-based electrode for

energy storage.
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Introduction

Conductive polymers are extensively studied for more

than 100 years because of their unique properties and

extraordinary performance (MacDiarmid et al. 1987;

Tissera et al. 2018). In recent years, polyaniline

(PANI), one of conductive polymers, has captured

much attention due to its promising potential applica-

tions in supercapacitors (Liu et al. 2014, 2016; Park

et al. 2016), sensors (Bajgar et al. 2016; Gautam et al.

2018), smart devices (de Souza Junior et al. 2014),

electromagnetic interference shielding (Hu et al.

2017a), and anticorrosion coatings (Adhikari et al.

2008). As we all know, however, PANI suffers from

poor processing and mechanical properties (Bober

et al. 2015; Negi and Adhyapak 2002). To overcome

these problems, many research efforts have been

focused on depositing PANI into free-standing or

porous substrates such as textile (Berendjchi et al.

2016; Maráková et al. 2017), cellulose fibers (CFs)

(Goto 2010; Mao et al. 2013), and polyester (Berend-

jchi et al. 2016; Tang et al. 2015; Trindade et al. 2015).

Among these substrates, CFs derived from wood,

cotton, and agriculture by-products, as one common
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polysaccharides, have the advantages of abundant

reserves, renewability, reasonable price, environmen-

tal friendliness, flexibility, high concentration of

active chemical moieties, high surface area and

relative chemical stability (Hinterstoisser et al. 2003;

Moon et al. 2011; Oksman et al. 2016; Tissera et al.

2015;Wijesena et al. 2015; Zhang et al. 2004), causing

that CFs-based PANI composites (PANI/CFs) are

attractive in applications of flexible electron devices

(Ge et al. 2015; Hu et al. 2017b; Liu et al. 2018).

Coating of CFs with PANI could be carried out with

more than one process, but recent studies were

predominantly focused on in situ oxidative polymer-

ization of aniline monomer in the presence of CFs,

which is simple and efficient (Kelly et al. 2007; Liu

et al. 2013; Youssef et al. 2012; Shen et al. 2016). The

results of several studies have shown that pulp fibers,

bacterial cellulose fibers, cotton fibers and bagasse

fibers have been used to prepare PANI/CFs compos-

ites through the in situ method. Also, different solvent

systems could be used to in situ prepare PANI/CFs

composites (Tissera et al. 2018; Youssef et al. 2012).

Moreover, in situ oxidative polymerization process

has been conducted to develop numerous PANI/CFs

composites for electric conduction (Sharifi et al.

2018), packing application (Youssef et al. 2012),

hazardous adsorption (Avelar Dutra et al. 2017) and

electrochemical energy storage (Luo et al. 2018). The

past researches have reached their goals and yielded

noticeable improvements of PANI/CFs composites

(Mao et al. 2013, 2017). However, there are still some

problems that have not been solved.

To our knowledge, PANI/CFs composites have

been commonly prepared in heterogeneous system by

in situ chemical polymerization process because of the

extreme difficulty of cellulose fibers to dissolve in

water and most common organic solvents (Mo et al.

2009; Stejskal et al. 2005). Heterogeneous in situ

polymerization of aniline in the presence of CFs

offered a facile approach for the preparation of flexible

conductive PANI/CFs materials. However, one prob-

lem was the undesirable and inevitable polymerization

of aniline in the solution, which reduced the utilization

efficiency of aniline, and therefore decreased the

deposition ratio of PANI. It is noteworthy that the

electrical conductivity, thermostability and electro-

chemical properties of PANI/CFs are all deeply

influenced by the content of PANI in PANI/CFs

which could be effectively tuned for applications such

as energy storage, electromagnetic shielding and so on

(Liu et al. 2012;Mao et al. 2013). The loss of PANI not

only decreases PANI deposited on CFs and utilization

ratio of aniline monomer, but also reduces the

electrical and electrochemical performance of PANI/

CFs composites. In addition, the loss of PANI wastes

chemicals and increases pressure of waste treatment,

which do not accord with the tendency of ‘‘sustainable

chemistry’’. Nevertheless, the problem of PANI

polymerized in solution instead of on CFs was almost

ignored in former reports (Mo et al. 2009; Sharifi et al.

2018; Youssef et al. 2012), and seldom researches

were focused on the utilization ratio of aniline in the

preparation of PANI/CFs composites.

In this study, we described a unique conductive CFs

composite with ZrPP and PANI. CFs were first in situ

modified with ZrPP to enhance the binding of aniline

monomer to the surface of CFs resulting in a higher

utilization ratio of aniline, deposition ratio of PANI

and a very promising electrode material for superca-

pacitor. A conformal coating of porous PANI was

formed on the ZrPP-modified CFs by in situ polymer-

ization of aniline monomer. Compared with PANI/

CFs, the electrical conductivity of PANI/ZrPP/CFs

was increased by more than ten times. Moreover, the

ZrPP on CFs was critical to improve the environmen-

tal stability and flame retardency of the PANI/ZrPP/

CFs composite. The electrochemical measurement

revealed specific capacitance of PANI/ZrPP/CFs

paper sample was nearly as twice as that of PANI/

CFs at a current density of 5 mA cm-2. Furthermore,

the composite could be used as other fields such as

flexible energy storage, antistatic packing and elec-

tromagnetic shielding.

Experimental section

Materials

Aniline of chemical grade was freshly distilled under

reduced pressure (- 0.1 MPa), and was then stored in

a refrigerator at 4 �C prior to use. Fully bleached

softwood kraft pulp (i.e., CFs) was obtained from

Mudanjiang Hengfeng Paper Co. Ltd., PR China. The

pulp board was soaked overnight in distilled water at

room temperature and then beaten to a beating degree

of 39 oSR at a consistency of 1.6% in Valley beater

(Xianyang Test Equipment Co., Ltd). Finally, the wet
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pulp was dewatered and sealed in a plastic bag for

further use. All the other chemicals, including ammo-

nium persulfate (APS, (NH4)2S2O8), sulfosalicylic

acid (SSA), ammonium hydroxide solution (25–28%

NH3), zirconyl chloride octahydrate (ZrOCl2�8H2O)

and phenylphosphonic acid (PPA, C6H5PO(OH)2),

were of analytical grade, and were used as received.

All the solutions were prepared from distilled water.

Preparation of ZrPP/CFs

Two grams of CFs (oven-dry basis) were uniformly

dispersed with 150 mL ZrOCl2 aqueous solution with

certain concentration in a 250 mL three-neck flask,

and then 50 mL 1.5% ammonium hydroxide solution

was dropwise added into the reaction system slowly.

After stirring for 60 min, the CFs with white precip-

itate were filtrated and sufficiently washed. The

composite was uniformly redispersed in 200 mL

0.05 M PPA and stirred for 60 min, then washed until

the filtrate was colorless and neutral. The composite

was named as ZrPP/CFs.

Preparation of PANI/ZrPP/CFs

PANI/ZrPP/CFs composites were prepared according

to the previous report with minimal modifications

(Mao et al. 2013). The detailed procedure is presented

as follows: ZrPP/CFs were placed in a three-neck flask

in an ice bath and then 150 mL 0.4 M SSA solution

was poured into the flask to keep fibers evenly

dispersed. Subsequently, certain amounts of aniline

monomer were added to the above dispersion. After

stirring for 20 min, 50 mL ammonium persulfate

(APS) solution (dissolved in 0.4 M SSA solution)

was dropwise added into the reaction system slowly to

start the oxidation polymerization reaction. The molar

ratio of aniline monomer to ammonium persulfate was

1:1. The reaction was conducted with continuous

stirring for 120 min. Finally, the suspension was

filtered through a nylon filter bag (100 meshs) and

washed with tap water several times until the filtrate

was colorless. And then a handsheet with a grammage

of over 60 g m-2 was made on a ZCX-200 handsheet

former. The handsheet was pressed at 0.8 MPa for

5 min and dried at 105 �C for 10 min (5 min each

side). The handsheet named as PANI/ZrPP/CFs was

conditioned at 23 �C and 50% relative humidity for

24 h before testing. The control sample of PANI/CFs

was prepared at the same conditions of PANI/ZrPP/

CFs in the absence of ZrPP.

Characterization

The surface morphologies were characterized by

means of scanning electron microscopy (SEM)

(JSM-7500F, JEOL, Japan) analysis at various mag-

nifications. The samples were attached on the micro-

scope stage with double-sided conductive tape and

were further sputtered with gold to avoid charging and

get good electrical contact. The elemental composi-

tions of the samples were determined with an energy

dispersive spectrometer (EDS, USA) attached to the

SEM. ATR-FTIR spectra were collected over a range

of 550–4000 cm-1 on a Thermo Fisher Scientific

Nicolet 6700 spectrometer with a resolution of 4 cm-1

and scanning frequency of 32 times.

Measurement of electrical conductivity (k)

The bulk resistivity of the paper samples was

measured by an RTS-8 four-point probe resistivity

apparatus (4Probes Tech. Co., China) and expressed as

q (kX cm). Since the bulk resistivity is related with the

dimension of paper samples, the thickness (T) and

basis weight (W) were measured beforehand.

The conductivity expressed as k was the inverse of

the bulk resistivity (q), which was expressed in SI unit
of Siemens per meter (S m-1), and was calculated as

follows:

k ¼ 1

10q
ð1Þ

Calculation of utilization ratio (UR) of aniline

The utilization ratio of aniline was expressed as UR

(%), which was determined according to the following

equation:

UR ¼ m2 � m1ð Þ =m0 � 100% ð2Þ

where m0 is the mass of doped PANI prepared without

CFs, g; m1 and m2 are the masses of the paper samples

made from the CFs or modified CFs before and after

PANI deposition, respectively, g.
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Calculation of PANI deposition

The amount of PANI deposited on CFs was expressed

as deposition ratio (D, %), which was determined

according to the following equation:

D ¼ W �W0ð Þ=W0½ � � 100% ð3Þ

whereW0 andW are the basis weight of the handsheets

made from the CFs or modified CFs before and after

PANI deposition, respectively, g m-2.

Measurement of oxygen index

Paper flame retardancy was determined in terms of the

oxygen index, which was measured on a JF-3 oxygen

index meter made in China. The paper sample was cut

into strips (120 mm 9 15 mm), and then the strip was

placed in the combustor, where a mixture of oxygen

and nitrogen flows upwards. The volume content of

oxygen was adjusted to keep the lowest oxygen

concentration which just supported sustained burning.

The oxygen index was expressed in volume percent-

age. Generally, an oxygen index of more than 25% is

considered to be satisfactory for flame retardancy of

paper products (Mao et al. 2013; Wu et al. 2013).

Electrochemical measurements

All electrochemical tests of the paper electrodes were

carried out in 1.0 M H2SO4 at room temperature using

CHI660E electrochemical workstation (Chenhua

Instrument, Shanghai, China). The paper sheets were

cut into small square slices with a typical area about

10 mm 9 10 mm and then clamped in a polytetraflu-

oroethylene chuck with a platinum plate as working

electrodes. A platinum plate and a Ag/AgCl were used

as counter and reference electrodes, respectively. The

cyclic voltammetry (CV) measurements were carried

out at various scan rates in the potential range from

- 0.1 to 0.9 V. Galvanostatic charge–discharge

(GCD) property was conducted over the potential

range from- 0.1 to 0.9 V at various current densities.

The gram-specific capacitances of paper electrodes

were calculated from GCD curves according to the

equation:

Cm ¼ I � t

ðDV � IRdropÞ � m
ð4Þ

where Cm is gram-specific capacitance calculated

from charge–discharge curves, I is charge or discharge

current (A), t is the time for full discharge (s), and DV
is the potential window, IRdrop is the IR voltage drop,

and m is the mass of electroactive material in the

working electrode.

Results and discussion

Preparation process of composites

The incorporation of ZrPP into CFs can be described

by the following two reactions:

Step 1: CFs ? ZrOCl2 ? NH3�H2O ? ZrO2/

CFs ? NH4Cl

Step 2: ZrO2/CFs ? C6H5PO(OH)2 ? ZrPP/

CFs ? H2O

The ZrO2 particles were deposited on the CFs

surface through the electrostatic interactions between

Zr ions and hydroxyl groups of CFs. After adding

phenylphosphonate acid (PPA), ZrO2 was changed to

ZrPP because of its high adsorption capacity for

phosphoric acid (Borgo and Gushikem 2002). The

deposition of ZrPP on the CFs formed a Zr ions and

phenyl-tagged CFs surface (Scheme 1). The mass

percentage of ZrPP in ZrPP/CFs was about 6.60% by

comparing the weights of handsheets which were

prepared by CFs before and after ZrPP modification.

To impart conductivity to ZrPP/CFs composites,

PANI was in situ synthesized and deposited on CFs

which were served as flexible substrates for PANI

deposition. First, aniline monomer was added to the

suspension of ZrPP/CFs and adsorbed on ZrPP/CFs.

Amine groups of aniline monomer formed hydrogen

bonds with the hydroxyl groups of CFs (Hu et al.

2011), and phenylic rings on the aniline monomer

formed p–p interactions with the phenylic rings of

ZrPP. After oxidant solution of APS was added, PANI

particles were synthesized and deposited on both CFs

and ZrPP.

The issue of utilization ratio of aniline which has

not been investigated in former researches was studied

and the results was presented in Fig. 1a. The utiliza-

tion ratio of aniline monomer was increased with the

increase of ZrOCl2 dosage due to the ZrPP modifica-

tion. Figure 1a shows the relationship between ZrOCl2

123

Cellulose (2019) 26:6739–6754 6743



dosage and utilization ratio of aniline. The utilization

ratio of aniline was about 19.79% in the absence of

ZrPP which was relatively low compared to ZrPP

used. The utilization ratio of aniline was increased to

76.21%when 0.002 mol ZrOCl2 was added. However,

when ZrOCl2 dosage was increased to 0.008 mol, the

utilization ratio of aniline was decreased to about

71.74% which was still well above that of the

composite without ZrPP. It may be because the

capacity of CFs to absorb aniline was improved by

ZrPP as ZrOCl2 dosage was increased. However, the

content of ZrPP was too much to attach tightly to CFs

when ZrOCl2 dosage was further increased. The

deposition ratio of PANI was determined by compar-

ing the weights of ZrPP/CFs and PANI/ZrPP/CFs

paper samples. Figure 1b shows the relationship

between ZrOCl2 dosage and deposition ratio of PANI

as well as electric conductivity of paper samples.

About 11.14% deposition ratio of PANI was achieved

for the CFs without ZrPP, which is similar to the

previous research (Sharifi et al. 2018). More than 45%

deposition ratio of PANIwas achieved for ZrPP/CFs at

0.002 mol ZrOCl2 dosage, which is about four times

higher than that of the CFs without ZrPP.

As we all know, CFs are intrinsically non-conduct-

ing; however they become conductive after the PANI

coating. The conductivity of the PANI/CFs prepared

without ZrPP was about 0.05 9 10-2 S m-1

(Fig. 1b). The conductivity of PANI/ZrPP/CFs was

reached to 3.4 9 10-2 S m-1 when ZrOCl2 dosage

Scheme 1 Preparation of ZrPP/CFs and PANI/ZrPP/CFs
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was increased to 0.002 mol. And it was less reduced

when ZrOCl2 dosage was further increased to 0.006

and 0.008 mol. It may be due to the mass variation of

PANI which was affected by the content of ZrPP

attached to CFs.

Morphology of composites

Compared to the surface of CFs modified with ZrPP,

the surface of original CFs was quite smooth and clean

(Fig. S1). After ZrPP deposition, the toughness of CFs

surface increased significantly (Fig. 2). The toughness

of CFs surface played an important role to promote the

polymerization of aniline on CFs. In addition, PANI

was successfully coated on the surface and interspaces

of ZrPP/CFs. The irregular PANI particles were

agglomerated into clusters with different sizes on

original CFs (Fig. 2c, d). The morphology of PANI/

ZrPP/CFs (Fig. 2e, f) was different from PANI/CFs

because of the presence of ZrPP. The sizes of PANI

particles were smaller and more uniform. It also can be

seen that the surface of ZrPP/CFs was fully coated

with PANI and the particles were tightly attached to

ZrPP/CFs. Thus, we could infer that ZrPP promoted

the deposition of PANI on CFs. The 3-dimensional

porous structure of PANI layer which was obviously

observed was expected to increase the specific area of

paper-based electrodes and speed up the electron

transfer, possibly giving rise to improved electro-

chemical activity and thermostability of the compos-

ite. In addition, the presence of Zr and P elements in

PANI/ZrPP/CFs composite was confirmed by the

energy dispersive X-ray spectrum (EDS) data in

Fig. 2g, which indicated the existence of ZrPP in the

composite.

FTIR analysis of composites

The FTIR spectra of CFs, ZrPP/CFs, PANI/CFs and

PANI/ZrPP/CFs are shown in Fig. 3. The spectrum of

CFs shows the representative features of cellulose

(Fig. 3a). There was a broad band attributed to O–H

stretching vibration around 3300 cm-1 as well as a

peak assigned to C–H stretching vibration around

2880 cm-1 (Mao et al. 2015). The strong absorption

bands around 1160, 1106, 1050 and 1020 cm-1 come

from the overlapping bands were assigned to the C–O,

C–C and C–O–C stretching vibrations. In the spectrum

of ZrPP/CFs (Fig. 3b), the characteristic peaks of CFs

around 3300, 2880 and 1160 cm-1 were clearly

observed. And changes in the spectrum could also be

observed around 693 and 748 cm-1 which were

served as signature bands for the phenylphosphonate

group (Stein et al. 1996). After PANI deposition

(Fig. 3c, d), some new peaks appeared in comparison

with the former spectrum. The characteristic peaks at

1487 and 1579 cm-1 were assigned to the C=C

stretching modes of the benzenoid ring and the

quinoid ring, respectively, which indicated the oxida-

tion state of PANI. The peak at 1300 cm-1 was

corresponded to the C–N stretching vibration of the

secondary aromatic amine. These results were in

Fig. 1 Change of the utilization ratio of aniline with ZrOCl2 dosage (a), Change of the deposition ratio of PANI and electrical

conductivity of PANI/ZrPP/CFs with ZrOCl2 dosage (b)
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agreement with those in previous reports for PANI

(Mao et al. 2017). Compared with the FTIR spectra of

PANI/CFs and ZrPP/CFs, the vibration bands of

PANI/ZrPP/CFs assigned to the characteristic bands

for PANI and ZrPP were found. However, there were

several differences among the spectra. As is com-

monly observed, the peaks of PANI in PANI/ZrPP/

CFs were stronger than those in PANI/CFs, which

revealed that the PANI in PANI/ZrPP/CFs was richer

than that in PANI/CFs. This also suggested that ZrPP

Fig. 2 Original CFs

(inserted in a), ZrPP/CFs (a,
b), PANI/CFs (c, d), PANI/
ZrPP/CFs (e, f) and EDS

spectrum of PANI/ZrPP/

CFs (g)
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might interact strongly with the conjugated structure

of PANI, especially through the quinod ring (Liu et al.

2011).

Effect of polymerization time

PANI/CF and PANI/ZrPP/CFs composites were pre-

pared at different polymerization times (90, 120, 150,

180 and 210 min), and the influence of polymerization

time on the utilization ratio of aniline and the

conductivity of composites are shown in Fig. 4. The

utilization ratio of aniline in the preparation of PANI/

CFs and PANI/ZrPP/CFs increased at first and then

remained unchanged with the increase of polymeriza-

tion time (Fig. 4a). It is noteworthy that the utilization

ratio of aniline for PANI/CFs was reached to about

40.69% at 150 min, but that for PANI/ZrPP/CFs was

increased to 78.85% at 120 min. As shown in Fig. 4b,

the polymerization time dependence of PANI deposi-

tion ratio showed a similar change tendency with that

of aniline utilization ratio. The deposition ratio of

PANI on PANI/ZrPP/CFs was reached to the maxi-

mum value of 44.72% at 120 min, and that of PANI on

PANI/CFs was reached to maximum value of 24.60%

at 150 min. It means the mass loading of PANI on

ZrPP/CFs was significantly increased because of the

affinity of ZrPP to PANI. As shown in Fig. 4c, the

conductivity of PANI/ZrPP/CFs increased at first and

then decreased with the increase of polymerization

time. The conductivity of PANI/ZrPP/CFs reached to

the maximum value of 11.53 9 10-2 S m-1 at

180 min, which was much higher than that of PANI/

CFs (0.82 9 10-2 S m-1). It was possibly because

the phenylic rings of ZrPP and PANI produced a weak

electric field (Liu et al. 2011). ZrPP increased the

overlapping degree of the p electron cloud in the PANI
molecules conjugate plane, and the phenylic ring,

which stretched out of the ZrPP/CFs surface, increased

the density of the p electron; this was equal to the

increase in the number of conductive carriers, which

accelerated p–p electron transition in the PANI chains

and reduced the electrical conductance activation

energy in a certain range. Simultaneously, there were

p–p interactions between the ZrPP and the quinoid

ring of PANI molecular chain under such condition,

which could improve the deposition of PANI on ZrPP/

CFs. Thus, more electrical pathways were formed by

the large amounts of PANI network. This efficiently

promoted the transmission of electrons on the PANI

chains, and resulted in an increase in the electrical

conductivity of PANI/ZrPP/CFs.

Effect of varies modifications of CFs

In order to further demonstrate the interaction between

ZrPP and PANI as well as its effect on aniline

utilization ratio, PANI deposition ratio and conduc-

tivity, PANI/ZrO2/CFs and PANI/PPA/CFs were

prepared to compare with PANI/ZrPP/CFs and

PANI/CFs, respectively. The results shown in the

Fig. 4d–f are all indicated that ZrPP plays a key role to

the properties of PANI/CFs which might attribute to

the phenylic ring of PPA. On the one hand, p–p
interactions between PPA (ZrPP) and PANI molecular

chain could enhance the adhesion ability of ZrPP/CFs

to PANI. On the other hand, the phenylic ring of ZrPP

(PPA) could enhance the density of electron cloud in

PANI molecules conjugate plane and accelerate the

electron transition which caused the higher conduc-

tivity. However, it was found that the property of

PANI/ZrO2/CFs was not as well as the others, which

might be due to the loosely state of ZrO2 flocculation.

The flocculated ZrO2 was more hydrophilic and loose

than ZrPP, so it was easy to be divorced from the CFs.

Thus, a part of PANI/ZrO2 particles showed the

tendency of dispersing into solution other than

attaching to CFs during stirring, and lost during

filtration and washing process. The presence of ZrO2

decreased the PANI deposited on CFs and conductiv-

ity of PANI/CFs. The other part of ZrO2 was deposited

on CFs through the electrostatic interactions. It is

Fig. 3 FTIR spectra of CFs (a), ZrPP/CFs (b), PANI/CFs (c),
and PANI/ZrPP/CFs (d)
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noteworthy that the ZrO2 was binded with PPA and

transformed to ZrPP on the surface of CFs after adding

PPA, which brought abundant active groups to CFs. In

addition, the roughness of the CFs surface was

increased because of the deposition of ZrPP. Both

the active groups and the roughness made contribution

Fig. 4 Changes of utilization ratio of aniline (a), deposition ratio of PANI (b) and conductivity of composites (c) with polymerization

time; Utilization ratio of aniline (d), deposition ratio of PANI (e) and electrical conductivity of composite (f) with various substrates
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to improving the properties of PANI/ZrPP/CFs, which

was consistent with the previous analysis.

Effect of aniline dosage

Table 1 shows the properties of PANI/CFs and PANI/

ZrPP/CFs with different aniline dosages. Only 11.65%

deposition ratio of PANI was achieved for the PANI/

CFs prepared at 0.5 mL aniline dosage. However, the

deposition ratio of PANI was increased to about

23.88% for the PANI/ZrPP/CFs prepared at the same

aniline dosage. The similar pattern could be observed

from Table 1 when 1 mL aniline was used. The

utilization ratio of aniline in PANI/ZrPP/CFs prepa-

ration was more than two times higher compared to

that of PANI/CFs when 1 mL aniline was used. The

results indicated that ZrPP played an important role in

the increment of deposition ratio of PANI as well as

the utilization ratio of aniline.

The PANI/CFs composite prepared at 0.5 mL

aniline dosage was insulator, which indicated that

the PANI in the composite was too less to form

conductivity network. However, it became conductive

after ZrPP incorporation. Furthermore, the PANI/

ZrPP/CFs composite prepared at 1 mL aniline dosage

became highly conductive, and its conductivity was 20

times of the PANI/ZrPP/CFs composite prepared at

0.5 mL aniline. The excellent conductivity of PANI/

ZrPP/CFs could be related to the compact PANI

network.

Environmental stability of composites

PANI/ZrPP/CFs and PANI/CFs samples were stored

in natural environment and the changes of the

electrical conductivity values with storage time were

measured to investigate the environmental stability.

As shown in Fig. 5a, the conductivity of PANI/ZrPP/

CFs and PANI/CFs were both decreased gradually

during the first 14 days, but remained basically

unchanged thereafter. PANI/CFs only retained about

53% of the original conductivity. The decay of both

the conductivity of the composites in atmosphere were

due to the dedoping of the polyaniline deposited on

cellulose fibers. However, PANI/ZrPP/CFs remained

more than 80% of the original conductivity although

its conductivity was decreased from 11.53 9 10-2 to

9.65 9 10-2 S m-1. In comparison with the conduc-

tive paper samples without ZrPP, the paper samples

with ZrPP has better environmental stability, which

may attributed to the organic acid absorbed in ZrPP

particles was released in a gradual way and acted as

doping agent in the chains of PANI.

Flame retardancy of composites

In order to evaluate the effect of ZrPP on the flame

retardancy property of PANI/CFs, the oxygen index of

PANI/ZrPP/CFs composite was compared with that of

PANI/CFs and CFs. As shown in Fig. 5b, the oxygen

index values of papers made from CFs and PANI/CFs

were 19.8% and 20.8%, respectively. However, the

oxygen index value was increased dramatically,

reached to 26.2% after ZrPP incorporation, which

was higher than 25% (the satisfactory value for flame

retardancy of paper products). As shown in Fig. 5b,

there was an obvious increase in the utilization ratio of

aniline after ZrPP incorporation, the deposition ratio

of PANI in PANI/ZrPP/CFs was increased by more

than three times (72.62%) compared to that of PANI/

CFs without ZrPP (19.79%).

The above results indicated that the oxygen index

values of composites as well as utilization ratio of

aniline had a close relationship with the incorporation

of ZrPP, which was consistent with the previous

analysis. The good flame retardancy property may due

to the higher content of PANI in PANI/ZrPP/CFs than

PANI/CFs. It suggested that PANI can be considered

as a flame retardant agent. This finding is in concor-

dance with the previous report (Mao et al. 2013). In

Table 1 Effect of aniline

dosage on the properties of

PANI/CFs and PANI/ZrPP/

CFs

Sample Aniline W D UR k PANI loading

(g) (g m-2) (%) (%) (10-2 S m-1) (mg cm-2)

PANI/ZrPP/CFs 0.5 80.37 23.88 42.11 0.40 1.55

PANI/CFs 0.5 67.92 11.65 19.26 0.00 0.71

PANI/ZrPP/CFs 1 93.13 43.55 76.80 11.53 2.83

PANI/CFs 1 75.86 24.70 40.85 0.82 1.50
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addition, it may also attribute to the protection of ZrPP

on CFs. The fire and heat transfer rate could be

reduced by the ZrPP layer covered on the CFs surface.

Electrochemical analysis of composites

Figure 6a shows the CV curves of PANI/ZrPP/CFs

electrode in a three-electrode system with the potential

window ranging from - 0.1 to 0.9 V at scan rates of

0.01, 0.02, 0.05 and 0.1 V s-1, respectively. PANI/

ZrPP/CFs paper electrode was directly connected with

the working electrode, and current collector was not

used. It can be seen that there was no obvious redox

peaks in the CV curves at high scan rates. This is

mainly due to the polarization effect of electrode at

high scan rates which may lead to the drift of redox

peaks. Two pairs of redox peaks in the CV curves were

exhibited by the electrode at low scan rates. It implies

the reversible charge–discharge behavior and pseudo-

capacitance characteristics of deposited PANI. Fig-

ure 6b shows the CV curves of the PANI/CFs and

PANI/ZrPP/CFs paper electrodes at a scan rates of

0.01 V s-1 with the potential window ranging from

- 0.1 to 0.9 V. Nearly rectangular shapes with large

enclosed area were observed and there were obvious

redox peaks for the electrodes, indicating that the

electrodes were charged and discharged at a pseudo-

constant rate over the whole CV process. The PANI/

ZrPP/CFs paper electrode had a higher enclosed area

than the PANI/CFs paper electrode in the CV curves.

In general, the enclosed area of the CV curve is

proportional to the specific capacitance of the elec-

trode material. The increase in the specific capacitance

of PANI/ZrPP/CFs paper electrode may relate to the

morphology of the PANI particles. In the case of

cellulose fibers modified with ZrPP, PANI particles

decreased in size and uniformly covered the surface of

ZrPP/CFs substrate. Such morphology can increase

the contact area of the electroactive material and the

electrolyte, accelerate the migration rate of the ions,

and increase the specific capacitance. Figure 6c

depicts GCD curves of PANI/ZrPP/CFs paper elec-

trode at the indicated current densities. The nonlinear

curves of PANI/ZrPP/CFs electrode further demon-

strated the pseudo-capacitance behavior, matching

well with the cyclic voltammetry curves. Symmetric

charge–discharge curves exhibited at each current

density showing the outstanding reversibility of redox

reaction in the electrode. There was an absence of a

voltage drop at the onset of the discharge curves,

particularly for the scan rates more than 5 mA cm-2

which may be caused by the internal resistance of the

paper electrode.

To compare the electrochemical performances of

PANI/ZrPP/CFs and PANI/CFs paper electrodes, the

GCD curves at a constant current density of

1 mA cm-2 are depicted in Fig. 6d. The performance

of PANI/ZrPP/CFs electrode was superior to that of

PANI/CFs electrode. The specific capacitances of

PANI/ZrPP/CFs and PANI/CFs paper electrodes were

calculated from the discharge curves based on the total

mass of the active material, and the results are shown

Fig. 5 Changes of electrical conductivity of paper samples made from PANI/ZrPP/CFs and PANI/CFs with storage time (a), Oxygen
index and aniline utilization ratio of PANI/ZrPP/CFs, PANI/CFs and CFs (b)

123

6750 Cellulose (2019) 26:6739–6754



Fig. 6 Cyclic voltammograms of the PANI/ZrPP/CFs elec-

trode at different scan rates (a), Cyclic voltammograms of

PANI/ZrPP/CFs and PANI/CFs electrodes at a scan rate of

0.01 V s-1 (b), Galvanostatic charge–discharge profiles of the

PANI/ZrPP/CFs electrode at different current densities (c),

Galvanostatic charge–discharge profiles of PANI/ZrPP/CFs and

PANI/CFs electrodes at a current density of 1 mA cm-2 (d),
Specific capacitances of PANI/ZrPP/CFs and PANI/CFs elec-

trodes at different current densities (e)
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in Fig. 6e. The Cm values decreased with the increase

of current density, and the Cm values of PANI/ZrPP/

CFs electrode are higher than those of PANI/CFs

electrode at each current density, which could be

attributed to the modification of CFs with ZrPP. The

PANI/ZrPP/CFs electrode exhibited a maximum

specific capacitance of 321 F g-1 at 1 mA cm-2 and

retained about 75%when the current density increased

to 5 mA cm-2, which is almost two times higher than

that of PANI/CFs electrode. However, the Cm showed

no advantage at the higher current densities and

needed to be improved for practical applications. Even

so, because of the low cost and facile preparation, it

shows promising application in flexible energy storage

devices.

The electrochemical impedance spectroscopies

(EIS) of PANI/ZrPP/CFs and PANI/CFs are shown

in Fig. S2a. The charge transfer resistance, which also

named intrinsic ohmic resistances, are 4.09 and 6.38X
for PANI/ZrPP/CFs and PANI/CFs, respectively,

demonstrating that PANI/ZrPP/CFs has the better

conductivity and smaller charge transfer resistance at

the composite electrode/electrolyte interface. Further-

more, compared with PANI/CFs, PANI/ZrPP/CFs

exhibits more ideal capacitance behavior in the low

frequency with a steeper line. Fig. S2b shows the

cycling stability of PANI/ZrPP/CFs from GCD test at

0.005 A cm-2. The Cm retention is about 78.42% after

2000 cycles, suggesting a good cycling stability.

Conclusions

Flexible PANI/ZrPP/CFs composite paper had been

successfully prepared in this work. CFs were used as

flexible binding substrates for ZrPP and as templates

for in situ polymerization of 3D networked PANI.

ZrPP was uniformly attached to the surface of CFs and

enhanced the binding efficiency of aniline monomer to

CFs by providing p–p interactions. The conductive

PANI/ZrPP/CFs composite showed stable conductiv-

ity and outstanding flame retardancy. The electro-

chemical measurements proved that the incorporation

of ZrPP in the paper electrode could considerably

improve the capacitance. The PANI/ZrPP/CFs elec-

trode has a specific capacitance as high as 321 F g-1 at

1 mA cm-2. As a result, this novel composite paper

may be useful for the development of energy storage

and various flexible electronics and spurred an intense

drive to related fields.
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