
Free-Standing Aniline Oligomer Functionalized Multiwalled Carbon
Nanotube Films from a Filtration Method

Qiguan Wang, Wei Zhou, Sumin Wang, Jianping Li, Wenzhi Zhang, Xiaomin Wang
Scientific Research Innovation Team of Solidification Theory and Functional Materials, Shaanxi Key Laboratory of Photoelectric
Functional Materials and Devices, School of Materials and Chemical Engineering, Xi’an Technological University, Xi’an 710021,
People’s Republic of China
Correspondence to: S. M. Wang (E - mail: suminwang@163.com)

ABSTRACT: High electrochemical active free-standing multiwalled carbon nanotube (MWNT) films have been synthesized from aniline

oligomer functionalized MWNTs (MWNT-AO), by using filtration of the acidic phosphate ester (APE) doped MWNT-AO disper-

sions. The homogeneously distributed MWNTs endowed APE/MWNT films automatically releasing from the filter membrane. The

sheet resistivity of MWNT-AO (850 X sq21) showed a lower value than that of carboxyl MWNTs (1273 X sq21), due to the doping

effect of MWNT on aniline oligomer, confirmed by the N1s X-ray photoelectron spectrum. However, it showed a higher sheet resis-

tivity value of 1526 X sq21 after further doped by APE, because of the presence of unreacted dopant. After removing the residual

insulating dopant by the vacuum filtration, the resultant APE/MWNT films showed the sheet resistivity value as low as 131 X sq21.

Thermogravimetric analysis showed that the MWNT loading in the film can be over than 77%, which showed the specific capacitance

as high as 249 F g21. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40259.
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INTRODUCTION

As the promising materials applied potentially in novel electronic

devices and energy-storage devices, substantive work has been

carried out on the free-standing carbon nanotube (CNT) films.1–4

CNT films are usually prepared by the dry methods of chemical

vapor deposition (CVD)5,6 and the wet methods based on the

solution coating7,8 and the vacuum filtrating processes.9–11 In

comparison with the CVD method at a relatively high tempera-

ture, the wet process of filtrating noncovalent wrapping CNTs has

been extensively investigated, because of the simple, low-

temperature manipulation. However, the CNT film from this

method is typically fragile due to the re-clustering of CNTs after

surfactant removing, which is difficult to transfer issue. Therefore,

preparation of free-standing films easily released from the filter

membranes by the filtration method is still a challenging task.

Polyaniline (PANI) is one of the most important conducting

polymers due to its relatively easy processability, high-electrical

conductivity, and environmental stability.12,13 Polyaniline in the

insulating emeraldine base form can be rendered conducting

through protonation of the imine nitrogen sites with the pro-

tonic acid or through the charge transfer reaction,14 which are

generally known as the doping process. In addition, by using a

suitably functionalized protonic acid to dope PANI, the counter

ion can induce processability of the resulting PANI complex.15

Over the past decade, tremendous efforts have been made to

prepare CNT/PANI composites with an aim to synergistically

combine the merits of each individual component.16,17 Nonco-

valent wrapping18,19 and covalent grafting20 of CNTs are the

mainly used strategies to achieve those composites. In compari-

son with the noncovalent wrapping CNT/PANI, the covalent

grafting composites showed a more homogeneously distributed

morphology due to the better solubility at the same CNT load-

ing. By using counter-ion induced processability of conducting

PANI complex, coupled with the covalent grafting method, it

was reported that a water soluble self-doped CNT/sulfonic

PANI composite with 17 wt % of CNTs was obtained,21 which

opened the possibility to prepare free-standing CNT films show-

ing high strength, because the covalent attachment of PANI on

CNT surfaces can effectively hinder the re-clustering of CNTs

during the film formation. However, compared with the con-

ducting PANI, this composite showed a low-electrical conduc-

tivity (5.6 3 1023 S cm21) mainly because of the presence of

strong electron-withdrawing substituted groups on PANI back-

bone as well as the low content of CNT loading.

Considering the surprisingly high-electrical conductivity of

CNTs,22 to assure the system has a high-CNT loading for
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getting the high-electrical conductivity, a PANI oligomer with

the similar doping behavior as the high-molecular PANI was

here attempted to covalently decorate the multiwalled carbon

nanotube (MWNT), as shown in Figure 1. Under the counter-

ion induced processability, a stable MWNT dispersion was

obtained by doping the PANI oligomer with an organic pro-

tonic acid having a long tail. Furthermore, to remove the excess

insulating dopant, a filtration process was proposed, which

ensured the resultant CNT films showed the maximum electri-

cal conductivity. Compared with the neat CNT, the covalent

attachment of the conducting PANI units on the CNT sheet can

hinder the re-clustering of CNTs, which may improve the

strength of the resulting free-standing film and make it transfer

easy. In addition, CNTs have been recognized as a potential

electrode material for supercapacitors23 due to their unique

properties and nanometer size. Unfortunately, specific capaci-

tance of CNT electrode usually ranges from 10 to 80 F g21.24

Recently, the combination of conductive polymers showing

high-redox pseudocapacitance with CNTs has been reported as

an effective way to improve the specific capacitance of CNT

electrode.25 Therefore, the attachment of PANI units on CNT

sheet may be expected to further endow the system excellent

capacitance.

EXPERIMENTAL

Materials

Carboxylic acid functionalized MWNTs were purchased from

Timesnano, Chengdu Organic Chemicals Co. Ltd., Chinese

Academy of Sciences (>99% purity, length 10–20 lm). The

ACOOH content is approximately 0.5 wt %, measured by

X-ray photoelectron spectrum (XPS) and titration methods.

The N-phenyl-1,4-phenylenediamine used was obtained from

Sigma-Aldrich (United States). Poly(ethylene glycol monomethyl

ether)2350 (PEGME-350, where 350 is the average molecular

weight of the ether oligomer) were of analytical purity pur-

chased from Acros Co. POCl3 and SOCl2 were used after distil-

lation (the POCl3 and SOCl2 solution are both highly corrosive,

and therefore extreme care had to be exercised during han-

dling). All other chemicals used were of analytical grade and

used without further purification.

Preparation of Aniline Oligomers Endcapped with Amine

Groups

Following the Zhang et al.26 method, the oligomer of 16-mer

aniline with a terminated amine group at one end was prepared

from tetramer aniline, which was synthesized from the suspen-

sion reaction of N-phenyl-1,4-phenylenediamine with ferric

chloride hexahydrate in 0.1M HCl solution. After dedoped by

0.1M ammonia hydroxide, the obtained emeraldine oligomers

were recrystallized from ethanol.

Covalent Functionalization of MWNTs by Aniline Oligomers

As a typical example, 10 mg of MWNTs-COOH were firstly

chlorinated by refluxing for 12 h with 20 mL of SOCl2 at 70�C.

After evaporating any remaining SOCl2, aniline oligomer func-

tionalized MWNTs (MWNT-AO) were then synthesized by reac-

tion with 0.1 g of 16-mer aniline in dehydrated N,N-dimethyl

formamide (DMF) for 24 h at 80�C. The resultant black pow-

ders were obtained after filtration and thoroughly rinsed by

using DMF, acetone, and dried at 50�C in vacuum for 24 h.

Preparation of Organic Protonic Dopant

The organic protonic dopant of acidic phosphate ester (APE) was

synthesized from the reaction of POCl3 (0.5 mol) and PEGME-

350 (1.0 mol) under vigorous stirring at 65�C for 24 h under

nitrogen.12 The residual water was removed in vacuum at 70�C
for 2 h, and the product was further dried over 4 Å molecular

sieves for 2 days prior to use. The acidity value of APE deter-

mined by potentiometric titration was 1.8 3 1023 mol mL21.

Doping of Aniline Oligomer Functionalized MWNTs

Doping of MWNT-AOs was realized by exposure to protonic

acid of APE. As shown in Figure 1, 16-mer aniline was doped

to be conducting through protonation of the imine nitrogen

sites by the protonic acid APE (H1M2) according to the acid–

base chemistry. The formed counter ion (M2) having the long

tail of PEG endowed the APE/MWNT-AO system good solubil-

ity besides ensuring overall charge neutrality. The APE/MWNT-

AO complex was formed by mixing 10 mg of MWNT-AO and

Figure 1. Illustration of the doping–filtrating process and the photographs of the as-prepared MWNT film. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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80 mg of APE at room temperature under vigorous stirring for

1 h. Followed by adding 4 mL of distilled water and then stirred

at 50�C for 2 h, stable dispersions of APE/MWNT-AO caused

by the counter-ion induced processability from APE were

obtained. The molar ratio of H1 in APE to phN- in oligomer

was over than 0.5 to assure complete doping of aniline

oligomer.

Free-Standing APE/MWNT-AO Films from Filtrating

In order to remove the excess insulating APE and lead to high-

electrical conductivity, the APE/MWNT-AO dispersions were fil-

trated by using polycarbonates membrane filter (0.2 lm),27 and

then thoroughly washed with large quantity of distilled water.

After drying at 50�C in vacuum oven for 12 h, free-standing

APE/MWNT-AO films automatically released from the filter

membranes were obtained, as illustrated from the photograph

in Figure 1.

Electrochemical Measurements

The electrochemical measurements were conducted by using

coin-type test cell (CR2032) with stainless steel working as both

counter and reference electrode. The working electrodes were

prepared by the following steps: 85 wt % active materials

(MWNT or MWNT-COOH), 15 wt % acetylene black, and 5 wt

% binder (polyvinylidene fluoride [PVDF]) were blended with

N-methylpyrrolidone as a solvent. Electrode film was prepared

by coating the mixture on a stainless steel mesh with diameter

of 16 mm and dried successively in a vacuum oven at 120�C for

12 h. A Celgard 2400 polypropylene membrane was used as the

separator. 1.0M H2SO4 solution was used as the electrolyte. For

the fabrication of APE/MWNT-AO electrode, the APE/MWNT-

AO film supported on the stainless steel mesh was directly

sealed in the test cell.

Characterization

The functionalization of MWNTs was monitored by using a

Fourier transform infrared (FT-IR) spectrometer (Nicolet

Magna-IR 750) employing the KBr disk method. The sheet

chemistry of functionalized MWNTs was analyzed using a Kra-

tos AXIS 165 X-ray photoelectron spectrometer. All spectra

were calibrated with the C1s photoemission peak for sp2 hybri-

dized carbons at 284.5 eV. Curve fitting of the photoemission

spectra was done after a Shirley type background subtraction.

Sheet resistances were measured by using a standard four-point

probe configuration. Sheet morphology and interior structure of

MWNT films were investigated using a scanning electron micro-

scope (JEOL S-4800 SEM) operating at 10.0 kV. Morphologies

of the functionalized MWNTs were recorded on a JEOL JEM-

2010 microscope. For the transmission electron microscope

(TEM) experiments, an appropriate amount of the samples sus-

pended in distilled water was ultrasonicated for 30 min before

being poured onto carbon-coated copper TEM grids. Thermog-

ravimetric analysis (TGA) was obtained using the METTLER

thermal analysis system under nitrogen atmosphere at a heating

rate of 10�C min21. The X-ray diffraction (XRD) patterns of

the samples were recorded with a Japan Shimadzu XRD-6000

X-ray diffractometer. The CuKa line (k 5 1.5451 nm) from a

sealed tube with a copper anode was used as a source of radia-

tion. Galvanostatic charge/discharge tests were performed on

Neware CT3008W (China) at a current density of 1.0 A g21

with the potential between 0.08 and 0.8 V.

RESULTS AND DISCUSSION

FT-IR of MWNT-AO

The FT-IR spectra of the MWNT-AO were obtained to investi-

gate the functionalization formed on MWNTs, as illustrated

in Figure 2. From the spectrum of the MWNT-COOH

[Figure 2(a)], it can be seen the peak occurring at 1710 cm21

was assigned to the C@O stretching mode of the ACOOH

groups from the MWNT backbone, and the intense broad peak

centered at 3430 cm21 was assigned to the AOH stretching

mode of the ACOOH group.28,29 Two major bands at 1593 and

1500 cm21, respectively, corresponding to quinone ring defor-

mation and benzene ring C@C stretching deformation in pure

16-mer aniline were observed [Figure 2(b)]. The wide band cen-

tered at 3392 cm21 attributed to the amine groups showed the

resultant 16-mer aniline was endcapped by amine,26 which can

be coupled with MWNT-COOH to form amide bond through

acylation and amidation. From the spectrum of the MWNT-AO

[Figure 2(c)], the peak observed at 3445 cm21 was assigned

to the NH stretching mode of the amide (ANHCOA) group,

accompanied by the characteristic wide peak located at

Figure 2. FT-IR spectra of (a) MWNT-COOH, (b) Aniline oligomer of

16-mer, and (c) MWNT-AO.

Figure 3. Photographs of dispersions of (a) MWNT-COOH and (b)

MWNT-AO doped by APE in deionized water for 2 days standing.
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1640 cm21 corresponding to stretching of C@O groups, which

showed the aniline oligomer was successfully grafted on the

MWNTs by amide bonds.30 Notably, the bands at 1593 and

1500 cm21 in 16-mer aniline are not visible in the FT-IR spec-

tra of MWNT-AO, because of the overlapping absorption from

MWNTs at the same wave numbers. The successful functionali-

zation of MWNTs by aniline oligomer supports the possibility

to form APE/MWNT-AO complex through the doping process,

which can be dispersed in water under the counter-ion induced

processability of APE.

Stability of APE/MWNT-AO Dispersions

Due to the counter-ion induced processability from APE, MWNT-

AO was dispersed stably in water. In comparison with MWNT-

COOH, the resultant APE/MWNT-AO dispersion was more

homogeneously distributed, as confirmed from Figure 3(a,b).

Achieving the dispersion of MWNT-COOH into water was very

difficult even after the CNTs were sonicated. As illustrated from

Figure 3(a), it is clear that MWNT-COOH is insoluble in water,

and there was much sedimentation at the bottom of the vial.

However, the MWNT-AO doped by APE is soluble in water to

form a homogeneous dispersion [Figure 3(b)] because of the

strong counter-ion induced processability mainly resulted from

the PEG chain on APE, showing no precipitation even after

2 days. The better solubility of APE/MWNT-AO can make the

obtained films possess a satisfied strength for the easy releasing

from the supporting substrate.

TEM Images

In order to detect the morphological changes of MWNTs upon

modification, TEM experiences were performed. As shown in

Figure 4(a), the average diameter of MWNT-COOH was about

18 nm, with the maximum value of 27 nm. However, after

attached by 16-mer aniline, the average diameter shown in

Figure 4(b) was increased to 21 nm, and the maximum value

was also increased to 38 nm. This is because of the sheet depo-

sition of 16-mer aniline layer on MWNT-COOH. In addition,

the wrapping of MWNTs by aniline oligomer was seen to be

very tight from the smooth features, probably owing to the

presence of strong p–p interactions between such two

components.

XRD Analysis

Figure 5 shows typical XRD patterns of the as-prepared 16-mer

aniline, MWNT-COOH, and MWNT-AO powder. Two weak

characteristic Bragg diffraction peaks of PANI are found at

2h 5 20� and 23� for 16-mer aniline powder [Figure 5(a)],

which showed that the crystallinity of the samples is very low.31

For MWNT-COOH [Figure 5(b)], the sharp diffraction peak

with strong intensity at 2h 5 26� was assigned to (002) reflec-

tions, and the weak wide diffraction peak with strong intensity

at 2h 5 43� was attributed to (101) reflections.32 Moreover,

decorated by aniline oligomer, the two characteristic Bragg dif-

fraction peaks of MWNT-AO were similar to those of MWNT-

COOH, which indicated the periodic arrangement of carbon

atoms in MWNT was not further disturbed by the attachment

Figure 4. TEM images of (a) MWNT-COOH and (b) MWNT-AO.

Figure 5. XRD patterns of (a) 16-mer aniline, (b) MWNT-COOH, and

(c) MWNT-AO. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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of aniline oligomer. This assures the structures and properties

of MWNT-COOH keep intact prior to use.

Electrical Conductivities

To investigate the effects of aniline units on the electrical con-

ductivity, the sheet resistivity of MWNT-AO was measured.

From Figure 6, it can be seen the sheet resistivity of MWNT-

COOH is around 1273 X sq21 (Sample a in Figure 6). Deco-

rated by aniline oligomer, the sheet resistivity of MWNT-

COOH was decreased to 850 X sq21 (Sample b in Figure 6). It

was reported that MWNT can dope PANI to be conducting due

to the strong p–p interactions, virtually through the formation

of a charge–transfer complex by affecting both the free N–H

environment and quinoid units along PANI backbone.33 There-

fore, the electrical conductivity of MWNT-COOH was enhanced

upon attachment of aniline oligomer. It can be illustrated from

the XPS analysis. The N1s core-level spectrum of MWNT-AO

was shown in Figure 6(a), which was deconvoluted into three

component peaks34,35 centered at 402.2, 401.1, and 399.6 eV.

The peak centered at 402.2 eV can be assigned to the iminium

ions (ANH1@) of the conductive PANI units. The peak cen-

tered at 401.1 eV is attributed to the radical cation nitrogen and

is about 53.4% of the total nitrogen atoms, implying that the

doping level is 53.4% in MWNT-AO.36 From the analysis on

the doping level, it showed that quite a number of nitrogen sites

along the aniline oligomer could be further doped by the differ-

ent dopants, such as APE. That is, MWNT-AO doped with APE

should have the higher electrical conductivity than MWNT-AO,

because of the newly formed conductive pathways. However, the

sheet resistivity of solution casting APE/MWNT-AO films was

not accordingly decreased. On the contrary, it was increased to

1526 X sq21 (Sample c in Figure 6). This is probably because

the presence of competition between MWNT and APE for dop-

ing aniline oligomer makes a quantity of APE unreacted, which

forms the insulating structures in the film.

To further enhance the electrical conductivity, a filtrating pro-

cess was followed. After removal of the excess unreacted organic

dopant, by vacuum filtrating of the APE/MWNT-AO dispersion

through a 0.2 lm polycarbonate membrane, the sheet resistivity

of the obtained films was significantly decreased to 131 X sq21

(Sample d in Figure 6), which has the same order of magnitude

as that of the single-walled carbon nanotube (SWNT) films

(150–300 X sq21) prepared by using spray coating37 and vac-

uum filtering38 of pristine SWNT dispersion. From the N1s

core-level spectrum of the resultant APE/MWNT-AO films

shown in Figure 7(b), the content of radical cation nitrogen

corresponding to the doping level was increased to 64.7%. That

is to say, 11.3% molar ratio of the 16-mer aniline on MWNT-

AO was further doped to be conducting by APE after filtrating

compared with that of pristine MWNT-AO [Figure 7(a)], from

which the actual weight content of APE remained in the as-

prepared film is calculated to be 7%. In addition, from the

SEM images shown in Figure 8, the MWNTs in APE/MWNT-

AO films after filtrated were more evenly and densely connected

[Figure 8(b)], in comparison with that of solution casting APE/

MWNT-AO films without filtrating [Figure 8(a)], which

endowed the system relatively high-mechanical strength and

easily releasing behavior from the supporting substrate.

TGA Thermograms

To determine the weight content of MWNTs, TGA of the

MWNT-COOH, and the as-prepared MWNT-AO film from

Figure 6. Sheet resistivity of (a) MWNT-COOH, (b) MWNT-AO, (c)

solution casting APE/MWNT-AO films, and (d) APE/MWNT-AO films

after filtrated. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. N1s XPS spectra of (a) MWNT-AO and (b) APE/MWNT-AO films after filtrated. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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filtrating was carried out at temperatures ranging from room

temperature to 800�C under nitrogen. As shown from the

weight loss profile of MWNT-COOH in Figure 9(a), there

appear to be two typical stages of weight loss beginning at

approximately 140�C and approximately 413�C, which might be

correspondent to the functional group decomposition of

COOH and the sp2 structures. While only one stage of

weight loss beginning at approximately 550�C corresponding to

decomposition of the sp2 structures was found for MWNTs

[Figure 9(b)]. This is because the intrinsic sp2 structures were

partially destroyed during the incorporation of the carboxyl

groups, which makes the thermal stability of MWNT-COOH

deceased compared with that of MWNTs. From the weight loss

in Figure 9(a), it can be found the weight content of COOH

unit was around 0.5%.

In the case of free-standing APE/MWNT-AO films from filtrat-

ing (Figure 10), two typical stages of weight loss beginning at

approximately 160�C and approximately 500�C were observed.

The weight drop beginning at approximately 160�C and ending

at approximately 500�C was resulted from aniline oligomer

linked to the surface of MWNTs and the dopant APE contained

in the film, whose weight drop beginning is at approximately

140�C and approximately 200�C, respectively (see Figure 11).

The second weight loss beginning at approximately 500�C cor-

responds to the sp2 structure decomposition of MWNTs. From

Figure 10, the weight loss of the first stage was around 23%,

which is in good agreement with the total weight content of the

16-mer aniline (16 wt %) calculated from the molar ratio of

Figure 8. SEM images of (a) solution casting APE/MWNT-AO films and (b) free-standing APE/MWNT-AO films after filtrated. Inset of (a) and (b)

shows the high-resolution image, respectively.

Figure 9. TGA thermograms of (a) MWNT-COOH and (b) Pristine

MWNT.

Figure 10. TGA thermograms of the free-standing APE/MWNT-AO films.

Figure 11. TGA thermograms of (a) APE and (b) 16-mer aniline.
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carboxyl units on MWNTs and the APE (7 wt %) calculated

from the XPS data. That is to say, the MWNTs content in the

free-standing film can be over than 77%. Such a high-MWNT

loading supplied the resultant films higher electrical

conductivity.

Capacitance

Because of the high-theoretical specific pseudocapacitance from

multiple redox states,39,40 PANI has been considered as one of

the most promising materials. In order to find the effect of

aniline oligomer on the capacitance of MWNTs, galvanostatic

charge/discharges of the obtained films at high-current densities

were measured. Typical galvanostatic charge/discharge curves of

the MWNTs, MWNT-COOH, and APE/MWNT-AO electrode

in 1M H2SO4 are presented in Figure 12. All the composite elec-

trodes showed the quasi-triangular shape which is characteristic

of electrical double-layer capacitance.41 Calculated from

discharge time, the specific capacitance of neat MWNTs is

43 F g21 at a current density of 1.0 A g21, and it is 86 F g21

for MWNT-COOH due to the presence of the activated groups

of carboxyl, which was reported to show the pseudo-capacitance

through a Faradic reaction.42 However, the specific capacitance

was increased to around 249 F g21 for the free-standing APE/

MWNT-AO films, which is mainly resulted from the high pseu-

docapacitance of the PANI units on MWNT. Accompanied by

the low-sheet resistivity, this electrochemical active film with a

better storage capacity may find its possible application as the

electrode materials for electronic devices and supercapacitors.

CONCLUSIONS

High electrochemical active free-standing MWNT films could

be easily synthesized from aniline oligomer functionalized

MWNTs, by using filtration of APE-doped MWNT-AO disper-

sions, which showed the sheet resistivity as low as 131 X sq21.

The aniline oligomer functionalization of MWNTs and the dop-

ing process followed resulted in solubility enhancement of

MWNTs. Compared with the MWNT-COOH, the decrease of

sheet resistivity of APE/MWNT films was attributed to the dop-

ing of aniline oligomer by MWNT and APE, discerned from the

XPS data. Additionally, the free-standing films showed both

homogeneously distributed and densely packed morphology,

which endowed the APE/MWNT automatically releasing from

the filter membrane. TGA thermograms showed that the

MWNT loading in the as-prepared film can be over than 77%.

Encouragingly, this functionalized MWNT film showed the spe-

cific capacitance as high as 249 F g21, mainly resulted from the

high pseudocapacitance of the aniline units on MWNT.
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