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Aqueous  dispersed  conducting  polyaniline  nanofiber,  new  electrode  material  for supercapacitor,  is  pre-
pared employing  acidic  phosphate  ester  as  dopant  for nanofibrous  polyaniline  emeraldine  base,  which
is  synthesized  by  polymerization  of  aniline  using  ferric  nitrate  as oxidant  through  pseudo-high  dilu-
tion  technique.  Highly  crystalline  and  uniform  polyaniline  fibers  with  thin  diameter  of  17–26  nm  are
obtained,  the  film  from  which  shows  electrical  conductivity  of  32  S cm−1. The  thin  nanofibrous  polyani-
line  is  used  as  electrode  material  for supercapacitor  and  its  performance  is  evaluated  in  non-protonic

−1 −1

olyaniline nanofibers
lectrode material
upercapacitor
queous dispersion

solvent  system.  It shows  a specific  capacitance  as  high  as  160  F  g at discharge  rate  of  0.4  A  g from
−1  V  to  1 V  in  1  mol  L−1 tetraethylammonium  tetrafluoroborate/propylene  carbonate  solution,  and  the
discharge/charge  efficiency  reaches  92%, indicating  that  it  possesses  good  electrochemical  reversibil-
ity. The  high  capacitance  can  be  attributed  to its  relatively  high  surface  area  of  70  m2 g−1,  which  is  3–5
times  higher  than  spherical  polyaniline  or thick  fiberous  polyaniline,  leading  to  high utilization  of the

electroactive  materials.

. Introduction

Polyaniline consists of phenyl diamine and quinone diimine
epeating units as shown in Scheme 1. To the best of our knowl-
dge, polyanilines as the supercapacitors electrode materials [1]
ere generally doped state with selenious acid [2],  graphene

xide [3] or hydrochloric acid dopant [4].  With increasing environ-
ent concern, electroactive electrode material from water soluble

onducting polyaniline has attracted much attention, since the
lectrode preparation can be obtained in aqueous system.

Water soluble conducting polyaniline can be prepared by
elf-doping approach, template polymerization and counter-ion
nduced method [5].  Epstein and co-workers [6–8] prepared

ater soluble self-doped polyaniline using fuming sulfuric acid
o react with emeraldine base [6] or leucoemeraldine base [7],
n which the aromatic ring was covalent bonded by sulfonic
cid group, giving electrical conductivity of 10−1–10−3 S cm−1.
hen et al. [8] synthesized water soluble polyaniline where the
mine nitrogen in the polyaniline backbone was linked by propane
ulfonic acid group, propylbenzenesulfonic acid group [9] or ben-
oylsulfonic group [10] by reaction of emeraldine base with

,3-propanesultone, p-(3-bromopropyl)benzenesulfonic acid or o-
ulfobenzoic anhydride, respectively. Water soluble conducting
olyaniline can also be prepared using template polymerization,

∗ Corresponding author. Tel.: +86 431 85262250; fax: +86 431 85689095.
E-mail address: xhwang@ciac.jl.cn (X. Wang).
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in which water soluble polyacrylamide [11], poly(2-acrylamido-
2-methyl-1-propane-sulfonic acid) [12], poly(4-styrenesulfonate
acid) [13] or poly(vinysulfonic acid) [14] was  used as a binary
template and hydrophilic segments. The low electrical conduc-
tivity of 10−8–10−2 S cm−1, however, was generally found since
the substituents on the benzene ring or nitrogen atoms gener-
ally reduced the electrical conductivity, while the co-existence of
polyaniline and insulated polymer for template polymerization was
also not beneficial for high conductivity. In our previous work,
we  succeeded in preparing water soluble conducting polyaniline
with high conductivity of 100–101 S cm−1 [15] through counter-ion
induced method, in which acidic phosphate ester containing short
hydrophilic segment was used as dopant for polyaniline emeraldine
base.

Fibrilar polyanilines have been reported as electroactive elec-
trode materials for supercapacitors due to their higher specific
surface areas than those of non-fibrous polyanilines [16–19].
Among which thin polyaniline nanofibers with small diameter of
1–50 nm have attracted much attention due to their potential high
capacitance, since it is natural idea that thin nanofibers can give
higher specific surface area than that of thick nanofibers. Although
the non-aqueous conducting polyaniline thin nanofibers doped
by inorganic acid [20] or ferric sulfate [21] with a diameter of
10–23 nm have been widely investigated, only few studies were

related on aqueous polyaniline nanofibers, e.g., aqueous polyaniline
nanofiber colloids with a large diameter of 80–100 nm were pre-
pared through the in situ polymerization of aniline in the presence
of �-cyclodextrin by Li et al. [22].

dx.doi.org/10.1016/j.jpowsour.2011.08.066
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Scheme 1. Chemical structure of intrinsi

Herein, aiming at disclosing a feasible route to prepare super-
apacitor electroactive electrode materials with promising high
pecific capacity, aqueous conducting thin polyaniline nanofibers
ith small diameter of 17–26 nm were prepared, which were
ighly crystalline with electrical conductivity of 32 S cm−1. The
aid thin polyaniline nanofibers serving as electrode materials for
upercapacitor, gave specific capacitance as high as 160 F g−1 at a
ischarge rate of 0.4 A g−1, which was much higher than those of
arlier reported data from non-aqueous electrode materials, such
s HCl-doped polyaniline (70 F g−1) and LiPF6-doped polyaniline
107 F g−1) in tetraethylammonium tetrafluoroborate electrolyte
olution [23].

. Experimental

.1. Materials

Aniline (Beijing Chemical Co.) was distilled twice under reduced
ressure. Ferric nitrate was provided by Beijing Chemical Co. and
sed as received, other reagent was used without further treatment.

.2. Preparation of aqueous polyaniline nanofibers

.2.1. Preparation of polyaniline nanofibers
Polyaniline nanofibers were prepared using pseudo-high dilu-

ion approach [24], a typical process was described as follows:
1.41 g (15.0 mmol) aniline was dissolved in 15 mL of 1 mol  L−1

itric acid, and a 15 mL  of 2.5 mol  L−1 aqueous ferric nitrate
37.5 mmol) solution was precooled and added at a rate of

 mL  min−1 at 0–5 ◦C via a dropping funnel under vigorous stirring.
fter addition, the mixture was allowed to react for 28 h at 0–5 ◦C
ithout any disturbance. The polyaniline precipitate was  washed
ith water and ethanol several times until the filtrate was  colorless.

he polyaniline was added into large quantity of 1 mol  L−1 ammo-
ium hydroxide and stirred for 24 h, and washed with water until
he filtrate was colorless. The de-doped polyaniline was  dried in a
acuum at 40 ◦C for 48 h.

.2.2. Preparation of aqueous conducting polyaniline nanofibers
Aqueous conducting polyaniline nanofibers dispersion was  pre-

ared according to our previous report [15]. 1.04 g (5.84 mmol) of
s-prepared phosphate ester bearing one ethylene glycol unit [15a]
nd 0.52 g (5.77 mmol) of the above polyaniline nanofibers emeral-

ine base were added into 30 mL  distilled water under stirring for
2 h at 60 ◦C. The schematic illustration of the aqueous polyaniline
anofibers was shown in Scheme 2, in which phosphate ester as
nion was linked with polyaniline backbone, where the ethylene

Scheme 2. Schematic illustration of aqueous dispersion of conduct
aniline, y is between 0 and 1, n is integer.

glycol hydrophilic segment assured the stability of the polyaniline
dispersion.

2.3. Characterization of polyaniline nanofibers

Wide-angled X-ray diffraction (WAXD) patterns of the samples
in powder were recorded using Cu Ka (� = 1.5406 Å) radiation at
40 kV and 40 mA  with D8 Advance X-ray Reflector. The data were
collected in the range of 5◦ < 2� < 50◦ with a step size of 0.1◦ s−1 and
scan rate of 3◦ min−1. UV–visible spectra (UV) were recorded on a
UV-3000 spectrometer, employing polyaniline nanofibers solution
in N-methyl-2-pyrrolidone or aqueous dispersion of polyaniline
nanofibers. Scanning electron microscope (SEM) morphologies of
the samples were carried out on an FEI XL30 ESEM field emis-
sion scanning electron microscope with operating voltage of 20 kV.
Fourier transform infrared (FTIR) spectra were recorded on a
Bruker TENSOR-27 spectrophotometer at a resolution of 4 cm−1,
a minimum of 32 scans were signal averaged, and the samples
were prepared by KBr pellet. TEM image was obtained on a JEOL
JEM-2010 transmission electron microscope at an acceleration
voltage of 200 kV. Samples for TEM were prepared by drop casting
polyaniline aqueous dispersion onto carbon-coated copper grids
and allowing them to dry freely. Electrical conductivity was mea-
sured using a standard four-probe method at room temperature,
in which polyaniline film from dispersion was fixed tightly on the
four probes with an equal distance of 2.0 mm between adjacent
probes, and the conductivity value was  obtained through mea-
suring current and voltage [25]. X-ray photoelectron spectroscopy
(XPS) measurements were carried out on a VG ESCALAB MkII spec-
trometer with a Mg  K� X-ray source (1253.6 eV photos), where the
X-ray source was  operated at 14 kV and 20 mA, and the sample
polyaniline film from aqueous dispersion was mounted onto stan-
dard VG sample stud with doublesided adhesive tape. The pressure
in the XPS analysis chamber was  maintained at 10−7 Pa or lower
during data collection. The sample position and tilt angle were
finely tuned for optimal data acquisition. The C 1s neutral carbon
peak at 284.6 eV was used as the reference for all binding ener-
gies (BEs). The core-level spectrum was  deconvoluted into Gaussian
component peaks. The Brunauer–Emmett–Teller (BET) surface area
was  measured on a fully automated ASAP 2020 accelerated surface
area and porosimetry analyzer (Micromeritics Co., Norcross, GA).

2.4. Preparation of working electrode and electrochemical

measurements

The working electrode for supercapacitor was prepared by
well mixing 9 mg  as-presented aqueous dispersed polyaniline

ing polyaniline nanofibers, y is between 0 and 1, n is integer.
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was consistent with that of the above SEM result.
The chemical structure of aqueous conducting polyaniline

nanofibers is characterized by UV–visible, FTIR and XPS techniques.
Fig. 4 presents the UV–visible spectra of the aqueous dispersed
Fig. 1. SEM (a) and TEM (b) images o

anofibers, 1 mg  cation aqueous polyurethane resin adhesion agent
nd 200 mg  de-ionized water to make a homogeneous mixture at
mbient temperature. The mixture was coated and pressed on a
oam nickel to make working electrode, and then the electrode was
ried at 45 ◦C for 72 h in vacuum oven.

All electrochemical experiments were carried out in a three-
lectrode glass cell with a counter electrode (platinum sheet) and a
eference electrode (saturated calomel electrode). The electrolyte
as 1 mol  L−1 solution of tetraethylammonium tetrafluoroborate

n propylene carbonate. Cyclic voltammetry and galvanostatic
harge–discharge tests were performed on a Solartron 1287
lectrochemical workstation system. Cyclic voltammogram was
xamined in the voltage windows ranged from −1 to 1 V versus
eference electrode at a scan rate of 20 mV  s−1. The galvanostatic
harge/discharge testing was performed from 0 to 1 V versus refer-
nce electrode at a current density of 0.4 A g−1.

For comparison, aqueous dispersed polyaniline such as non-
brous polyaniline (spherical shape) and thick polyaniline
anofibers with average diameter ranging from 25 nm to 42 nm
ere prepared according to our previous report [15b,24], respec-

ively, which were used for preparation of working electrode and
lectrochemical testing in the same procedure as described above.

. Results and discussion

Wan  and co-workers [26] reported that the diameter of polyani-
ine nanofibers was strongly affected by the oxidization ability of
xidant, in which higher oxidation potential generated larger diam-
ter.

To prepare thin polyaniline nanofibers, ferric nitrate was  used as
xidant due to its lower oxidization potential of 1.28 V than that of
onventional strong oxidant like ammonium persulfate [27]. Mor-
hology of polyaniline nanofiber emeraldine base (EB) was shown

n Fig. 1. Uniform nanofibers with diameters ranging from 18 to
5 nm were observed from the SEM image in Fig. 1a, and their
iameters can be found through TEM image of Fig. 1b.

Unlike the separated nanofibers distribution of fibrous polyani-
ine
meraldine base, fibers of aqueous conducting polyaniline
ere aggregated to a block, however, their fibrous shape can still

e seen clearly from the circular region in Fig. 2 and their diameter
anged from 20 nm to 25 nm.

As described in Section 2, the ratio 1:1 of dopant to emeraldine
ase was higher than theoretical maximum doping level of 50%
28], where the extra dopant can improve the aqueous dispersion

olubility [29]. The extra phosphate ester dopant distributing freely
n polyaniline served as plasticizer [30] causing the aggregation of
olyaniline nanofibers. To further clearly investigate the morphol-
gy of aqueous polyaniline nanofibers, the TEM of dispersion was
Fig. 2. Typical SEM image of polyaniline powder from as-prepared aqueous
nanofibers dispersion.

performed and shown in Fig. 3. The uniform fibrous distribution, as
well as the diameter of 21–27 nm from the circular field of Fig. 3,
Fig. 3. Typical TEM image of as-prepared aqueous polyaniline nanofibers dispersion.
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Fig. 5. FTIR spectra of polyaniline in KBr pellet: (a) as-prepared thin polyaniline

the polyaniline backbone, which provided a strong support for the
ig. 4. UV–visible spectra of aqueous dispersion of polyaniline nanofibers (a) and
olyaniline nanofiber emeraldine base in N-methyl-2-pyrrolidone solution (b).

anofibers in water (Fig. 4a) and the fibrous polyaniline emeral-
ine base in N-methyl-2-pyrrolidone (Fig. 4b). Compared with the
lue solution characteristic of fibrous EB form (inset b), the fibrous
queous dispersion forms a green suspension (inset a), indicative
f emeraldine salt (ES) form. Strong absorption peaks at 332 nm
46 nm were observed in EB solution (Fig. 4b), characteristic of
–�* transition of the benzenoid structure and exciton transition
f the quinoid structure [31]. As for the aqueous dispersion of
olyaniline nanofibers, the absorption peak at 332 nm in EB red-
hifted to broad and plateau band until to 417 nm characteristic
f the semiquinoid radical cation and the peak at 646 nm in EB
isappeared, instead a strong peak at 815 nm (Fig. 4a) appeared
haracteristics of the cationic radical polaron band [32], indicat-
ng a more extended conformation of the conducting polyaniline
hains.

The FTIR spectra of various aqueous nanofibers were shown in
ig. 5, for comparison, FTIR spectra of non-fibrous spherical polyani-
ine and thick polyaniline nano-fibers (diameter: 25–42 nm) were
hown together. The peak at 1552 cm−1 and 1462 cm−1 were
onsistent with C C stretching deformation of quinoid [33] and
enzene rings, respectively. These bands were similar to those
ound in large nanofibers and non-fibrous polyaniline, however,

 red-shift of 25 cm−1 for benzene rings (1462 cm−1) was  found

ompared to that of 1487 cm−1 for non-fibrous polyaniline. The
ands at 1041 cm−1, 1298 cm−1 and 1131 cm−1 can be attributed to
–N stretching of secondary aromatic amine and the aromatic C–H

Fig. 6. XPS patterns of polyaniline nanofibers film from aqueous dis
nanofibers, (b) thick polyaniline nanofibers (diameter: 25 nm to 42 nm), (c) non-
fibrous polyaniline.

in-plane bending. The peaks 790 cm−1 and 504 cm−1 can be
assigned to the out-of-plane deformation of C–H in the 1,4-
disubstituted benzene ring [34], the intensities of these peaks were
stronger than that of large nanofibers and non-fibrous polyaniline.
The relative intensity of 1247 cm−1 to 1091 cm−1 for P O stretch-
ing vibration were much higher than that of large or non-fiberous
polyaniline. The band at 3419 cm−1 can be attributed to the N–H
stretching vibration in benzene ring [35]. Therefore, the results
from FTIR spectra indicated that the aqueous dispersed polyani-
line was in emeraldine salt form, and the phosphate ester was
tightly incorporated as anions among the polyaniline backbone (see
Scheme 2).

The oxidation state in polyaniline film from aqueous dispersed
nanofibers was investigated by XPS technique, the XPS spectra as
well as the model fits were shown in Fig. 6. From the curve of bind-
ing energy from 1 eV to 1200 eV in Fig. 6a, the polyaniline nanofibers
were composed of C, N, O, Fe and P elements. The strong peak at
133.5 eV can be assigned as P 2p (inset in Fig. 6a), in which its full
width at half maximum (FWHM) was  1.8 eV, and the integral area
was  6951.8, indicating that the phosphate ester was  linked with
polyaniline structure as shown in Scheme 2, consistent with the
result of FTIR and UV–visible spectra. As shown in Fig. 6b, the asym-
metric N 1s core level can be deconvoluted into four peaks, locating

persion. (a) Wide binding energy, (b) N 1s core-level spectra.
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Fig. 7. The WAXD pattern of polyaniline nanofibers powder from dispersion.

t 398.7 eV, 399.5 eV, 400.7 eV and 402.1 eV, assigned to quinoid
mine ( N ), benzenoid amine (–NH–), the protonated nitrogen
toms with iminium ions (–NH+ ) and ammonium ion (–NH2

+–)
28], respectively. The integral area of the four peaks was  1015.3,
938.0, 1268.7 and 445.0, respectively. The area fraction of these
our peaks was 0.22, 0.41, 0.27 and 0.10, respectively, where the
otal area from protonated nitrogen atoms was 37%, indicating that
he doping level of polyaniline was 37%. It should be noted that the
ntegral area of P 2p was nearly one time higher than the total area
f the four peaks, while the 37% doping level indicated that only 37%
hosphate ester dopant served as anion to link with the polyaniline
ackbone, therefore, much more excess phosphate ester was  freely
istributed in polyaniline domain.

The crystalline structure of aqueous polyaniline nanofibers was
tudied by WAXD. As shown in Fig. 7, the sharp peaks centered at
� = 19.5◦ and 2� = 25.6◦ were assigned as the periodicity parallel to
he polyaniline chains [36] and the periodicity perpendicular to the
olyaniline chain [37], respectively, indicating that the polyaniline
anofibers were highly crystalline. The peaks such as 2� = 20.8◦,
1.8◦, 22.4◦, 23.1◦, 27.3◦, 30.2◦, 34.7◦, 38.9◦ and 44.9◦ might be
aused by the branches of dopant interacting with polyaniline chain
t various directions [38]. The peaks at 2� = 7.5◦ and 12.8◦ were
bserved, the relatively high intensity of peak at 7.5◦ was due to a

ilayer of phosphate ester side chains with a limited interdigitation,
nd the sharp peak at 12.8◦ was assigned as the periodic distance
etween the dopant and the N atom on adjacent main chain. This
rdered lamellar structure composed of alternating layers of rigid

ig. 8. (A) Cyclic voltammograms and (B) galvanostatic charge/discharge curves for (a)
lectrode and (c) non-fibrous polyaniline electrode. Scan rate for cyclic voltammograms: 
rces 196 (2011) 10484– 10489

polyaniline chain and flexible phosphate ester side chains was  also
observed in aqueous non-fibrous conducting polyaniline [15a]. A
high electrical conductivity of polyaniline films of 32 S cm−1 was
obtained due to their crystalline structure, which was 1–2 order
of magnitude higher than that of the 0.1–5 S cm−1 from the typical
dopant state with Li dopant [39] and one order of magnitude higher
than that of 4.5 S cm−1 from water soluble spherical polyaniline
[15b].

To estimate the electrochemical performance of work-
ing electrode made of various polyanilines (thin polyaniline
nanofibers, thick polyaniline nanofibers, and non-fibrous polyani-
lines), corresponding cyclic voltammetric curves and galvanostatic
charge/discharge curves were recorded and shown in Fig. 8. The
cyclic voltammetric curves were obtained from −1 V to 1 V versus
saturated calomel reference electrode at scan rate of 20 mV s−1

and shown in Fig. 8A. The thin polyaniline nanofibers showed
considerably higher redox currents than those of thick polyani-
line nanofibers or non-fibrous spherical polyaniline, indicating that
more effective surface areas of the thin polyaniline nanofibers were
accessible for the electrolytes [40].

Galvanostatic charge/discharge at density of 0.4 A g−1 was per-
formed on the device in order to further understand the possibility
of the obtained polyaniline nanofibers for supercapacitors applica-
tions. Typical galvanostatic charge/discharge curves of polyaniline
nanofibers electrode were presented in Fig. 8B. The discharge
capacitance (Cm) can be calculated according to Eq. (1) [41],

Cm = C

m
= (I × �t)

(�V × m)
(1)

where Cm was  specific capacitance, I was charge/discharge current,
�t was the discharge time, �V  was  1 V, and m was the mass of
electroactive electrode materials.

A capacitance of 160 F g−1 was  obtained for the thin nanofi-
brous polyaniline, which was higher than that of 120 F g−1 for
thick nanofibrous polyaniline or that of 90 F g−1 for spherical (non-
fibrous) polyaniline. A large Brunauer–Emmett–Teller surface area
of 70 m2 g−1 for the thin polyaniline nanofibers was obtained,
which was much higher than that of 21 m2 g−1 for thick nanofibers
or 13 m2 g−1 for spherical polyaniline. The higher specific capaci-
tances can be attributed to their higher specific surface areas of the
thin polyaniline nanofibers, which led to the higher utilization of
the active materials.

On the other hand, discharge/charge efficiency � can be calcu-
lated according to the following formula:
�(%) = �t

�t′ (2)

where �t  was  the discharge time, �t′ was the charge time.

 as-prepared thin polyaniline nanofiber electrode, (b) thick polyaniline nanofiber
20 mV s−1. Current density for galvanostatic charge/discharge: 0.4 A g−1.
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The thin polyaniline nanofibers electrode exhibited high
ischarge/charge efficiency of 92%, indicating good elec-
rochemical reversibility and discharge/charge rate control
apability.

. Conclusion

In summary, aqueous conducting polyaniline nanofibers were
repared using acidic phosphate ester containing hydrophilic ethy-

ene glycol segment to dope nanofibrous de-doped polyaniline, in
hich the fibers was synthesized by the ferric nitrate as oxidant

hrough pseudo-high dilution method. The conducting polyani-
ine nanofibers showed a uniform thin diameter of 17–26 nm with
igh electrical conductivity of 32 S cm−1. Supercapacitors elec-
rode made from thin nanofibrous polyaniline gave a high specific
apacitance of 160 F g−1 at a discharge rate of 0.4 A g−1 within
he potential range of −1 to 1 V versus saturated calomel refer-
nce electrode in organic non-protonic electrolyte solution, which
as higher than that of thick nanofibrous or spherical polyani-

ine. The high specific capacitance can be ascribed to its higher
tilization of the active materials, since a large BET surface area
f 70 m2 g−1 was obtained for the thin nanofibrous polyaniline,
hich was higher than that of thick nanofibers or spherical polyani-

ine. The electrode material also showed high discharge/charge
fficiency of 92%, indicating that thin nanofibrous polyaniline pos-
essed good electrochemical reversibility and discharge/charge
ate-control capability.
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