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ABSTRACT: Polyaniline (PANI) with high crystallinity degree was facilely synthesized on the surface of stainless steel net by galvano-

static method. The effect of polymerization current density on the characteristics of morphology and structure had been investigated

by field emission scanning electron microscopy (FE-SEM), Fourier transforms infrared (FTIR), X-ray photoelectron spectroscopy

(XPS), and X-ray diffraction (XRD). FE-SEM observations disclosed that PANI was deposited as nanofibers and their diameters

decreased with the polymerization current density. FTIR studies revealed that degree of oxidation increased in order PANI-2<PANI-

6<PANI-10. XPS measurements displayed that PANI polymerized at 6 mA cm22 (PANI-6) exhibited much higher doping level of

77.8%, which favored the conductivity. XRD analysis discovered that the obtained PANI showed high crystallinity degree in which

PANI-6 possessed highest crystallinity degree (Xcr) up to 67%. Electrochemical performances of PANI as electrode materials were

studied via cyclic voltammetry. The results presented that PANI-6 possessed greater discharge capacity and better reversibility. VC 2014

Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40827.
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INTRODUCTION

Polyaniline (PANI) as a representative conductivity polymer has

attracted huge interest of researchers owing to its excellent electroni-

cal, optical, thermoelectric, and electrochemical properties in the last

decade. PANI has been successfully applied in new advanced materi-

als for antistatic protection, photovoltaics, thermoelectric energy

conversion, supercapacitor, lithium ion battery, and so forth.1–5

Generally, PANI can be synthesized by chemical polymerization

in solution in the form of power or electrochemical polymeriza-

tion as a film on the electrode surface.6–8 For chemical polymer-

ization, it is an inexpensive and facile way. However, the residue

surfactants and oxidants used possibly degrade the sample’s

properties. Electrochemical polymerization is considered as a

more environmental benign way to fabricate PANI with better

properties because no surfactants and oxidants are needed.

Various electrochemical methods, such as potentiostatic,9 galva-

nostatic,10 or cyclic voltammetry (CV)11 means, have been

applied in the preparation of PANI. Most of the researchers paid

more attention on the properties of PANI instead of the structure

inasmuch as PANI obtained was usually amorphous or got much

low crystallinity degree. The performances of PANI, nevertheless,

directly depend on its structure. Consequently, elucidation of the

relationships between its properties and chain structure is

extremely important.8,12,13 Some investigations in this case have

been carried out and gained great knowledge,14–19 whereas their

studies based on the fact that the synthesized PANI did not

exhibit very high crystallinity. To the best of the author’s knowl-

edge, there is no report about this so far. Therefore, the fact that

how to obtain PANI with high crystallinity degree becomes an

important issue that needs to be addressed.

In this study, PANI with high crystallinity degree was synthesized

by galvanostatic method on the basis of several points of view:

the production is purer and more homogeneous, the devices are

facile, and different thickness films could be obtained by control-

ling polymerization time and/or current density. The data about

its spectral properties, structure, conductivity, and electrochemical

properties were presented. The effect of polymerization current

density on the structure, degree of oxidation (DO), doping level

(DL), and crystallinity degree was investigated. The relationship

between structure and electric properties was discussed.

EXPERIMENTAL

Reagents

Aniline (C6H7N, analytical grade from Xi’an Chemical Industry,

China) was distilled under reduced pressure before use.
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Analytical grade reagent, perchloric acid (HClO4, Xi’an Chemi-

cal Industry, China) as the dopant was used without further

purification. The stainless steel net was employed as support

and polished by HClO4 before polymerization. In this study, all

solutions were prepared from deionized (DI) water produced by

Milli-Q-Reference water system (Millipore, Bedford, MA). The

aniline solution was freshly prepared by adding 0.5M of aniline

to 2M of HClO4 solution.

Synthesis of PANI Samples

The samples of PANI were synthesized via galvanostatic method

with VMP2 multichannel potentiostat (Princeton Applied

Research, USA), and potential data were recorded simultane-

ously. The stainless steel nets were immersed into the aniline

solution, act as working electrode and counter electrode. The

reference electrode was saturated calomel electrode (SCE)

(Model 232, Shanghai Ruosull Technology, China). When

loaded 2, 6, and 10 mA cm22 of current density, PANI films

were electrodeposited on the surface of stainless steel nets,

marked as PANI-2, PANI-6, and PANI-10, respectively. Then,

the films were washed with DI water and 2M of HClO4 solu-

tion, respectively, and finally dried at 60�C for 24 h in a vac-

uum oven. Some of these films were scraped off from the nets

for characterizations.

Characterization

The morphology of PANI was characterized by field emission

scanning electron microscopy (FE-SEM), Quanta 250FEG (FEI,

USA) operated at 10 kV. Fourier transforms infrared (FTIR)

measurements of the obtained PANI samples in the range of

400–4000 cm21 were registered by a fully computer-controlled

Avatar 360 FTIR ESP (Thermo Nicolet, USA) with a resolution

of 2 cm21. Measurements were carried out ex situ in the trans-

mission mode as KBr tables. The surface composition and ele-

mental chemical state of the samples were examined by X-ray

photoelectron spectroscopy (XPS) using an Escalab Mk II (VG

Scientific, United Kingdom) apparatus with an MgKa X-ray

source (photons, 1468.3 ev). All samples in film form were

mounted on standard sample holders by means of double-sided

adhesive tapes. The X-ray source was run at 15.5 KV and 20

mA. Pressure in the analysis chamber during the examinations

was typically 1028 mbar or below. All core level spectra were

referenced to the C1s peak of PANI at 283.1 ev. The structure

of the different samples was performed by wide-angle X-ray dif-

fractograms on a computerized X-ray diffraction (XRD) system,

Rigaku D/MAX-2400 (Rigaku, Japan). Cu Ka radiation

(k 5 1.54187 Å) was monochromatized by a Ni-filter pulse-

height analyzer and registered with a scintillation counter. Dif-

fractograms were carried out in 2h scan model in the range of

10–60� with an accuracy of 0.05�.

The specific conductivity of obtained PANI samples was meas-

ured using a four-probe setup (Model SDY-4, Guangzhou Semi-

conductor Material Academe, China) at ambient temperature.

The ohmic character of the contacts with tablets of the PANI

samples was achieved by the gold plating of the probe tips.

Cyclic voltammograms of PANI films were recorded using

VMP2 multichannel potentiostat under the synthesis condition

except that the solution did not contain aniline. The scanning

potential range is from 20.2 to 1.0 V versus SCE with a scan-

ning rate of 1 mV s21.

RESULTS AND DISCUSSION

Galvanostatic Polymerization

The curves of potential–time transients traced during the galva-

nostatic electrodeposition are shown in Figure 1. There are three

steps during all polymerization processes. The first step corre-

sponds to the anodic passivation of the stainless steel,9 which

leads to a sharp increase in the potential. The second step is

related to nucleation and growth of PANI on the surface of the

stainless steel.20 Once PANI is formed, the potential rapidly

decreases because of the self-catalyzing of PANI which makes

polymerization become easier.21,22 When the surface of stainless

steel is fully covered by PANI, the potential decreases slowly to

a steady state, which is the third step.23 As shown in Figure 1, it

is clearly shown that the potentials at steady state are different

under various polymerization current densities. In this study,

they are �650, 680, and 700 mV (vs. SCE) at 2, 6, and 10 mA

cm22, respectively. They increase with current density, as it is

partially caused by anodic polarization. The higher the current

density is, the greater the polarization potential is. The PANIs

synthesized during this potential range get emeraldine

structure.24

Morphological Properties

Figure 2 shows the surface morphology of PANI synthesized at

different current densities. It can be seen that all samples are

porous and composed of nanofibers. The quantity of these

nanofibers increases, whereas their diameter decreases, with

polymerization current density. This can be explained as fol-

lows: aniline is easier to be oxidized into radical cations at

higher potential caused by larger current density, resulting in

more nuclei, which will grow to nanofibers during the next

polymerization. As shown in Figure 2, it is also clear that the

pore size of PANI-2 is much larger than PANI-6 and PANI-10.

Therefore, it can be evolved that PANI-6 and PANI-10 have

much larger specific surface area than that of PANI-2, which

will promote their electrochemical properties.

Figure 1. Curves of the polymerization potential versus polymerization

time at 2, 6, and 10 mA cm22. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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FTIR Spectra Analysis

The FTIR absorption spectra of PANI synthesized at different

current densities are shown in Figure 3. In the range of 900–

1800 cm21, all samples have six major absorption bands located

at �1643, 1557, 1466, 1294, 1235, and 1062 cm21, which is in

accordance with Kellenberger et al.’s results.25 They are attrib-

uted to C@N stretching in quinoid ring (Q), C@C stretching in

quinoid ring, C@C stretching in benzenoid ring (B), CAN

stretching in QBB, BBQ, or QBQ, CAN stretching in BBB, and

QNH1B stretching, respectively. Among these bands, the inten-

sity of QNH1B stretching, assigned as characteristic band of

emeraldine salt, is strongest. QNH1B are formed via doping

Figure 2. SEM images of PANI synthesized at various polymerization current densities: low magnification of (a) PANI-2, (b) PANI-6, (c) PANI-10, and

high magnification of (d) PANI-2, (e) PANI-6, and (f) PANI-10, respectively.

Figure 3. FTIR spectra of PANI samples synthesized at various current densities: PANI-2, PANI-6, and PANI-10; the ratio of 1557/1466 intensity is

shown in the inset. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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PANI with H1. They are usually considered as polaron or bipo-

laron which can form an excitation band between valence and

conduction band. Hence, they play the key role in electrical

conduction in PANI.26,27 Among all specimens, the intensity of

QNH1B in PANI-6 is strongest, which reflects the concentration

of polaron or bipolaron in PANI-6 is highest and there may be

a greater chance for the higher conductivity of PANI-6. This

point is also supported by the fact that the spectrum of PANI-6

exhibits highest intensity of a shoulder around 1400 cm21 pre-

sumably corresponding to the hydrogen-bonded CAN1

stretching.28

The bands posit at 1560 and 1465 cm21 should also be paid

more attention because their relative intensity can provide

information on the DO of the polymer,29–31 and hence we list

the I1560/I1465 in the inset of Figure 3. From the inset, we can

see that the relative DO increases with polymerization current

density. This can be explained that larger polymerization current

density results in higher polymerization potential (Figure 1),

which possesses stronger oxidizability and oxidizes more benze-

noid rings to quinoid rings. These ratios are somewhat close to

unity, indicating that PANI samples obtained in our experi-

ments display an emeraldine form, which plays an important

role in the heavily doped compositions and grant PANI the pos-

sibility of getting high conductivity.32

The FTIR spectra show some bands in the range from 2800 to

4000 cm21 caused by NAH stretching vibrations in the polymer

structure and CAH stretching of CH3 or CH2. A summary of

the analysis of absorption bands is provided in Table I, includ-

ing their assignments based on Refs. 25,33,34.

Surface Elemental Chemical State

In the light of the previous studies,35–38 it has turned out that

PANI consists of four types of constitutional units: imino-1,

4-phenylene (IP), its salt, nitrilo-2 (IP1), 5-cyclohexadiene-1,

4-diylidenenitrilo-1, 4-phenylene (NP), and radical cation of

(IP1) as shown in Figure 4. Hence, there are four kinds of

nitrogen species in PANI chains, marked as N1, N2, N3, and

N4. The N1s core level spectra, therefore, are deconvoluted into

four components at binding energy of 398.1, 399.8, 401.4, and

403.3 ev as shown in Figure 5, corresponding to N1, N2, N3,

Table I. Analysis of Absorption Bands Appeared in FTIR Spectra of PANI

Wavenumbers Assignmenta

3430 t (NAH)

2931 t (CAH) in CH3

2860 t (CAH) in CH2

1643 t (C@N) in Q

1606 t (CAC) in Q

1557 t (C@C) in Q

1510 t (CAC) in B

1466 t (C@C) in B

1408 t (CAN1)

1294 t (CAN) in QBB, BBQ, and QBQ

1235 t (CAN) in BBB

1062 t (QNH1B)

870 c (CAH) in 1,2,4 trisubstituted B

794 c (CAH) in 1,4 disubstituted B

a t, stretching mode; c, out-of-plane bending mode; B, benzene ring; Q,
quinoid ring.

Figure 4. Constitutional units of PANI: N1, nitrilo-2,5-cyclohexadiene-1,4-diylidenenitrilo-1,4-phenylene; N2, imino-1,4-phenylene; N3, radical cation of

imino-1, 4-phenylene; and N4, imino-1,4-phenylene salt.

Figure 5. N1(s) XPS core-level spectra and deconvoluted plots of (a)

PANI-2, (b) PANI-6, and (c) PANI-10. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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and N4, respectively. Their relative intensities are gained from

the integrated intensities of the peaks. The contents of each

nitrogen species are summarized in Table II.

It is well known that N3 and N4 are caused by doping polymer

chain with HClO4.37 Hence, we can regard the sum of content

of N3 and N4 as DL of PANI. As summarized in Table II, we

can see that the DL of PANI-6 is the highest. It demonstrates

that PANI synthesized at 6 mA cm22 is facilely doped; higher

or lower polymerization current density can give rise to a drop

in DL. It is possible that the potential of doping is not compa-

rable with that of generated by the current density of 2 or

10 mA cm22.

It is considered that N3 and N4 act as carriers during the

course of electron transfer. Hence, the higher DL is, the more

carriers are there, and the higher is the conductivity. N1s XPS

core level analysis illustrates that DL of PANI-6 is greater by a

factor of �2 than that in PANI-2, which exceeds PANI-10 by a

little. Hence, the conductivity of PANI-6 is expected to be best.

This is satisfied with the results observed in FTIR spectra.

Crystalline Structure Studies

The powder XRD patterns of three kinds of PANI samples are

shown in Figure 6 and the corresponding data are summarized

in Table III. All the main reflections observed in patterns can be

indexed in a pseudo-orthorhombic cell14,15,39–41 and the results

are also summarized in Table III. A least-square fit of their 2h
angular positions leads to the unit cell parameters as listed in

Table IV. The experimentally observed lattice parameters are in

good agreement with the reported values from Pouget.14

The crystalline domain size, L, can be estimated from the full

width at half maximum (FWHM) using the Scherrer formula

L5
0:89k
b cos h

(1)

where k is the X-ray wavelength used, b is FWHM at Bragg

angle 2h. The L-values, associated with the strongest peak, are

listed in Table IV. The crystalline coherence length of PANI-6 is

the largest among all samples, which favors carriers transfer

along the PANI chain and promotes the conductivity of PANI.

The interchain separation length (R) corresponding to the high-

est intense crystalline peak, determined from the relationship

(see Formula 2) given by Klug and Alexander,42 is also listed in

Table IV.

R5
5k

8 sin h
(2)

From the data summarized in Table IV, it is clear that PANI-2

has shortest R-value, which promotes its conductivity according

to the fact that the probability of interchain hopping increases

with the decrease in interchain separation.18

The values of crystallinity degree (Xcr) for these samples have

been calculated from intensities corresponding to crystalline and

amorphous reflexes, according to a series of formula as

follows43:

Xcr 5

X

i

Ci;hkl ðhÞIi;hkl ðhÞ
X

i

Ci;hkl ðhÞIi;hkl ðhÞ1
X

j

CjðhÞIjðhÞki

3100% (3)

where i, j is the number of crystalline and amorphous peaks,

respectively. Ci, hkl(h), Ii, hkl(h) corresponds, respectively, to the

Table II. Effect of Polymerization Current Density on the Relative Contents of the Various Nitrogen Species, DL

Sample
N1 (%) N2 (%) N3 (%) N4 (%)

DL (%)398.1 (ev) 399.8 (ev) 401.4 (ev) 403.3 (ev)

PANI-2 33.6 27.1 24.4 14.9 39.3

PANI-6 11.8 10.4 71.0 6.8 77.8

PANI-10 30.6 32.4 19.5 17.5 37.0

Figure 6. X-ray powder diffraction patterns of PANI-2, PANI-6, and

PANI-10 (the contribution of amorphous part of the polymers used to

calculate the crystallinity degree is outlined by hatching). [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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emendatory factor and integrated intensity of crystalline peak at

(hkl) reflection. Cj(h), Ij(h) associates with the emendatory fac-

tor and integrated intensity of amorphous peak. ki is the ratio

of integrated intensity of crystalline peak used to calculate to

that of whole crystalline peaks. The Ci,hkl(h) and Cj(h) are given

by

C21ðhÞ5f 23
11cos 22h
sin 2hcos h

3e210ðsin h=kÞ2

5
X

i

Nif
2

i 3
11cos 22h
sin 2hcos h

3e210ðsin h=kÞ2 (4)

where f represents the summation of all atoms scattering fac-

tors in one repeat unit. Ni, fi is the number and the scattering

factor of i atom one repeat unit contains, respectively. fi is

given by

fiðsin h=kÞ5
X4

j51

aj3e22bjðsin h=kÞ2 1C (5)

where aj, bj, and C can be obtained from Refs.44,45 From the

data summarized in Table IV, we can see that Xcr of PANI-6 is

higher than any other samples. The reason may be that the

effects of electric field are more benefit to the ordered arrange-

ment of the polymer chain at 6 mA cm22. Thus, appropriate

polymerization current density is useful for gaining higher order

polymer. The higher crystalline order shows that there is a lon-

ger range order and coherence length in PANI chain. Pouget14

has demonstrated that the metallic region is associated with the

crystalline portion of the sample. Heffner and coworkers46,47

consider that the order packing in the crystalline regions pro-

duces a high degree of local chain orientation and also reduces

the energy required for interchain transport. Hence, such

improvement in the order is benefit to the conductivity and

charge transport processes.48

Electrical Conductivity

The room-temperature conductivities of PANI samples are sum-

marized in Table V. The conductivity of PANI-6 is highest. As it

is known, the room-temperature conductivity of the conjugated

polymers is determined by a series of factors: carrier

Table III. XRD Data of PANI Samples: Bragg Angle 2h, Spacing d, and Indexation (hkl)

PANI-2 PANI-6 PANI-10

(hkl)2h (�) d (Å) 2h (�) d (Å) 2h (�) d (Å)

15.21 5.825 (010)

17.66 5.023 17.48 5.073 (012)

18.89 4.697 18.71 4.743 18.53 4.789 (004)

20.38 4.358 (013)

21.17 4.197 21.40 4.153 21.23 4.186 (100)

23.66 3.761 23.57 3.775 (005)

24.40 3.648 24.04 3.702 (014)

26.45 3.370 26.63 3.347 26.41 3.375 (111)

27.79 3.210 27.05 3.297 (112)

30.19 2.960 30.56 2.963 (020)

31.62 2.830 31.44 2.846 (022)

32.11 2.788 (016)

38.00 2.368 37.85 2.377 (008)

43.30 2.090 43.59 2.076 43.47 2.082 (200)

50.45 1.809 50.75 1.799 50.72 1.800 (127)

Table IV. Unit Cell Parameters, Domain Length of the Strongest Peak L, Interchain Separation Length R, and Crystallinity Degree of PANI Xcr

Sample

Lattice parameters (Å)

Volume V (Å3) L (Å) R (Å) Xcr (%)a b c

PANI-2 4.186 5.926 18.793 466 199 5.3 44.8

PANI-6 4.155 5.915 18.980 466 320 6.2 67.3

PANI-10 4.170 5.851 19.060 465 236 6.0 62.0

Table V. The Electrical Conductivity of PANI Samples Synthesized at Dif-

ferent Current Densities

PANI-2 PANI-6 PANI-10

Conductivity (S cm21) 20.6 27.1 19.8
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concentration, DO, DL, interchain separation length, as well as

crystallinity.40,49 According to the results of FTIR spectroscopy,

PANI-6 has strongest QNH1B band, which indicates that there

is highest concentration of carrier, including polaron and bipo-

laron. The DO of PANI-6 is more close to unity, which implies

PANI-6 possesses perfect emeraldine structure. XPS analysis

manifests that DL of PANI-6 is much higher than others. Fur-

thermore, crystalline structure studies show that PANI-6

presents better order packing and longer domain length. As a

comprehensive consideration of these results, we can obtain

best conductivity of PANI when 6 mA cm22 was loaded. The

conductivity of PANI-2 is a little better than that of PANI-10,

which possibly attributes to the shorter interchain separation

length and the larger size of nanofibers in PANI-2.

CV Measurement

The CV curves of PANI samples at the scanning rate of 1 mV s21

are shown in Figure 7. One couple of redox peaks (0.685/0.554

V for PANI-2, 0.617/0.611 V for PANI-6, and 0.644/0.609 V for

PANI-10) appears in the CV curves, which is caused by the

redox transitions of emeraldine/polaronic emeraldine form. The

gap between anode and cathode peaks is 0.131, 0.006, and 0.035

V, respectively. It means, PANI-6 owns least polarization which

profits electrochemical properties. In addition, current response

and CV curve area of PANI-6 also exceed those of PANI-2 and

PANI-10. The presented differences of the electrochemical char-

acteristics among the analyzed PANI samples could be explained

with the mentioned morphological features, structural charac-

teristics, and conductivity: the enlarged specific surface area,

enhanced ordering, increased carrier concentration, and

improved conductivity of this polymer result in more reaction

sites, less energy of ionic diffusion, greater discharge capacity,

larger current peak in CV curve, and higher reversibility of

redox processes taking place in the polymer during cycling of

the potential.11,40 Comparing to PANI-2, PANI-10 occupies less

polarization mainly benefiting from its large specific surface

area.

CONCLUSIONS

In this study, PANI with high crystallinity degree was success-

fully grown on the surface of stainless steel net via galvanostatic

method. The analysis showed that the morphology, structure,

and electrochemical properties changed a lot with increase in

polymerization current density. PANI synthesized at a current

density of 6 mA cm22 possessed perfect emeraldine structure,

leading to higher DL of 77.8% and carrier concentration. Mean-

while, this PANI sample presented better packing of the chains

in polymer matrix, much higher crystallinity degree of 67%,

and larger crystalline domain size. In addition, PANI-6 owned

high specific surface area. Consequently, PANI-6 exhibited great

conductivity (27.1 S cm21), discharge capacity, and reversibility.

This kind of PANI can be regarded as a promising electrode in

the application of supercapacitor and lithium ion battery.
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