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Activated carbon fiber (ACF)/polyaniline (PANI) materials have been prepared using two dif-
ferent methods, viz. chemical and electrochemical polymerization. Electrochemical char-
acterization of both materials shows that the electrodes with polyaniline have a higher
capacitance than does a pristine porous carbon electrode. To analyze the distribution of
PANI within the ACF, characterization by position-resolved microbeam small-angle X-ray
scattering (uSAXS) has been carried out. uSAXS results obtained with a single ACF indicate
that, for the experimental conditions used, a PANI coating is formed inside the micropores
and that it is higher in the external regions of the ACF than in the core. Additionally, it
seems that the penetration of PANI inside the fibers occurs in a larger extent for the chem-
ical polymerization or, in other words, for the electrochemically polymerized sample there

is a slightly larger accumulation of PANI in the external regions of the ACF.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Conducting polymer-based materials is a subject of a strong
research because of their wide range of applications. Thus,
development of electrodes for sensors, batteries, capacitors,
electrocatalyst support and corrosion protection are exam-
ples that show the interest of this kind of materials [1,2].
One of the aspects in which researchers pay more attention
is the synthesis stage, where the preparation of thin films of
the conducting polymer on a given support is probably one
of the key objectives.

Among the conducting polymers, polyaniline (PANI), which
is an amorphous polymer, has gained increasing attention be-
cause of different interesting properties such as, easy poly-
merization in aqueous media, good stability in air, low cost

* Corresponding author: Fax: +34 965903454.
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production, relatively high conductivity and high pseudoca-
pacitance for thin films [3-10]. However, one of the limitations
of PANI is the poor mechanical properties due to changes in
volume of the PANI amorphous film upon doping and de-dop-
ing, what results in a poor cycling life. One possibility to solve
this limitation is the preparation of PANI-based materials in
which a thin film of the conducting polymer is deposited on
an appropriate high surface area support [10-12].

For the specific application in supercapacitors, the use of
different carbon materials as support and different polymeri-
zation methods, have been studied. The preparation method
of the PANI film, for example chemical or electrochemical
polymerization, has a strong effect on the final properties of
the film [9,10], although the surface chemistry of the support
may also play an important role [9].
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In this work, we contribute to this subject by presenting
unique experiments obtained by small angle X-ray scattering
with a microbeam (uSAXS) of carbon/PANI materials (in this
case we have used activated carbon fibers - ACF). This tech-
nique has been successfully applied by our research group
to characterize the porosity of ACF across the fiber diameter
[13-16]. The use of a micrometer size beam and a high preci-
sion scanning system gives the possibility of detecting local
heterogeneities such as skin/core differentiation, open and
closed porosity and orientation of scattering objects, among
others [17,18]. Then, this technique is very powerful and con-
venient to explore how the polymer layer is distributed across
the fiber diameter and may provide very useful information
on the position-resolved distribution of PANI films inside
the porosity of the porous carbon depending on the polymer-
ization method used.

2. Experimental
2.1. Samples preparation

ACF/PANI electrodes were prepared using a commercial ACF
(A20; Osaka Gas Co. Ltd.) and carrying out a polymerization
of aniline. Two different polymerization methods were used:

(i) Chemical polymerization (sample A20_C): previous to
the polymerization, the adsorption isotherm in aniline
solution on the ACF was obtained. Then, the conditions
selected for the preparation of the ACF/PANI material
corresponds to a loading of 30 wt.% of aniline in the
final sample according to the aniline isotherm obtained
with the A20. The A20 loaded with PANI was prepared
by introducing 600 mg of A20 during 24h in a 0.02M
aniline solution. After aniline adsorption, the sample
was introduced for an hour in an ammonium persul-
phate solution in 1 M HCl. The oxidant amount was cal-
culated in order to obtain an aniline:ammonium
persulphate molar ratio equal to 1:1. A polyaniline coat-
ing is then obtained over the carbon material. The
resulting A20/PANI material was washed with 1M
HCI, followed by washing with 1 M NH4OH. The mate-
rial was dried in dynamic vacuum for 24 h. For the elec-
trode preparation, the A20/PANI material has been
mixed with the binder polytetrafluoroethylene (PTFE,
60 wt.%) and acetylene black (Strem Chemicals) in a
ratio 80:10:10 wt.%. The total electrode weight used
for the measurements was about 40 mg.

Electrochemical polymerization (sample A20_E): the
procedure used is that described in Ref. [10]. This
method consists in mixing a paste of the A20 (~3 mg)
with the binder (PTFE, 60 wt.%) and the conductivity
promoter (acetylene black) in a ratio 80:10:10 wt.%,; this
mixture was spread and pressed uniformly and thinly
with a spatula onto a graphite disk electrode (0.6 cm
diameter). After drying, the electrode was placed as
the working electrode in a solution of 0.15M ani-
line + 1.0 M HCl+0.5M KCI and subjected to electro-
polymerization using a three electrodes electrochemi-
cal cell. A platinum wire was used as counter electrode

A
=
=34

N

and a reversible hydrogen electrode (RHE) served as ref-
erence electrode. Single potential step from the lower
potential of 0.3 V, where no electrode reaction occurred,
to an upper potential of 1.05V, where the polymeriza-
tion took place, was done for a time until the total
charge passed was 0.50 C mg~. The amount of polyan-
iline was calculated by subtracting the total weight
after polymerization to the mass of carbon material.
The amount of PANI loaded was around 30 wt.%.

For the characterization of the sample without polyaniline,
the electrode was prepared from A20 material, acetylene
black (Strem Chemicals) and binder in a ratio 80:10:10 wt.%,
respectively. The total electrode weight used for the measure-
ments was about 40 mg. After that, the electrode was placed
in a stainless steel mesh as a current collector.

2.2. Characterization

The characterization of the porosity of the A20 was done
using physical adsorption of N, at 77K and CO, at 273K
(Quantachrome, Autosorb-6). The samples were outgassed
at 523K under vacuum for 4 h. Nitrogen adsorption results
were used to determine BET surface area values and
Dubinin-Radushkevich (DR) micropore volumes (Vpr Nj) as
well as the average pore size [19,20]. Narrow micropore vol-
ume (pore size <0.7 nm, approximately) was obtained from
CO, adsorption data (Vpr CO,) [20]. Table 1 shows the porous
texture values obtained for the activated carbon fibers.
Scattering experiments were carried out at the microfocus
beamline (ID13) in the European Synchrotron Radiation Facil-
ity (ESRF) in Grenoble, France. The beam selected for the
experiments of this study was a 0.5 um beam produced by
Kirkpatrick-Baez mirrors (wavelength 4=0.975A). The do-
main of q values investigated with this setup ranging from
0.2nm™* to 3nm~'. An area detector (MAR-CCD) with an ac-
tive diameter of 130 mm was used for the measurements.
The distance from the detector to the samples was 470 mm.
These uSAXS measurements were carried out scanning the fi-
ber across its diameter with a step size of 1um and with
accuracy between 0.1 pm and 0.5 pm. The samples were pre-
viously embedded in a resin for facilitating the posterior cut
for the analysis. The experiments were done on thin micro-
tome cross-sections (films of about 10 pm thickness). Each
sample was scanned horizontally and vertically. All measured
data were corrected for background. A view of the experimen-
tal set-up can be found elsewhere [17]. Data evaluation was
done using the software package FIT2D [21]. Several micro-
tome cross-sections of a given sample were measured and
similar scattering intensities were obtained. Additionally,
the scattering intensity is similar to a non-embedded ACF

able 1 - Porous texture characterization of the pristine
activated carbon fibers.

Sample BET VDR N2 VDR C02
(m*g™) (cm®g ™) (em®g™?)
A20 1660 0.78 0.38
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sample. This indicates that the resin does not penetrate in-
side the microporosity of the ACF, what is reasonable consid-
ering the viscosity of the resin and the short contact time
used.

The electrochemical characterization of the electrodes was
done using a standard three electrodes cell configuration.
Reversible hydrogen electrode (RHE), immersed in the same
solution, was used as reference and a spiral of platinum wire
was employed as a counter electrode. 0.5 M H,SO, was used
as aqueous electrolyte.

The electrochemical behavior of the samples was as-
sessed by cyclic voltammetry at 1 mV s~* and galvanostatic
method. The capacitance values were calculated from the
interval between 0.2V and 0.6 V, dividing the imposed cur-
rent (60 mA g %) by the slope of the lineal chronopotentio-
grams plot, taking the average value between charge and
discharge processes. The result is expressed in Fg! taking
into account the weight of the active part of the electrode,
that is, A20 and polyaniline.

All electrochemical measurements were carried out with
an EG&G Potentionstat/Galvanostat model 273 controlled by
software ECHEM M270. All the solutions were prepared with
ultrapure water (Purelab ELGA) with a resistivity of 18 MQ cm.

3. Results and discussion

3.1. Electrochemical characterization

Fig. 1 shows the cyclic voltammograms at a slow scan rate
(1mV s~ 1) of pristine A20 and the A20/PANI electrodes pre-
pared by chemical and electrochemical polymerization of ani-
line on the activated carbon fibers, respectively. The carbon
material presents a quasi-rectangular shape, indicating that
the main contribution to capacitance is the charge and dis-
charge of the double layer. A redox process is observed
around 0.56 V during the positive sweep that corresponds to
the surface oxygen groups on the carbon material [22]. How-
ever, the materials in presence of polyaniline present several
overlapped peaks, indicating the contribution of redox pro-

-0.3 4
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E(V) /| RHE

Fig. 1 - Steady state voltammograms obtained for the
activated carbon fibers, A20 (- --) and the A20/PANI samples

cesses produced by the polyaniline. It is interesting to note
that the cyclic voltammogram of the A20_E sample presents
more pronounced peaks than in the case of chemical poly-
merization (A20_C).

The anodic voltammetric peaks in Fig. 1 between 0.4 Vand
0.5 Vobserved for the A20_E electrode can be related to the oxi-
dation of the leucoemeraldine state to emeraldine state of
polyaniline and the second peak between 0.7 V and 0.8V to
the benzoquinone-hydroquinone redox couple [10,23]. The lat-
ter process is produced by the degradation products of polyan-
iline during the synthesis [10,24]. It is well-known that the
physical and chemical properties of PANI are influenced by
the preparation method [25]. Then, in the voltammogram of
the material prepared by chemical method the redox processes
are less defined because in that case several by-products are
formed. But, in the case of electrochemical polymerization,
the polymer chains are larger than those from the chemical
method, resulting in a polymer with less defects [25,26].

The activated carbon fiber/polyaniline electrodes prepared
as described in Section 2 were characterized by chronopoten-
tiometry. The samples were subjected to charge-discharge
cycles by constant current of 60 mA g*. The results for the
experiments are presented in Table 2. It can be observed that
the capacitance increases for the A20/PANI materials in com-
parison to the pristine activated carbon fiber as consequence
of the pseudocapacitance contribution of PANI. Additionally,
it can be observed that the increase in capacitance in the PANI
containing electrodes is similar for both preparation meth-
ods, in agreement with the similar amount of conducting
polymer of both materials.

3.2.  Characterization of A20 and A20/PANI materials by
uSAXS

Fig. 2 includes the two-dimensional scattering patterns corre-
sponding to the measurements at the center of the fiber for
the commercial A20 and the A20/PANI material prepared by
chemical polymerization, as an example of the results ob-
served for the A20/PANI materials. This figure shows that
the scattering for the A20 is the same in all directions what
indicates the isotropic distribution of pores around the fiber
axis in this kind of materials and that there is no preferential
orientation of the porosity created during the activation
around the fiber axis.

This observation is similar to that obtained with A20 pre-
pared by CO,, steam, KOH or NaOH activations of isotropic
carbon fibers [13,16]. The scattering pattern for the A20/PANI
samples, still maintains such isotropic character but the scat-
tering intensity decreases importantly, showing that the PANI
is filling the porosity of the A20. This is in agreement with the

Table 2 - Specific capacitance obtained in a chronopoten-

tiometric experiment at 60 mA g~* in 0.5 M H,SO, for the
different samples.

Sample Capacitance (F g%
A20 159
A20_C 233
A20_E 233
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Fig. 2 - Two-dimensional scattering patterns obtained at the center of the fiber of the A20 sample (left) and the A20/PANI
sample prepared using chemical polymerization method (A20_C) (right).

observed decrease in the micropore volume, measured by N,
adsorption at 77K, of the A20/PANI material prepared by
chemical polymerization (which is the only one that can be
measured because of the available amount of sample) with
respect to the A20 (Vpr N, decreases from 0.78 for the pristine
A20 to 0.43 cm® g~ ? for the A20_C sample).

Fig. 3 includes the integrated scattering patterns for the
original A20 and the two A20/PANI materials prepared using
the two different polymerization processes (i.e., chemical
and electrochemical methods) and measured at the center
of the fibers. It is clearly seen that the intensity decreases
for the A20/PANI samples compared to the starting A20 in
the scattering region corresponding to micropores. Then,
the results indicate that, for both methods, the deposition
of polyaniline takes place inside the microporosity existing
in the starting A20.

1000
A20
100
10
£}
s
- A20 C
A20 E
0.1 :
0.1 1 10
q (hm-)

Fig. 3 - Scattering curves corresponding to measurements at
the center of the fiber for the A20 and two A20/PANI samples
prepared using two different methods (chemical (sample
A20_C) and electrochemical (sample A20_E)).

From the integrated scattering patterns and assuming that
the pores have a slit shape, an estimation of the pore size can
be calculated considering that the scattering objects have a
lamellar shape. Then, from a plot of In (I g) vs q? in the region
of 21/S%° < q < 1/Ry, R, can be calculated (where S, is the cross
section of the lamella and R; is the radius of gyration of the
thickness of the lamella (T)) [27]. From the linear part of the
plot, the slope (—R?) is obtained and from it, the thickness
of the pores can be estimated: T = 12°°R, [27,28].

Table 3 includes the average pore size for the three mate-
rials calculated with the above equation. Since no significant
differences have been found at different positions of the A20,
the average pore size has been calculated. The table also in-
cludes the average pore size calculated from the N, adsorp-
tion isotherms at 77 K by applying the DR equation for the
pristine A20 and the A20/PANI material obtained by chemical
polymerization. In these both cases, enough amount of sam-
ple is available to do the isotherms. Interestingly, the average
pore sizes obtained from pSAXS and gas adsorption are simi-
lar in spite of the different theoretical and experimental ap-
proaches, what supports the validity of the analysis method
used for the SAXS measurements. The results show that the
average pore size of the A20 decreases about 1 nm upon addi-
tion of the PANI, being this decrease related to the PANI layers
deposited on both walls of the slit shaped pores. This means
that the average thickness of the PANI layer is close to 0.5 nm,
a value which is similar to the thickness of a monolayer of

able 3 - Estimated pore size for the pristine A20 and the
A20/PANI samples, calculated from pSAXS data and from N,

adsorption by applying the DR equation.

Sample Pore size Pore size from
from puSAXS (nm) DR equation (nm)

A20 2.7 2.2

A20_C 1.6 1.8

A20_E 1.7 =
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PANI [29]. Thus, the results suggest that, at the polymeriza-
tion conditions used, a very thin layer of PANI is deposited
over the surface of the pristine A20 sample. Considering that
the external surface is negligible compared to the micropores
surface, the PANI film is essentially located inside the slit
shaped pores of the pristine A20. This result points out that
the approaches and conditions used in the present work
has allowed us to successfully obtain A20/PANI materials,
which may fulfill the requirements for several application
such as supercapacitors; i.e.: (i) deposition of PANI as a thin
film over the support, to allow better redox kinetics; and (ii)
PANI coating distribution inside the microporosity, so that
the carbon material can provide better mechanical properties
and high surface area.

In order to analyze the distribution of PANI in the A20, that
is, to observe if the deposition of PANI is similar in all the re-
gions across the fiber diameter, scattering measurements
across the fiber diameter have been done. From the integrated
scattering curves such as those in Fig. 3, a useful parameter
for the analysis of porous materials, Porod Invariant (PI), has
been obtained. PI is defined as [30]:

Pl = /qzl(q)dq 1)

PI is related to the void fraction (¢) of the material under
investigation, as indicated in Eq. (2),

SPL= 2n(A) (1~ ) @

where p is the electronic density, (Ap)? is the contrast term
and V is the sample volume. Thus, PI gives a useful compari-
son of how the void fraction of materials changes following
upon PANI addition.

Fig. 4 includes the normalized Porod Invariant (PI) values
estimated for the different measurements carried out across
the fiber diameter versus the beam position for the starting
A20 and for the two A20/PANI samples (chemical method
(A20_C) and electrochemical method (A20_E)).

In the plot of Fig. 4, beam position equal to zero corre-
sponds to the center of the fiber. Interestingly, the figure
shows that the fiber diameter does not change in the A20/PANI

0.8 -
0.6 -
o
041 J —e— A20 ]
--- - A20_C
0.2 1 —e A2 E

6 -5 -4 -3 -2 -1 0 1 2 3
Beam position (um)

4 5 6

Fig. 4 - Normalized Porod Invariant values estimated for the
different measurements carried out across the fiber
diameters of the A20, A20_C and A20_E samples.

materials compared to the original A20, indicating, once more,
that the PANI film is homogeneously deposited over the sur-
face of the fibers and that it is essentially inside the microp-
ores. Additionally, the figure shows that the scattering
profiles, as a function of the position of the fibers, are different
for the two A20/PANI samples and the starting A20. In the case
of the starting A20, the scattering is similar for all the regions,
indicating a homogeneous distribution of porosity within the
fibers. However, for the A20/PANI samples the scattering
intensity is higher at the internal zones than at the external
parts of the fibers, which seems to point out that, for both
methods (chemical and electrochemical methods) the deposi-
tion of PANI is higher in the external regions of the fibers than
in the core. Additionally, it seems that the penetration of PANI
inside the micropores of the fibers occurs in a larger extent for
the chemical polymerization, what can be in agreement with
the larger contact time of the aniline with the A20 before the
polymerization. It should be noted for clarity purposes that,
in all the PANI containing samples, the scattering decreases
compared to the pristine A20 (as discussed regarding Figs. 2
and 3) in all the measurements done at different positions.

4, Conclusions

Position-resolved microbeam small angle X-ray scattering
(LSAXS) measurements on A20/PANI materials point out that
this technique is very powerful and convenient to explore
how the polymer layer is distributed across the fiber diameter
and have provided very useful information on the position-re-
solved distribution of PANI films inside the porosity of the A20
depending on the polymerization method used. The results re-
veal that, for both preparation methods (chemical and electro-
chemical polymerization) and at the experimental conditions
used, a PANI coating is formed over the surface of the fibers,
which is essentially inside the micropores, and thatitis higher
in the external regions of the A20 than in the core. The fiber
diameter is not changed, and it seems that the penetration
of PANI inside the fibers occurs in a larger extent for the chem-
ical polymerization what is in agreement with the larger con-
tact time of the aniline with the A20 before the polymerization.

This type of information provided by pnSAXS is very inter-
esting to further design and prepare A20/PANI materials for
different applications such as supercapacitors.
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