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Abstract The effect of sodium dodecyl sulfate and carbon
particles/nanotubes on the electropolymerization of aniline
from oxalic acid solution onto a graphite electrode was inves-
tigated. The morphology and chemical structure of the as-
synthesized polyaniline films were studied by means of SEM,
XPS, NEXAFS, FTIR, and Raman spectroscopy. The electro-
chemical characteristics of the films were also analyzed in sul-
furic acid solution. It has been shown that in the presence of
sodium dodecyl sulfate, the polymerization rate increases sig-
nificantly. In the synthesized polyaniline films, all imine groups
and most of amine groups are protonated, with dodecyl sulfate
ions being intercalated in the polymer. In the presence of sodi-
um dodecyl sulfate, plate-like polyaniline forms large agglom-
erates with an extended surface and high electrochemical activ-
ity. It has been shown that the electrodeposition carried out in
the presence of sodium dodecyl sulfate and suspended activat-
ed graphite particles or carbon nanotubes favors the formation
of composite coatings with high specific capacitance.

Keywords Polyaniline - Electrodeposition - Sodium dodecyl
sulfate - Carbon particles - Carbon nanotubes -
Electrochemical properties

Introduction

Polyaniline (PANI) is a well-studied conductive polymer used
in electrochemical devices (batteries, fuel cells, electrochemical
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capacitors), membranes, sensors, electrocatalysts, electromag-
netic shields, anti-corrosion and anti-electrostatic coatings, and
electrochromic devices [1-7]. As functional coatings, PANI
can be produced by both chemical oxidation of aniline and its
electrochemical oxidation on various conductive substrates [3,
4]. To date, it has been found that the physical and chemical
properties of PANI (processability, mechanical properties, elec-
trical conductivity, thermal stability, and redox behavior) can be
significantly improved by doping with alkyl sulfates, including
widely used sodium dodecyl sulfate (SDS) [8—14]. For electro-
deposited PANI films, SDS additives lead to the intercalation of
the surfactant molecules into the polymer, changing the mor-
phology and electrochemical characteristics of the films
[15-17]. As an example, such doping improves the character-
istics of films for their use as sensors [18, 19].

The effect of SDS additives on the electrochemical synthe-
sis of polyaniline was earlier studied for the strong acid (HCI,
H,SO,) solutions [15-18]. The published data concern the
morphology and electrochemical characteristics of doped
films, whereas their chemical structure has not been compre-
hensively considered. There is no data on the effect of SDS
additives on the electrochemical synthesis of PANI and its
chemical structure when depositing from the solutions of
moderate acids, such as oxalic acid. Oxalic acid is often used
when depositing protective films of conductive polymers onto
the surface of iron and steel [6, 20].

Besides, SDS is a very good dispersing agent successfully
used for the stabilization of suspensions of carbon nanotubes
and nanoparticles [21, 22]. As a result, an addition of SDS
provides electrochemical deposition of PANI in suspensions
of carbon particles and thus fabrication of composite coatings.
Composite materials based on PANI with carbon particles or
carbon nanotubes (CNTs) are of great potential for practical
application as electrochemical capacitors, sensors, and mate-
rials for fuel cells [4, 23].
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In this paper, the effect of SDS on the electrodeposition of
PANI from oxalic acid solutions onto a graphite substrate was
investigated. The chemical structure of the electrodeposited
PANI films was studied by means of XPS, NEXAFS,
Raman, and FTIR spectroscopies. Electrochemical character-
istics of the as-deposited films were also measured. In addi-
tion, the electrodeposition was applied to synthesize compos-
ite films of PANI from suspensions of carbon particles (me-
chanically activated graphite) or CNTs stabilized with SDS
additives. The chemical structure and electrochemical charac-
teristics of the composite films were also thoroughly
investigated.

Experimental

The PANI films were electrochemically deposited on high
pure polycrystalline graphite, with the impurity concentration
not exceeding 5 10> wt%. Prior to the deposition, the sub-
strates 0f 0.25 cm? area had been thoroughly treated with SiC-
based polishing paper (1500 grit), degreased with ethanol and
then washed with distilled water. The polarization was per-
formed in naturally aerated and moderately stirred solution
of 0.3 M oxalic acid containing 0.1 M aniline (pH = 1.0).

The films were deposited and then studied at Potentiostat
Pi-50-Pro (Elins) with a glass cell. The auxiliary and reference
electrodes were Pt and Ag/AgCl, respectively, located in sep-
arate compartments. Hereinafter, the potentials are given rel-
ative to the Ag/AgCl reference electrode. The solution volume
for the film synthesis was 80 ml. The samples were mounted
vertically in the cell. The stirring of the solution was carried
out with a magnetic stirrer of a cylindrical shape with the
diameter of 7 mm and length of 33 mm. The rotation speed
was 350 rpm.

The films were deposited using potentiodynamic polariza-
tion (50 cycles) in the range of 300—-1200 mV at a rate of
25 mV s '. The same scan rate and potential range had been
successfully used earlier to grow polyaniline films on iron
substrates [20]. The potential range chosen for the synthesis
is characterized by high value of positive potential limit. The
polarization in the solutions of strong acids (HCI, H,SOy,) is
usually performed up to 750-800 mV vs. Ag/AgCl to avoid
overoxidation and then destruction of the polymer [24-27].
However, in the case of stirred solution of oxalic acid used as
an electrolyte, similar conditions did not lead to the precipita-
tion of polyaniline film on the graphite electrode surface. This
may be explained by stirring the solution, which significantly
reduces the rate of polyaniline precipitation due to the removal
of intermediate oxidation products and oligomers from the
surface [27]. The acidity of the oxalic acid solution was prob-
ably not sufficient for the polymerization in stirred solution,
since the polymerization rate decreases on going from strong
acid (pH =0) to less acidic (pH = 1-2) solutions [28].
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SDS additive was introduced as a concentrated 1 M aque-
ous solution (5 ml) after 1000 s of polarization (14th cycle).
Carbon particles or CNTs in amount of 100 mg were added
into the solution if it was the case. So, the concentration of
SDS in the solution prepared for depositing PANI was
0.059 M. The first stage of deposition was carried out without
SDS additives for better adhesion of the films to the substrates.
After synthesis, the samples were immediately rinsed with
distilled water to remove electrolyte from the surface and
dried over KOH in an argon-filled box. Prior to measure-
ments, the samples were stored and transported in an argon-
filled box.

To fabricate composite coatings, multiwall CNTs and me-
chanically activated graphite were incorporated into the films.
CNTs were produced by the chemical vapor deposition
(CVD) technique described in detail elsewhere [30]. Carbon
particles were produced by mechanical activation of polycrys-
talline graphite (with the impurity concentration not exceeding
5 10> wt%) in a planetary ball mill Fritsch P7. The milling
time was 8 h. Vials (45 cm®) and balls (16 pcs, diameter
12 mm) of the mill are made from the hardened steel contain-
ing 1.5 wt% of chromium and 1.0 wt% of carbon. Graphite in
amount of 3 g was put into a vial, the rest space of which was
then filled with heptane (first case) or 20 wt% aqueous solu-
tion of ammonium persulfate (second case). The temperature
of the vial outer walls was not higher than 60 °C due to the
forced air-cooling. After milling, the graphite particles were
separated by decantation and washed with the appropriate
solvent (heptane or distilled water). Because of noticeable
oxidation of the vial and the balls in aqueous medium, some
parts of the powder was thoroughly rinsed with acid solutions
(5 wt% HCI, HNO3) and then washed with distilled water.

The films deposited without and with SDS additives will be
designated as Pani and Pani/SDS, respectively. Composite
films will be denoted depending on the type of the incorpo-
rated particles as Pani/SDS CNT (carbon nanotubes), Pani/
SDS Gy (graphite particles mechanoactivated in heptane),
Pani/SDS_G, (graphite particles mechanoactivated in aque-
ous solution of ammonium persulfate), and Pani/SDS G4 *
(graphite particles mechanoactivated in aqueous solution of
ammonium persulfate then additionally washed in acidic
solutions).

The surface morphology and topography of the deposited
films were examined by scanning electron microscopy with a
VEGA 3 LMH (TESCAN) microscope. Raman spectra were
acquired with a Horiba LabRam HR800 spectrometer using a
He-Ne laser operating at a wave length of 632.8 nm and input
power not exceeding 10 mW at the sample surface. The spec-
trometer was equipped with an optical microscope (X100 ob-
jective lens) allowing one to focus the laser beam on different
sites of the sample surface. The beam diameter in the analysis
was about 5 um. Neutral filters were used to reduce laser beam
power and avoid degradation of the films.
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The films for the FTIR analysis were thoroughly separated
from the substrates. Most of the films were relatively thick and
loose and therefore easily separated from the graphite sub-
strate surface with a scalpel. The as-separated film was thor-
oughly mixed with KBr and then pressed into a pellet. FTIR
spectra were measured in the transmission mode with an
Excalibur Varian 3100 FT-IR spectrometer. The spectra were
collected with a resolution of 1 cm™ . For the Pani sample, an
amount of the polymer was too little to measure the spectrum.
In this case, a comparison is made with the film deposited
under the same conditions on iron substrate. Before deposi-
tion, the substrate was thoroughly polished and then
potentiodynamically treated to form a passivating oxalate lay-
er as proposed in [20]. The spectrum was measured with an
accessory for measuring the spectra in specular reflection
mode with an incident angle 10°. The measurement range
was up to 2000 cm™ " in this case.

The NEXAFS spectra were acquired at the Russian-
German beamline (RGBL) at the BESSY II, Helmholtz-
Zentrum Berlin (HZB), Berlin GmbH. The beamline equipped
with a photoemission end-station allows one to carry out mea-
surements of the spectra in the photon energy range from 40 to
1500 eV in ultrahigh vacuum (~5 x 10°® Pa). The NEXAFS
spectra were obtained in a total electron yield (TEY) mode by
measuring the drain current from the sample changing the
incident photon energy. The detailed description of the
beamline technical parameters, measuring, and calibration re-
gimes can be found elsewhere [31, 32]. When analyzing
NEXAFS spectra of organic compounds and polymers, it is
necessary to take into account their possible radiation-induced
degradation [33]. To exclude this effect, the C K edge and N K
edge spectra were repeatedly measured from the same surface
area of the samples. The as-measured spectra were virtually
unchanged, indicating the radiation stability of the synthesized
polyaniline films.

In addition to the NEXAFS spectra, the Cls, Nls, and S2p
XPS spectra were acquired. All the XPS spectra were mea-
sured with a SPECS PHOIBOS 150 hemispherical energy
analyzer. The exciting photon energy was 385.0, 500.0, and
260.0 eV for the Cls, N1s, and S2p spectra, respectively. The
energy scale of the spectra was calibrated to take into account
the charging effect by referencing the Cls peak of phenyl
groups to 284.7 eV [34].

Electrochemical characteristics of the films and composites
were measured in 1 M sulfuric acid solution, in which the
samples were held for 15 min. After that, the samples were
cycled in the range 0—700 mV at different scan rates: 10 cycles
at10mVs ', 20 cycles at 20 mV s1 50 cycles at S0 mV s
100 cycles at 100 mV s ', and 1000 cycles at 1000 mV s .
After the above cycling, the polarization curves were taken
again at scan rate 10 mV s '. A comparison of these curves
with those measured at the beginning of the experiment en-
abled us to evaluate the redox stability of the synthesized films

and composites. After thorough mechanical separation from
the substrate with a scalpel, the coatings were weighed to
evaluate the specific capacitance values. The specific capaci-
tance (c, F gfl) was calculated from the formula:

_ A0
€= AV-m

where AQ is voltammetric charge (C) which integrated from
cyclic voltammogramm, AV is the potential range (V), and m
is the mass of film (g) [35].

Results and discussion

Electrodeposition of polyaniline in the presence of sodium
dodecyl sulfate and suspended carbon particles
and nanotubes

Cyclic voltammograms obtained during polyaniline film for-
mation on graphite are shown in Fig. la and b for oxalic acid
solutions without and with SDS additives. The voltammo-
grams for the 50th polarization cycle are also shown in
Fig. 1c for the films deposited from suspensions of different
carbon particles or CNTs. Figure 1d shows the dependence of
the polymerization charge density upon cycling for different
samples.

The increase of the anodic current observed at the first
cycle of polarization starts at the potential above 800 mV,
which is associated with the formation of cation radicals of
aniline [29, 36, 37]. The coupling of cation radicals results in
the formation of oligomers which are then oxidized at lower
potentials as compared with the monomer. Anodic oxidation
of oligomers leads to the formation of quinonediimine frag-
ments with pronounced oxidizing properties in their protonat-
ed form, which anchor aniline molecules (reductant) by pre-
dominantly “head-tail” mechanism. This process is then re-
peated again and facilitates the growth of chains [1, 3, 36, 37].
As compared with sulfuric acid solution [29], the voltammo-
grams of aniline oxidation in oxalic acid solution should be
noted to exhibit higher main peak potential and noticeably
lower current. The causes are less protonation and, as a result,
lower electrical conductivity and electrochemical activity of
polyaniline deposited from oxalic acid solution [29].

For the solutions without SDS additive, the current reduces
with growing cycle number. Such a behavior is typical for the
formation of polyaniline from stirred solutions, including
strong acids, owing to relatively little nucleation, and slow
growth under these conditions [27]. So, stirring the solution
inhibits the aniline oxidation, since catalyzing oligomeric
products are taken away from the near-electrode layer. The
SDS addition leads to significant growing of the current from
cycle to cycle. As the polymer accumulates on the electrode
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Fig. 1 Cyclic voltammograms g : .
obtained during polyaniline film
formation from stirred solution of
aniline (0.1 M) and oxalic acid
(0.3 M) without (a) and with
sodium dodecyl sulfate (0.059 M)
additive (b); voltammograms for
the 50th cycle under similar
conditions with addition of
sodium dodecylsulfate and
suspension of carbon particles/ 20
nanotubes (¢). Scan rate
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surface, the contribution from pseudocapacitive charging of
the already deposited film gradually increases, which also
leads to an increase in the anodic current and charge. In addi-
tion to these processes, the oxidation of oxalate ions may also
give some contribution to the observed anodic currents and
charges [29]. By the 50th cycle, the anodic current and charge
are approximately an order of magnitude higher for the Pani/
SDS as compared with the Pani sample. Similar relationships
were obtained for the films grown in the SDS-stabilized sus-
pensions of carbon particles or CNTs.

The effect of SDS on the electrodeposition of polyaniline
has been previously studied for quiescent sulfuric acid solu-
tion. The accelerating effect of SDS was explained by the
accumulation of whether aniline-dodecyl sulfate ion pairs
[17] or droplets of SDS-stabilized aniline emulsion [18] at
the electrode-solution interface. In the case of oxalic acid so-
lutions, these changes may similarly promote the formation of
polyaniline. In addition, it is necessary to take into account a
significant increase in the degree of protonation of polymer
chains under deposition in the presence of SDS (see below).

For the polyaniline films synthesized from solutions of
strong acids, the SDS doping has a relatively weak effect on

@ Springer
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their protonation and electrical conductivity, and this effect
being not always positive [8, 9, 15]. As a result, the role of
this factor in the accelerating effect of SDS on the electrode-
position of polyaniline was not previously taken into consid-
eration [17, 18]. The protonation is an extremely important
factor due its catalyzing effect on the growth of chains [3,
36] and electrochemical activity of the polymer [28]. In the
solutions of oxalic acid being a moderate acid, the difference
between the degree of protonation of the chains formed with
and without SDS may play a key role in the kinetics and
acceleration of the polyaniline electrodeposition. The increase
of the current for the films prepared in the presence of
suspended carbon particles may be assigned to the increase
in the specific surface due to particles capture, as well as
faradic and non-faradic processes on their surface.

The SEM micrographs of the films are shown in Fig. 2. The
SEM image of the Pani sample taken at high magnification
shows that the polymer precipitates in the form of particles of
about 300 nm in diameter, which consist, in turn, of smaller
polymeric globules. As observed in the image taken at lower
magnification, the polyaniline particles are then arranged as
larger agglomerates with an extended surface. SDS addition
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Fig. 2 SEM micrographs of the electrodeposited films surface

facilitates the formation of polyaniline of a plate-like, not a
globular, structure. These plates are organized as large ag-
glomerates of several tens of microns with an extended sur-
face. Similar structures were earlier observed under electro-
chemical preparation of polyaniline from sulfuric acid solu-
tion with a high concentration of SDS [18]. The dimension of
such structures was reported [18] to match the characteristic
size of droplets of the SDS-stabilized aniline microemulsion.

The SEM micrographs of the films prepared with
suspended carbon particles or CNTs indicate their intensive
capture by the growing film. The Pani/SDS CNT sample is
characterized by an extended morphology of the surface with

a large number of “tangled” CNTs. The surface is not homo-
geneous, with particular areas being enriched with the poly-
mer. The Pani/SDS_C,* sample apparently comprises ag-
glomerates of activated graphite particles with thin polymer
plates similar to those observed in the Pani/SDS sample.

Chemical structure of electrodeposited PANI films

Figure 3 shows the Cls, Nls, and S2p spectra for Pani and
Pani/SDS samples. The main spectral feature in the Cls spec-
trum at 284.7 eV is due to carbon of benzene and quinone
rings, while a shoulder at 286.0 eV arises from the C—N bond
[34, 38-40]. A shoulder at the binding energy above 287.0 eV
may be attributed to various oxygen-containing groups [34],
including intercalated oxalate and alkyl sulfate (C—O—S bond)
anions, as well as phenolic and quinone derivatives formed by
an adventitious oxidation of rings or hydrolysis of imine
groups [3]. Nls spectra show the following main features at
398.2 eV from an imine group, 399.3 eV from an amine
group, 400.8 eV and 402.3 eV from the protonated imine
and amine groups, respectively [40, 41]. An analysis of the
Nls spectra shows that the degree of protonation is signifi-
cantly higher for the Pani/SDS sample than for the Pani sam-
ple. For the Pani/SDS sample, not only imine groups but also
most of amine groups of the polymer are protonated. A high
intensity of the S2p spectrum indicates significant doping of
the Pani/SDS sample with dodecyl sulfate anions.

Figure 4 shows the NEXAFS spectra measured at C K, N
K, and S L, ; edges for the electrodeposited samples. Three
characteristic 71* resonances are observed in the C K edge
spectra. The first resonance of a relatively low intensity locat-
ed at 284.2 eV is attributed to the transition to the 7t* orbital of
quinone rings. The second one of the highest intensity at
285.3 eV relates to the transition to the 7v* orbital of benzene
rings. An appearance of the third 7t* resonance at 286.7 eV is
caused by the chemical shift for the atoms bound directly with
the nitrogen atoms [42]. The peaks in the range of 288.0—

N 1 Sv '>NHI

Cis

c-C

Pani

Intensity / arb. units

Pani/SDS|

290 288 286 284 282 404 400 396 172 170 168 166

Binding energy / eV

Fig. 3 The Cls, Nls, and S2p XPS spectra of the Pani and Pani/SDS
films
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289.0 eV are assigned to the 0*(C—H) and 27t* resonances
[41-45]. A weak feature at 290.0 ¢V is due to the Cls—
27*(C-N) transition. Two broad features at 294.0 and
302.0 eV are associated with the 0*(C—C) and o*(C=C) res-
onances [42, 43]. The resonances at 397.4 and 402.3 eV in the
N K edge spectra are related to the 7t* resonance of the imine
and amine groups, respectively [41—43]. The protonated imine
group is characterized by the 7r* resonance at 398.8 eV, while
a broad feature at 410.0 eV is associated with the o* reso-
nances [41-43].

The C K NEXAFS spectrum from the Pani/SDS sample
shows a higher intensity of o*(C-H) and o*(C—C) reso-
nances, which are characteristic of alkyl chains [46, 47].
Besides, the S L, 3 NEXAFS spectrum reveals the presence
of sulfate groups in the film [48], which confirms the intensive
doping of the film with dodecyl sulfate ions. In the N K spec-
trum measured from the Pani/SDS, there is no observed peak
from non-protonated imine groups, indicating almost com-
plete protonation of the film.

The obtained XPS and NEXAFS data allow one to study
oxidation state of the deposited polyaniline films. Polyaniline
is known to exist in three well distinguishable oxidation states:
leucoemeraldine, emeraldine, and pernigraniline.
Leucoemeraldine and pernigraniline are the fully reduced
(all the nitrogen atoms are of amine) and the fully oxidized
(all the nitrogen atoms are of imine) forms, respectively. In
emeraldine, the ratio of imine and amine groups is 1:1 [1]. The
films were prepared at elevated anodic potentials up to
1200 mV. It should be noted that the formation of
pernigraniline is possible even at the potentials exceeding
800 mV [25, 26]. However, the main contributions into the
nitrogen XPS and NEXAFS spectra are from the amine
groups not containing in the pernigraniline structure, which
may indicate its relatively low concentration in the grown
films. This can be explained by the effect of stirring which
provides the surface with a continuous delivery of aniline as a
reducing agent for the pernigraniline fragments formed in the
film during its electrochemical oxidation [27, 37].

The formation of a significant amount of leucoemeraldine
is also of low probability, since the films were not polarized at
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the potentials as low as 200 mV, at which emeraldine reduces
into leucoemeraldine [25, 26, 37]. The NEXAFS spectra suc-
cessfully confirm this. The peaks of imine groups (397.4 and
398.8 eV) are observed in the N K edge spectra along with the
contributions from the quinone rings (294.2 eV) in the C K
edge spectra, with both being not characteristic of
leucoemeraldine. Thus, the grown films are of predominantly
emeraldine structure. In the case of the Pani sample, the film is
rather in some intermediate state between the base and the salt
of the emeraldine with relatively low degree of protonation,
whereas in the case of the Pani/SDS sample, it is an
emeraldine salt intercalated with dodecyl sulfate anions.

The increase in the protonation and electrochemical activity
of the films grown with SDS additive may be due to strong
interaction of this anion-active surfactant with the cation-active
groups of the polymer. Chemical synthesis of polyaniline is often
performed with alkyl sulfate additives which significantly in-
creases its protonation and electrical conductivity [10, 42, 49].
Under cyclic polarization, differences in the chemical structure
of the polymer can also arise from different mobility of anions in
the film, which affects ion exchange needed to compensate the
charge and keep electroneutrality [17, 24]. For example, it has
been shown for the polyaniline-SDS film electrodeposited in
hydrochloric acid solution by quartz crystal microbalance that
strong interaction immobilizes the surfactant in the polymer and
increases the participation of the solvent molecules during the
redox process [17]. Under anodic oxidation at potentials above
200 mV, the amount of ejected protons is lower for the film
doped with SDS as compared with the undoped one [17].

The Raman and FTIR spectra of the samples are shown in
Figs. 5 and 6. Table | presents the assignments of the main
bands of the vibrational spectra based on the published data
[50-62]. The Raman spectra measured from the Pani and
Pani/SDS samples differ significantly. The strongest band at
1470 cm™" for the Pani sample is assigned to the stretching
vibrations of the C=N bonds [51-54], which indicates a rela-
tively low degree of protonation of the polymer in this case.
For the Pani/SDS film, a strong band at 1340 cm ! is attrib-
uted to the stretching vibrations of the cation radicals. The
bands at 745 and 780 cm ' from the quinone ring
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Fig.5 Raman spectra of the Pani
and Pani/SDS films, Pani/SDS
CNT, and Pani/SDS Cy*
composite films measured from
different sites of the surface (#1—
#3). The spectra measured from
the carbon nanotubes and
particles of activated carbon used
for synthesizing the films as well
as the spectrum of initial non-
activated graphite are also shown
for comparison. The marked are
the main bands (D, G, and D’)
from carbon materials and strong
5 (C—H) band from polyaniline
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deformations [50-52] are not observed, indicating a high de-
gree of protonation of the polymer grown in the presence of
SDS.

A similar conclusion can be drawn when analyzing the
FTIR spectra (Fig. 6). The Pani/SDS spectrum demonstrates
stronger absorption at 1140 and 1230 cm ™', characteristic of

Pani

Pani/SDS

Pani/SDS_CNT

Pani/SDS_C,,
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Fig. 6 FTIR spectra of electrodeposited films all measured in
transmission mode, except for the Pani film measured in the reflection
mode. Electrodeposition of the Pani film was carried out under the same
conditions but onto a polished iron plate

2000 400 800 1200 1600
Wavenumber / cm’™

1600 2000

protonated imine groups [51, 57], as compared with the Pani
sample. The Pani/SDS shows several bands from SDS. The
quantity of dodecyl sulfate anions can be reliably estimated
from the intensity of individual bands of stretching vibrations
for alkyl groups at 2850-2960 cm .

Figure 5 shows the Raman spectra measured from CNTs
and mechanically activated graphite particles used for the film
deposition, as well as the spectrum of pristine graphite. The
main features in the Raman spectra of carbon particles and
CNTs are so-called G and D peaks at around 1580 and
1335 cm™ !, respectively. The G peak is due to bonding of all
pairs of sp” atoms in both rings and chains. The D peak is due
to the breathing modes of sp* atoms in the rings [63—65]. The
degree of disorder of the carbon material can be estimated
from the ratio between G and D peaks, since it depends on
the nanocrystalline domain size: L,=C (ID/IG)fl, where L, is
the in-plane correlation length and Cj is the coefficient de-
pending on the excitation radiation wavelength (83 A for
Aexe = 632.8 nm) [63—65]. Disordering leads to increasing in-
tensity of the D band and broadening the G and D peaks. Also,
an additional D’ peak appears at 1615 cm ™. Similar to D band,
D' is a double-resonance Raman feature induced by
disordering, defects, or ion intercalation between the graphitic
walls [64, 65].

The measured spectra give evidence to some disordering of
coarse-grained graphite under ball milling. The most disor-
dered carbon is formed in the ammonium persulfate aqueous
solution, which is due to the stronger oxidation of balls and
vials accompanied by the apparent intercalation of iron ions
and nanosized iron oxides into carbon particles. According to
the XPS data, the percentage of iron, mainly in the form of Fe
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Table 1 The main FTIR

and Raman (A\exe =

632.8 nm) bands of the

samples and their

assignment based on the

RAMAN

FTIR

Band position, cm ™’

Assignment

Band position, cm ™!

Assignment

published data [50-62] 420/520 Out-of-plane ring def. [50-52] 510 Out-of-plane ring def. [50]

In-plane def. oxalate [55]
580 Pho [51, 52] 580 Sulfate def. SDS [56]
610/645 In-plane ring def. [S1, 52] 795 5 (O-C-0O)+ v (C-C) oxalate [55]
710 Amine def. bipolaronic ES [51] 800/830/850/880 v (C-H) [50, 51, 57]
745/780 Q ring def. [50, 51, 53] 990 V,s (C—O-S) SDS [58]
810/840/870 v (C-H) [50-52] 1060/1025 Vs (S=0) SDS [58]
1165 5 (C-H) [53, 54] 1140 v (C-N*=C) [59, 60]

1145/1170 5 (C-H) [51, 57]
1220 v (C-N) [51-53] 1220/1250 V,s (S=0) SDS [58, 61]
1230 v (C-N") [51, 57]

1250 C-N" def. [53] 1305 v (C-N) [57]
1340 v (C-N") [51, 52] 1335 v (C-0) oxalate ions [55]
1410 Phz [51, 52] 1375 v (C-N) Png [57]
1470/1490 v (C=N) [51-54] 1480 v (C-C) B rings [51, 54]
1510 5 (N-H) [51] 1560 v (C=C) Q rings [51, 54]

& (NHy") [61, 62]
1590 v (C=C) Q ring [51-54] 1615 5 (N-H) [51]

v (C=0) p-benzoquinone [51]
1620 v (C—C) B ring [51-54] 1650 5 (H,0) [62]

v (C=0) free oxalic acid [61, 62]
1640 v (C-C) Pho, Phz [51, 52] 2850/2920/2960 v (C-H) SDS [58, 61]

v, stretching; §, in-plane bending; ~, out-of-plane bending; Q, quinone ring; B, benzene ring; Pho, phenoxazine; Phz,
phenazine; Png, pernigraniline; ES, emeraldine salt

(IIT) derivatives, is about 1 at.% in the particles. Also, XPS
analysis of the particles showed almost complete etching of
iron compounds after washing the particles with acid. After
acid treatment, the Raman spectra show narrowing the peaks
and decreasing the intensity of the D and D’ bands, which
indicates some change in the carbon material structure.
Based on the Raman spectra, the degree of disorder of carbon
materials increase as follows: initial large-crystalline graphite,
carbon nanotubes, particles activated in ammonium persulfate
aqueous medium after acid treatment, as-synthesized particles
activated in heptane, as-synthesized particles activated in am-
monium persulfate aqueous medium.

The Raman spectra of the films (Fig. 5) electrodeposited
with suspended carbon particles or CNTs were measured from
different surface sites. The main bands are the same for carbon
materials and polyaniline. The G band matches with the stretch
vibrations of the bonds in benzene and quinone rings, while the
D band agrees well with the stretch vibrations of cation radi-
cals. Therefore, the percentage of polymer can be easily eval-
uated based on the intensity of the specific vibration band 6 (C—
H) at 1165 cm L. Polyaniline is observed overall the surface,
but in different quantities, which indicates the heterogeneity of
the chemical composition of the composite films. For all the

@ Springer

measured sites of the surface, the spectra are characterized by a
relatively low intensity of the band from the stretch vibrations
of the C=N bonds at 1470 cm ", indicating a high degree of
protonation of polyaniline in the composite films grown.

The FTIR spectra of the composite films are shown in
Fig. 6. The spectra are typical of the polymer, since the main
vibrations of graphitic materials are not infrared active [56].
The spectra of the composite films are similar to that of the
Pani/SDS sample. Differences are mainly evidenced as differ-
ent intensities of the bands from dodecyl sulfate anions inter-
calated into the film. The lowest SDS doping is observed for
the film prepared with CNTs, which is evidenced by a very
low intensity of the bands of stretching vibrations for alkyl
groups (2850-2960 cm ') in the FTIR spectrum measured
from the sample Pani/SDS CNT. Differences in the SDS dop-
ing depended on the type of the captured particles are not yet
well understood.

Electrochemical properties of the films
In Fig. 7, voltammograms are shown for the samples mea-

sured in 1 M sulfuric acid at the scan rates of 10, 50, and
1000 mV s '. The potential range of 0~700 mV was chosen
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because of a relatively high redox stability of polyaniline at
these potentials [66]. At higher anodic potentials, polyaniline
is prone to overoxidation and hydrolysis, which leads to fast
destruction of the polymer and then deteriorating its electro-
chemical characteristics [25]. Dependences of the charge den-
sity on the cycle number and scan rate are shown in Fig. 7d.
The presented curves make it also possible to compare the
charge for the early stages and after long-term cycling at the
same scan rate (10 mV s ') and then to compare the redox
stability of the electrodeposited films.

The electric current and charge density measured for the
Pani/SDS sample are more than an order of magnitude
higher than for the Pani sample for all scan rates. This
observation is primarily attributed to more intensive depo-
sition of the polymer in the SDS presence and higher pro-
tonation of the polymer, which causes its high electro-
chemical activity. The Pani sample reveals 15% decrease
in the charge after its polarization based on the chosen
scheme, while the Pani/SDS sample, on the contrary, is
characterized by a slight increase in the charge. This result
indicates a high redox stability of the dodecyl sulfate-
doped polyaniline.

0 100 200 300 400 500
E vs. Ag/AgCl / mV

1000 | i oo -

] . :a E | —
. , 0 ; ; TE— -
600 700 1 10 100 1000

Cycle number

The films grown with SDS additives were weighed to
calculate the specific capacitance values. The Pani film
was too thin to measure its weight. The calculated values
of the specific capacitance of the films are shown in
Table 2. The G. Cirié-Marjanovié¢ review includes data
on specific capacitance for various composites of
polyaniline with carbon particles and nanotubes [4].
Specific capacitance varies over a wide range from 200
to 1500 F g ' for such composites, depending strongly on
the way of their synthesis as well as the measurement
conditions. In most cases, the specific capacitance is in
the range of 400600 F g ', which is close to the values
observed in our case. It should be noted that chemical or
electrochemical polymerization of aniline is commonly
performed in strong acid solutions. In our case, an addi-
tion of SDS and carbon materials enabled us to achieve
comparable values of specific capacitance for the polymer-
ization of aniline in even oxalic acid solution. Therefore,
SDS may be successfully used to deposit polyaniline of
high electrochemical activity even from moderate acid so-
lutions. This feature can be used, for example, in the
preparation of polyaniline-based composites comprising
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Table 2 Specific capacitance of

the coatings (F g ') for different 10mV s 20mV s 50mV s’ 100 mV s~ 1000 mV s~
scan rates
Pani/SDS 370 320 240 170 40
Pani/SDS_CNT 550 510 440 370 100
Pani/SDS_Cy; 430 400 330 270 60
Pani/SDS_C, 450 420 350 290 70
Pani/SDS_Cy* 600 530 440 340 70

the particles unstable in strong acidic media, e.g., oxides/
oxyhydroxides of some metals.

For the Pani/SDS CNT sample, the current and charge
density are in a good agreement with those for the Pani/
SDS. The specific capacitance is 1.5-2 times higher for the
Pani/SDS _CNT than for the Pani/SDS (Table 2), which is
attributed to relatively low weight of the coating with CNTs
which give a great contribution to its extended surface and
high electrochemical activity. Another reason for the high
electrochemical activity of this composite may also be associ-
ated with strong interaction realized often between polyaniline
chains and CNTs. Strong 7t-stacking and electrostatic interac-
tion facilitate the formation of polyaniline with a more planar
structure of the chains arranged along the nanotubes, with the
increased conductivity and electrochemical activity [23, 59,
67]. Another feature of the Pani/SDS_CNT sample is the in-
creased specific capacitance at high scan rates (Table 2) com-
pared with all other prepared films.

Among the coatings comprising activated graphite parti-
cles, the highest current and charge density are observed for
the Pani/SDS Cy. This film was characterized by the highest
anodic charge under deposition (Fig. 1) and largest weight
among all the measured films. Therefore, in the presence of
graphite particles not washed in acid and then containing iron
compound impurities, the film is grown much faster. The
cause of this behavior is not yet clear. Redox reactions of iron
compounds accumulated in graphite particles during ball mill-
ing in an ammonium persulfate aqueous solution may also
make some contribution into increasing the current. It has
been previously shown that iron oxide particles play an im-
portant role in the electrochemical behavior of graphite parti-
cles prepared by ball milling in water [68].

Based on the specific capacitance of the composites, the
samples can be arranged in a row: Pani/SDS C,*>Pani/
SDS Cs>Pani/SDS_Cp. The differences in the electrochemi-
cal activity of the samples may arise from different chemical
and/or structural state of graphite particles. The XPS analysis
of the particles showed the same quantity of oxidized carbon
in all cases (not higher than 5 at.%) and relatively low per-
centage of iron impurities (about 1 at.%) for the Pani/SDS Cy
sample. This makes it possible to exclude significant effect of
the chemical composition of the particles on the electrochem-
ical activity of the composite films.
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The structural state of the particles differs more signifi-
cantly, as shown by the Raman spectra (Fig. 5). However,
there is no straightforward correlation between the degree
of disorder in the particles and the electrochemical activity
of the composites based on these particles. Maximum ac-
tivity is observed for the Pani/SDS_C4* sample containing
the particles with the most ordered structure. Apparently,
similar to the case of CNTs, some interaction (7t-stacking
and/or electrostatic) of polyaniline with the surface of
graphite particles can be assumed, which contributes to
the formation of more planar structure of the polymer and
then its higher conductivity and electrochemical activity.
With an accumulation of great quantity of defects in the
carbon material, such interaction is likely weakened and the
electrochemical activity of the polymer decreases. This ef-
fect is possibly observed in the case of Pani/SDS C, and
Pani/SDS _Cy composites comprising carbon particles of
the most disordered structure. Unlike the Pani/SDS sample,
all the electrodeposited composite coatings demonstrate a
slight degradation under long-term cycling, resulting in 7—
10% reduction of the charge density (Fig. 7).

Conclusion

It has been shown that SDS additives significantly accelerate
the PANI electrodeposition in oxalic acid solution. The as-
formed PANI is doped with dodecyl sulfate ions and charac-
terized by protonation of all imine groups and large amount of
amine groups. SDS additives facilitate the formation of PANI
of plate-like structure with an extended surface. The changes
in the chemical structure and morphology provide a signifi-
cant increase in the electrochemical activity of PANI at high
redox stability. An introduction of carbon particles or CNTs
into the electrolyte in addition to SDS leads to intensive cap-
ture of suspended particles by the polymer under its growth
and then the formation of composite coatings. The electro-
chemically deposited composite coatings are characterized
by an extended surface and high specific capacitance values.
Owing to the revealed features of the structure and properties,
the as-synthesized coatings are considered as promising ma-
terial for their use in various electrochemical devices (capac-
itors, sensors, etc.).
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