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a) Reduction

Cathode Cathode
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; e
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e | —e—e— HOMO

/

Electrons in

Applied Voltage

Low (negative electrode potential) High energy state
b) Oxidation
Anode
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€
. Applied Voltage
High (positive electrode potential)
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a)  Simple electron transfer

Electrode Solution

Fe'' +g — Fe”
¢) Gas evolution
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e)  Oxide film formation
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Al ALO,
electrode layer
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Solution

2Al+3H,0 - 66~ — ALO, + 6H*
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b)  Metal deposition

7 Deposit

i S growth
Electrode Cu Solution
layer

Cu?' +2¢ —Cu

d) Corrosion

Fe Solution

Fe —2e —Fe*

Electron transfer with
f) coupled chemistry

. CH,=CH:EN..

Solution

Electrode

CH,=CH-CN + H,0 + 2¢”
— (CH2-CH2-CN):2 + 20H~
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b) 2. Radical coupling and re-aromatization of aniline
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b) Mobile large anion
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Chapter2

Aims and Hypothesis
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The electrochemical polymerization of polyaniline (PANI) was studied using correlative measurements of electrochemistry and
UV-vis spectroscopy, i.e., spectroelectrochemistry. The electropolymerization of PANI was performed in an acidic medium (1 M
HCI) containing 0.1 M aniline with cyclic voltammetry (CV) in a potential window from —0.3to 1 V and a 50 mV s ! scan rate. At
the same time, UV—-vis absorbance spectra in the wavelength range from 200 to 900 nm were measured for every 10 mV change in
the CV. The CV results show the oxidation of the monomer at a high positive potential (0.9 V vs Ag), the continuous growth of the
PANI film and the transformation between the three best-known forms of PANI redox in the potential range between —0.3 V and
1 V. In parallel, the spectroscopic study confirmed the formation of PANI oxidation. The spectroscopic results showed the
formation of the final conductive PANI product (emeraldine salt) due to the absorbance of the formed charge carriers (polarons,
bipolarons) during the polymerization. The correlative clectrochemical/spectroscopy study gave an additional dimension to the
PANI polymerization mechanism, where not only was the oxidation the lead type of reaction, but the reduction was also found to
play an important role.
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Conductive polymers are synthetic organic materials that can
possess metallic conductivity due to their specific m-electronic
configuration. One representative is polyaniline (PANI); it has a
tunable morphology, environmental stability, controllable electrical
conductivity, reversible redox chemistry and can be easily synthe-
sized at low cost."” This makes PANI suitable for various sensor
applications, such as ammonia sensing,”™® humidity sensing,”* pH
sensing,”'” the base material for sensing via molecular imprinting"'
and as a substrate for biosensing.'> PANI can be synthesized via
chemical or electrochemical means,'® with the latter having several
advantages as there is no need to use a toxic oxidizing agent such as
ammonium persulfate."* In addition, it offers a more straightforward
procedure, a direct deposition on the electrode surface, an easier
control over the deposition parameters and, consequently, over the
thickness and the morphology of the final product. Potentiodynamic
deposition via cyclic voltammetry (CV) can be used for the
deposition of nanostructured PANI of high purity and in a doped
form."*'* The term doping refers to the exposure of the polymeric
chain to an oxidation or reduction process. As a result, the polymer
is transformed from a neutral form to a complex of a positively or
negatively charged polymer and its counterion. Such complexes act
as charge carriers and are the source of the conductivity.'” PANI has
charge carriers in the form of polaron (radical ion associated with the
lattice distortion and the presence of localized electronic states in the
gap) and bipolaron (pair of like charges associated with a strong
local lattice distortion).'®

The electrochemical synthesis, i.e., the electropolymerizaiton of
PANI, follows a four-step process'>'* (Fig. 1): 1. formation of a
primary cation-radical (oxidation of the monomer at the anode);
2. formation of dimers through deprotonation and re-aromatization;
3. further growth and chain formation with oxidation (oxidation of
dimers to a cation-radical and their further reaction with monomer
cation-radicals); 4. the last step is a spontaneous doping of the
resulting polymeric chain to obtain the polymer in a doped form,
which is only the case for the electrochemical approach.'® The
structure of the final PANI polymeric chain is a combination of two
repeating units: oxidized (quinoid rings) and reduced (benzene
rings). Depending on their ratio and the oxidation state, PANT has
three stable characteristic oxidation forms: x = 1 — leucoemeraldine

“E-mail: anja.korent@ijs.si

(fully reduced form), x = 0.5 — emeraldine (half-oxidized form);
x = 0 — pernigraniline (fully oxidized form)'”'* (Fig. 1).

The protonation of PANI during the CV sweep is a spontaneous
exothermic reaction, which is inevitable in the presence of acid
dopants.'” Due to the presence or absence of a proton, the PANI
forms are divided into salts (protonated) and bases (unprotonated),
with their conductivity varying, depending on their oxidation state
(number of electrons) and degree of protonation (number of
protons). The emeraldine salt form (half-oxidized leucoemeraldine
in acidic electrolyte, which has a characteristic green color) is the
most conductive form of PANL' Emeraldine salt is obtained at an
anodic potential of around 0.25 V vs Ag/AgCl in an acidic medium
(HCI, pH = 1) during the CV sweep. Tt has an equal ratio between
the amine (-NH-) and imine (=N-) groups. Via acid doping, the
imine sites are protonated to bipolarons (a double-charged salt),
which further undergoes a rearrangement to form delocalized
polarons (radical-cations) that act as charge cariers.””

PANI is also an electrochromic material, meaning it undergoes
visible color changes, i.e., absorbance changes, due to the reversible
redox processes of doping and de-doping mediated by either
oxidation or reduction. These changes are closely related to the
energies of the band gaps of PANI, obtained from optical measure-
ments via Planck’s constant and the speed of light. Thus, the color
changes can be interpreted via the formation of sub-bands due to the
presence of charge carriers as polarons or bipolarons.'® By using CV
as an electropolymerization technique, a transformation between the
reduced, half-oxidized and oxidized PANI forms'* can be observed,
either by following the electrochemical or even the absorption
responses.'* PANI also exhibits chemiresistive properties®' and is
widely studied as a gas-resistivity sensor,> > due to the changes in
electrical resistance in response to changes in the chemical environ-
ment. In addition, as an electrochromic material, PANI shows
potential for optical sensing devices.” where the color change is
dependent on the transformation between the conductive and
isolative forms of PANL'® By combi ing the information from the
electrochemical deposition process'>**~* with the spectroscopic
behavior of PANI, the theory relating to the mechanism of PANI
electro-oxidation, deposition and its simultaneous doping and
protonation can be revealed in more details using complementary
techniques.

In this study a new aspect of the electrochemical deposition of
PANI via the potentiodynamic technique CV is presented using
correlative experiments of the electrochemistry and UV-vis
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Figure 1. Mechanism of electropolymerization of polyaniline.'*

spectroscopy. From the CV results, three voltammetric redox pairs
are observed, which are correlated with gold oxidation/reduction,
aniline monomer oxidation, the redox behavior of PANI, and show
the current increase after every subsequent cycle, i.e., deposition
rate. In contrast to the electrochemical information derived from the
CV results, spectroscopy gives an insight into the electronic
structure of PANI. The absorbance for 7-polaron, polaron-7* and
bipolaron transitions confirmed the formation of sub-bands, thus
lowering the band gap of PANI and causing a higher conductivity.
By combining the CV and the spectroscopy, it was found that the
PANI formation mainly proceeds via electro-oxidation. However,
during the electroreduction process new and unexpected absorbance
peaks appeared, implying that the investigation of reduction pro-
cesses during the electropolymerization is of equal importance.

Experimental

Commercial DropSens screen-printed electrodes (SPE; Metrohm
DropSens, ref. SPE-250AT),> with gold as the working electrode,
platinum as the counter electrode and silver as the reference
electrode, were used for the electrochemical deposition of polyani-
line (PANI). Electropolymerization was performed from a monomer

suspension, containing 0.1 M aniline (Sigma Aldrich) in a | M HCI-
containing electrolyte with pH = 0.43 (37% HCI Sigma Aldrich).
All the spcctrocleurochcmlcdl experiments were performed using a
SPELEC instrument®® (Metrohm DropSens), which combines a
Lightsource (UV-vis-NIR wavelength range: 215-400 nm deu-
terium, 360-2500 nm tungsten halogen), a bipotentiostat/galvanostat
(4 V DC potential range, +40 mA maximum measurable current)
combined with a spectrometer with a UV-vis wavelength range:
200-900 nm (ref. SPELEC). The instrument was lent by the
representative PRIMAlab, Slovenia for a correlative study of
PANI polymerization and its spectroscopic behavior. The polymer-
ization was performed via cyclic voltammetry (CV), by placing an
80 pl drop of monomer suspension into the cell (Fig. 2a) and
perfomun'g cycles between —0.3 and 1V vs Ag at a sweep rate of
50mVs . The polymerization was stopped at the end of the cycle
in which the first anodic peak achieved a 1.5 mA current.””** After
polymerization (Fig. 2b), the electrode was washed with methanol to
remove any residual monomer suspension and unattached PANI.
Spectroscopic measurements from 200 to 900 nm were performed
in situ during the polymerization by installing an optical probe in the
closed cell (Fig. 2a). Separately, pure Au-SPE and all the oxidation
forms of PANI were observed using UV-vis in the range 200 to
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Figure 2. (a) Schematic presentation of in situ spectroelectrochemical measurements with a detailed representation of the measuring cell where an 80 l drop of
aniline was introduced; (b) Au screen-printed electrode (Au-SPE) after the polymerisation of polyaniline (PANI) by cyclic voltammetry (CV). The enlarged
scheme shows a cross-section of PANI-Au-SPE covered with a drop containing the residual monomer suspension and unattached PANIL

900 nm in air. Different oxidation forms of deposited PANI were
obtained by performing CV in 10mM HCl (37% HCl Sigma
Aldrich), from —0.4 to 0.5V vs Ag at 50 mV s~ and stopped at a
certain potential (—0.2, 0.2 and 0.5V vs Ag).

Results and Discussion

The electrochemical deposition of the PANI film on the
commercial Au-SPE was performed by CV in an aniline monomer
suspension at 50mV s’ and a potential window from —0.3 V to
+1V vs Ag. The electrochemical polymerization was performed in
I' M HCI electrolyte containing 0.1 M aniline, due to the better
solubility of the monomer, the formation of the conducting form, and
the avoidance of the formation of conjugated oligomers.'* Figure 3a
shows the first two completed polymerization cycles. Both cycles
have similar anodic (E (a;) = 0.9V, E (a3) = 1V) and cathodic
peaks (E (c;) = 0.51 V). The only difference is in the shift of the
anodic peak al from —0.13V to —0.06 V. The first stage of
polymerization (Fig. 3a) on an inert metal electrode (Au-SPE) in a
monomer-acid suspension is the cleaning and activating of the
electrode surface, as already observed in the literature,”*~** and the
first polymerization step (see Fig. 1). The anodic peak a, is expected
to be aresult of the Au electrode’s nature (Au-SPE), considering that
it does not appear in the CV during the polymerization on a polished
gold wire'? using the same conditions and it disappears with
subsequent cycling, i.e., polymerization Figs. 3b, 3c. The anodic

peak a, at 0.9 V (Fig. 3a) is attributed to the irreversible monomer
oxidation '*** causing the formation of cation-radicals. The anodic
peak a; most probably represents the formation of gold oxide, as it is
not attributed to oxygen evolution. The oxygen evolves at potentials
higher than 1.2 V (vs Ag/AgCI** and vs Ag™). The reduction of the
gold oxide is represented by the cathodic peak c,.

With further polymerization and increasing the number of cycles
o 5, 10 (Fig. 3b) and 14, 16, 20 and 23 (Fig. 3¢) more pronounced
anodic peaks: E (o) = 0.16 V, E (3) = 044 V, E (7) = 0.82 V and
cathodic peaks: E (o*) = 0.02 V,E (%) =04 V,E (%) =0.53 V,E
(¥**) = 0.65 V appear. All the represented peak currents increase
with each cycle, but retain the same potential, except that the last
anodic peak 7 is shifted towards a lower potential (Fig. 3b red curve
E (7) = 0.82V to Fig. 3c blue curve E (7) = 0.76 V). The anodic
peak « is assigned to the oxidation of the dimer (p-aminodipheny-
lamine) to dimer cation-radicals,*®** which is the second polymer-
ization step (see Fig. 1). The anodic peak « is also assigned to the
oxidation of leucoemeraldine (a fully reduced form of PANI) to
emeraldine (a half-reduced form of PANI).'> The anodic peak
(3 relates to the formation of the intermediate degradation products
(p-benzoquinone) and later to its oxidation. The anodic peak 7 is
related to the oxidation of emeraldine to pernigraniline (a fully
oxidized form of PANI).'*?>?*3% The cathodic peak + is split into
two peaks, v* and v**, both assigned to the reduction of pernigrani-
line to emeraldine.'>**>*** The splitting of the cathodic peak 7 is
related to the acidity of the electrolyte (1 M HCI, pH = 0.43), as ata
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Figure 3. Electrochemical deposition of PANI via CV on Au-SPE. (a)
Starting cycles; (b) the first occurrence of PANI formation and (c) further
growth of PANI on Au-SPE.

lower concentration of HCl (0.5M, pH = 1.5) the cathodic peak
appears as a single wide peak at 0.65 V vs Ag/AgCL.'? In the more
acidic solutions, the redox couple 4/7* becomes more irreversible
(Fig. 3¢ 0.76 V/0.55 V in | M HCI, and 0.74 V/0.65 V vs Ag/AgCl
in 0.5 M HCI'?), due to the hydrolysis of the imine N-C bond in the
—N=(C¢H4)= groups (quinoid rings) during the polymerization and
formation of p-benzoquinone.*® The cathodic peak 3* relates to the
reduction of the intermediate degradation products, p-benzoquinone
to hydroquinone. The cathodic peak a* is related to the reduction of
emeraldine to leucoemeraldine.'>?%2%34

Furthermore, the special feature of conductive Polymers, parti-
cularly PANI, is their autocatalytic behaviour;”" o meaning, the
further formation of the polymer on the already-deposited polymer
layer is easier and faster than on the bare electrode. Zotti et al.*®
showed that aniline oxidation is catalyzed by pernigraniline. The
above-mentioned can be observed by a rapid increase of the anodic
peak « after each cycle, from 3.94 A to 1500 pA (increased
polymerization rate) and in the shift of the anodic peak 5 towards
lower potentials (from 0.84 V to 0.77 V) with an increased number
of cycles.

Figure 4 shows the absorbance spectra measured on Au-SPE at
the beginning (black curve) and the end (red curve) of the first
polymerization cycle. At the beginning of the polymerization, the
absorbance assigned to the presence of benzene rings in the region
between 200 and 250 nm is observed. The benzene ring absorbs at
180, 200 and 260 nm due (o its 7 electron system.””** In the case of
the substituted benzene (benzene containing a NH, group), the peak
at 260 becomes more intense.’” The absorbance peak at 250 nm is
observed already at the very beginning of the polymerization (Fig. 4,
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Figure 4. Absorbance spectra at the beginning and the end of the first
electropolymerization cycle of PANL. Inset: Close up of absorbance.

black curve) due to the presence of a benzene ring in the monomer
suspension.”” There is no other evident absorbance in the first cycle
of polymerization, apart from small absorbance peaks at 550 and
612 nm (inset in Fig. 4), which increased during the first cycle. Due
to the absence of the aniline cation-radical at low oxidation
potentials'*'* and the intense increase in the absorbance with the
number of cycles, it can be assumed that these peaks are related to
the formation of the aniline cation-radical and the protonation of
nitrogen®’ during the reduction process when the protonation is
generated.'® The black curve in the inset of Fig. 4 represents the
absorbance spectra for Au-SPE in the monomer suspension and is
the background for all subsequent spectroscopic results.

Figures 5 and 6 show the change in the absorbance behavior in
the middle (12th cycle, Fig. 5) and at the end (the last 23rd cycle,
Fig. 6) of the PANI polymerization via CV. From the cyclic
voltammogram of the 12th cycle (Fig. 5a), potentials for the most
important peaks were selected (—0.3, 0.14, 0.43, 0.74, 1 V vs Ag for
oxidation and 1, 0.64, 0.53, 0.4, 0, —0.3 V vs Ag for reduction). The
absorbance spectra for selected anodic peaks are presented in
Fig. 5b, and for the cathodic peaks in Fig. 5d. In the middle of the
PANI polymerization, two processes are expected: the ongoing
polymerization of PANI due to the presence of the monomer aniline,
and the electrochemical reactions of an already-deposited polymer
(transformation between the PANI oxidation forms). From the basic
PANI structure'™'® (see Fig. 1), the peaks attributed to the
benzenoid and quinoid rings’ absorption are expected. At all the
selected anodic and cathodic potentials, the absorbance spectra
(Figs. 5b, 5d) show an intense peak at 255 nm (4.86 eV), which is
assigned to the m-7* transition (transition of an electron from the
valance to the conduction band) of benzenoid segments. The
anilinium ion (CqHsNH; ") shows a very similar spectra to benzene,
due to the localization of the 7 electrons in the benzene ring, which
causes a shift from 280 (for aniline) to 260 nm (anilinium ion).3 7 The
second peak observed in all the selected potential steps in the 12th
cycle of the polymerization is the peak at 318 nm, which is
associated with the 7 electrons of the benzene rings delocalized on
nitrogen atoms®’ and the 7-to-7* transition of the benzenoid
rings.””*° The wide absorbance peak around 400 nm can be assigned
to the oxidized dimer of aniline, diphenyl-p-phenylenediimine,
which absorbs at 440 nm*”*' or to the polaron-7* transition at the
same wavelength.* Figure 5c shows a close up of the absorbance
spectra between 500 and 545 nm. The small absorbance behavior
can be assigned to the polaron-7* electronic transition, related in the



Journal of The Electrochemical Society, 2020 167 106504

1 (nA)

0.302:010001020304 050607080910

E (V)vs Ag

Taw T sx s
wausiengih (nm)

540

AR

5

50 50
Wisvelangth (nm)

540

b Energy (eV)
) 6207 4138 3.104 2483 2069 1773 1552 1.379
20
F—%3v|
1a] Zom) 8
8] | c)
-~ |
3 1ed | leom I
s s
- 12 2 o
g oI | £
B \ 3
g 08f |/ §
06+
|386 am]
o 680 nm}
200
02 R gt e
0o T T ) — -
200 300 400 500 600 700 800 900
Wavelength (nm)
d Energy (eV)
) 6207 4138 3.104 2483 2069 1.773 1552 1379
20 L " " it
18 255nm| *E:ﬁ
16 ol e)
3 14d 318nm] L
L ] 3>
f i
g 084 g
2 o0s4
04
ot M e
0.0 T W—T
200 300 400 500 600 700 800
Wavelength (nm)

Figure 5. 12th cycle of PANI polymerization via CV: (a) cyclic voltammogram of the 12th cycle; (b) absorbance at certain potentials in the oxidation process;
(c) absorbance at certain potentials in the reduction process.
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