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Abstract Self-doped polyaniline (PAN) film on platinum
electrode surface has been synthesized via electrochemical
copolymerization of aniline with orthanilic acid (OAA).
Fourier transform infrared, UV—Vis, and elemental analysis
indicate the formation of the copolymer and that the
copolymer has the structure of a head-to-tail coupling of
aniline and OAA units. It was found that the internal
doping of PAN with OAA can extend the electroactivity of
PAN in neutral and even in alkaline media. The obtained
self-doped PAN (PAN-OAA)-coated platinum electrode is
shown to be a good surface for the electrooxidation of
ascorbic acid (AA) in phosphate buffer solution of pH 7.
The anode peak potential of AA shifts from 0.63 V at bare
platinum electrode to 0.34 V at the PAN-OAA-modified
platinum electrode with greatly enhanced current response.
A linear calibration graph is obtained over the AA
concentration range of 5-60 mM using cyclic voltammetry.
Rotating disk electrode voltammetry and chronoampero-
metry have been employed to investigate the electrooxida-
tion of AA. The PAN-OAA-modified platinum electrode
shows good stability and reproducibility.
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Introduction

Among conducting polymers, polyaniline (PAN) has been
attracting significant interest due to its high conductivity,
good redox reversibility, and stability in media and air.
These properties are favorable to its applications in
rechargeable batteries [1-3] and electrocatalysis [4—10].
However, the energy density and the catalytic activity of
PAN are limited by pH value because PAN has little
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electrochemical activity at pH>4. The potential range of the
electroactivity for PAN decreases with increasing pH value
[11], and its redox peaks disappear in the cyclic
voltammetry when pH>5. Thus, in general, the redox
potential of species to be oxidized and reduced by PAN is
within the potential and pH range in which PAN itself is
electroactive, restricting its application in bioelectrochem-
istry, which normally requires a neutral pH environment.
To improve the chemical and physical properties of PAN,
acidic groups (normally sulfo- or carboxyl groups) were
introduced into the PAN chain and to form a so-called
“self-doped” PAN, which can maintain its electrochemical
activity in neutral or even basic solutions [12—17]. In this
case, the inserted ionogenic groups change the microenvi-
ronment of the nitrogen atoms in the PAN chain, thus
shifting the local pH. Very recently, Tian et al. [18] reported
that doping PAN with COO -modified gold nanoparticles
by forming stable layer-by-layer multilayer films can shift
its electroactivity to neutral pH. Xiao et al. [19] reported the
bioelectrocatalytic synthesis of PAN on double-stranded
DNA templates and found that the obtained PAN-DNA
hybrid system was also redox active in neutral medium.

The discovery of PAN processibility simplified the
procedure of preparing PAN-based films via dissolving
chemically synthesized PAN in a variety of organic
solvents by using organic sulfonic acids as dopants [20,
21]. Also, Lukachova et al. [22] and Karyakin et al. [6]
mixed camphorsulfonic acid (CSA) with regular chemi-
cally synthesized PAN and dissolved the mixture in
chloroform. The results showed that the PAN doped with
CSA remained electroactive and was conducting up to
pH 9.

On the other hand, a considerable effort has been
devoted to the development of voltammetric methods for
the determination of ascorbic acid (AA) in biological
systems for many years. Ascorbic acid is a vital component
in the diet of human, and it is known to take part in several
biological reactions [23]. Recent clinical studies have
demonstrated that the content of ascorbic acid in biological
fluids can be used to assess the amount of oxidation stress
in human metabolism [24], and excessive oxidative stress
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has been linked to cancer, diabetes mellitus, and hepatic
disease. However, it is almost too difficult to determine this
component electrochemically by direct oxidation on a
conventional electrode because of its high overpotential
and thus electrode fouling, poor reproducibility, low
selectivity, and poor sensitivity. Thus, much interest has
been focused on the use of mediators and modified
electrodes to undergo catalysis the electrochemical oxida-
tion of ascorbic acid. For example, electrode surfaces
modified with immobilized quinone groups [25], adsorbed
7,7,8,8-tetracyanoquinodimethane [26], deposited nickel
pentacyanonitrosylferrate [27], covalently attached amino
acids [28, 29], functionalized self-assembled monolayer of
4-aminothiophenol [30], electropolymerized films of
polypyrrole [31, 32], and self-doped PAN [8, 33] have all
been employed via the mediator oxidation.

In this work, I present the synthesis of self-doped PAN
via electrochemical copolymerization of aniline with
orthanilic acid (OAA), the electroactivity of the synthe-
sized self-doped PAN, and its electrocatalytic oxidation
effect towards ascorbic acid at pH 7. The results show that
copolymerization of OAA and PAN happens and ensures
the self-doped PAN to be electroactive up to pH 9. In the
media of 0.1 M phosphate buffer solution (PBS, pH 7), the
PAN-OAA film-coated platinum electrode shows excellent
electrochemical activity towards AA, reducing the oxida-
tion potential by 0.29 V with greatly enhanced oxidation
peak current. The diffusion coefficient of AA and rate
constant for the electrooxidation reaction are evaluated
with different electrochemical techniques.

Experimental
Apparatus

All electrochemical experiments were performed using a
computer-controlled CHI 660A (CHI, USA) electrochem-
ical analyzer in a conventional three-electrode electro-
chemical cell using platinum wire (/~=1.5 mm) as the
working electrode, twisted platinum wire as the auxiliary
electrode, and Ag/AgCl (saturated KCI) as the reference
electrode.

Fourier transform infrared (FT-IR) spectra were recorded
on a KBr disk containing about 1 % sample by weight
using a Nicolet 520 (Nicolet, USA) spectrophotometer. For
each sample, a total of 120 scans at a resolution of 4 cm !
was used. UV—Visible absorption spectra (UV—Vis) were
performed on a Cary 500 UV—Vis-NIR spectrophotometer
(Varian, USA) using 1 cm light path quartz cuvette.

Chemicals and solutions

Aniline (99.5 %, Beijing Chemical Reagent Company) was
distilled under vacuum before use and stored under highly
purified nitrogen. OAA was purchased from Sigma and
used as received. L-ascorbic acid purchased from Fluka was

used without further purification. All other chemicals used
in this investigation were of analytical grade.

Ascorbic acid solution was prepared with 0.1 M PBS
(pH 7) immediately before use. Sulfuric acid solutions
(pH 1-3), 0.1 M acetate (pH 4-5), 0.1 M PBS (pH 6-8),
and 0.1 M borate (pH 9) buffers were employed for the
electrochemical investigation. All solutions were prepared
using doubly distilled water purified with a Millipore-Q"
system (18.3 MQ).

All experiments were made at room temperature
(=24 °C). The solutions were thoroughly deoxygenated
by bubbling highly purified nitrogen, and a nitrogen
atmosphere was maintained over the solutions.

Electrode preparation

The platinum working electrodes were polished carefully
with alumina powder (Buehler; 1.0, 0.5, and 0.03 um,
successively) on a soft polishing cloth (Buehler). After
sonicating in absolute ethanol, then in water for 10 min
successively, they were treated with cyclic scanning in the
potential range of =0.2 to 1.2 Vat 100 mV s ' in 0.15 M
H,SO, until the cyclic voltammogram (CV) characteristic
for a clean platinum electrode was obtained. Electrochem-
ical copolymerization of aniline and OAA has been
performed by continuous potential cycling for 30 min
within the potential range of 0—1 V in a solution containing
0.1 M sulfuric acid, 0.01 M aniline, and 0.04 M OAA.
After polymerization, the PAN-OAA film was firstly
washed using sulfuric acid solution of pH 3 to remove
unreacted aniline, and then washed thoroughly using 0.1 M
PBS (pH 7). The PAN-OAA film-modified platinum
electrode (PANOAA/Pt) was stored in 0.1 M PBS (pH 7)
for use.

Results and discussions
Characterization of the copolymer

To investigate the structure and property of the copolymer,
FT-IR, UV-Vis, and elemental analysis were employed to
characterize the copolymer. Figure la shows the FT-IR
spectra of PANOAA (curve a), and as a comparison, the FT-
IR spectrum of PAN was also given in Fig. 1a (curve b). As
shown in Fig. la, except for the features that are the
characteristics of the sulfonated groups, the IR spectra of the
copolymer are very similar to that of PAN. The large
descending baseline in the spectral region of 4,000—
2,000 cm ! is often used to indicate the free-electron
conduction in conducting polymers [34]. The broad peak
centered at 3,450 cm ! is attributed to unresolved N—H
stretching mode. The peaks at 1,580 and 1,500 cm™ " are due
to the stretching of the benzenoid and quinoid structures. A
strong aromatic C—N stretching is responsible for the peaks
at 1,302 cm . In the lower frequency region, the peak at
1,143 cm ! is due to the C—H in-plane deformation, which
was used to evaluate the electron delocalization in polymers



[35]. Therefore, the enhanced IR absorption at this location
indicates that the copolymers have good conductivity; this
agrees well with the strong absorption by free electrons in
the region 4,000-2,000 cm '. The absorptions at 1,050,
1,020, 709, and 620 cm™ ! are the best confirmation for the
presence of sulfonate functional groups attached to the
aromatic rings [36]. The absorption maxima at 876 and
821 cm™ ' are generally assigned to the out-of-plane bending
of aromatic hydrogen in 1,4-disubstituded and 1,2,4-
trisubstituted aromatic structures. This indicates that the
copolymer have the head-to-tail coupling structure of OAA
and aniline units. On the other hand, the peaks at 1,050 and
1,020 cm ™" are assigned to the aryl-S links, aromatic ring
vibration having some C-S stretching characteristic.
Figure 1b shows the UV—Vis spectra of the copolymer in
NMP solution (dashed line), and as a comparison, the
electronic spectra of PAN in NMP (solid line) and a typical
absorption of copolymer in 0.5 M KOH are also included
(dotted line). It can be seen that the absorption bands of the
copolymer in NMP shift to shorter wavelengths compared
to those of PAN in the similar solution. The band at about
321 nm for PAN, assigned to the m—7* transition of the
benzenoid moiety and therefore corresponded to the
bandgap of the polymer, shifts to about 294 nm. This
hypsochromic shift, caused by the sulfonic acid groups
attached on the benzene ring, indicates that the copolymers
have a decreased conjugation and an increased bandgap
due to their strong electron-withdrawing nature. The broad
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band at 604 nm, attributed to the intramolecule transition
between the quinoid and benzenoid units in the PAN
structure, shifts to about 571 nm for PANOAA. On the
other hand, it can be noted that when the copolymer was
dissolved in 0.5 M KOH solution, its absorption band has a
larger blue shifted (536 nm) compared with that in NMP
solution. This could be due to the better stability of the
copolymer salt in the alkaline solution.

To further investigate the structure of the copolymer,
elemental analysis has been used to study the composition
of the copolymer. The results show that when the content of
OAA in reaction solution is 0.8, the fraction of OAA in the
copolymer (sulfur-to-nitrogen ration S/N) is 0.42. This S/N
ratio is comparable with those of the sulfonated PAN
prepared by electrochemical (12~40 %) [37, 38] and
chemical (15~36 %) [39] copolymerization of aniline with
metanilic acid. However, it is lower than those prepared by
sulfonation of the emeraldine base form (about 50 %) [40,
41] and the leucoemeraldine base (about 78 %) [42] in
fuming sulfonic acid. Based on the S/N ratio, one can
calculate that there should have approximately one S atom
per 2.5 benzene rings in the structure of the copolymer.

Redox electroactivity of PANOAA/Pt electrode

Figure 2 shows the CVs of PANOAA/Pt electrode in
various buffer solutions. As shown in Fig. 2, at pH 1, there
are three pairs of redox peaks; the two sets of peaks located
ataround 0.1 and 0.7 V correspond to the leucoemeraldine/
emeraldine and emeralding/pernigraniline transformations,
respectively, and the third pair of peaks in the middle is
attributed to the defects in the linear structure of the
polymer [43]. At pH 3, the third pair of peaks almost
disappears, and when pH>5, the two sets of peaks overlap
into one pair of peaks, which corresponds to the
leucoemeraldine/pernigraniline redox reaction. This is
due to the pH dependence of emeraldine/pernigraniline
redox reaction. In addition, the redox activity of PAN-OAA
film still remains at pH 9. The results obtained indicate the
remarkable extension of the redox activity of PAN film-
modified platinum electrode up to pH 9. This improvement
is due to the copolymerization of aniline with organic acid
dopant OAA.

Electrochemical oxidation of AA at PANOAA/
Pt electrode

Cyclic voltammetry

Figure 3a shows the CVs of Pt (dashed line) and PANOAA/
Pt (solid line) electrodes in AA solution, respectively. As
seen in Fig. 3a, AA shows a sluggish and much smaller CV
peak response with oxidation wave at about 0.63 V with an
Ey—E,; 0f 0.21 Vat bare Pt electrode. Whereas, PANOAA/
Pt electrode leads to an obvious negative shift of AA
oxidation overpotential (E,,=0.34 V) and increase of the
redox peak current with a more reversible behavior
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Fig. 2 Cyclic voltammograms of PANOAA/Pt electrode in different
buffer solutions. Scan rate, 50 mV s !. These buffers are 0.1 M

sulfuric acid (pH 1 and 3), 0.1 M acetate (pH 5), 0.1 M PBS (pH 7),
and 0.1 M borate (pH 9) solutions, respectively

(Ey=Ep»=0.10 V). The greatly enhanced peak current and
the negative shifting in the anodic overpotential of 0.29 V
for AA indicate the strong electrocatalytic activity of
PANOAA/Pt electrode to AA. The decrease in the
overpotential of AA is due to a kinetics effect, thus a
substantial increase in the electron transfer rate of AA was
observed, which was attributed to the improvements in the
reversibility of the electron transfer processes. Figure 3b
shows the CVs of different concentrations of AA at
PANOAA/Pt electrode. As can be seen, the oxidation peak
current increases with increasing AA concentration. The
inset of Fig. 3b shows that the anode peak current is
linearly dependent on the AA concentration in the range of
5-60 mM, with a correlation coefficient of 0.997.

Further investigation was made into the transport
characteristics of AA in the modified -electrodes.
Figure 4a shows the CVs of 10 mM AA at PANOAA/Pt
electrode at different scan rates. It can be seen that the
catalytic effect of PAN-OAA composite film appears even
at high scan rates, which is attributed to the considerable
catalytic reaction rate. Also, it can be seen that the catalytic
oxidation peak potential shifts to more positive with
increasing scan rates, indicating a kinetics limitation in the
reaction between the redox sites of PAN-OAA composite
film and AA. However, the cyclic voltammetric peak
currents for AA at PANOAA/Pt electrode are proportional
to square root of scan rates in the range of 30-700 mV s '
(inset of Fig. 4a). It indicates that the electrode reaction is
controlled by diffusion process. Moreover, a plot of the
scan rate-normalized current (1/1/1/2) vs scan rate (Fig. 4b)
shows a shape typical of an electrochemical-chemical (EC)
catalytic process.

Rotating disk electrode (RDE) voltammetry

The electrochemical oxidation of AA at PANOAA/Pt
electrode has also been evaluated by using RDE voltam-
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Fig. 3 a CVs of Pt (dashed line) and PANOAA/Pt (solid line)
electrodes in 0.1 M PBS (pH 7) containing 10 mM AA. b CVs of
PANOAA/Pt electrode in 0.1 M PBS (pH 7) containing different
concentrations of AA. Concentrations of AA from (a) to (f) are 5,
15, 25, 35, 45, and 60 mM, respectively

metry technique. Figure 5a shows the typical RDE
responses of 5 mM AA at the PAN-OAA film-coated
RDE, scanned from —0.2 to 0.8 Vat 50, 100, 200, 300, 400,
700, 900, 1,600, 2,500, and 3,600 rpm with a scan rate of
5mV s '. The current observed on the plateau (at 0.70 V)
of the RDE voltammograms are used to draw Levich and
Koutecky—Levich plots. If the oxidation of AA at
PANOAA/Pt electrode is controlled solely by the mass-
transfer process in solution, the relationship between the
limiting current and rotating rate should obey the Levich
equation [44]:

Iy = I1ey = 0.620nFAD* 301001 2¢,, (1)

where D, v, w, and ¢, are the diffusion coefficient, the
kinematic viscosity, the rotating rate, and the buck
concentration of the reactant in the solution, respectively.
All other parameters have their usual meanings. Based on
Eq. 1, the plot of the limiting current /; as a function of the
w"? should be a straight line intersecting the origin. Inset of
Fig. 5a shows the Levich plot taken at 0.70 V for AA
oxidation. The slope and intercept are found to be 1.86 HA
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rad "? 572 and 101.5 pA, respectively. The fact that the
Levich plot does not pass through the origin indicates the
nonideal behavior of the PANOAA/Pt electrode, including
kinetic limitation. The catalytic current /.,; corresponding
to the mediated reaction is a function of the Levich current
I o\, representing the mass transfer of AA in the solution,
and the kinetic current /, representing the current in the
absence of mass-transfer effect. Andrieux et al. [45] have
described the kinetic process of the catalytic reaction at the
modified electrodes and given the following equation:

11 = 1)1 + 1 /nFAcokF[l - (11d /FAcheﬂ,

2
where 4, k, I, d, cg, and D, are the electrode area, the rate
constant for the catalytic reaction, the surface concentration
of the catalyst in the film, the film thickness, the total
volume concentration of catalyst in the film, and the

diffusion coefficient of electrons in the film. When the
mass-transfer process in the solution and the catalytic

reaction become dominant, the term [1 — (I d / FAche)}
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Fig. 5 a RDE voltammograms for the oxidation of 5 mM AA at
PANOAA/Pt electrode in 0.1 M PBS (pH 7). The rotation speed
from down to up are 50, 100, 200, 300, 400, 700, 900, 1,600, 2,500,
and 3600 rpm, respectively, with a scan rate of 5 mV s . Inset
shows the Levich plot for catalytic oxidation of 5 mM AA at 0.7 V
on the PANOAA/Pt electrode. b K—L plots for 5 mM AA on the
PANOAA/Pt electrode at oxidation potentials of 0.40, 0.50, 0.55,
0.60, and 0.70 V, respectively

is essentially equal to unity and Eq. 2 reduces to the
Koutecky—Levich equation [44]:

1/Ii = 1/nFAcokI” +1/0.620nFAD* ="' 2y (3)

Ik = I’lFACokF. (4)

Figure 5b shows the typical K—L plots for AA oxidation
at PANOAA/Pt electrode measured at oxidation potentials
of 0.40, 0.50, 0.55, 0.60, and 0.70 V, respectively. The I
values can be obtained from the intercepts of the K—L
plots. They are found to be 0.11, 0.15, 0.17, 0.19, and
0.23 mA, respectively, at these potentials. The increases of
I, with the increase of observed potentials indicate the
potential-dependent kinetic behavior of the electrooxida-
tion reaction. On the other hand, based on the value of
kinematics viscosity as 1.1x107% ecm? s~ ' [46] and the
slope of the K—L plot, the diffusion coefficient (D) can be
obtained as 6.8x10°¢ cm® s,
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Chronoamperometric measurements

Chronoamperometry has also been used to investigate the
electrode process of AA at PANOAA/Pt electrode.
Figure 6a shows the chronoamperometric measurements
of various concentrations of AA at PANOAA/Pt electrode
by setting the working electrode potential at 0.70 V. Inset of
Fig. 6a shows the current responses of different concentra-
tions of AA at fixed time of 5, 10, and 17 s, respectively. It
can be seen from plots (a), (b), and (c) that the slopes of the
calibrations decrease with the increasing time elapsed after
potential step application. However, there is an almost
similar intersection between currents measured at different
time elapsed and AA concentrations. The typical /-t curve
in Fig. 6a indicates that the currents observed must be
controlled by AA diffusion in solution. Thus, the current
corresponding to the electrochemical reaction obeys
Cottrell’s law [47]:

I = nFAD"?¢q /' 2412, (5)

where D and ¢, are the diffusion coefficient (cm® s ')
and bulk concentration (mol cm ), respectively. Based
on Eq. 5, the plot of 7 vs ¢''? is a straight line, and the
slope of such lines can be used to estimate the diffusion
coefficient of AA. The mean value of D is found to be
6.6x10® cm® s™', which is in good agreement with that
obtained from the RDE technique.

Chronoamperometry can also be employed to evaluate

the catalytic rate constant for the reaction between AA and
the redox sites of the surface confined PAN-OAA film
according to the method [48]:
L/ Iy = 7' [y 2erf (/%) + exp (=) [4'2], (6)
where I, is the catalytic current of AA at the PANOAA/Pt
electrode, /i is the limiting current in the absence of AA,
and ~=kcot (co 1s the bulk concentration of AA) is the
argument of the error function. When - exceeds 2, the error
function is almost equal to 1 and therefore the above
equation can be reduced to:

Lear/ I = 7272 = 52 (keot) 2, ™
where ¢ is the time elapsed (s). Based on the slope of the I,/
I vs £ plot, k can be obtained for a given AA concentration.
One such plot is shown in Fig. 6b constructed from the
chronoamperogram of the PANOAA/Pt electrode in the
absence and presence of 5 mM AA. The mean value of £ in
AA concentration range 5-30 mM is 6.3x10° cm® mol ' s7".

Electrode stability and reproducibility

Because the procedure of electrode preparation is easy and
rapid, it is not so important for the electrode to be stable for
a prolonged time. However, we checked its long-term
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Fig. 6 Chronoamperograms obtained at PANOAA/Pt in the
absence (a) and presence of 5 (b), 10 (¢), 15 (d), 20 (e), 25 (),
and 30 mM (g) AA. The first and second potential steps are 0.7 and
0.0 V, respectively. Supporting electrolyte, 0.1 M PBS (pH 7). Inset
shows the dependence of the fixed-time current [observed at 5 (a),
10 (b), and 17 (c) s after the first potential step] vs AA con-
centrations. b Dependence of /.,//; on the 2 derived from the data
of chronoamperograms of (a) and (b) in Fig. 6a

stability by measuring the response from day to day during
a storage in PBS (pH 7) at 4 °C. During the first 2 days, the
current response had no apparent decrease and in the next
2 weeks, the current response decreased about 11 % of its
initial response, and 17 % for 1 month.

To characterize the reproducibility of the modified
electrode, repetitive measurements were carried out in
solutions containing 10 mM AA. The results of 10
successive measurements showed a relative standard
deviation of 2.8 % for AA, indicating that the modified
electrode is not subject to surface fouling by the oxidation
products, which are notorious for their surface fouling
effects at bare electrode.

Conclusions

This study demonstrates that the copolymerization of
aniline with OAA via electrochemical procedure can
extend the PAN electroactivity to neutral and even alkaline
media. At pH 7 PBS, the PANOAA/Pt electrode exhibits



good electrochemical activity toward the oxidation of AA
via a surface layer-mediated charge transfer. The kinetics
process of the catalytic reaction can be explained by cyclic
voltammetry, RDE voltammetry, and chronoamperometry.
The prepared PANOAA/Pt electrode is moderately stable
and can be useful for single-use devices for the practical
determination of AA.
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