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The Effect of Film Thickness and Growth Method on Polyaniline
Film Properties
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The properties of polyaniline (PANI) films, grown electrochemically on Au using the potential sweep method to two different upper
potentia limits (type | and I1) to various thicknesses in sulfuric acid solution, were studied systematically using cyclic voltamme-
try, ac impedance, and for the first time, by tracking the rate of the hydrogen evolution reaction (HER). The HER results show that
both films follow the nucleation and growth mechanism initially and that continuing growth occurs primarily at the outer PANI
surface. Because type I PANI films are formed at a much more rapid rate than type | films, a greater amount of anodic degrada-
tion products are incorporated into type 1 films. Impedance and HER measurements show that type |1 films, compared for the first
time in this work with type | films, have a more open PANI film/Au interfacial structure. A new observation is that the cyclic
voltammograms for type | films show a prepeak which is absent for type Il films. Furthermore, constant PANI redox peak poten-
tials are observed for type | films, whereas these shift with film thickness for type Il films. This unique observation implies that
type Il films undergo structural changes during their growth, while type | films remain more uniform.
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There has been significant interest in the electrochemical proper-
ties of polyaniline (PANI) films on electrode surfaces, largely be-
cause of the many promising applications of PANI in electrochromic
devices,2 as supercapacitive materials, asintercalating electrodesin
advanced batteries,3* for electrocatalysis of certain reactions®>” in
microelectronic devices,® etc.

The properties of PANI films have been extensively studied by
many different methods. However, despite the numerous past studies
of PANI films, there are still many remaining questions regarding
their electrochemical growth mechanism, their structure (particular-
ly at the nanometer scale), and even their electrical properties.
Although the impedance technique has been employed quite fre-
quently as atool for investigating PANI film properties,®17 many of
these past studies have focused on the characterization of a single
film at different potentials, or of several films of different thickness,
but grown by one technique. No single study has been directed at
comparing the electrochemical properties of PANI films formed at
different rates to different thicknesses at different substrates, etc. As
a consequence, there is some uncertainty regarding the dependence
of film properties on experimental variables. In fact, many past stud-
ies have focused more on the description of the impedance data
without much emphasis on interpretation.

Therefore, one of the key objectives of this work was to examine
the PANI film impedance response over a wide range of potentials
for films formed to various thicknesses while employing several dif-
ferent electrochemica growth conditions on Au and Pt substrates.
The principal goal of these studies has been to obtain a better under-
standing of the growth and structural properties of these films from
a careful variation of the experimental parameters within a single
controlled study.

In this paper, the electrochemical properties of PANI films,
grown by two different methods (type | and type Il films) to various
thicknesses and studied by cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS), are examined systematical-
ly. The structural and interfacial properties of the two types of films
are compared, for thefirst time, by tracking the rate of the hydrogen
evolution reaction (HER) with time of PANI film growth. It is shown
that type Il films are more porous, both in the bulk of the film and at
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the base of film pores, and are more capacitive than type | films.
Type Il films also undergo structural changes during film growth,
whiletypel filmsremain relatively uniform. Thiswork is considered
important in terms of providing knowledge regarding how the
growth parameters affect PANI film properties and also insight into
how to design PANI filmswith the desired structure, porosity, capac-
itance, and stability characteristics.

Experimental

Cellsand electrodes.—The details of the solutions and the instru-
mentation used for carrying out CV and ac impedance measure-
ments have been described elsewhere.’® Standard three-electrode,
two-compartment cells were used for PANI growth and ac imped-
ance measurements. The working electrode (WE) was either a poly-
crystalline Au or Pt wire (Aldrich, 99.99%, 0.5 mm diam), the
counter electrode was a large-area Pt gauze, and the reference elec-
trode was areversible hydrogen electrode (RHE). It should be noted
that the Pt WE was used only in the HER experiments. For imped-
ance measurements, afourth, pseudoreference electrode (a Pt gauze)
was placed in the WE compartment and was €electrically connected
to the RHE via a 6.8 p.F capacitor to reduce artifactual phase shifts
at high frequencies.’®

All potentials in this paper are reported vs. the RHE, and all cur-
rent and charge densities are given with respect to the real electrode
area. Thereal area of the Au wire electrode was determined from the
Au oxide formation charge, passed to 1.75V and from comparison
with the literature charge density for Au oxide formation (400 nC
cm~2). 20 The real surface area of Pt was established by assuming
that a scan between 0.05 and 0.45V in 1 M H,SO, solution produces
one monolayer of adsorbed atomic hydrogen on Pt. 2 The literature
value for the charge of one monolayer of atomic hydrogen on an
atomically smooth Pt surface is 220 wC cm=2, 2

Polyaniline growth.—Type | PANI films were grown to various
thicknesses on polycrystalline Au wire by cycling at 100 mV s~ for
controlled periods of time between 0 and about 1V in 0.1 M aniline
+ 1 M H,S0, solution or, for type Il films, between 0 and 1.7V in
0.02 M aniline + 1 M H,SO, solution. The aniline concentration
was decreased in order to maintain a reasonable growth rate for
type Il PANI films, as the higher anodic potential used results in a
much higher film growth rate. On Pt, PANI films were grown by
cycling between 0.05 and 0.95 V (type I) or 1.7 V (type Il). The
thicknesses of both types of PANI films were estimated using the
relationship of 500 C cm™3. This relationship was determined from
our earlier ellipsometry and quartz crystal microbalance (QCM)
results for type | films®2 and from the anodic type | PANI charge
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density obtained from slow-sweep CV's between 0 and 0.8 V. These
ellipsometry and QCM experiments could not be performed reliably
on type Il films because of the high degree of surface roughness and
optical absorbance of these films. Therefore, it was assumed that
type I films have the same charge-to-thickness relationship astype |
films. A relationship of 800 C cm~3 was reported previously by
Rubinstein and Sabatani,>3 Grzeszczuk and Zabinska-Olszak,?* and
Deslouis et al., % but for PANI films grown at constant current and
in HCI solutions.

AC impedance measurements—The PANI-coated Au and Pt
WES were transferred to a fresh, deoxygenated 1 M H,SO, solution
to examine the ac impedance response at various potentials, which
were changed in both the anodic and cathodic direction. At the start
of each batch experiment, the PANI film was equilibrated at 0.1V in
1M H,SO, solution for 10 min and then the ac impedance response
was measured. The potential was then increased in 50 mV steps, up
to 0.60 and then back to 0.1 V, with a 1 min equilibration time at
each potential before the ac impedance measurement was started.
The data were analyzed using a computer |east-squares fit program
(EQUIVCRT, B. Boukamp) to establish the equivalent circuit of the
system under study.

Results and Discussion

Type | PANI Films Deposited on Au Electrodes

Typical CV behavior.—Type | PANI films were electrodeposited
using the most typical conditions used in the literature, i.e., by
cycling the potential at 100 mV s™! between 0 and approximately
1 V. % Films were grown to various thicknesses, and subsequent
impedance studies focused on three particular films, which were 55,
80, and 215 nm thick.

Figure 1 shows the CV responses for five films formed on Au in
the aniline/sulfuric acid growth solution. The type | PANI growth
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Figure 1. Typical CV responsefor type | PANI films: (&) 30 nm (ee**), (b) 55
nm (----), (c) 80 nm (—=-), (d) 145 nm (—=+-), and 215 nm (—), grown on a
Auwirein 0.1 M aniline + 1 M H,SO, solution, s = 100 mV s~ 1.,

process is comparatively slow, requiring about 3 h to form the
215 nm film. Figure 1 shows that the peak potentials, centered at ca.
0.4V, remain essentially constant with increasing film thickness, as
indicated by the vertical lines. This could be an indication that PANI
retains similar properties regardless of the film thickness. These
peaks are associated with the oxidation/reduction of the leu-
coemeraldine/emeraldine states of PANI. Degradation of PANI is
known to occur at E = 1V, 22 and the redox peaks of the degrada-
tion products, containing aromatic quinoid groups, are normally
seen at ca. 0.75 V. 27 The soluble forms of the degradation products
have been identified as p-benzoquinone/hydroquinone, quinone-
imines, or oligomers of aniline.8 Thereislittle evidencein Fig. 1for
the presence of decomposition products, consistent with never
reaching the degradation potential of >1 V.

The small prepesk (A,) centered at 0.25 V has been reported to
appear after the film thicknessis grown to more than 100 nm. 2° Fig-
ure 1 shows that the prepeak is well devel oped for the 145 nm PANI
film. Gottesfeld et al. suggested that the prepeak is caused by the
slow change in film resistivity as it switches from the insulating to
the conducting form of PANI.30 However, if thisis the case, then it
is not clear why the prepeak would be absent altogether for type |1
films (see the Impedance Analysis section for type Il films).

Impedance analysis of type | PANI films—General impedance
response as a function of potential.—Figure 2a and b shows a series
of Bode and Nyquist plots obtained at potentialsfrom 0.1t0 0.6V for
three PANI films estimated to be 55, 80, and 215 nm thick. It should
be noted that the direction in which the potential was changed, i.e.,
anodically or cathodically, affects the impedance response at any
given potential, especially for the insulating and intermediate states
of PANI films.3132 Type | PANI films are stable, i.e., the film charge
and the impedance response (Bode plots) remain unchanged with
time of experimentation, including the use of multiple scans. Poten-
tials greater than 0.6 V were not investigated, as some loss of PANI
charge, and hence also of film capacitance, was then observed.

The Nyquist plots (Fig. 2b) show that the PANI film changes from
being a much more resistive material at low potentials to avery low-
resistance and high-capacitance one at the higher potentials, consis-
tent with numerous previously published works.233334 |n the fully
insulating form of PANI, at 0.1V, the Nyquist plot (Fig. 2b) shows
the presence of essentially only asingle semicircle, i.e., only onetime
constant, with the extrapolated diameter of the circle on the rea
impedance axis being indicative of a relatively high resistance sys-
tem. In the conducting form (0.35-0.6 V), the large pseudocapaci-
tance of the film is revealed by the vertical segment in the Nyquist
plot, with the extrapolated impedance on the real-axis yielding the
very low film (and solution) resistance under these conditions. At
potentials between 0.15 and 0.3V, i.e, in the early segments of the
main anodic CV peak (Fig. 1), when the PANI film is neither fully
conducting nor fully insulating, the Nyquist plots are more complex,
showing an intermediate type of response (see Fig. 2). In fact, the
datain this case tend to reflect the presence of several time constants.

From the Nyquist plotsit would appear that thinner PANI filmsare
more resistive than thicker ones at 0.1V, as shown by the larger diam-
eter of the semicircle. As this would be unreasonable, it is possible
that the thicker PANI films are not fully reduced at 0.1 V and that
some PANI sites are still active, yielding alower apparent resistance.

For the conducting form of the film, it is notable that at frequen-
cies greater than ca. 4 kHz, the impedance becomes inductive in
nature, with positive phase angles appearing (Fig. 2a). All imped-
ance experiments involved use of the pseudoreference Pt electrode,
and therefore this inductive effect cannot be related to phase shifts
due to any lag in the response time of the reference electrode. The
appearance of this inductor at high frequencies is believed to arise
from electrochemical instrumentation, in general, when high-capac-
itance, low-resistance systems are under study.3! Astheinductive re-
sponse does not originate from the PANI film itself, the high-fre-
quency inductive data were deleted for the detailed analysis of the
impedance data.
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Equivalent circuit approach.—Effect of PANI film thickness and
potential.—A relatively common approach to the analysis of imped-
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Figure 2. Series of (a) phase-angle Bode
and (b) Nyquist plotsfor type | PANI films
on Au in 1 M H,SO, as a function of
potential, collected in the anodic direction,
and film thickness (M) 55, (O) 80, and (X)
215 nm.

ance data involves the fitting of the data to an equivalent circuit
(EC), composed of resistors (R), capacitors (C), and/or constant
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Figure 3. Typical phase-angle Bode plot for an 80 nm (&) reduced, insulating (0.1 Hz to 65 kHz ) and (b) oxidized, conducting (0.1 Hz to 4.4 kHz) type | PANI
filmonAuin1M H,SO, at 0.1 and 0.6V, respectively. Both the experimental data(—O—), collected in the anodic direction, and the corresponding fit (—Xx—),
based on the ECs shown in the figure, are given.
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Table I. AC impedance results determined from fitting the data to the circuits shown in Fig. 3 for a 55 nm thick type | PANI film. The EC
shown in Fig. 3a was used for PANI filmsat 0.1-0.25 V. Similarly, the EC shown in Fig. 3b was used for PANI at potentials above 0.25V.

E R, CPE; R, CPE,

(V) Q) (Fem™?) n (Q cm?d) (Fem™?) n,
0.10 2.15 2.00 X 107° 0.88 386 273 x 1076 0.96
0.15 2.07 2.85x 107° 0.85 5.70 X 10* 153 x 1074 0.78
0.20 1.97 3.76 X 107° 0.83 4.79 x 103 9.95 X 107° 0.61
0.25 1.81 8.93 x 107° 0.77 159 2.86 X 1074 0.85

E Rs CPE; R, CPE,

V) Q) (Fem™?) ng (@ cm?d (Fem™?) n,
0.30 1.61 9.04 X 1074 0.97 374 2.87 X 1072 0.63
0.35 155 2.17 x 1073 0.95 0.89 7.75 X 1072 0.63
0.40 154 2.82 x 1073 0.95 0.81 8.98 X 1072 0.63
0.45 154 2.59 X 1073 0.96 1.01 9.19 X 1072 0.62
0.50 153 224 x 1073 0.97 2.11 9.68 X 1072 0.59
0.60 154 1.96 x 1073 0.99 13.7 6.29 X 1072 0.63

phase elements (CPES). (A CPE isrelated to a capacitor through the
relationship, C = CPE", where n can assume a val ue between 0 and
1. When n = 1, the CPE is considered to be a pure capacitor.)
Numerous efforts®17:2324.33 haye been made to fit data obtained for
the conducting and insulating form of a PANI film to either asingle,
to two, or to even more individual equivalent circuits. Many ECs
have been proposed in the literature, particularly for the reduced
form of PANI, with some containing up to six circuit elements. A
Warburg element has been detected in some cases, especialy for
very thick PANI films.Y” The circuits suggested for the oxidized
form of PANI are much simpler, consisting usually of only aresist-
ance (the solution resistance plus a negligible contribution from the
resistance of PANI) in series with a capacitor, reflecting the large
pseudocapacitance of oxidized PANI. Attempts to fit data for the
intermediate forms of PANI, or al forms of PANI, to a single cir-
cuit’314.16 have |ed to the most complex circuits and data treatment,
making it difficult to extract new understanding about PANI proper-
ties from these results.

In the present work, it was found that a single EC could not be
fitted reliably to the impedance data at al potentials, even for asin-
gle PANI film. Therefore, the impedance data for the nonconducting,
fully reduced (0.10-0.15 V) and the intermediate forms (0.20-
0.30 V) of type I PANI were fitted to the EC shown in Fig. 3a,
whereas the impedance data for the oxidized form of the film (0.35-

0.60 V) werefitted to the EC shown in Fig. 3b. The conditionswhich
were the most difficult to fit were for films which were neither fully
conducting nor fully insulating, i.e., when measurements were made
in the narrow potential range of ca. 0.20to 0.30 V.

Figures 3a and b shows the overlay of the experimental and the
fitted data, based on the ECs shown in the same figures, in the form
of phase-angle Bode plots for the reduced (0.1 V) and oxidized
(0.6 V) 80 nm PANI film, respectively. The fit is good, yielding x2
values of 2 X 10~3and 4 X 10~ 5 for the reduced and oxidized form
of type | PANI, respectively. The phase-angle Bode plots differ when
the potential is scanned in the cathodic vs. anodic direction (Fig. 3),
especially for the insulating and intermediate states of PANI.3132
Therefore, the direction of scan is important and is specified in this
paper. Tables I-111 (collected in the anodic direction) give the R,
CPE, and n values for these two ECs when fitted to the experimen-
tal data obtained for the three PANI films (55, 80, and 215 nm) under
study. The horizontal double lines on either side of the data obtained
at 0.2-0.3V, seen in Table 111, for example, separate the intermediate
form of the 215 nm type | PANI film from the conducting and insu-
lating forms.

Considering first the data obtained at the most negative potentials,
when type | PANI is fully reduced and electrically nonconducting,
CPE; isseentoincrease with potential. Thistrend indicatesthat there
may be some mixing of the pseudocapacitance (CPE,) and CPE;. As

Tablell. AC impedance results determined from fitting the data to the circuits shown in Fig. 3 for an 80 nm thick type | PANI film. The EC
shown in Fig. 3a was used for PANI filmsat 0.1-0.25V. Similarly, the EC shown in Fig. 3b was used for PANI at potentials above 0.25 V.

E Ry CPE; R, CPE,

) Q) (Fecm™3) m (@ cm?) (Fecm™3) n,
0.10 3.16 3.18 x 107° 0.83 544 x 10* 154 x 1074 0.61
0.15 2.75 3.36 X 107° 0.84 1.01 x 10* 7.18 X 107° 0.58
0.20 2.48 342 X 107° 0.85 610 1.64 X 1074 0.59
0.25 2.22 9.82 X 107° 0.77 47 408 x 1074 0.87

E Rs CPE; R, CPE,

) Q) (Fcm™3) ng (Q cm?d (Fecm™3) n,
0.30 1.98 123 x 1073 0.96 6.22 1.30 x 1072 0.78
0.35 1.88 277 X 1073 0.94 3.46 5.35 X 1072 0.72
0.40 1.87 3.58 x 1073 0.95 6.55 6.03 X 1072 0.71
0.45 1.87 3.27 x 1073 0.97 9.55 4,09 X 1072 0.73
0.50 1.86 2.79 X 1073 0.98 10.7 3.19 X 1072 0.73
0.55 1.86 253 % 1073 0.99 10.1 3.06 X 1072 0.73
0.60 1.86 2.47 X 1073 0.99 9.69 3.11 X 1072 0.73
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Table I11. AC impedance results determined from fitting the data to the circuits shown in Fig. 3 for a 215 nm thick type | PANI film. The EC
shown in Fig. 3a was used for PANI filmsat 0.1-0.3 V. Similarly, the EC shown in Fig. 3b was used for PANI at potentials above 0.3 V.

E Ry CPE, R, CPE,
V) Q) (Fecm™?) n (Qcm?d) (Fecm™?) n
1 2
0.10 1.90 253 x 107° 0.92 5.15 x 103 1.40 X 1074 0.37
0.15 1.84 312 x 107° 0.90 154 x 103 5.32 X 1074 0.63
0.20 1.70 498 X 107° 0.86 238 9.26 X 1074 0.82
0.25 1.46 133 x 1074 0.78 24 1.25 x 1073 0.90
0.30 1.40 171 x 1074 0.84 1.01 225 x 1073 0.93
E Ry CPE; R, CPE,
\Y QO Fecm=2 n Q cm? Fcm™2 n
3 4
0.35 1.03 7.15 x 1073 0.96 0.13 0.10 0.61
0.40 101 853 x 1073 0.97 0.09 0.07 0.86
0.45 1.01 8.09 X 1073 0.98 0.12 0.10 0.79
0.50 101 7.37 X 1073 0.98 0.13 0.10 0.77
0.55 1.01 7.03 X 1073 0.98 0.14 0.10 0.77
0.60 101 7.33x 1073 0.98 0.15 0.12 0.75

this may bethe case, it is appropriate to report CPE; at the most neg-
ative potential possible, when the contribution from the PANI film
reaction (and its pseudocapacitance) is at aminimum. At 0.1V, CPE;
has a value of 20 wF cm™2 for the 55 nm film, 32 wF cm™2 for the
80 nm film, and ca. 25 wF cm™~2 for the thickest (215 nm) film, with
associated n values in the range 0.83-0.92 (Tables I-111). In agree-
ment with several suggestions in the prior literature'®143536 ang
based on a comparison with the double-layer capacitance of bare Au,
found here to be 55-60 wF cm™? at these potentials, CPE; is consid-
ered to reflect the charging of the Au/solution double layer at the
base of the pores of the PANI film. Such an interpretation of CPE,
would be consistent with a structural model of PANI as being ahigh-
ly porous, solution-accessible material. The primary electrical
response, in the case of fully reduced insulating PANI, therefore aris-
esfrom the underlying Au surface at sitesin contact with solution but
not blocked by anchoring aniline groups. The n,; value of 0.83-0.91
would also be consistent with this interpretation, being significantly
lessthan 1, indicative of a capacitive response originating from with-
in or beneath a porous, solution-conducting matrix.3”-3 It is notable
that CPE; does not show any particular trend with film thickness,
suggesting that the degree of blockage of the Au substrate is essen-
tially constant for type | PANI film, regardless of its thickness.

By comparing these CPE; values with that of the double-layer
capacitance of the polymer-free Au/solution interface, the fraction of
the Au electrode which remains unblocked by the overlying type |
PANI film can be estimated to be in the range of 35-55% for these
three films. Although this degree of porosity may seem to be quite
high, it would be consistent with the high rates of hydrogen evolu-
tion achievable at a Pt electrode covered by a PANI film in the insu-
lating state (see the Probing the Metal/Polymer Interface section).
PANI films are found to be unaltered electrochemically and no loss
of film is seen, despite long times of copious hydrogen evolution,
also suggesting a high degree of PANI porosity.

CPE,, seen for the reduced form of type | PANI (Fig. 3a) in
Tables I-I11, may reflect a very small contribution from the PANI
pseudocapacitive redox reaction, even at potentials aslow as 0.1 V.
This is suggested by the observation that its value increases as the
potential isincreased from 0.1t0 0.3V, when it takes on avalue sim-
ilar to the film pseudocapacitance obtained using the EC of the con-
ducting film. Furthermore, the low n, values suggest that CPE, is not
a pure capacitance and may reflect the response of the PANI film
capacitance distributed within what ismainly an insulating film. It is
also notable that CPE, is more easily detected at low potentials for
the thicker type | PANI films (Fig. 2).

R, represents the resistance of the reduced, insulating PANI film
at negative potentials. Tables I-111 show that R, generally decreases

with increasing potential (0.1-0.3 V), as it should, reflecting the
increasein PANI film conductivity asit beginsto oxidize. R, appears
to decrease with increasing film thickness, however. For example, at
0.15V, R, is57 kQ cm? for the 55 nm film, 10 kQ cm? for the 80 nm,
and 1.5 kQ) cm? for the 215 nm PANI film. As stated previously, it
is possible that the thicker PANI films are not fully reduced at 0.1V,
and as some PANI sites are able to oxidize, thick PANI films appear
less resistive at these potentials. Finally, the R; element reflects the
solution resistance between the surface of the PANI film and the RE.

A closer examination of the data in Table 111 indicates that the
resistance of the reduced PANI film, Ry, is already small at 0.30 V
for the 215 nm film. Under these conditions, Fig. 1 shows that only
asmall fraction of the anodic CV charge has passed. This was con-
firmed in a separate experiment in which the potential was scanned
anodically to 0.35V, held there for 1 min to simulate the time taken
to gather impedance data, and then reversed, reducing the film dur-
ing the cathodic sweep. Only a very small increase in the cathodic
charge is seen vs. that passed in the anodic scan. This confirms that
it is sufficient for only a small fraction, e.g., 10% of the PANI film,
to be oxidized for afully conducting response to be seen, as report-
ed previously.3%33 A possible explanation is that conducting seg-
ments of the film extend from the solution to the underlying metal,
thus short-circuiting the film, even while the mgjority of the film, ca.
90% in this case, remainsin the reduced and insulating state. Thisis
in agreement with the conclusions of Schultze et al.,'° based on their
potential-step experiments.

Considering next the conducting form of type | PANI, the best-fit
EC for the data, at essentially al frequencies, is shownin Fig. 3b. It
consists of aresistance (Rs) in series with a capacitance (CPEg) and
a R-CPE, parallel pair. By dividing the CV current by the sweep
rate, the film pseudocapacitance is found to range from 3.5 to 45 mF
cm~2, depending on the potential and film thickness. Tables I-I1I
show that the CPE, values (30-100 mF cm™~?2) are unreasonably large
compared to the i/s data and the associated n values are much less
than 1, indicating that CPE, cannot be the PANI film pseudocapaci-
tance. Because the parallel R,-CPE, pair is seen only at high fre-
quencies (>100 Hz or >1V s~ 1), CPE, probably reflects transport
limitations within the PANI film and hence, the inability of al sites
to react at high frequencies. When the high-frequency data
(>100 Hz) are omitted, the best-fit EC is simply the solution resis-
tance (Ry) in series with the PANI film pseudocapacitance (CPEg).
This simple EC has been reported in the past literature for the con-
ducting form of PANI.? It is found to fit well over the frequency
range 0.1-100 Hz, and the value of CPE; is the same as when the
entire frequency range is used (EC in Fig. 3b). A more detailed dis-
cussion can be found in Ref. 31 and 32.
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In the conducting form of PANI, it is known that the film resis-
tance is negligible, and therefore, R; is simply the solution resis-
tance. Ry remains constant, as it should, at 1.54 () for the 55 nm,
1.87 ) for the 80 nm, and 1.01 () for the 215 nm type | PANI films
(Tables I-111). The Ry element varied from one experiment to anoth-
er, as the position of the WE vs. the RHE varied between experi-
ments, thus causing a variation in the solution resistance. For the
same PANI film, the R; element was aways lower than R;. This
observation and the fact that R; decreases with increasing potential
suggest that R; includes both the solution resistance and asmall con-
tribution from the solution resistance in the pores of the PANI film.

In the conducting form of type | PANI, the underlying Au/solu-
tion double-layer capacitance can no longer be detected. Thisis be-
cause the large PANI film pseudocapacitance, CPEg, having n val-
ues of 0.94-0.99, dominates the electrical response of the conducting
PANI film. CPE; behaves essentially as a pure capacitor based on its
high n; values, indicative of the excellent capacitive attributes of
conducting PANI films. Figure 4 shows the CPE; values as a func-
tion of potential for the three type | films under study here. It is seen
that the CPE; maxima appear at a similar potential as do the CV
peak potentials in Fig. 1. Furthermore, the magnitude of the CPE;
values are similar to the capacitances obtained from slow CV exper-
iments (i/s), supporting the assignment of CPEj; as the film pseudo-
capacitance. It can be seen, however, that CPE; is always less than
the film capacitance determined from slow CV experiments (i/s).
This is consistent with previous reports of the loss of film capaci-
tance in low-voltage-amplitude (ac impedance) experiments vs. that
expected from the CVs,10:11.17.23,24.33,36:40 The origin of this appar-
ent capacitance loss has been explored by usin another paper.18

To further validate the assignment and the magnitude of the cir-
cuit element CPE;, the film capacitance was also extracted from the
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Figure 4. Plots of the CV determined capacitance (i/s) vs. potentia for a
(—) 50, (—) 80, and 215 nm (- - -) type | PANI filmonAuin 1 M H,SO,.
Also shown are plots of CPE; (0.2-0.3 V) and CPE; (0.35-0.6 V), deter-
mined from the ECsin Fig. 3, asafunction of potential for threetype | PANI
films: (—M—) 55, (—®—) 80, and (—A—) 215 nm. Both CPE; and CPE;
data were obtained in the anodic sweep.
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linear slope of the raw Z;,,, datavs. 1/frequency (f) plot (Fig. 5) using
the following equation

o
C = otz (1

The film capacitance calculated in this way correlates very well with
the value of CPE; determined from the EC approach, as shown in
Fig. 5. Furthermore, it is seen that the film capacitance (CPE;) is
linearly related to film thickness, as expected, also validating its
assignment.

Type Il PANI Films Deposited on Au Electrodes

Typical CV behavior—Type Il PANI films were formed by cy-
cling the potential between 0 and 1.7V at 100 mV s~ to various final
charge densities. Under these conditions, film growth is ca. ten times
more rapid than for type | films. Higher anodic potentials are expect-
ed to increase the rate of diradical dication formation, which would
increase the nucleation rate and result in a higher film growth
rate.*1*3 The PANI-coated Au el ectrodes were then transferred to ani-
line-free 1 M H,SO, solution for impedance studies, as for the type |
films. Figure 6 shows the CV response for four type I PANI films,
estimated as for type | films to be 30, 70, 240, and 465 nm thick. It
can be seen that the shapes of the main pair of redox peaks (A, and
C,) are somewhat different from those for type | films (cf. Fig. 1).
The anodic peak is sharper and the cathodic peak is broader for typell
films, resulting in aless symmetrical appearance. Furthermore, type |
PANI films yield anodic pesk potentials which change with film
thickness, even in asingle growth sequence. The cathodic peak poten-
tial also changes with film thickness so that the difference in peak
potentials remains constant. Perhaps this change in peak potential is
related to a structural change and/or the amount of solvent present
within the film* as a function of increasing film thickness.

The most obvious difference in the CVsof Fig. 6 vs. Fig. 1isthe
presence of the pair of redox peaks (A, and C,) at ca. 0.75V. Because
type Il PANI films were grown by cycling to high anodic potentials,
some film degradation would have occurred concurrently with PANI
film growth. The peaks at 0.75 V have been shown?8:274546 tg pe
related to the redox reaction of the degradation products, e.g., benzo-
quinone/hydroquinone (BQ/HQ), quinoneimines, and oligomers of
aniline. The third set of redox peaks (A; and C5) centered at ca. 1 V
reflects the conversion of PANI from the conducting, emeraldine
form, to the oxidized, insulating, pernigraniline form, and vice versa.
It is this oxidation process, however, which leads to the degradation
of PANI and results in the appearance of the BQ/HQ couple. Thisis
because pernigraniline reacts with water to form BQ.*” As a result,
the appearance of peaksA,/C, is also affected.

8070

(a) sof—240nm  300m
40
S
? 20
) 3 R ;
01V * 020V * 025V-
St 10° 10 102 10° 10* 10° \2(\)0" 10° 10" 102 10° 10° 10° -290" 10° 10" 10?2 10° 10* 10°
Frequency / Hz Frequency / Hz Frequency / Hz

035V

80f

® 030V
Nson

o Ry, 060V
© L s

4070 nm-

60

40

20 20} 240 nm —

0

-20 - -20
107 10° 10" 102 10® 10¢ 10° 10" 10° 10' 107 10° 10 107 10° 10’ 102 10% 10* 10°

Frequency / Hz Frequency / Hz Frequency / Hz
30 nm
(b) 40000} 30 nm 30000 . 20000 o
\ ——70nm . .
30000 e, —240mm . . oo 15000 A
G tr . . .
g 20000F 7 10000 LT
N -'* 10000k 0 Lex s 2400m
10000 ot 5000 ¢ 70 nm
01V 0.20 V < 025V
70000 20000 30000 40000 10000 20000 30000 0 5000 10000 15000 20000
Z,/Q Z,./Q Z,/0
1600
S000F  30mm— (30 V1] B®f —am 35V ~—a30m 0.60V
4000 2000} ° 1200
: 15001 4 ,
G a0 . 200m 5% J zi0mm . 800"
£ 70nm b . ; k— 70n0m
N 2000f) - J - 10001 70 nm g | e
b : 3 : ¥ 3 g
o o H 2 s 400
1000} 2 7 / 500 E ;
i ~ ’—zw / L 240nm
240 nm = M
07000 2000 3000 4000 5000 500 1000 1500 2000 2500 400 800 1200 1600
Z,./Q z,/a z, /9

Figure 7. Series of (a) phase-angle Bode and (b) Nyquist plots for type I
PANI films on Au, in 1 M H,SO,, as a function of potential, in the anodic
direction, and film thickness: () 30, (O) 70, and (X) 240. Insets (for 0.30
and 0.35 V) show the Nyquist plots at higher frequencies.

Another difference in the CV response for type Il vs. | PANI
filmsis the absence of a pre-peak, even for the thickest film studied
here. It is of interest that this observation would argue against the
interpretation of the prepeak®®3° as arising strictly from the switch
in film properties from insulating to conducting in the anodic sweep.

Table 1V. AC impedance results determined from fitting the data collected in the anodic direction to the circuits shown in Fig. 8 for a 30 nm
thick type Il PANI film. The EC shown in Fig. 8a was used for PANI filmsat 0.1-0.25V. Similarly, the EC shown in Fig. 8b was used for

PANI at potentials above 0.25 V.

E Ry Rs CPE,; R, CPE,
V) Q) (Q cm?) (Fem™?) n (Q cm?) (Fem™?) n,
0.10 1.07 1.40 X 10° 451 x 1073 0.91 1.21 x 103 1.85 % 107° 0.83
0.15 1.08 1.20 X 10° 449 X 107° 0.91 1.27 x 103 1.63 X 107° 0.83
0.20 1.08 7.82 x 10* 481 x 1073 0.91 1.40 x 103 1.37 X 107° 0.78
0.25 1.07 456 x 10* 551 X 107° 0.90 1.15 x 103 212 x 1075 0.45
E Rs Rs CPE; R, CPE,
) Q) (Q cm?d (Fcm™3) ng (Q cm?) (Fcm™3) n,
0.30 0.99 2.22 x 10* 3.95 x 1074 0.81 322 1.55 x 1074 0.84
0.35 0.95 2.76 X 10% 9.95 X 1074 0.95 16 7.81 % 1073 0.50
0.40 1.04 2.30 x 10* 157 x 1073 0.97 1 6.37 X 1072 0.41
0.45 1.06 3.00 x 10* 179 X 1073 0.97 0.21 8.84 X 1072 0.49
0.50 1.05 4.30 X 10* 177 x 1073 0.98 0.12 6.93 x 1072 0.62
0.55 1.05 5.86 x 10* 174 x 1073 0.97 0.13 1.26 X 1071 0.57
0.60 1.05 6.37 X 10* 176 x 1073 0.97 0.12 124 x 1071 0.58
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Table V. AC impedance results determined from fitting the data collected in the anodic direction, to the circuits shown in Fig. 8 for a 70 nm
thick type Il PANI film. The EC shown in Fig. 8a was used for PANI filmsat 0.1-0.25V. Similarly, the EC shown in Fig. 8b was used for

PANI at potentials above 0.25 V.

E R, Rs CPE; R, CPE,

V) () (@ cm?) (Fem™?) mn (Q cm?) (Fem™?) n,
0.10 2.04 1.08 X 10° 281 x 107° 0.93 5.98 x 10* 5.51 x 1076 0.99
0.15 2.02 8.96 x 10* 2.86 X 107° 0.93 6.66 X 10* 5.65 x 1076 0.99
0.20 2.02 4.32 x 10* 3.05 x 107° 0.93 5.90 X 10* 8.08 x 1076 0.98
0.25 2.03 151 x 10* 342 x 107° 0.92 7.95 x 103 144 x 1074 0.75

E Ry Rs CPE; CPE,

V) Q) (©Q cm?d) (Fem™3) ng (Q cm?) (Fem™3?) n,
0.30 1.84 5.73 X 108 9.5 x 1074 0.84 91 1.05 x 1074 0.82
0.35 1.80 161 x 10* 177 x 1073 0.96 2 1.67 X 1072 043
0.40 181 1.43 x 10* 2.48 x 1073 0.97 0.17 3.81 X 1072 0.77
0.45 1.74 1.98 x 10* 267 X 1073 0.98 0.15 245 x 1072 0.84
0.50 173 2.36 X 10* 2.59 X 1073 0.98 0.15 2.35 X 1072 0.84
0.55 173 292 x 10* 254 x 1073 0.98 0.16 2.74 X 1072 0.82
0.60 173 2.94 x 10* 257 X 1073 0.98 0.17 3.20 X 1072 0.80

Rather, the absence of a prepeak for type Il films would suggest that
it represents the oxidation of particular PANI sites or structure, or the
presence of a certain reaction stoichiometry present in type | films.
It was suggested by our concurrent CV, QCM, and ellipsometry
experiments that the prepeak reflects the oxidation of particular
PANI sites which are near and/or adjacent to the underlying metal
surface.** Astype Il films are likely to be continuously forming, at
least in part, at the metal/polymer interface due to their insulating
state at potentials greater than 1.1V, the conditions must remain un-
favorable for the A, sites to develop.

The fact that type Il PANI films are grown by cycling to high
anodic potentials suggests that their growth occurs at both the outer
PANI surface, when PANI is conducting (0.4-1V), and at the under-
lying metal/solution interface, when PANI isinsulating (E > 1.1V).
For type | PANI films, on the other hand, film growth occurs when
PANI isin its conducting state only, and hence, growth is expected
to occur at the PANI/electrolyte interface.

Impedance analysis of type Il PANI films—General impedance
response as a function of potential.—As in the case of type | films,
impedance data were gathered at potentials between 0.1 and 0.6 V
for thethree selected type |1 films. Figure 7a shows a series of phase-

angle Bode plots, obtained as a function of potential, for the three
films estimated to be 30, 70, and 240 nm thick. The conversion of
the film from insulating to conducting occurs at somewhat more pos-
itive potentials, at ca. 0.25-0.3V (Tables IV-V1), compared to what
is observed for type | films (0.2-0.25 V) (Tables I-111). The Nyquist
plots (Fig. 7b) for type Il PANI films otherwise show similar features
to Type | films. An inductor-like behavior at above ca. 5 kHz is also
present for the conducting form of type Il films.

EC approach.—Effect of film thickness and potential —The data for
the fully insulating and conducting Type Il PANI films were fit to
ECs (Fig. 8a and b) which were dightly different from those yield-
ing a best fit for type | PANI (Fig. 3aand b) in that they contain an
additional parallel R. This resistance may be related to the leakage
current of trace redox reactions. The overal quality of the fits,
shown in Fig. 8aand b, was similar to that for type | PANI films.
Tables 1 V-VI show the fitted values of R, CPE, and n for the three
type Il PANI films, which can be compared to the datafor type | films
shown in Tables I-111. Interestingly, the delayed onset of oxidation of
these type Il PANI films (no prepeak, Fig. 6) provides awider poten-
tial window over which the double-layer capacitance (CPE;) of the
underlying Au/solution interface can be examined for reduced PANI.

TableVI. AC impedance results determined from fitting the data collected in the anodic direction to the circuits shown in Fig. 8 for a 240 nm
thick type Il PANI film. The EC shown in Fig. 8a was used for PANI filmsat 0.1-0.25V and was used to fit data between 0.3 and 0.4 V.
Similarly, the EC shown in Fig. 8b was used for PANI at potentials above 0.45 V.

E Ry R CPE; R, CPE,

V) Q) (Q cm?) (Fem™?) n (@ cm?) (Fem™3) n,
0.10 1.67 3.84 x 10* 429 X 107° 0.92 1.89 x 103 1.26 X 107> 0.81
0.15 1.67 258 x 10* 463X 107° 0.92 2.09 X 103 1.05 X 1075 0.83
0.20 167 114 x 10* 512 X 107° 0.91 4.83 x 108 5.68 X 1076 0.75
0.25 1.66 2.78 x 103 5.75 X 107° 0.90 7.18 X 103 9.68 X 107° 0.79
0.30 1.60 8.26 X 107° 0.87 161 6.43 X 1073 0.79
0.35 151 2.07 X 1074 0.79 6.54 1.08 x 1072 0.95
0.40 167 1.38 x 1072 0.97 0.50 1.02 x 1074 0.90
0.45 1.18 1.40 X 1072 0.98 0.49 8.08 X 1072 0.17

E Rs Rs CPE; CPE,

) Q) (Q cm?d) (Fcm™3) ng (Q cm?d) (Fecm™3) n,
0.50 171 6.63 x 103 1.33 x 1072 0.99 0.08 361 x 1071 0.71
0.55 1.70 7.09 X 10° 1.29 X 1072 0.99 0.08 3.66 x 1071 0.71
0.60 170 7.27 x 103 1.31 x 1072 0.99 0.08 372x 1071 0.71
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Figure 8. Typica phase-angle Bode plot for the (a) reduced, insulating
(0.37 Hz to 65 kHz) and (b) oxidized, conducting forms (0.1 Hz to 7.9 kHz)
of PANI (type Il, 240 nm) on Au at 0.1V in 1 M H,SO,. Both the experi-
mental data (—O—), collected in the anodic direction, and the correspond-
ing fit (—X—), based on the ECs shown in the figure, are given.

CPE, isfound to be 46 wF cm~2 for the 30 nm film, 28 wF cm~2 for
the 70 nm film, and 43 wF cm™2 for the 240 nm film, with associat-
ed n; values in the range 0.91 to 0.93. The lack of a trend with film
thickness is similar to what is seen for type | PANI films. However,
the higher fluctuation in CPE; with film thickness may suggest that
the growth of type Il PANI films, which involves scanning to much
more positive potentials, a substantialy higher growth rate, and the
inclusion of decomposition products within the film, also leads to a
less predictable film structure. The film porosity, as gauged from the
fraction of the Au surface remaining free of anchored aniline groups
(from CPE,), shows no trend with film thickness, although it appears
to be larger (50-80%) overal, than for type | PANI films (35-55%).
This higher porosity for type Il films supported by the results of the
HER study (see discussed in the following section) and is consistent
with the scanning electron microscopy (SEM) images shown for
these filmsin parallel work 3244

As was the case for relatively thin type | films, at 0.35V, the
impedance data shows that type Il PANI films behave capacitively
and are conducting. Thicker type Il PANI films appear to become
fully conducting at somewhat more positive potentials vs. thin films
(see Tables 1V-V1), unlike type | PANI films where the thicker films
switch on at more negative potentials than the thinner ones. Also, the
CVsfor type | films show a cathodic shift in the onset of oxidation
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Figure 9. Plots of CV determined capacitance (i/s) vs. potentia for a (——-)
30, (—) 70, and (- - -) 240 nm type Il PANI filmin 1 M H,SO,. Also shown
are plots of CPE; (0.3-0.35 V) and CPE; (0.4-0.6 V), determined from the
ECsin Fig. 8, asafunction of potential for threetype Il PANI films: (—B—)
30, (—®@—) 70, and (—A—) 240 nm. Both CPE, and CPE; data were gath-
ered in the anodic direction.

with increasing film thickness (Fig. 1), contrary to the case for type
Il PANI films (Fig. 6).

At 0.40V and higher, the film resistance becomes very low, and
the large PANI film pseudocapacitance, with n values of 0.97-0.99,
again dominates the electrical response of the film. This film pseu-
docapacitance (CPEy) is plotted in Fig. 9 as a function of potential
aong with the capacitance calculated from the CV response. By
comparison with Fig. 4 for type | films, it is seen that a diminished
capacitance is again detected in the low-voltage-amplitude imped-
ance experiments, vs. in the CV experiments (i/s), for type Il PANI
films. Compared to type | PANI films, however, this drop is smaller,
suggesting that polymer conformational changes, as well as charge
compensation by solution ions, may be facilitated by the rapidly
grown type Il PANI films. Furthermore, the CPE; vs. potential plot
(Fig. 9) does not exhibit a maximum for type Il films as it did for
type | films (Fig. 4). Finaly, the CPE; values are linearly propor-
tiona to film thickness (Fig. 10), but the data appear to be more scat-
tered than for type | films.

In summary, type I PANI films are formed at a much rapid rate
than are type | films. The consequence of thisis a greater extent of
incorporation of decomposition products into type Il films, aong
with a more open PANI film/Au interfacia structure, as seen pri-
marily from the larger CPE; values for the reduced form of the film.
It is aso notable that no prepeak is seen, even for very thick type Il
films.324* Another interesting difference is in the extent of the de-
crease of the PANI pseudocapacitance during impedance measure-
ment (CPE; for the conducting film) vs. that determined from CV
experiments for type Il vs. | films.

These differences between type | and Il films may originate from
the differencesin the film structure/porosity of the two films. In par-
alel work,324 SEM images have shown that thinner, slowly grown
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Figure 10. CPE;, determined from fitting the EC in Fig. 8b, as afunction of

film thickness for type Il PANI filmsin 1 M H,SO, at 0.6V, collected in the
anodic scan.

type | PANI films are more globular in nature, whereas the more
rapidly grown (and thicker) type Il PANI films convert from globu-
lar to fibril as a function of film thickness. Impedance and HER
results show that type Il films are more porous than are type | films.
It is therefore possible that type Il films undergo structural changes
during their growth, whiletype | films remain more uniform. Typell
films contain a greater amount of degradation products, which may
lead to structura alterations and may aso affect (lower) the film
condugctivity. It has been suggested®>** that the prepeak may reflect
the reaction of PANI sites |ocated near the underlying metal surface.
The fact that type Il PANI filmslack a prepeak suggests that the film
structure near the substrate, in particular, is different from that of
type | films.

Probing the Metal/Polymer Interface Using HER

The HER technique was employed to probe the fraction of the Pt
surface not blocked by polymer for both type | vs. type Il PANI films.
Because PANI is nonconducting when the HER occurs, the polymer
coverage at the metal interface can be determined by assuming that
the rate of the HER is proportional to the area of uncovered Pt. It
should be noted that only Pt was studied here because the HER on Pt
is very facile and its mechanism on Pt has been well studied.

The rate of the HER on bare and PANI-covered Pt was measured
in the low-field region, i.e, by scanning the potential from 0O to
—50mV and back at 1 mV s™%,in 1 M H,S0, solution. The solution
was agitated by bubbling N, at a sufficiently high rate to ensure that
the currents were independent of any solution transport processes.
After each period of film growth, carried out by cycling the potential
between 0.05 and ca. 1 V for various time periods the potential was
scanned between 0 and 0.6 V until a steady-state CV was obtained,
and then the HER data were collected by scanning to —50 mV at
1 mV s, as described previously. Similar Tafel slopes (35-40 mV
per decade of current) were observed at type |1 and type | PANI-coat-

] —

Coverage / %
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Figure 11. A plot of PANI coverage, as determined from the HER data, vs.
charge density, calculated from the CV charge between 0.05 and 0.8 V, dur-
ing the growth of (@) type | and (M) type Il PANI filmson Pt in aniline +
sulfuric acid solution.

ed Pt, as also seen on bare Pt, indicating that the mechanism for the
HER was similar at all electrodes. The fraction of the metal surface
covered by PANI was determined from the relative rate (i, values) of
theHER at 0 V vs. RHE on PANI-coated Pt (i pany/py) VS. ON the bare
Pt (io,py) €lectrodein 1 M H,SO, solution, as shown in Eqg. 2

Coverage = 1 — M 2]
lo,pt
Figure 11 shows the coverage of PANI, for both typel and I1 films,
as a function of the amount of PANI deposited during growth. It is
seen that the coverage of both type | and type Il PANI films at the
underlying Pt surface increases with the amount of film deposited until
a steady-state coverage is reached. This suggests that both type | and
type Il PANI growthsinvolve an initial nucleation step and then later-
al and/or three-dimensional growth of the nucleation centers, resulting
inanincreasein PANI coverage at later times of growth.*8-52 The non-
linear dependence of coverage with film thickness, as shown in Fig.
11, is consistent with the prior literature suggestion that the PANI
growth mechanism depends on its thickness.®>>* During the initial
growth phase, nucleation and lateral growth dominate, and hence the
coverage at the metal/polymer interface increases. As more film is
deposited, the growth of the PANI film is described as one-dimen-
siona needle branching, indicating that growth occurs at the
PANI/solution interface, primarily perpendicularly to the PANI sur-
face.55%6 Consequently, the metal/polymer interface is barely affected
as thicker films are formed, and the coverage by PANI would be
expected to reach arelatively constant value at higher charge densities.
The coverage data for type Il films, as obtained from the rate of the
HER, do not show any discontinuities (e.g., peaks), whereas the main
PANI pesks (A,/C,) shift with film thickness. This suggests that the
porosity at the metal/polymer interface is relatively constant, whereas
the porosity of the bulk type Il film is changing, consistent with the
SEM images shown in parallel work.3244
For the same charge density, PANI coverage is lower for type Il
vs. type | films (Fig. 11), consistent with the impedance results
(CPE; values). This may indicate that the growth of type Il filmsis
predominantly perpendicular to the metal surface rather than lateral,
resulting in lower coverages, a higher porosity, and | ess protection of
the metallic surface. This may be related to the more rapid growth
rate of type Il vs. | films.

Conclusion

The two different growth methods leading to type | and || PANI
films resulted in two electrochemically and structurally different
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materials. This is important for the knowledgable design of PANI
film properties for a desired application, e.g., supercapacitors, corro-
sion protection materials, etc. Although the growth reaction for both
films follows the nucleation and growth mechanism, it is interesting
that growth of type Il films appears to occur at both the outer PANI
surface and at the underlying metal/solution interface, whereas
growth of type | films occurs at the outer PANI surface only. Fur-
thermore, the high anodic potential used to form type Il films results
in a higher rate of growth and the formation of larger amounts of
degradation products not seen for type | films. EIS and HER studies
have revealed, for the first time, that type Il films appear to be more
porous, both in the bulk part of the film and at the base of pores, and
more capacitive compared to type | films. Type | films, however, are
more conducting and stable. Type | films would serve as better cor-
rosion protection materials than type 11 films due to the higher cover-
age of type | films observed at the metal/polymer interface.

Type | and Il films also exhibit some novel differences in their
electrochemical behavior. The CVs for type | films show an anodic
prepeak, which is absent for type Il films. Constant A,/C; peak
potentials are observed for type | films during film growth, while
these shift with film thickness during type Il film growth. This
unique observation may be related to the amount of solvent present
within the film as a result of the different film structure/porosity of
typel vs. Il PANI films.
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