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Electrochemical Impedance Analysis of Polyaniline Films on
Electrodes

Israel Rubinstein™ and Eyal Sabatani

Department of Materials Research, The Weizmann Institute of Science, Rehovot 76100, Israel

Judith Rishpon™
Department of Biotechnology, Tel-Aviv University, Ramat-Aviv 69978, Israel

ABSTRACT

The ac response of polyaniline films on Pt electrodes in 2.0M HCI was measured at different applied de potentials,
varied in the positive and negative directions. Experimental complex capacitance plots were reproduced using a com-
puter simulation program based upon the equivalent circuit approach. With 150 nm films the complex capacitance plots at
+0.55V (vs. SCE) comprise a single capacitive element, which develops at more negative potentials into a parallel combi-
nation of two discrete elements C, (a capacitor) and Zj, (a finite transmission line) in series with a polymer resistance R,,. C,
and Z, are interpreted as double-layer and faradaic (diffusion-controlled) components. The hysteresis observed in the volt-
ammetric behavior of polyaniline is evident in the potential-dependence of R,, C,, and Z;, obtained under constant-

potential conditions.

Certain organic polymers, particularly conjugated
polymers, become electronically conducting when oxi-
dized or reduced chemically or electrochemically (1).
Such polymers are the focus of considerable current at-
tention because of the fundamental interest in their
chemistry and physics, as well as in their potential appli-
cation in batteries (2), solar energy conversion (3), elec-
trochromic devices (4), electrocatalysis (5), and electron-
ics (6). The electrochemical behavior of these systems is
of substantial importance since, (i) some of the most
widely investigated conducting polymers are commonly
synthesized electrochemically, e.g. polypyrrole (7),
polythiophene (8), polyphenylene (9), and polyaniline (4);
(i) most of the applications mentioned above take ad-
vantage of electrochemical switching, which can effect
the transition between a neutral insulating form and an
oxidized (or reduced) electronically conducting form.

Most of the electrochemical information on con-
ducting polymers has been obtained from dc experi-
ments, notably cyclic voltammetry (other than charging/
discharging experiments for battery applications). The
polymers display a characteristic voltammetric behav-
ior, which involves a marked apparently time-indepen-
dent hysteresis of the switching process, remarkably
similar for different polymers, e.g. polyaniline (4), poly-
phenylene (9), polypyrrole (7), and polyacetylene (10). A
model which explains this peculiar and ubiquitous be-
havior has been developed, based upon N-shaped free
energy curves (11). An excellent example of such behav-
ior is polyaniline (4, 12). A typical voltammogram of
polyaniline includes characteristic oxidation/reduction
peaks, a region of very low currents below ~—0.2V (vs.
SCE) where the polymer is an insulator, and an appar-
ently capacitive region above =+0.4V, where the poly-
mer is highly conducting. It has been suggested (13) that
voltammetric switching curves reflect some combina-
tion of faradaic and capacitive charging processes. Cy-
clic voltammetry, however, has not provided much in-
sight into the different processes occurring upon electro-
chemical switching of such polymers.

In the present publication we wish to report a study of
the ac-impedance behavior of polyaniline films on elec-
trodes. Glarum and Marshall (14) recently published data
on the impedance behavior of polyaniline; they observed
a major capacitive element in the complex admittance
plot at different potentials, and concentrated on the dete-
rioration of the properties at high positive overpoten-
tials.! In the present work we analyze the various circuit

*Electrochemical Society Active Member.

_'The work of Glarum and Marshall was brought to our atten-
tion through private communication during the preparation of
this manuscript.

elements which are apparent in the complex capacitance
plots of polyaniline at intermediate frequencies. The dc
bias was restricted to the voltage range of the first oxida-
tion peak, where the polymer is stable towards voltage
cyeling.

Experimental
Chemicals.—Aniline (Fluka, puriss.) was distilled at re-
duced pressure and kept refrigerated under argon. Hy-
drochloric acid (Frutarom, Analytical, 32%) was used as
received. All solutions were prepared with triply-dis-
tilled water, and deaerated by passing argon.

Cell and electrodes.—We used the experimental setup
described previously (15). The working electrode was a
Pt disk sealed in soda glass (15), the geometric area of the
Pt being 0.02 cm?. The reference electrode was a KCI-
saturated calomel electrode (SCE).

Instrumentation.—AC as well as de¢ measurements
were performed using a Solartron Model 1286 potentio-
stat and a Solartron Model 1250 frequency response ana-
lyzer. The impedance was measured at seven discrete
frequencies per decade, from 0.1 Hz to 65 kHz, at an am-
plitude of 5 mV (rms).

Results

Polyaniline films on Pt electrodes were deposited from
a solution containing 1.0M aniline and 2.0M HCI (4). The
deposition was performed by cycling the potential rather
than using a constant current, since it was found that
films deposited by cycling display lower background
currents and, thus, better insulating properties at the
negative end of the voltage span. Figure 1a shows a typi-
cal deposition at a scan rate of 0.1 V/s with occasional re-
cording of the current-voltage trace; the polymer is grad-
ually oxidatively deposited above =0.6V during each cy-
cle. The first two cycles were extended to +0.8V, then the
positive potential limit was lowered to +0.7V, for the rest
of the deposition. The process is notably similar to poly-
phenylene deposition in HF/benzene (9). The resultant
voltammetric trace for the polymer is sustained when
the coated electrode is transferred to background solu-
tion (2.0M HCI), as shown in Fig. 1b. Figure 1b is charac-
teristic of the voltammetric behavior of a large number
of conducting polymers, showing a significant voltage
separation of the current peaks which is virtually inde-
pendent of the scan rate, while the peak heights are pro-
portional to the scan rate. This interesting and appar-
ently general behavior is treated elsewhere (11). The
thickness of the deposited film was estimated from the
published relationship of 8 x 10* C - em ™3 for voltamme-
tric switching of the polymer between 0.0-0.55V (16).
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Fig. 1. Cyclic voltammograms for (a) deposition of polyaniline on Pt
in 2.0M HCI + 1.0M aniline ot 0.10 V/s. Typical deposition time ~15
min, with occasional recording of voltammograms (s = 40 pA); (b)
~150 nm polyaniline on Pt, cycled in 2.0M HCl ot 0.02, 0.05, 0.10,
0.20 V/s (s = 80 wAY); (c) same as (b), at 0.10 V/s (s = 40 pA).

The ac-impedance measurements were performed by
the following procedure: The film was equilibrated in
background solution at +0.55V for 10 min, and the ac re-
sponse in the range 0.1 Hz-65 kHz was measured. The po-
tential was then varied to a more negative value, the sys-
tem maintained at the new potential for 10 min, and an-
other impedance measurement performed. This
procedure was repeated at a number of potentials down
to —0.20V. The direction was then reversed, and the same
procedure repeated, this time varying the bias potential
incrementally in the positive direction, up to +0.55V.
Note that in the results reported below, arrows above po-
tential numbers indicate the direction in which the po-
tential was varied to arrive at the specified potential.

Figure 2 presents characteristic complex capacitance
plots of =150 nm polyaniline film on Pt electrode, at vari-
ous bias potentials. The complex capacitance C is de-
fined as C = 1/joZ, where Z is the complex impedance
and o is the modulation frequency (17). C' and C” are the
real and imaginary components, respectively. Note that
the ac response at +0.55V (the last measurement in a set
of experiments) is similar to that initially obtained at the
same potential, i.e., there is no irreversible effect ob-
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Fig. 2. Complex capacitance plots at indicated bias potentials for
=150 nm polyaniline on Pt in 2.0M HCI. @@@® Experimental points;
solid lines are simulated curves (see text). Frequencies (in Hz} are indi-
cated for selected experimental (@) and simulated (1) points.

served at the end of a complete set of experiments.
(Thus, 0.55V in Fig. 2 represents measurements in both
directions.)

The complex capacitance presentation was preferred
in this case, since it is evident from the capacitance plots
(Fig. 2) that the major processes observed in this system
are of pronounced capacitive nature. It should be real-
ized, though, that this kind of presentation, in which the
measured response is divided by the frequency (see
definition of C), emphasizes intermediate and slow pro-
cesses, rather than the very high frequency domain.

Although a complete set of experiments included bias
potentials down to —0.20V, the ac response at potentials
more negative than 0.0 V is not shown in Fig. 2. The rea-
son is that negative of 0.0 V the clear features in the ca-
pacitance plots disappear, displaying instead very low
currents and spread experimental points due fo the dra-
matic increase in the series resistance following polymer
reduction (18). -

At pgsitive potentials (20.20V in the negative direction
or 20.30V in the positive direction) the complex capaci-
tance plots comprise a single, nearly perfect semicircle,
indicative of a simple series combination of a capacitor
C,of 8.0 to 10.0 mF - cmm~2 and a resistor R, 0f 0.12 O - cm?
(see Table I). C;is measured as the extrapolated intercept
with the real axis at ® — 0; R, is calculated from the fre-
quency at the upper point of the semicircle wpax; accord-
ing 10 onax = VVRC,. The same value for the series resist-
ance is also obtained from the extrapolated intercept
with the real axis of the complex impedance plot at high
frequencies (Fig. 3). Note that the solution resistance cal-
culated from Newman’s equation for the access resist-
ance to a disk electrode (19), using A = 263 Q' cm? eq™*
for 2.0M HCI at 20°C (20), is 0.12 2 - em2. It is, thus, clear
that the oxidized polymer behaves from an electrical
point of view as a pure capacitor in series with the solu-
tion resistance. The polymer resistivity in this potential
range is negligible in comparison, as is indeed known
from independent measurements (18). The complex ca-
pacitance plots at more negative bias potentials develop
into two well-defined charging processes, and, thus, a
more elaborate equivalent circuit is required in order to
quantitatively accommodate the experimental results in
the entire potential range.

Figure 2 also presents simulated curves produced
using an appropriate computer program (17). It was
found that the shape of the experimental capacitance
plots at different bias potentials is satisfactorily consist-
ent with the equivalent circuit presented in Fig. 4. Z; in
Fig. 4 is a finite transmission line, the mathematical form
of which can be found in, e.g. Ref. (15). This element
comprises a repetitive combination of a capacitor C, and
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Table I. Values of the parameters of the equivalent circuit in Fig. 4 used to construct the simulated curves of the type presented in Fig. 2

E R, R, C, 3 \ R, D ~D
v 0 em? ) ecm? mF cm~? mF ¢cm™2 mF em— Q cm? s cm? st
0.55 0.12 0.0 8.0
0.40 0.12 0.0 8.0
0.30 0.12 0.0 8.0
0.20 0.12 0.0 10.0
0.10 0.12 0.0 3.0 42 7.2 0.80 0.01 10-8
0.05 0.12 0.10 1.2 3.0 4.2 11 0.10 10-°
0.0 0.12 7.0 0.7 2.8 35 83 0.70 101
0.15 0.12 0.5 1.8 42 6.0 8.0 0.10 10-°
0.20 0.12 0.0 45 5,5 10.0 0.60 0.01 10-*
0.30 0.12 0.0 9.0
0.40 0.12 0.0 8.0
0.55 0.12 0.0 8.0

aresistor R;, as shown schematically in Fig. 4. C_ is thus
the total capacitance associgted with the element, meas-
urable at low frequencies, so that o << D/I?> (where D is a
diffusion coefficient and ! is a characteristic length). The
product R, C, satisfies the expression R, C, = /3D (15) in
the case where the finite transmission line represents a
diffusional process. R, and R,,, which formally comprise a
single resistive element, were split in order to maintain a
constant value for the solution resistance represented by
R,. Values for the various circuit elements of the equiva-
lent circuit in Fig. 4 were chosen for the simulations, so
as to fit both the shape and the frequencies of the differ-
ent experimental results presented in Fig. 2.

The values used to generate the simulated curves in
Fig. 2 at different potentials are summarized in Table I.
C:in Table I is the total low frequency capacitance given
by C; = C; + Cy; it corresponds to the extrapolated inter-
cept of the simulated curves with the real axisat o — 0. D
is a formal diffusion coefficient calculated from %D and
taking I = 150 nm (the film thickness).

A graphic presentation of the data in Table I, i.e., the
variation of R,, C,, C,, and /D with applied potential,
when starting with the conducting or the insulating
forms, is given in Fig. 5. Notable features in Table I and
Fig. 5 are the following. Both C, and C, increase with a
positive shift of the potential, and decrease with a nega-
tive shift. R, is negligible at positive potentials, and be-
comes predominant when the potential is shifted to
more negative values.

I*/D decreases with increased positive potential. In
terms of a diffusion process, D respectively increases;
this is also manifested as a considerable respective in-
crease in Ry.
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Fig. 3. Complex impedance plots at -+0.55V for (a) ~150 nm and (b)
=15 nm polyaniline films on Pt in 2.0M HCI. Frequencies {in Hz) are
indicated.

At positive enough potentials where the two charging
processes converge into a single semicircle in the capaci-
tance plot (and thus no values for C, and C, are given in
Table I), the two circuit elements cannot be resolved on
the basis of the ac results alone. In other words, the kind
of combination of the two processes which produces the
observed total capacitance in the pure capacitive region
remains an open question. It should be realized with re-
spect to Z;, that for a small enough [*D (e.g., large D) the
element may behave as a pure capacitor in the measured
frequency range.

C, goes through a maximum around 0.20V, where its
magnitude is greater than the constant value of 8.0 mF
cm~2 observed at more positive potentials. The maxima
of C, are observed in the vicinity of the voltammetric cur-
rent maxima.

The steep variations in all the parameters coincide in
both the positive and negative directions, with the oxida-
tion and reduction of the polymer, respectively. Thus,
the hysteresis observed in the voltammetric behavior of
polyaniline (i.e., the apparently scan-rate independent
peak separation) is clearly observed under constant-
potential conditions, as well.

It is of interest to compare at this point the capacitance-
value of 8.0 mF cm™2 obtained from the ac response
at positive potentials (the “capacitive’” region, above
=0.4V) to the capacitance in the same potential range cal-
culated from cyclic voltammetry (Fig. 1), assuming that
the nearly flat voltammetric response represents pure ca-
pacitive currents. A straightforward calculation using
the relationship i. = C; v (where v is the scan rate) yields
10 mF cm~2 for the apparent voltammetric capacitance.
To resolve the discrepancy between the two numbers,
we recorded a ‘“‘capacitance box” in the range 0.4-0.55V,
as shown in Fig. 1c. The value obtained from the voltam-
metric box is indeed 8.0 mF ecm~2, in agreement with the
ac results. It is thus evident that in the ‘“capacitive re-
gion” the anodic voltammetric current includes a non-
capacitive contribution amounting to about 20% of the
measured current.

We also performed experiments similar to those de-
scribed above, with thinner polyaniline films of =15 nm.

C

[
1

Re R

—AAM—AAA———]

Zp

LT, T T .

Fig. 4. The equivalent circuit used to obtain the simulated curves in
Fig. 2.
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Fig. 5. Simulation results for the potential dependence of R,,, C, (see
Fig. 4), C,, and /D (associated with Z;, in Fig. 4, see text) for the elec-
trode in Fig. 2 (the values are given in Table I).
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Typical results showing the ac response of a thin film at
two bias potentials are presented in Fig. 6. The complex
capacitance plots comprise a clear capacitive element at
higher frequencies, and a poorly defined slow process at
low frequencies. While the high-frequency capacitive el-
ement is highly reproducible in repeated experiments
with different films, the shape of the low-frequency ele-
ment may vary between experiments; furthermore, it
cannot be simulated with the equivalent circuit of Fig. 4.
This may suggest that the low-frequency domain com-
prises, in addition to the transmission line, a contribu-
tion from a poorly reproducible low-frequency back-
ground process, becoming more pronounced with the
lower currents associated with the thin film. We, there-
fore, did not attempt to simulate the results for the thin
film, and Table II presents data for R, R,, and C,, calcu-
lated in a straightforward manner from the extrapolated
intercept and wy,, of the high-frequency semicircle at
different potentials. Evidently, the variations in these
parameters with applied bias potential are qualitatively
similar to the thicker films, and R, is the same in both
cases, within experimental error, as would be expected,
if R, indeed represents the solution resistance. The ex-
trapolated high-frequency region of the impedance plots

POLYANILINE FILMS ON ELECTRODES
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Fig. 6. Complex capacitance plots at two bias potentials for =15 nm
polyaniline on Pt in 2.0M HCI. Frequencies (in Hz) are indicated.

(Fig. 3) also illustrates the similarity of R, for different
thicknesses.

Discussion

The analysis of the experimental complex capacitance
plots with thicker polyaniline films produces very good
agreement with the equivalent circuit of Fig. 4. We shall
use these results and previous data on the polyaniline
system to suggest a possible interpretation of various cir-
cuit elements in terms of physical processes.

The resistive elements appear to comprise a potential-
independent solution resistance R,, and a potential-
dependent polymer series resistance R, which increases
as the polymer is reduced and gradually becomes insu-
lating (18). This is supported by the fact that the mea-
sured value of R, is the same (within experimental error)
for the thick and thin films, and that R, is consistent with
the calculated solution resistance (19).

A basic question is “what are the two potential-depen-
dent processes represented by C, and Z,.” The following
is a discussion of two possible models:

The two-phase model.—Here one attributes the two
parallel components to two different phases within the
polymer, i.e., “‘more conducting” segments displaying
one type of behavior, and “more insulating” segments
displaying a different type of behavior. Keeping in mind
that the switching of the polymer occurs gradually over a
certain potential span, and that the switching may in-
volve a sequential phase transition of polymer segments,
the co-existence of two phases may be expected. Accord-
ing to this model, C,, which is a faster process, is related
to the more conducting phase, while the slower Z, repre-
sents the more insulating phase. The exact nature of
each process under these assumptions is otherwise un-

Table Il. Values calculated from capacitance plots
of the type presented in Fig. 6 (see text)

E | R. R,

\2 mF cm™2 Q cm? Q cm?
0.55 0.55 0.13 0.00
0.30 0.55 0.13 0.00
0.15 0.46 0.13 0.00
0.10 0.44 0.13 0.00
o.‘gs 0.23 0.13 0.04
0.00 0.15 0.13 1.87
0.15 0.32 0.13 0.13
0.20 0.65 0.13 0.03
0.30 0.57 0.13 0.00
0.55 0.55 0.13 0.00
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clear. A two-phase picture is consistent with the sug-
gested model for the peculiar voltammetric behavior of
conducting polymers (11).

A problem in adopting this model is the fact that both
C, and C| vary in magnitude in the same direction. If the
experimental results reflect switching of polymer seg-
ments, one would expect the two components to grow at
the expense of each other, and not together. We therefore
emphasize, in more detail, the second model below,
which appears to be more consistent with the experi-
mental results.

The double-layer/faradaic model.—Here one assumes
that, from an electrical point of view, the polymer be-
haves as a single homogeneous phase; C, and Z; repre-
sent some combination of double-layer capacitance and
faradaic reaction (13), both being potential dependent
and related to the polymer switching. According to this
model, if indeed switching of the polymer involves a
phase transition of polymer segments, it is not directly
reflected in the electrical behavior.

The next step in evaluating this model is the assign-
ment of the two electrical components. Here two possi-
bilities appear reasonable.

1. C, is the double-layer capacitance, which, as sug-
gested by Feldberg (13), increases gradually upon
switching of the polymer due to the increasing effective
electrode area. Z;, will then represent a diffusion-con-
trolled faradaic process, responsible for the oxidation/re-
duction of the polymer. Under diffusion-control condi-
tions (within the polymer) the process will be electrically
analogous to a finite transmission line (15). The decrease
of I*/D towards positive potentials can be reasonably as-
sumed to reflect an increase in D for reacting species or
counterions. At the positive end I/D (the time-constant
of the diffusion process) drops to a value low enough so
that the element becomes purely capacitive within the
measured frequency range. Thus, depending on the
value of Cy in that region (which is not known), it may
contribute to the overall capacitance at the positive end.

2. C, is a faradaic pseudo-capacitance, associated with
a fast electron-transfer process confined to the film. In
terms of a finite transmission line, the switching reaction
has a low enough 1%D so that it behaves as a pure capaci-
tor throughout the measured potential range. Z; then
represents the double-layer capacitance, which appears
as a transmission line due to the porous nature of the
electrode. Depending on the values of C,, R, and the fre-
quency domain, the double-layer capacitance of a porous
electrode may behave as a transmission line (21). In this
case of a rather low electrode conductivity, R, will repre-
sent the resistance on the electrode side, rather than the
solution side which is the usual case (21). At positive po-
tentials where R, becomes very small, this element will
behave as a pure capacitor in the measured frequéncy
range.

For both cases, the potential dependence of the vari-
ous elements in Table I is consistent with the physical
picture. Thus, a precise assignment of C, and Z,, i.e., the
choice between cases 1 and 2 above, is not possible on
the basis of the present results. In addition, in both cases
the single capacitive process observed at the positive
end may reflect either of the two-elements, or a combina-
tion.

The results obtained with thin films (Fig. 6) may shed
some light on this last question. The fact that the capaci-
tance plots for the thin film at +0.55V clearly show the
contribution of two circuit elements to the total capaci-
tance suggests that the single capacitive process ob-
served with thick films at positive potentials analogously
includes contributions of the two parallel elements. It
can be reasonably argued that as the film thickness l is
tenfold increased, the time constant I*/D corresponding
to Z, becomes large enough so that its characteristic ca-
pacitive response is shifted to a lower frequency domain,
where it becomes indistinguishable from C,.

Summary

AC-impedance measurements in a wide frequency
range were performed with polyaniline films on Pt elec-
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trode in 2.0M HCI solution. Measurements were per-
formed under steady-state conditions at various bias po-
tentials, with the dc potential being varied in the
negative and positive directions. The results were pre-
sented primarily as complex capacitance plots, with the
series resistance being also extracted from impedance
plots at high frequencies. The capacitance plots for ~150
nm polyaniline films indicate a single series RC behavior
at positive potentials (the voltammetric “capacitive” re-
gion), which develops into two well-defined processes at
lower potentials. The ac capacitance at +0.55V is iden-
tical to the one obtained from voltammetric curves in the
“capacitive” region.

The complex capacitance plots in the entire voltage
range can be satisfactorily simulated (both the shape of
the curves and the values of individual frequencies)
using an equivalent circuit comprising a constant resist-
ance R, in series with a potential-dependent resistance
R, both in series with a parallel combination of a capaci-
tor C, and a finite transmission line Z.

The thickness independence of R, and the agreement
with the calculated solution resistance indicate that R,
represents the solution series resistance. Thus, at posi-
tive potentials polyaniline behaves as a pure capacitor in
series with a solution resistance. R, is interpreted as
polymer series resistance, becoming pronounced upon
reduction of the polymer.

It is argued that C, and Z, represent a double-layer ca-
pacitance component and a faradaic component, both of
which may behave under different conditions, eitherasa
pure capacitor or as a transmission line. It appears that at
positive potentials the two combine into an apparent
single capacitive element for =150 nm films, while they
remain separated for ~15 nm films due to the difference
in the time-constant I/D. The values of R,, C,, and Zj,, ob-
tained under steady-state conditions, undergo sharp var-
iations upon oxidation or reduction of the polymer, dis-
playing the same type of hysteresis evident in
voltammetric experiments.
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Aqueous Redox Transition Metal Complexes for Electrochemical
Applications as a Function of pH
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ABSTRACT

The electrochemistry of a large number of transition metal complexes of iron, cobalt, chromium, and ruthenium have
been examined regarding their anodic and cathode peak potential, peak separation, and reversibility as a function of a
broad pH range. Criteria for reversibility are considered. In addition, absorption and/or color characteristics have been de-
scribed at a fixed pH. The stability of stored samples in terms of cyclic voltammetry and absorption spectra has been ex-
amined for a given period of time. A significant number of redox couples have properties which should make them useful
in photoelectrochemistry, and other electrochemical applications, catalysis, redox flow cells, and the like.

Soluble redox systems are suitable for a number of
electrochemical applications, including: photoelectro-
chemical cells (PEC) (1-3), redox flow cells (1, 2), electro-
luminescence (4), photosensitizers for PEC (3, 5), photo-
catalysis at semiconductor electrodes (6), homogeneous
catalysis (7), selective etching of semiconductors (4), cor-
rosion suppression (8), etc. Unfortunately, the instability
of the radicals involved in some redox processes and the
low solubilities of a large number of couples are respon-
sible for the limited usefulness of agqueous systems (9).
Although a much larger number of redox couples are
available for use in nonaqueous systems (10), these re-
quire more specialized handling and storing techniques
than their aqueous counterparts. Furthermore, it is often
difficult to obtain both halves of the couple co-existing
in these systems.

In the above examples where semiconductor elec-
trodes are used, the interface between a solution and the
electrode is obviously different than that between a solu-
tion and a metal electrode. Part of this work entails the
determination of the heterogeneous standard electron
transfer rate constant, from which the quality of reversi-
bility of the couples is determined, using platinum elec-
trodes (see Results and Discussion section). We do not
intend to infer that the charge transfer kinetics between
a metal electrode and solution are the same as between a
semiconductor electrode and solution. The principal
goal is to evaluate the quality of reversibility of couples
that can be used in PEC since this is an important aspect
for a useful PEC cell.

We were mainly interested in those redox couples that
are stable in appropriate pH ranges and have appropriate
redox potentials. For example, those couples to be used
with n-type semiconductors (SC) often need to have pos-
itive redox potential, whereas the ones often most useful
for p-type SC are those with negative potentials. In the
beginning, those metal complexes with reasonably high
equilibrium constants [screened from Ref. (11-18)] were
selected for testing. It was also desired that they showed
solubilities at least in the 10+ millimolar (mM) range, and
that their optical densities were as low as possible in the
visible and near infrared spectral regions.

Several transition metal redox couples have been
tested and reported-in the literature, although not always
over broad pH ranges (nor for extended time periods);
these were not included in the present investigation.
Some of them are: [Fe(II/III}CN)s]*~%~ (19), Eu(II/III)
(20), TiI/IV) (19, 21), Fe(IVIII) (19, 21), Ce(III/IV)
(19, 21), Co(II/III) (8), cobalt sepulchrate (3), and the chro-
mium complex of ferrocene carboxylic acid (9).

Our literature screening revealed several complexes
which appeared to have reasonable equilibrium con-
stants. After preliminary tests, we discarded those not
fulfilling the requirements of solubility and reversibility.
We then focused on the study of Fe(EDTA, DTPA,
HEEDTA, PHEN, BIPY, EN, DIEN, TEA, and SALEN),
ferrocene dicarboxylic acid, Co(EN, BIPY, and ammo-
nia), Cr(EDTA), and Ru(BIPY) complexes; regarding
their redox potential properties as a function of the pH of
the solution, their absorption spectra, and the time sta-
bility of both the absorption spectra and redox poten-
tials. To our knowledge, a comprehensive study like the
present one has not been reported before.

The pH of solutions of redox transition metal com-
plexes is of paramount importance with regard to their
stabilities, and often times with regard to their redox
properties and absorption characteristics. Such pH de-
pendence is not only important for the stability and re-
versibility characteristics of the complex, but also for the
performance of cells involving the hydrogen or the water
redox reaction (22), for oxide or hydroxide layer forma-
tion, and for surface states (that are frequently pH-
sensitive (23)) involved in charge-transfer processes and
semiconductor energetics at the SC-electrolyte.

Experimental

A PAR Model 174A polarographic analyzer and a PAR
Model 173 potentiostat with appropriate current and/or
charge-to-voltage converters (PAR Model 179 plug-in
modules) were employed for the electrochemical experi-
ments. The current-potential curves were recorded
either on a Houston Instrument Model HR-97 X-Y re-
corder with the PAR Model 174A, or on a Houston In-
strument Model 2000 X-Y recorder with the PAR Model
173. An EG & G PAR Model 175 universal programmer
was employed for the potential programming. A Cary 15
was used for the measurements of absorption spectra of
the solutions.

For cyclovoltammetric (CV) investigations at room
temperature, a single compartment cell with a capacity
of 30 ml was employed. All solutions were purged with
prepurified argon (minimum 99.998%) or nitrogen (mini-
mum 99.998%) prior to experimentation. A platinum
electrode (area = 0.00196 cm?), a carbon disk electrode
(area = 0.283 cm?), or a hanging mercury drop electrode
was used as a working electrode; a platinum wire elec-
trode was used as a counterelectrode; and a commercial
aqueous saturated calomel electrode (SCE) was used as a
reference electrode. All the potentials were measured
with respect to the SCE reference electrode.



