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Abstract The  electrochemical redox  reactions:
Fe(CN){™ —e™ « Fe(CN)}™, Ru(NH;);" + e~ < Ru
(NH;)2* and Fo(CH,OH), — e~ « Fc(CH,OH); (Fc—-
ferrocene) were investigated in tetrabutylammonium
halide hydrates at temperatures below and above the
electrolyte melting point. They were studied by cyclic
voltammetry, potential step chronoamperometry and
impedance spectroscopy. Freezing of the electrolyte af-
fects both the shape and position of the cyclic volta-
mmogram on the potential scale. Also the shapes of the
current-time relationship and the impedance spectra
change at temperatures below the melting point. It has
been proposed that this behaviour is caused by slow
transport of the reactant and the heterogeneous nature of
the electrolyte. The activation energies of reactant trans-
port are about four times larger in frozen electrolytes than
those in liquid. It has been concluded that reactant
transport is restricted to the intergrain space of the elec-
trolyte.

Key words Electrode reactions -
Frozen electrolyte - Chronoamperometry -
Impedance spectroscopy - Ultramicroelectrodes

Introduction

Studies of simple electrode reactions at temperatures
below the melting point of stoichiometric electrolytes
have recently been undertaken [1-8]. These offer the
unique opportunity to investigate an electrode reaction
in the same electrolyte in different physical states. It was
observed that the transport of reactant in frozen elec-
trolyte is much slower than in liquid [1-8]. Corre-
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spondingly, the activation energy of this process
substantially increases at temperatures below the melt-
ing point of the electrolyte [2, 4, 6]. It was also concluded
that, contrary to the situation in a liquid electrolyte, the
volume available for reactant motion in a frozen elec-
trolyte is probably restricted to the intergrain space of
the electrolyte [4-6]. Freezing of the electrolyte also af-
fects the electrochemical stability of redox-active ions
and molecules [3, 6, 7]. The temperature dependence of
the redox potential is generally more pronounced at
temperatures below the melting point of the electrolyte,
indicating that freezing of an electrolyte enhances the
electrochemical stability of the redox form with the
larger absolute value of electric charge [3, 6, 7].

The electrochemical redox systems studied in frozen
electrolyte were mainly Fe**/>* in HCIO, - 5.5 H,O [,
2] and Fe(CN)Z_/ i tetraalkylammonium salts and
hydroxide hydrates [3-8]. This was because of the lim-
ited stability and/or solubility of other redox-active ions
or molecules in these electrolytes due to extreme pH
values. A larger variety of redox systems can be exam-
ined in tetrabutylammonium halide hydrates. The far-
adaic signal connected with the electrochemical redox
reaction of added redox-active ions or molecules can be
observed in a limited temperature range below the
melting point of (C4Hg)4NF - 32H,O (TBAF32) [3]. The
electrochemical stability of redox-active ions and mole-
cules in tetrabutylammonium halide hydrates was also
recently studied [7].

The aim of this work is to investigate how the
freezing of tetrabutylammonium halide hydrates affects
the mechanism of electrode reactions of different redox-
active ions and molecules. Three electrode reactions,
involving an anionic, a cationic and a neutral molecule
respectively were selected:

Fe(CN);™ — e «—— Fe(CN);~ (1)
Ru(NH;);" + e «—— Ru(NH;);" (2)
Fc(CH,OH), — e «— Fc(CH,OH); (3)
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As electrolytes, the following tetrabutylammonium
cation halide hydrates [9, 10] were selected: (C4Hg)4NF
- 32H,O (TBAF32), (C4Hy)4NCI - 30H,O (TBACI30)
and (C4H9)4NBr - 32H,O (TBABr32). These melt con-
gruently at 301 K, 287 K and 287 K respectively [9, 10].
It has been shown that all these compounds are normal
ionic conductors [11].

An experiment with an electrochemical system mod-
elling the frozen electrolyte with redox-active ions [6]
was also performed.

Experimental
Chemicals

K3Fe(CN)g - 3H,0, K4Fe(CN)g (POCh, analytical grade) and
Ru(NH3)¢Cl; (Sigma) were used without further purification.
Fc(CH,OH), (Aldrich) was recrystallized from heptane. Tetrabu-
tylammonium halide hydrates were obtained from the corre-
sponding halides: TBAF (Jannsen Chimica), TBACI (Fluka) and
TBABTr (Fluka), according to a procedure described in [9]. The 0.5—
2 M aqueous solution of the corresponding halide was left over-
night at a temperature of 278 K. The solid precipitate was collected
and recrystallized from water at the same temperature. The purity
of a given hydrate was checked by melting point measurements. Its
stoichiometry was also confirmed by comparison of the ’H NMR
signal of butyl and water deuterons. TBA3;Fe(CN)g was obtained
by the reaction of stoichiometric amounts of K3;Fe(CN)s and
TBAF in CH,Cl, as described in [12]. The stoichiometry of the
product was confirmed by elemental analysis: calculated C 69.05%,
H 11.59% and N 13.42%, and obtained C 68.61%, H 11.41% and
N 13.21%.

The water used in the electrolyte preparation was quadruply
distilled, the last two times from quartz. Pure argon was used for
deareation of electrolytes.

Apparatus and methods

Reactions 1-3 were studied by cyclic voltammetry and potential
step chronoamperometry. The potential sweep and potential step
experiments were performed using the Autolab (Eco Chemie)
electrochemical system. The data were acquired and analyzed using
GPES software. These experiments were done in a three-electrode
cell with a Pt disc as the working ultramicroelectrode (d = 20 pm),
with Pt wire as the counter electrode and a tungsten oxidized wire
reference electrode [13, 14]. The reference electrode was prepared
from freshly cut and cleaned 1-mm diameter tungsten wire. It was
kept for 34 days in electrolyte solution until its potential became
stable within a few millivolts. The temperature coefficient of the
refelrence electrode in the studied electrolyte is smaller than 0.002 V
K™ [7].

Reaction 1 was also studied by impedance spectroscopy. The
impedance spectra of the cell: Au | K3Fe(CN)g and K4Fe(CN)g,
electrolyte (liquid and frozen) | Au were obtained using the system
consisting of a 1260 Impedance/Gain-Phase Analyzer and a 1286
Electrochemical Interface, both from Solartron Instruments. Ex-
perimental parameters and data aquisition were controlled by
electrochemical impedance software ZPlot for Windows (Scribner
Associates). The amg)litude of the sinusoidal signal of frequency in
the range 10™" to 10° Hz was between 5 and 50 mV for higher and
lower temperatures respectively. During impedance measurements
the cell was kept at a potential equal to rest potential, measured at
the beginning of the experiment, typically between 0.001 and
-0.01 V.

In all experiments the cell was filled with 34 cm® of a 1-
5 x 107 M solution of redox reactant in a given electrolyte. It was

placed in the cylindrical chamber of the copper block. This block
was installed in a Dewar flask filled with liquid nitrogen or a dry
ice/acetone mixture. The temperature of the cell was adjusted by
means of heat liberated from a resistive wire placed inside the
bottom of the cell block. It was controlled by a temperature con-
troller (type 680, Unipan-Thermal) connected to a Pt100 sensor
(Heraeus) placed inside the wall of the copper block. The temper-
ature of the electrolyte was measured using another Pt100 sensor
placed in the electrochemical cell and connected to a digital ther-
mometer (EMT-10). The temperature of the cell ranged from 220 to
350 K and the accuracy of temperature measurements was better
than 1 K.

All experiments were done in a heating cycle. The temperature
of the cell was changed at a rate smaller than 1 K min~". At the
beginning the temperature was lowered to the lowest temperature
studied. Before a given measurement, the cell was kept for at least
10 min at constant temperature to allow thermal equilibration.

The experiments with a model bead system were performed in
the cell similar to that described in literature [15]. Two Au discs,
I mm in diameter, embedded in Teflon, served as the top and
bottom of a cylindrical Teflon cell. The cell was filled with beads
2% 107> m in diameter of RP-18 soaked in 0.001 M K;Fe(CN)g
and K4Fe(CN)g (1 : 1) solution in liquid TBACI30. During the
experiments, a constant pressure was applied to the upper side of
the cell, by a 2-kg lead brick.

Other details of the cell, electrodes pretreatment and procedures
have been previously described [3-5].

Results and discussion
Cyclic voltammetry

For all systems studied, the shape of the cyclic volta-
mmograms obtained with ultramicroelectrodes and their
position on the potential scale depend on the tempera-
ture, as previously observed [3, 7].

At temperatures above the melting point of the elec-
trolyte, the shape of the cyclic voltammograms is sig-
moidal, typical for near steady state behaviour (Fig. 1).
The difference between the one-quarter and the three-
quarter wave potentials (E.,—Fs,) is equal to 0.055—
0.060 V. This means that this is a reversible one-electron
transfer reaction with predominantly radial diffusion to
the electrode surface [16]. The plateau current is 6 to 8
times lower than expected on the basis of the literature
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Fig. 1 The cyclic voltammograms recorded in 0.002 M Fc¢(CH,OH),
in TBACI30 at Pt microelectrode (d = 20 pm) at temperatures above
(290 K sigmoidal Voltammogrami S = 10%) and below (245 K, peak-
shaped Volltammogram, S = 10'%) electrolyte melting point. Scan rate
0.0l Vs~



value of the diffusion coefficients of the reactants [17,
18]. Adsorption of TBA™ cations on the electrode sur-
face [19] and aggregation of the electrolyte [20] were
proposed previously as the reason for this effect [3].

Voltammograms obtained at temperatures below the
melting point of the electrolyte are peak shaped, with
similar magnitudes of anodic and cathodic peak currents
(Fig. 1). This indicates that in these conditions linear
diffusion towards the electrode surface dominates. One
may calculate that, for the size of the ultramicroelec-
trode used, such a change of the shape of the cyclic
voltammogram is to be expected when the diffusion
coefficient becomes smaller than 107" m? s™'. This ef-
fect, together with the observed much smaller current,
indicates slower reactant transport towards the electrode
surface in the frozen electrolyte, which is in agreement
with previous findings [1-6, 8].

Chronoamperometry and apparent diffusion coefficients

The cathodic and anodic current-time dependences ob-
tained from potential step experiments are symmetric at
temperatures above and below the melting point, as
expected in the case of a reversible electrochemical redox
reaction. One may analyse them using a Cottrell plot (/
vs 1% relationship, where 7 is current and 7 time). At
temperatures above the melting point of the electrolyte,
these plots are linear with a non-zero intercept as ex-
pected in the case of radial diffusion [16, 17] (Fig. 2a).
One may estimate the diffusion coefficients D, of the
reactants from the value of the limiting steady-state
current /; using the following equation [17]:

Iy = 4nFDypper (4)

where ¢ is the reactant concentration, r is the electrode
radius, n is the number of electrons in the elementary
reaction step and F is the Faraday constant.

Typical examples of the Cottrell plot of the data
obtained at the temperature below the melting point of
the electrolyte are presented in Fig. 2b, c. For times
shorter than 1 s they are linear with a non-zero inter-
cept. At longer times the slope of the plot increases and
then decreases (Fig. 2b). Finally the plot becomes ap-
proximately linear with intercept close to zero. Also it
was observed that the lower the temperature the longer
is the time taken for deviation from linearity of the
Cottrell plot to occur (Fig. 2b, c¢). This effect can be
caused by the change of the reactant transport mode
from radial to linear diffusion. The zero intercept of the
Cottrell plot for long times (Fig. 2b) and the peak-
shaped slow scan rate cyclic voltammogram support this
conclusion. The extrapolation of the short time linear
part of the Cottrell plot to infinity gives the value of I
and the value of D, near the electrode surface [16, 17].
One has to remember that in the case of the standard
size electrodes restricted diffusion can affect the Cottrell
plot in a similar way [21, 22]. Such an interpretation was
earlier proposed for frozen electrolytes containing re-
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Fig. 2a— Plot of the anodic current (/) against reciprocal of square
root of time (r~"/?) (Cottrell plot) obtained from the potential step
(0.1-0.9 V) experiments in 0.002 M Fc(CH,OH), in TBACI30 at Pt
microelectrode (d = 20 pm), at temperatures a 300 K, b 255 K and
¢ 230 K. The dashed lines are linear regression lines

dox-active ions and molecules [4-6]. This is also possible
in the studied case.

Examples of the temperature dependence of D,,, on
the reciprocal of temperature (7)) are presented in Figs. 3
and 4. The shape of this dependence is generally similar
for all systems studied. The observed dependence is
approximately linear at temperatures above the melting
point of the electrolyte. The region of linearity extends
about 20 K below the melting point of the electrolyte. At
lower temperature the slope of the Arrhenius plot in-
creases about three- to four-fold. This indicates slower
reactant transport towards the electrode surface. The
observed behaviour is somewhat different from that



350

T/K
325 300 275 250
1 I I I 1
I
I
I
10F '

. &)

Nm | ..

€ - 1

=~ I

& I n

Q 1f I

o I

o |
|
|
I

a2 F :
3.0 3.4 3.8 4.2
108 T /K!

Fig. 3 Plot of the logarithm of the apparent diffusion coefficient
(Dapp) of Fo(CH,OH), (M) and Ru(NH;)s’ " (@), against reciprocal
of temperature (77") in TBACI30. Empty and solid symbols mark Dypp
values at temperatures above and below the melting point of the
electrolyte. Vertical long dashed line marks melting point of electrolyte
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Fig. 4 Plot of the logarithm of apparent diffusion coefficient (D,,) of
Fe(CN),>™ in the presence (@) and absence (M) of K™ ions, against
reciprocal of temperature (7") in TBACI30. Empty and solid symbols
mark D,,, values at temperatures above and below the melting point
of electrolyte. Vertical long dashed line marks melting point of
electrolyte

observed for Fe(CN);~ ions in tetramethylammonium
fluoride [4] and hydroxide hydrates [6]. In these elec-
trolytes the change of the slope occurs at a temperature
very close to the melting point of the electrolyte and the
slope is halved [4, 6, 8].

It is also interesting that change of the cation in the
Fe(CN)g>~ salt from K © to the cation of the electrolyte,
namely TBA *, causes a considerable decrease in D,pp at
temperatures below the melting point of the electrolyte
(Fig. 4). On the other hand, no substantial difference is

observed in D,,, of a Ru(NH)s’ " redox system when
Ru(NH)Cl; was present in electrolytes with different
anions: Cl™ in TBACI30 and Br™ in TBABr32.

Impedance of the cell Au|K3Fe(CN )6
and KyFe (CN)o, TBAXn|Au

Reaction 1 was also studied by impedance spectroscopy
at temperatures above and below the melting point of
the electrolyte. The stability of both redox-active ions
involved in this reaction allows experiments in a two-
electrode cell, which is useful in the case of low con-
ductivity of the electrolyte. Analogous experiments have
been previously performed with the same redox system
in (CH3)4NF - 4H,0 (TMAF4) [5].

The example of impedance spectra obtained at tem-
peratures above the melting point of the electrolyte is
presented in Fig. 5. In a Nyquist representation, the
high-frequency part of the spectrum consists of a slightly
depressed semicircle. The low-frequency part consists of
a straight line with slope unity. This indicates that in
liquid electrolyte at some frequency the electron ex-
change between reactant and electrode becomes the rate-
determining step [23]. The fact that the best fit equiva-
lent circuit is that proposed by Randles [23] confirms this
conclusion. The charge-transfer resistance (R.) is 9.5 Q
cm?, indicating moderately fast electron transfer. It is
known from the literature that reaction 1 is relatively
fast [24, 25]. However, adsorption of TBA™ cations on
the electrode surface may decrease the rate of hetero-
geneous electron transfer as observed with other elec-
trochemical redox reactions [19, 26]. This may also be
true in the case studied.
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Fig. 5 Impedance spectrum of the cell Au|0.003 M K;Fe(CN)g and
K4Fe(CN)g (1 : 1), TBACI30| Au obtained at a temperature above
the melting point of the electrolyte (293 K). The frequency difference
between points marked by larger filled symbols is equal to one order of
magnitude



The electrode electrolyte interface is represented by
constant phase element (CPE). Its impedance can be
defined as
Zcpe = 1/C(jo)¢ (5)
where j=(-1)"° and o is an angular frequency. The
value of parameters C and ¢ are (2 + 2) x 107 F m™>
and 0.90 £+ 0.05 respectively. The value of the factor C
is one order of magnitude lower than that observed for
polycrystalline Au electrodes in non-adsorbing aqueous
electrolytes [27, 28]. This may indicate the adsorption of
TBA™ cations suggested above. The character of the
impedance spectrum is different from that in the case of
liquid TMAF4 or (CH3)4NOH - 5H,O (TMAOHY)
[5, 6], where reaction 1 is entirely controlled by reactant
transport towards the electrode surface [5]. The con-
centration of salt in stoichiometric tetrabutylammonium
hydrates is much smaller than in tetramethylammonium
fluoride or hydroxide hydrates. Therefore diffusion of
redox-active ions in liquid electrolyte is not expected to
be hindered as was observed in TMAF4, which in the
liquid state is a concentrated 6.2 M aqueous solution [4].
The observed different behaviour of reaction 1 in tetra-
butylammonium halide hydrates seems to be a result of a
slowing down of the heterogenous electron transfer by
adsorbed TBA " cations and fast diffusion of reactants
towards the electrode surface.

At temperatures below the melting point of the elec-
trolyte, the shapes of the impedance spectra are different
from those observed in liquid electrolyte (Fig. 6). The
increase in the slope of the Nyquist plot at the lowest
frequencies is the most striking feature. A similar effect
was also observed in the case of the same redox system
in frozen TMAF4 [5]. The value of the onset frequency
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Fig. 6 Impedance spectrum of the cell Au|0.003 M K;Fe(CN)s and
K4Fe(CN)s (1 : 1). TBACI30| Au obtained at a temperature below
the melting point of the electrolyte (263 K). The frequency difference
between points marked by larger filled symbols is equal to one order of
magnitude. The slope of the solid line is equal to unity
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(fonset), Where the slope of the plot becomes larger than
unity, depends on temperature: the lower temperature
the lower the fyne:. The observed change in the low-
frequency part of the impedance spectrum may indicate
restriction of the volume accessible for redox-active ions
to the limited space near the electrode surface [29-32].
This also confirms the suggestion made above that the
slope change on Cottrell plots (Fig. 2) is at least partially
caused by this effect. The semicircle observed in the
high-frequency part of the spectrum is more depressed
and deformed than that obtained at temperatures above
the melting point, but the reason for this behaviour is
unclear.

The electrical conductivity (o) of the studied electro-
lytes containing redox-active ions was estimated using
the values Z’ extrapolated from the high-frequency part
of the Nyquist plot to Z” =0. It is clear that addition of
Fe(CN)?~ and Fe(CN)}~ ions affects the temperature
dependence of o (Fig. 7). The effect is similar in all tet-
rabutylammonium halide hydrates [4]. The substantial
increase in conductivity at a temperature of about 20 K
below the melting point is the most important effect of
the addition of redox-active ions to tetrabutyl-
ammonium halide hydrates similarly to previous obser-
vations [4, 6].

In order to check whether the heterogeneous nature
of frozen electrolyte containing redox-active ions can be
considered as the reason for the increase of the slopes of
the impedance spectra at low frequencies, we performed
impedance spectroscopy experiments in a two-electrode
cell filled with spherical particles of hydrophobic silica
together with aqueous electrolyte solution containing
Fe(CN);~ and Fe(CN)?~. In this model system, beads
represent frozen electrolyte crystals impenetrable for
redox-active ions. The corresponding impedance spec-
trum is presented on Fig. 8. The slope of the Nyquist
plot at low frequencies is much greater than unity as
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Fig. 7 Plot of the logarithm of conductivity (¢) of TBACI30 (O) and
the same electrolyte containing 0.002 M K;Fe(CN)g and K4Fe(CN)g
(®) against reciprocal of temperature (T7Y). Long dashed vertical line
marks melting point of electrolyte
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Fig. 8 Impedance spectrum of the cell Au|0.001 M K;Fe(CN)g and
K4Fe(CN)g (1 : 1), TBACI30, RP-18 | Au obtained at a temperature
above the melting point of the electrolyte (298 K). The frequency
difference between points marked by larger filled symbols is equal to
one order of magnitude. The slope of the solid line is equal to unity

expected for restricted diffusion [29-32]. The result of
this experiment supports the conclusion that reactant
transport occurs through the intergrain space of the
frozen electrolyte.

It is also interesting to investigate whether the oxi-
dized and the reduced components of the redox system
are transported towards the electrode surface at the
same rate. This is obvious in liquid electrolyte but not
necessarily true in solid electrolytes [32, 33]. For this
purpose the impedance experiments were performed in a
two-electrode cell filled with frozen electrolyte with dif-
ferent ratios of KsFe(CN)g and K4Fe(CN)g. The rate of
transport to the electrode surface can be related to the
impedance of semi-infinite diffusion towards the elec-
trode surface, the so-called “Warburg impedance” (Zw).
This can be described by the following equation:

Zw = [RT/(20)*A(nF)*] x (1/coxDox + 1/¢reaDred)
x (1 =) (6)

where w 1s an angular frequency, 4 the electrode surface
area, and cox, Dox, Creds Drea are concentrations and
diffusion coefficients of oxidized and reduced form of
reactant respectively. At temperatures below the melting
point of the electrolyte, at moderate frequencies, the
Nyquist plot is linear with a slope equal to unity. This
means that at this frequency range (1-10 Hz in the case
presented in Fig. 6) the overall impedance of the studied
cell is dominated by Zyw. Replacing ¢,y and c¢q with
Ceff = Cox T Creq and assuming that the effective diffusion
coefficient (D) is equal D,y and D,.q one may calculate
the latter parameter from the value of Zy. The plots of
the values of Dy against the fraction of the oxidized
form of the redox reactant, 6, (0 = cox/(cox + Cred) at
two selected temperatures below the melting point of the
electrolyte are presented on Fig. 9. The obtained plot
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Fig. 9 Plot of the average apparent diffusion coefficient (Dypp),
of Fe(CN)¢>~ and Fe(CN)¢*™ ions at 260 K (M) and 248 K (@)
against the fraction of Fe(CN)s>~ () in frozen TBACI30

passes through a maximum at 6 = 0.5, indicating that the
two components of the redox systems are transported
towards the electrode surface at the same rate.

Discussion

Although almost all results presented in this paper were
obtained in TBACI30, the others obtained in TBAF32
and TBABr32 are similar qualitatively and quantita-
tively.

One may conclude that the electrochemical redox
reactions 1-3 occur also over a limited temperature
range below the melting point of tetrabutylammonium
halide hydrates. This behaviour is similar for all studied
reactions and electrolytes. Freezing of the electrolyte
affects some features of the transport of reactants. The
effects connected with restricted diffusion observed in
chronoamperometry and impedance spectroscopy ex-
periments are similar to those previously observed for
reaction 1 in frozen tetramethylammonium fluoride and
hydroxide hydrates [4, 5]. It was suggested previously
that the motion of the redox-active ions is restricted to
the intergrain space of the polycrystalline electrolyte [4,
5]. It seems that this is also the case for the systems
studied. The lack of any substantial change in D, (with
one exception discussed later) at temperatures near the
melting point of the electrolyte may indicate a similar
mechanism of reactant transport in liquid and frozen
electrolyte, namely physical diffusion. The symmetry of
the composition dependence of D,p, may also indicate
the same mechanism of the transport process. Therefore
one may conclude that reactant transport occurs by
diffusion through the intergrain space of the electrolyte.
The similarity of the impedance spectra obtained in
frozen electrolyte and in model heterogeneous system
supports this conclusion. A contribution of migration to



Table 1 The activation energies (E,) of transport of reactants in
liquid and frozen TBACI30 containing redox-active ions and mo-
lecules

Reactant E./eV

Liquid Frozen®
Fe(CN);~* 0.15 + 0.02 0.64 + 0.07
Fe(CN);~ ° 0.19 + 0.04 0.61 + 0.08
Ru(NH,)>* 0.15 + 0.03 0.69 + 0.09
Fc(CH,0H), 0.17 £ 0.02 0.64 + 0.08

?Fe(CN);~ introduced as K3Fe(CN)4 - 3H,O
bFe(CN)gf introduced as TBA;Fe(CN)g
¢ At temperatures below 265 K

the transport process is possible, but this is difficult to
estimate because of the lack of knowledge about the
composition of the intergrain space of the electrolyte.
Similar values of D,,, and similar shapes of the tem-
perature dependence of this parameter for all the sys-
tems studied indicate that the transport of the reactant is
independent of the type of frozen electrolyte.

The rate transport of reactants towards the electrode
surface depends more strongly on temperature at tem-
peratures at least 20 K below the melting point (Figs. 3
and 4). It is interesting that the change of slope of the
temperature dependence of E° of the redox systems
studied occurs at approximately the same temperature
for each system [7]. As E° is sensitive to reactant envi-
ronment, one may conclude that at a temperature about
20 K below the melting point the local environment of
the reactants changes, thereby also affecting the rate of
their motion.

The activation energies of the transport process (E,)
can be obtained from the following equation:

Dypp = Doexp(—E, /kT) (7)

The values of E, are presented in Table 1. They are
similar to those obtained in the case of reaction 1 in
frozen tetramethylammonium fluoride and hydroxide
hydrates (0.66-0.70 ¢V). They are also similar to those
of Fe’* and Fe?* hydrated ions in HCIO4 - 5.5 H,O [2].
One may conclude that, for the systems studied so far,
E, in a frozen electrolyte is generally independent of the
redox system and the electrolyte. The larger change of E,
upon freezing of tetrabutylammonium halide hydrates is
due to the lower activation energy for diffusion in di-
luted electrolyte media such as TBACI30 in comparison
to that in a concentrated electrolyte such as TMAF4 or
TMAOHS. The decrease in D, and increase in E, upon
freezing may be caused by the different composition and
the greater rigidity of the immediate environment of the
redox reactants. It obviously causes a larger hindrance
to the motion of the redox reactant. Also, the volume in
which the ions can move is restricted, and eventually
they cannot move in every direction. The net motion is
slower than in a liquid electrolyte and causes the de-
crease in the observed values of D,p,. The observed

decrease in the value of D, for Fe(CN)g®~ ions in the
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absence of K at a temperature close to the melting
point may be the result of a partial incorporation and
immobilization of Fe(CN)¢>~ ions together with TBA ™
cations into electrolyte grains during the freezing pro-
cess. At a given temperature the values of D, in frozen
tetrabutylammonium halide hydrate are about one order
of magnitude larger than those in frozen tetra-
methylammonium cation hydrates [4, 6]. One has to
remember that two opposite effects may affect the esti-
mated D,,, value in frozen electrolyte. Adsorption of
TBA™ cations on the electrode surface causes a current
decrease, leading to the underestimation of D,p,. On the
other hand this parameter is obtained from the current
recorded during a relatively short time corresponding to
restriction of the diffuse layer to the volume close to the
electrode. If the model proposed for frozen electrolyte
containing redox-active ions or molecules [5, 6] is valid
the reactant concentration is greater than in the bulk of
electrolyte. The shape of the I vs % dependence
(Fig. 2b) indicates that this is the case. In some cases
D,pp, can be overestimated by one order of magnitude.
One may argue that the value of D,,, obtained de-
scribes the mobility of redox-active ions and molecules
in the thin layer near the electrode surface. The obtained
chronoamperometry and impedance data indicate that
the concentration gradient extends further into the
electrolyte. The change of electrical conductivity of the
electrolyte after addition of redox-active ions (Fig. 7)
indicates that they induce changes in the bulk of the
electrolyte and not only near the electrode surface.
However it is possible that the higher mobility of ions
and molecules near the electrode surface can be caused
by so-called surface premelting. This phenomenon is
observed at the icesolid interface [34, 35]. The temper-
ature at which surface premelting starts is decreased by
the presence of impurities. In our case redox-active
compound added to stoichiometric hydrate can be
considered as impurity which may eventually cause
premelting. Unfortunately we could not find in the lit-
erature any data about premelting of electrolytes.
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