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Abstract: Measurements of interfacial (double layer) capacitance, Cp;, and charge transfer resistance, Rcr, have been made
as a function of temperature at fluid electrolyte interfaces with electrodes made from two different Tl-based high-temperature
superconductor materials. Measurements spanning the 112-119 K superconducting transition temperatures, T,, of the HTSC
electrodes reveal a smooth decrease in Cp; with decreasing temperatures, except that an abrupt, ca. | deg wide change in
the shape of the Cp; vs temperature curve occurs at the T, of the electrode. These are the first data which show that the
onset of superconductivity can be reflected in a chemical phenomenon at a molecular fluid/HTSC interface. Of the several
contributors to interfacial capacitance, it is hypothesized that alteration in charge carrier distribution or polarizability over
the outermost electrode lattice layer as electron pairs start to appear at T is the most likely origin of the T,-correlated capacitance
feature. Alterations in the charge transfer resistance for electrochemical solvent reduction appear over the same temperature

interval as the capacitance feature, but not as consistently.

Following the discoveries of a number of high-temperature
superconductor phases beginning with that by Bednorz and Miiller
in 1986,! our laboratory became interested® in whether electro-
chemical experiments with these intriguing materials might reveal
special phenomena associated with the interface between a su-
perconducting electrode phase and a fluid molecular phase. Of
particular interest is how the properties of superconductor/mo-
lecular interfaces differ depending on whether the temperature
is less or greater than the transition temperature (7)) of the
superconductor phase. Electrochemical techniques that are sen-
sitive to interfacial properties, such as capacitance and charge
transfer resistance, are experimentally applicable to this problem,
given a suitably ionically conducting fluid electrolyte solution. To
this end, we have developed a low-temperature fluid electrolyte
phase® which is a 2:1 v:iv mixture of ethyl chloride and butyronitrile
with 0.1-0.2 M Bu,NC1O, or Bu,NPF electrolyte, procedures
for fashioning electrodes from the high-temperature supercon-
ductor (HTSC) materials,®> and an experimental protocol to
prepare superconductor interfaces with reasonably stable elec-
trochemical properties.?

In this paper, we apply these materials>? and procedures along
with electrochemical impedance spectroscopy* to measure the
interfacial (double layer) capacitances and charge transfer re-
sistances of electrodes made from two different Tl-based HTSC'’s,
at temperatures which span their T, (zero resistance) values of
112 and 119 K. We will show that the interfacial capacitance
responds to the onset of superconductivity in the electrode side
of the interface by a change in the shape of the interfacial ca-
pacitance-temperature curve that occurs highly reproducibly over
a 0.5-1-deg temperature interval, immediately below 7. Abrupt
changes in curve shape are also seen in plots of the charge transfer
resistance for the electrochemical reduction of solvent vs tem-
perature, but the reproducibility of these changes and of their
correlation with T, is less clear-cut.
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We had (intuitive) reason to anticipate a special effect of
superconductivity onset on the electrode/electrolyte solution in-
terfacial capacitance. The capacitance of an electrode/fluid
electrolyte interface is, in electrical equivalent terms, a series of
capacitive charge-storing phenomena:>¢ molecular dipole orien-
tation and electrolyte ion adsorption at the solution/electrode
interface (the solution part of the compact layer capacitance),
a space charge of ions in the immediately adjacent solution (the
diffuse layer capacitance), and the electronic charge carrier
distribution over the outermost layer of atoms of the electrode’
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(the electrode part of the compact layer capacitance). The (re-
ciprocally) summed, overall capacitance is called® the double layer
capacitance, Cp;. Since the superconductivity phenomenon leads
to an alteration of the electronic charge carriers, i.e., the formation
of paired electron states, we hypothesized that the electrode ca-
pacitance component of the HTSC electrode double layer might
be observably altered at temperatures at or below T..

Analogous questions have also been explored by Lorenz et al.®
at several HTSC/silver 8”-alumina interfaces. Using this solid
electrolyte, these workers discovered the first example of an
electrochemical response to the onset of electrode superconduc-
tivity, correlating changes in charge transfer resistance and in
associated interfacial capacitance with the T of the solid-state
assembly. Others, including electron transfer theorists, have also
contributed.® The experimental observations presented here
comprise the first evidence that fluid molecular interfaces also
respond to the onset of superconductivity. Fluid molecular in-
terfaces offer advantages of better contact with the superconductor
phase and a greater ultimate diversity of molecular charge transfer
systems than do solid-solid interfaces.

Experimental Section

Chemicals. Butyronitrile (PrCN, Aldrich, 99+%) was distilled from
CaH, under N,. Ethyl chloride (EtCl, Linde) was condensed into a
Schlenk tube and stored at room temperature (vapor pressure ca. 1.5
atm). Tetra-n-butylammonium perchlorate (Bu,NCIO,) was prepared
from Bu,NBr and perchloric acid and twice recrystallized from ethyl
acetate.!® Sintered pellets whose X-ray diffraction patterns indicated
predominantly Tl,Ba,Ca,Cu;0,, (T1-2223) phase®!! and roughly equal
proportions of Tl,Ba,CaCu,Q; (TI-2212) and TI1-2223 phases!? were
prepared by literature methods and their T, values (112 and 119 K,
respectively) established (for zero resistance) by resistivity measurements.
For simplicity, we label these T, = 112 and 119 K samples as Tl;z,; and
Tly,,4, respectively.

Electrode Fabrication. The sintered pellets of Tlyy,; and Tly,;, were
cleaved into ~2-mm blocks with a razor blade. Electrical contact was
made by vapor depositing approximately 0.3 um of silver onto one face
of the superconductor electrode; a Ag-coated Cu wire was attached to
this pad with silver solder (Kester) and reinforced with a bead of silver
epoxy (Epoxy Technology Inc., epo-Tek H20E, cured overnight at 70
°C). The superconductor working electrode and a 0.5 mm diameter silver
wire (quasi-reference electrode) were placed in a cylindrical mold which
was evacuated before introducing an insulating epoxy (Shell EPON 828,
m-phenylenediamine curing agent, cured overnight at 70 °C). The end
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of the resulting (6 mm diameter, ca. 5 cm long) epoxy-encapsulated
superconductor assembly was sanded (Buehler 600 grit) to expose the
superconductor working and Ag reference electrodes.

Prior to each experiment, fragments from the superconductor surface
were cleaved away under N, atmosphere in a drybox to provide a pristine
surface. We have established that such freshly exposed superconductor
surfaces exhibit? good room-temperature electrochemical electron
transfer properties. The cylindrical working and reference electrode
assembly fit into a stainless steel cylinder with a platinum disk counter
electrode bottom, providing a cofacial working/counter electrode orien-
tation.

Pt and glassy carbon working electrodes used as control materials were
prepared by a similar procedure and used in the same cell geometry.

Impedance Measurements. In electrochemical impedance spectrosco-
py, a constant-amplitude sinusoidal voltage, centered at a dc bias voltage
(relative to the reference electrode), is applied to the working electrode.
The resulting sinusoidal current amplitude and phase angle, ¢, with
respect to the voltage perturbation are measured at a succession of dif-
ferent frequencies using a frequency response analyzer (Schlumberger-
Solartron Instruments Model 1255) and a potentiostat (Schlumberger-
Solartron Instruments Model 1286) under computer control (Zenith).
The amplitude and phase angle of the current are characteristic of the
impedance of the cell and are presented as an impedance (or Nyquist)
plot of imaginary (90° out-of-phase, Z”) vs real (in-phase, Z’) impe-
dances. Each data point on such plots represents a different frequency.

Experimental Procedure. Sufficient ethyl chloride was added to a
Bu,NCliO,/butyronitrile solution at dry ice temperature to prepare a
0.1-0.2 M Buy,NCl0O,/2:1 v.v EtCL.PrCN solution. A fresh surface of
the superconductor electrode was exposed by cleaving the superconductor
with a razor blade in a nitrogen atmosphere glove box and transferring
the freshly cleaved electrode to the cold electrolyte solution. The cell was
adjusted so that the counter and working electrodes were separated by
ca. 100 um and was placed in a liquid nitrogen cryostat (Janis Model
6CND-NVT, equipped with a Lakeshore Model 805 temperature con-
troller, maintains temperatures to £0.1 K). After the temperature was
brought to the desired initial value, usually between 120 and 130 K, and
thermal equilibrium was established, current and phase angle measure-
ments were performed over a frequency range of typically 10 kHz-0.01
Hz to acquire the impedance spectrum. During the experiment, the
impedance spectrum was evaluated at a succession of gradually lowered
temperatures. Additionally, at least two measurements of the complete
impedance frequency spectrum were taken at most temperatures, to
check for reproducibility of the derived R and C values, which was
typically 1-2% (RSD). Experiments in which poor reproducibility was
encountered (sometimes a consequence of very large solution resistance)
were aborted and are not reported here. A voltage perturbation of 1000
mV was required to produce measurable currents at temperatures below
130 K. While larger than desirable, perturbations of several volts are
common for ultralow-temperature, very high impedance measure-
ments.?13

The dc voltage bias applied to Tl,,,; working electrodes was typically
-3.5 V vs Ag quasi-reference electrode. This voltage promotes a re-
duction reaction that we presume is the reduction of a solvent component,
probably that of ethyl chloride. The other dc bias voltages (all vs Ag)
are for Tlyy;,, —2.5 to —3.5 V, for glassy carbon, 2.0 to -3.0 V, and for
platinum, -2.0 to —3.0 V. These voltages were selected to give compa-
rable Nyquist plots for the different electrode materials.

Impedance Data Analysis. The impedance data were fit to an equiv-
alent circuit (representing the electrochemical cell)* using a Mar-
quardt-Levenberg nonlinear least squares routine. The equivalent circuit
employed consists of two paraliel RC circuits, in series, one representing
the parallel solution resistance and capacitance and the other the parallel
charge transfer resistance and double layer capacitance of the working
electrode/solution interface;

(Caurn)” (Con)”
[0 [0

RBULK RCT

This equivalent circuit, while not the only possible representation, has
frequently been employed*“ to represent electrochemical interfaces and,
in the present case, provided the best fit to the data. The capacitances
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Electrochem. 1991, 300, 235-248.
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Figure 1. Nyquist impedance plots (crosses denote origins) for a Tlyjy3
working electrode obtained at 114 K (top), 113 K (middle), and 111.5
K (bottom): O, experimental data; solid lines, Marquardt-Levenberg
data fits for equivalent circuits comprising two parallel RC circuit ele-
ments. The plot for 111.5 K also shows a fit for three RC circuit ele-
ments; the two- and three-element fits (see text) differ at high but not
at low frequency. The @ in each plot indicates the data point at 0.1 Hz.
Eqposc = 3.5V vs Ag, AE,; = 1000 mV, and frequency range = 10*-10™?
Hz from left to right.

are represented by a constant phase element, which more accurately
accounts for geometrical nonidealities such as surface roughness and
nonuniform current densities.** The impedance, Z, of each distributed
element RC circuit is given by

R

iRy — 0]

1 + RC(jw)*
where R and C are resistance and capacitance, w is the frequency (rad/s),
and j = v/~1. The exponent « is unity for an ideal capacitor; however,
in the electrochemical cells employed here, a values between 0.6 and 0.8
produced the best fits in the low frequency region of the impedance
spectrum.

Two semicircular arcs are expected in the impedance (Nyquist) plots
for the above equivalent circuit, Occasionally we observe Nyquist plots
at HTSC electrodes in which the higher frequency (left-hand) arc sep-
arates into two arcs, the highest frequency one being generally quite small
(see Figure 1, T = 111.5 K). This behavior is also typical for glassy
carbon electrodes. Recent refinements in the wiring between the cryostat
cell and impedance analyzer have made this effect less pronounced, and
we accordingly suspect that it is associated with stray capacitance. This
third arc, when present, is represented with a third distributed element
RC circuit, in series with the above two, but this in fact is not an im-
portant step, since the analysis of the low frequency resuits for Cp; and
Rer changes by <10% in absolute magnitude and not at all in the shape
of the temperature dependence whether the third RC element is included
in the equivalent circuit or is ignored.

T, Post-Mortem. To ensure that the Tl,,,; superconductor retained
its conductive and superconductive properties following use as an elec-
trode, its T, was determined following a complete set of low-temperature
impedance measurements. The determination was carried out as a
four-probe resistivity measurement by applying four parallel lines of
conducting silver paint (SPI Systems) to the exposed face of the used
electrode. A wire was attached to each line with silver epoxy, and the
electrode was returned to the cryostat. A Keithly Model 224 program-
mable current source impressed a current (typically 10 mA) through the
two outer contacts, and the voltage drop between the inner contacts was
measured as a function of temperature with a Keithly Model 197 digital
multimeter.

Results and Discussion

Impedance Analysis. Plots of in-phase and out-of-phase im-
pedances (Nyquist plots) determined using a Tl,,,; electrode in
the low-temperature fluid electrolyte system are shown in Figure
1. Note that the temperatures employed span the superconducting
transition temperature of the electrode material and that the lower
curve corresponds to the interfacial impedance characteristics
of an interface between a superconducting and a fluid (normal)
molecular phase. These are the first such data, for molecular
materials, of which we are aware.

(14) Maritan, A.; Toigo, F. Electrochim. Acta 1990, 35, 141-145,
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The Nyquist plots in Figure 1 (and those at higher and lower
temperatures) reveal a strong relation between the values of im-
pedance and temperature. A detailed analysis of the impedance
results is required, however, to ascertain whether any special
change occurs at the temperature of onset of electrode super-
conductivity.

The Nyquist plots in Figure 1 exhibit three arcs, the highest
frequency one of which is quite small and often difficult to see
and is thought to be associated with stray capacitance. In the
figure, the data points decrease from high to low frequency from
left to right. The arcs in Figure 1 are modeled as a series of two
parallel RC elements (vide supra); nonlinear least squares fitting
(solid line) of the data (open circles) with eq 1 typically produced
excellent fits, especially over the lower frequency arc. A fit using
three RC elements is also shown for 7 = 111.5 K to illustrate that
this detail does not affect fitting of the data in the most important
(vide infra) low frequency regime. Interpretation of the low
frequency data yields results for the electrode double layer ca-
pacitance and charge transfer resistance.

To fit the experimental data to theoretical curves, the initial
calculations were performed with floating R, C, and & parameters
for all of the RC circuit elements. The exponent « varied ran-
domly by a few percent with temperature. The major contributor
to a was probably the roughness of the cleaved electrode surfaces,'4
which should not change with temperature. Data were refit
therefore using the average « for that electrode; there were only
minor differences in R and C values obtained in the initial and
refined fitting steps.

In order to establish which of the impedance arcs represent the
electrode/solution interface, Nyquist plots were obtained as a
function of dc bias voltage. The low frequency (right-hand) arc
was extremely sensitive to applied bias voltage whereas the high
frequency arcs were completely unresponsive. Thus, the low
frequency arc represents the interfacial impedance and the (major)
high frequency arc the electrolyte solution impedance.!® As
expected, at more negative bias voltages, the resistive (Rct)
component of the low frequency arc becomes smaller, since the
charge transfer resistance of the electrochemical reaction at the
superconductor/electrolyte interface should become smaller (i.e.,
faster kinetics) at higher voltage driving forces.!® The normally
expected exponential dependence of charge transfer resistance on
potential could not be carefully evaluated, being smeared by the
large ac voltage perturbation that, for signal/noise reasons, was
necessary to employ.

In contrast to the behavior of the low frequency resistive ele-
ments, the capacitance obtained from the low frequency arc varied
only mildly with the applied dc potential bias. Double layer
capacitances in general are not expected to vary strongly with
electrode potential. Given all these facts, we conclude that the
low frequency arc represents the parallel combination of interfacial
impedances, the resistance to charge transfer (Rcr) and double
layer capacitance (Cp;), whose values we seek to measure as a
function of temperature.

Double Layer Capacitance Results. Plots of Cp;, normalized
to geometrical electrode area, vs temperature are shown in Figure
2a—c for a series of experiments using different Tl,,,, electrodes
with a dc bias of 3.5 V vs Ag. The absolute magnitudes of the
double layer capacitances, Cp;, of the different electrodes vary
due to uncertainty in the microscopic area, but the shapes of the
plots in Figure 2a—c are similar in that they all display an abrupt,
0.5-1 deg wide change in the shape of the Cp; vs temperature
plot just below the T, for this material. The change in shape
appears as an abrupt flattening of the slope with which interfacial
capacitance decreases with temperature; Figure 2a exemplifies
this feature, which was always present in the capacitance curve

(15) The bulk impedance of the electrode material itself, including in the
normal (T > T,) state, is completely insignificant on the scale of impedances
in Figure 1.

(16) For example, a glassy carbon electrode at 120 K gave charge transfer
resistances (from the low frequency arc) varying (roughly) exponentially from
21 MQat E=-1.5Vvs Agto 2.3 MQat £ =-3.0V vs Ag. Qualitatively
similar results were also observed at superconductor and platinum electrodes.
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Figure 2. Temperature dependence of Cp; obtained from the low fre-
quency arc in plots like those in Figure 1, normalized for geometrical
electrode area: curves a—c, Tlyy; electrodes (Eqppgc = -3.5 V vs Ag);
curve d, glassy carbon electrode (E, 4. = 2.0 V vs Ag). Curves a and
d are scaled differently for clarity of presentation. Data points are at the
centers of the 20 wide error bars.

shape change. Additionally, in about half of the Cpp;—temperature
runs, just prior to the flattening, an initially steeper decrease in
capacitance also occurs, as seen in Figure 2b,c. Both effects yield
the visual appearance of a dip in the capacitance curve just below
T.. The steep capacitance decrease amounts to a 10-30% drop
in Cp; over a 0.5 K interval, which is a very substantial change.
(The change observed in Cp; in the analogous superconductor/
solid electrolyte experiments® was also quite abrupt and transitory,
but of smaller magnitude.) The variability in the appearance of
the capacitance curve shape changes (flattening vs dip) must reflect
some uncontrolled variability in the nature of the cleaved HTSC
electrode surface.

That the observed dip in double layer capacitance is associated
with the onset of electrode superconductivity was confirmed by
experiments with electrodes of a different stoichiometry and 7.
Impedance measurements performed on Tl,,,5 superconductor
electrodes gave the Cp; vs temperature plots shown in Figure
3a,bd for three different Tl,,,, electrode samples at three different
bias voltages. All show a dip-like curve shape change just below
T., irrespective of the bias voltage used.!’

We should emphasize that while the T-correlated changes in
the shape of the capacitance-temperature curves in Figures 2 and
3 are relatively small effects, the statistics of the collected data
and their analysis demonstrate that the shape changes are real.
The magnitudes of the shape changes in double layer capacitance
at T, are well outside the experimental uncertainty of the individual
Cp data points. The relative standard deviations of the data points
in Figures 2 and 3 as obtained from the impedance analysis fits
are typically 1-2%; error bars shown in Figure 2 are insignificant
on the scale of the observed changes in Cp;. Muitiple impedance
spectra were routinely collected at each temperature setting during
a capacitance-temperature experiment and were similarly re-
producible. The influence of details of the impedance analysis
on the Trelated capacitance features in Figures 2 and 3 was also
examined with great care. The use, for example, of different values
of the parameter a produces small changes in the absolute
magnitude of Cp; but does not affect the appearance of the dip.
The capacitance curve shape change at T, was furthermore ob-
served for many more electrode samples than those whose curves
are shown in Figures 2 and 3, in fact in a total of 14 out of 15
capacitance—temperature runs (11 with Tly;,; and 4 with Tlyy,,)

(17) Any dependency of the dip in Cp; on dc voltage bias may be obscured
by the large ac voltage perturbation employed. The fluctuations in the ab-
solute values of Cp; are probably associated with differing microscopic area
rather than potential dependency.
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Figure 3. Temperature dependence of Cp;: curves a, b, and d, Tly,
electrodes (E, 40 = —3.5, -3.0, and —2.5 V vs Ag, respectively); curve
¢, glassy carbon electrode (Eyppac = 3.0 V vs Ag). (Error bars if shown
would be smaller than the data symbols.)

in which we were successful in accurately measuring capacitance
at 0.5-1 K intervals over a 6-7 K span centered around 7,. Only
one such experiment did not show a clear feature at T, in the Cp;
vs temperature curve. Six experiments showed the capacitance
feature only as a flattening of the slope of the capacitance curve
just below T, (e.g., Figure 2a); eight others additionally displayed
the steeper slope before the flattening (e.g., Figures 2b,c and 3d).
The ratios of the slopes of capacitance~temperature curves above
T to those in the flattened interval just below T, averaged to 2.2
% 1.3, not including the results for two samples whose slope ratios
were much larger (53 and 207). For the samples displaying the
more obvious dip, the ratios of the slopes of the capacitance-
temperature curves observed above T to thase in the steeper-slope
interval just below T, averaged to 0.6 + 0.1.

To ensure that the dips in Cp; are not caused by an artifact
associated with the experimental method or the solvent system,
CpL was also measured at glassy carbon electrodes (a non-su-
perconductor) over the same temperature intervals as in Figures
2 and 3. The results are shown as Figures 2d and 3¢c. In both
cases, Cp; decays smoothly, with no dip, past the relevant T,
temperatures. Similar results are obtained using Pt control
electrodes.

We regard the preceding data as firm evidence for an abrupt
change in the temperature dependency of the double layer ca-
pacitance of a superconductor/fluid electrolyte interface as the
superconductor undergoes transition from a normal to a super-
conducting state. Obtaining such evidence, the first of its kind,
was the principal objective of this study.

The double layer capacitance of an electrode/electrolyte in-
terface is not governed by any single interfacial property but, as
noted above, reflects the polarizability or charge-storing capacity
of several interfacial phenomena. One of these is the ionic space
charge (diffuse) layer® which is electrostatically established in the
solution next to the interface. We believe it unlikely that the
appearance of electron pairs in the electrode at T would influence
the diffuse layer capacitance, since the diffuse layer is separated
from the electrode by a layer of solvent dipoles which are part
of the so-called compact layer capacitance. The compact layer
capacitance is currently understood’ as having two charge-storing
components, one being on the solution side of the interface and
consisting of solvent dipole reorientations and adsorption of
electrolyte ions at the electrode/solution interface and the other
involving the distribution and polarizability of charge carriers
positioned on the outermost atomic lattice layer of the electrode
material (the electrode part of the compact capacitance). We
know of no theoretical basis for distinguishing between the sen-
sitivity of these two charge-storing mechanisms to the onset of
superconductivity. However, the electrode part of the compact
layer capacitance is known%’ to be sensitive to the electronic
properties of the electrode material and differs for a given metal
according to the crystal plane exposed. Current explanations®”’
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Figure 4. Temperature dependence of Rer: curves b—d, Tlyy,; electrodes
(Eappac = —3.5 V vs Ag); curves f-h, Tly,, working electrodes (Eyppac =
-3. 5 -3.0, and -2.5 V vs Ag, respectively); curves a and e, glassy carbon
working electrodes (Eyppac = —2.0 and -3.0 V vs Ag, respectively).
Curves b and f are lowered by 30 and 11 M, respectively, for clarity
of presentation.

of the electrode part of the compact layer capacitance are based
upon an outer atomic layer charge distribution model. It seems
reasonable therefore to speculate that a change in the electrode
(surface) part of the compact layer capacitance is the likely origin
of the capacitance curve shape effects observed in Figures 2 and
3. This speculation would imply that either the polarizability or
the distribution of charge carriers over the outermost HTSC
electrode lattice layer is changed at 7. by the appearance of
electron pairs there as part of the charge carrier population.

Unraveling the contributions of individual interfacial phenomena
to double layer capacitances has classically been difficult. In
ongoing studies of the HTSC electrode/fluid electrolyte interface,
we are attempting to manipulate the capacitance of the solution
side of the interface. Since Cp, is a reciprocal sum of the above
capacitances, an increase in the solution capacitance term should
enhance the effect of the electrode capacitance on Cp;. It is
possible then that effects larger than those seen in Figures 2 and
3 might be elicited in future experiments.

Charge Transfer Resistance Results. Working at solvent-re-
ducing potentials also afforded the opportunity to examine possible
changes in charge transfer resistance (Rcr) as the electrode be-
comes superconducting. Plots of R vs temperature for the same
electrodes and under the same experimental conditions as used
in Figures 2 and 3 are shown in Figure 4. Parts b and f of Figure
4 are offset by 30 and 11 M, respectively, for clarity of pres-
entation. These data, like the Cp; results, have RSD values of
1-2%. The charge transfer resistances increase steadily with
decreasing temperatures, as expected for an activated reaction.
The data are tantalizing because sharp changes are evident in some
of the curves in the vicinity of T,, and these sharp changes are
not seen at glassy carbon electrodes (Figure 4a,e). Whether the
kinetics of electron transfer are altered when a superconducting
interface delivers the electrons (or electron pairs) is of course a
question of fundamental significance. We note that the electrode
reaction involved is probably the reduction of ethyl chloride.
However, careful examination of the results suggests caution. The
sharp changes in Rcr are not as consistently at the same tem-
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Table I. Typical Values of Ry and Cyyy, as a Function of
Temperature

T (K) Ry (M) Coutx (#F/cm?)
115 8.1 0.143
114 11.3 0.124
113 16.4 0.117
112.5 21.4 0.109
112 26 0.101
111.5 34 0.092
111 48 0.081
110 76 0.072

perature with respect to T, as are the Cp results, and in 4 of the
15 experimental runs, the change either was minor (i.e., Figure
4c) or was within experimental uncertainty. We choose at present
to be conservative and say that these charge transfer data are
provocative but, in contrast to the double layer capacitance results,
are not conclusive.

T, Post-Mortem. In order to evaluate the possibility that the
electrochemical experiment might somehow damage the super-
conductor surface, we performed four-point probe resistivity
measurements on a Tl,,,; superconductor electrode following its
use in impedance experiments. Above T, the resistance was
measurable and gradually decreased with temperature, as ex-
pected. Near 112 K, the measured voltage across the two inner
Ag lines (i.e., the electrode resistance) dropped abruptly to a value
too small to measure. These observations are consistent with the
Tl,y,3 electrode specimen having retained its superconductive
properties following the electrochemical experiments. We believe
therefore that electrolytic damage is minimal or absent in this
aprotic low-temperature solvent (in contrast to that possible in
acidic media).2®®¢ Electrolytic stability of an oxide surface in
an aprotic solvent is not unusual.

High Frequency Results. The high frequency arc yields data
on the bulk solvent and shows no sensitivity to the 7T, of the
electrode or, as noted above, the bias voltage. Our principal focus
is on the low frequency Cp; and Rt data, and we report some
bulk solvent results only for completeness. Examples of typical
solution phase capacitance (Cy,) and resistance (Ry,y) values
obtained from the high frequency impedance data are given in
Table I. An Arrhenius plot of log (1/Ry,y) Vs reciprocal tem-
perature gives an activation energy for the solution conductance
of 48 kJ mol™, which is consistent with earlier experiments on
this solvent system.!®
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