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Investigation of the Mechanism of Electrosynthesis of the
Superconductor Ba; K,BiO;
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Cyeclic voltammetry has been used to investigate the electrodeposition of the superconducting
material, Ba;_.K;BiOs. Reactions occurring at a Pt substrate electrode over a wide potential
range have been assigned. Evidence has been found for time-dependent (cycle number)
electrochemical behavior. High-quality superconducting crystals can be obtained only when
the potential of the electrode is held in the region of predominantly kinetic control. The Bill
toBiY oxidation appears as two peaks during the anodicscan. Reproducible cyclic voltammograms
were obtained only after the KOH flux containing Ba(OH); and Bi;O; was equilibrated for 24
hunder a water-saturated argon atmosphere. High-quality superconductive crystals are obtained
only when the deposition potential is on the rising portion of the Bi'l to BilV oxidation peak.

Introduction

The use of hydroxide fluxes for the synthesis of
semiconducting and superconducting oxides has been
investigated in several laboratories.l-1* Recently, elec-
trosynthesis has been used to grow large, single crys-
tals of the superconducting compound, Bag¢K.4BiO;
(BKBO).2-26 As a preparative technique, molten salt
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electrodeposition has been studied extensively and
reviewed.2™-31 Polycrystalline and single-crystal phases,
which may not be prepared by direct solid-state methods,
may be prepared via molten-salt electrolysis. Electrosyn-
thesis has the potential advantages of greater control over
the product stoichiometry, particle size, and morphology,
compared to precipitation techniques.3! Hydroxide fluxes
dissolve metal oxides and tend to stabilize high oxidation
states.3233 It has been shown that electrosynthesis of the
Ba;_.K.:BiO3 superconductor from hydroxide fluxes can
produce large single crystals that are required for the
evaluation of fundamental properties.23435 BKBO crys-
tals prepared by this technique have some of the highest
superconducting transition temperatures (T,’s) observed
to date.16:22:23,36

While electrodeposition of BKBO has been reported,
there has been no attempt to investigate the processes
occurring at the substrate electrode. In particular, cyclic
voltammetry at “inert” electrodes that have been used as
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substrates to grow BKBO crystals from KOH-Ba(OH).-
BiyO; melts has not been published. The possibility of
time-variant electrochemical behavior, which could in-
fluence the properties of the materials deposited at
constant potential, has not been explored. The relation-
ship of the deposition potential to the mix of mass transport
and kinetic factors controlling the rate of crystal growth
has also not been explored. Lack of attention to these
details has contributed to compositional inhomogeneities
in the superconducting crystals produced by electrodepo-
sition and continues to be a challenge in the Ba; ,K,BiO;
system.”1726 The most homogeneous crystals to date have
been produced by top-seeded growth.1®

In this work, we have used cyclic voltammetry to identify
the electrochemical reactions occurring at platinum in the
hydroxide melt in the anodic potential region. Variations
in the voltammograms as a function of working electrode,
flux composition, and time (scan number) have been
explored. In addition, we have investigated the elec-
trodeposition process as a function of potential.

Experimental Section

Apparatus, Allelectrodepositions were performed inaTeflon
beaker (250-mL Nalgene Teflon-PFA type HP). The cell was
equipped with a Plexiglas top through which the electrodes were
fed. Uniform temperature was maintained by wrapping the
beaker with electrical heating tape and heating the assembly
from the bottom with & hot plate. Temperature was monitored
at the beaker wall and bottom. The working electrode was a
0.3-mm-diameter Pt wire (0.048 cm? area exposed to solution).
The counter electrode was a Pt wire (0.3-mm diameter, 0.48 cm?
area exposed to solution) which was coiled around the working
electrode. A Birod (5-mm diameter, Electronic Space Products
International, 5 N purity) was used as the reference electrode.2-22
Similar cells with a Pt counter and Bi reference electrode were
also set up with Ag and graphite working electrodes. The Ag
electrode was a 0.3-mm diameter wire (0.030 cm? area exposed
to solution), and the graphite electrode was a rod (3.2-mm
diameter, Graphite Specialty Products, Inc.). The graphite rod
was enclosed in Teflon heat shrink tubing so that only the end
of the rod was exposed to the solution. Cyclic voltammograms
were obtained using an EG&G Princeton Applied Research Co.
(PARC) Model 175 Universal Programmer, PARC Model 173
potentiostat/galvanostat, and Model 179 digital coulometer
interfaced to a Zenith data systems computer. Constant elec-
trolysis potentials were also set using this apparatus. All quoted
potentials, unless otherwise stated, were measured with respect
to the bismuth reference electrode. Data were collected, digitized,
and analyzed using Labtech Notebook and Quattro.

Materials and Procedure. Prior to insertion into the cell,
the working electrode was polished with 5.0-, 3.0-, 1.0-, and finally
0.5-um alumina slurries. Semiconductor-grade KOH pellets
(Aldrich, 99.99% ), Ba(OH)»-8H,0 (Aldrich, 98 % ), Sr(OH),-8H,0
(J. Matthey, Technical Grade), and Bi;O3 (Aesar, 99.9999 %) were
used to prepare the flux. The KOH pellets were placed in the
cell and melted at 180 °C under water-saturated flowing argon.
The KOH solution was stirred approximately 2 h with the three
electrodes in place and with water-saturated argon flowing over
the solution surface. Ba(OH);:8H,0 was then slowly added to
the KOH solution followed by Bi;O3. The mole ratio of a typical
melt was 34.95/0.54/1.00 (K/Ba/Bi, respectively).222 After 24 h
of stirring, to allow for maximum dissolution of the Bi;O3; and
equilibration of the system, cyclic voltammograms of the qui-
escent solution were run to determine the electrocrystallization
potential. Upon application of the chosen potential, the elec-
trocrystallization process instantly initiated. Crystals were
typically grown for more than 24 h, removed from the solution,
and etched using a hot solution of disodium ethylenediamine
tetraacetate (Na;H;EDTA).24 Electrodepositions from both
stirred and unstirred solutions were performed, and a comparison
was made between the resulting crystal properties (lattice
parameters and superconducting transition temperatures).
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Characterization. Electrodeposited crystals were obtained
at a constant potential for 3 h. The material was removed from
the electrode and all of it ground into a powder for X-ray and
magnetization measurements. In contrastto the resultsreported
by others to date,”16-1820-26 these measurements provide char-
acterization of the entire electrodeposited material, not just
selected single crystals. X-ray powder diffraction patterns of
the materials were obtained using either an Enraf-Nonius Guinier
camera (Cu Ko, radiation) or a Siemens D500 diffractometer
(Cu Ko radiation).

Magnetization studies were performed using a SQUID mag-
netometer (Quantum Design, Inc.). Samples were zero field
cooled to 5 K and a 5-G field was applied. Magnetization
measurements, as a function of temperature, were made up to
32 K.

Results and Discussion

Cell Setup. The argon atmosphere saturated with
water vapor maintains an “inert” atmosphere and estab-
lishes a stable potential for the Bi reference electrode.?2
Electrocrystallization of superconducting phases of
Ba;_.K;BiO; have also been reported when oxygen is
present.”2> The cyclic voltammogram is similar to that
observed for the cell with water-saturated argon flowing
over it, but degradation of the Bi reference electrode is
apparent. With water-saturated argon, no degradation
was observed and Bi behaved as a stable reference electrode
over the potential range studied (0.2 to 1.0 V). Although
we attempted to reproduce the experimental setup given
by Nagata et al., we were unable to obtain superconducting
crystals with an applied potential of 1.00 V.25 No further
investigations of the effect of oxygen on the electrochem-
istry were performed.

Semiconductor grade KOH is important to use for the
flux as it has been shown that small amounts of Na destroy
the superconducting behavior in BKBOQ.%6:87 Small
amounts of Na present in reagent-grade KOH produce a
new phase that is reported to be perovskite-like with a =
8.54 A.2637 We obtained crystals with similar lattice
parameters using reagent grade KOH. The effect of the
flux composition on the resulting crystal stoichiometry
and superconductivity has been studied.24 The optimal
flux composition was determined to be 52.4/0.54/1.00 (K/
Ba/Bimole ratio) with the K/Ba ratio postulated as being
the most important parameter for obtaining the super-
conducting BKBO phase, Bay Ky 4Bi03.24 We have found
that the mole ratio composition of 34.95/0.54/1.00 (K/
Ba/Bi, respectively)?122 provided the most homogeneous
crystals with stoichiometries close to BapgKo.4BiO3 and
this composition was used throughout the study. Billl is
always in excess since it does not completely dissolve in
the flux at 180 °C, even after 120 h, and probably in the
form of the hydrate (Bi(OH)3 or Bi20O3-H30).

The highest temperature that we employed for the
electrodeposition of BKBO crystals was 180 °C. Although
temperatures of 200-300 °C20-26 have typically been used
to grow superconducting crystals, we found 180 °C to be
adequate.

We also investigated graphite as a working electrode in
order to confirm peak assignments in the cyclic voltam-
mogram. We found that the KOH solution turned black
upon immersion of the graphite electrode, indicating
dissolution of the graphite into solution, and a cyclic
voltammogram could not be obtained using graphite as
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Figure 1. Cyclic voltammogram using a Pt electrode in a Ba-
(OH)2/Bi204/KOH solution. Scan rate = 50 mV/s. Inset shows
the cyclic voltammogram using a Pt anode in a Ba(OH),/KOH
solution. The divisions are 0.2 V and the scan rate is 50 mV/s.

the anode. Although graphite crucibles have been suc-
cessfully employed as the cathode for the electrosynthe-
sis,? it was noted that the crucibles degrade and need to
be replaced periodically. It has also been noted that
graphite does not form a stable electrode material in
hydroxide melts; it is easily oxidized to give carbonate
ion.38 QOther groups have used a metal or graphite crucible
as the cathode.20-2637 We found the three-electrode
geometry described above to be sufficient to obtain
superconducting crystals. All points on the surface of the
anode are essentially equidistant from the surrounding,
coiled cathode, providing nearly uniform current density
which is important for the growth of symmetric, high-
quality crystals.®®

In this study, we have not performed a systematic
evaluation of the effect of pH;0 on the electrochemis-
try. Clearly, it affects solubility and melt acidity, thus
determining the composition of the electrodeposited
phase.2264041 At g minimum, the presence of a constant
pHz0 and an otherwise inert atmosphere (Ar or N2) results
in a stable Bi reference electrode and inhibits oxidation
of this material and other components of the melt.20-22

Cyclic Voltammetry. A typical cyclic voltammogram
obtained in the Ba(OH)o—Bi;03-KOH electrolyte is shown
in Figure 1. Theinitial potential of the voltammetricscan
(0.50 V) was set at a value where no apparent electro-
chemical (anodic) processes occur; the potential range was
swept first anodically up to 1.0 V, cathodically to -0.2 V
and the cycle completed scanning anodically up to the
initial potential. The following reactions#?-44are proposed
to occur:

peak A 2Bi + 60H™ = Bi,0; + 3H,0 + 6¢” 1)
peak B Pt + 2xOH" = PtO, + 2xe” + xH,0 2
peak C Pt + 20H™ = Pt(OH), + 2¢~ 3)
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(39) Sawyer,D.T.;Roberts,J. L.,Jr. Experimental Electrochemistry
for Chemists; Wiley-Interscience: New York, 1974; pp 78, 123.

(40) Plambeck, J. A. In Encyclopedia of Electrochemistry of the
Elements; Bard, A. J., Ed.; Dekker: New York, 1976; Vol. X, p 283.

(41) Claes, P.; Glibert, J. In Molten Salt Techniques; Lovering, D. G.,
Gale, R. J., Ed.; Plenum Press: New York, 1983; Vol. 1, p 79-109.

(42) Milazzo, G.; Caroli, S. Tables of Standard Electrode Potentials;
John Wiley & Sons: New York, 1978.

(43) Pourbaix, M. Atlas of Electrochemical Equilibria in Aqueous
Solutions; Pergamon Press: New York, 1966; p 256—383.
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Bi,0, + 20H =Bi,0, + H,0 +2¢=  (4)
eak D
P Bi,0, + 20H = Bi,0, + H,0 +2  (5)

The peak labeling used in this work is outlined in the
above reactions. The peaks designated by “primes” in
Figure 1 indicate the reverse of the reactions. The
identification of the peaks in Figure 1 was determined by
performing cyclic voltammograms on a KOH solution, a
Ba(OH)2/KOH solution, a BigO3/KOH solution and a Ba-
(OH)2/Biy03/KOH solution. In addition, a silver working
electrode was investigated in order to facilitate identifi-
cation of the peaks.

The anodic peaklabeled A and the cathodic peak labeled
A’ are straightforwardly assigned to the forward and
reverseof reaction 1. Peakslabeled A/A’ were determined
by scanning anodically from 0.00t00.20 V and cathodically
from 0.20 to —0.20 V. The peaks are observed only when
Bi;Og is present in the solution.

Figure 1 (inset) shows the cyclic voltammogram obtained
without any Bi present. The only peaks observed using
a Pt electrode in a Ba(OH)2/KOH melt consisted of the
B/B’ and C/C’ couples. Peaks labeled C/C’ are present in
KOH alone, whereas peaks labeled B/B’ are present only
once Ba(OH); has been added tothe melt. Theirreversible
process represented by peaks B/B’ is probably associated
with surface-localized processes, based upon the relative
sharpness of the anodic peak, such as film formation/
reduction. Peak B’ does not appear if the forward anodic
scan is reversed prior to generation of peak B. An
adsorption prepeak to peak B is sometimes apparent after
the BiyO; is added to the solution. This may be due to a
small amount of impurity or perhaps minor differences in
the electrode surfaces from one experiment to the next,
leading to a more gradual surface oxide formation in the
oxide/hydroxide film formation region. Continued cycling
and long equilibration times results in a decrease in the
magnitude of peaks B and B’, again supporting the
proposed assignment of peaks B/B’ to adsorption/film
formation on the “bare” Pt substrate. In addition, a plot
of peak current vs scan rate shows linear behavior
consistent with a surface confined process (see supple-
mentary material). It is likely that the peaks B/B’ are
associated with the formation and dissolution of a pro-
tective platinum oxide/hydrozxide film proposed in reaction
2.4% The exact nature of the anodic film on platinum
remains a controversial subject. However, several elec-
trochemical steps are believed to be involved in the overall
anodic oxidation process.®® The role of Ba?* in the
adsorption/film formation is not fully understood, but since
peaks B/B’ are observed only once Ba(OH); has been added
to the KOH melt, its presence appears to be important for
the formation of an oxide film. It may play a role by
shifting the equilibrium (20H- & H3;0 + 0%) in the
hydroxide melt.#0 To verify this hypothesis, we investi-
gated the effect of Sr(OH); on the cyclic voltammogram.
However, Sr(OH); is only very slightly soluble in KOH
and no peaks were apparent in the cyclic voltammogram
when it was added to the KOH melt.

Unlike peaks B/B’ which are only observed after Ba-
(OH);is added to the solution, the peaks C/C’ are observed
in all of the KOH solutions. The quasi-reversible C/C’

(45) Kolthoff, I. M.; Tanaka, N. Anal. Chem. 1954, 26, 632.
(46) Be’langer, G.; Vijh, A. K. In Oxides and Oxide films; Vijh, A. K.,
Ed.; Marcel Dekker: New York, 1977; Vol. 5.
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Figure 2. Cyclic voltammogram from 0.20 to 1.0 V using a Pt
electrode in a Ba(OH)s/Bi;03/KOH solution. Scan rate = 50
mV/s.
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Figure 3. Cyclic voltammogram using a Pt electrode in a Bi;O3/
KOH solution. Scan rate = 100 mV/s.

couple is present only after scanning cathodically to
potentials less than 0.3 V and reversing the scan direc-
tion (F.gure 2). The origin of the quasi-reversible peaks
C/C’ is clearly due to a soluble redox couple, and the
proposed redox eq 3 is given above. We propose that Pt-
(OH), is formed at the electrode surface, and it dissolves
into the solution as a platinum hydroxide species such as
Pt(OH)42‘.47

In hydroxide melts, Billl can exist as BIOH2*, BiO*, and
BioO3, with the latter species dominating the equilibria.*8
Biy0j; is only slightly soluble in the KOH-Ba(OH); flux.
Upon dissolution in KOH-Ba(OH);, BisO3 forms a
hvdrate, Bi(OH)3 or Bi;03-3H20,* which appears as a white
insoluule precipitate. In the absence of Ba(OH); in the
melt the Bi;O3 r mains bright yellow. Although the
assignments of the peaks to oxides (eq 4 and 5) are
reasol able, it is probable that the reactions for the Bi-
(IiD)/Bi(IV) and the Bi(IV)/Bi(V) involve hydroxide
species. Electrochemical oxidation of the Bi(III) species
yields the Bi(IV) species, which may disproportionate to
the IIT and V species. The quasi-reversible oxidation (a
completely reversible system would have a peak separation
of about 45 mV (for n = 2, 180 °C)) of this species is
represented by peaks D,/D,’ in Figures 1 and 2. Figure
2 shows two anodic scans of the bismuthregion. To obtain
a reproducible cyclic voltammogram the solution needed

(47) Kozawa, A. J. Electroanal. Chem. 1964, 8, 20.
(48) ard, A. J. Encyclopedia of Electrochemistry of the Elements;
1986; Vol. IX, Part B.
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Figure 4. Cyclic voltammogram using a Pt electrode in a Ba-
(OH),/Bi;0/KOH solution shortly after Ba(OH),is added. Solid
line represents first scan; dashed line represents second scan;
scan rate = 100 mV/s.

to be equilibrated with H;O saturated Ar. With time, a
brownish blue-black precipitate is formed, indicating that
chemistry takes place even without an applied potential.
The shift of both anodic peaks to less positive values during
the second scan may imply the presence of a more favorable
surface for oxidation, likely an oxide layer or BKBO
deposited material.3® It is possible that the species
generated in the first peak is further oxidized to give the
second peak.

To identify the species giving rise to the cyclic volta-
mmogram in Figures 1 and 2, we performed cyclic
voltammetry in the flux without Ba(OH);. The cyclic
voltammogram of the flux with the Bi;0;-KOH combi-
nation is shown in Figure 3 and exhibits only one reversible
redox couple in the bismuth region that is independent of
scan rate, as well as length of time the melt is stirred at
constant temperature. Thesingle anodic peakisindicative
of only one bismuth species present in the solution. We
believe the anodic peak is due to the straightforward
oxidation of Bil® to BiV in which there is significant overlap
ofthe processes represented by eq 4 and 5. OQur assignment
issupported by the fact that we were able to electrodeposit
single crystals of KBiOs, a Bi(V) compound, on the rise
of the anodic peak (0.78 V). The electrodeposition of
KBiO; has been previously reported.l* Thelarge crystals
appear black on the surface but are orange powders when
ground. The lattice parameter for the cubic crystals, as
determined by powder X-ray diffraction, is a = 10.038(2)
A, slightly larger than that reported by Kodialam et al.1¢

Two peaks begin to appear in the voltammetric scans
as soon as Ba(OH); is added (Figure 4). The process also
immediately becomes quasi-reversible. A single broad
anodic peak is present during the first scan (scan rate =
100 mV/s) that shifts to iower potential during the second
scan, splitting into two peaks of approximately equal
magnitudes. As mentioned previously, the cyclic volta-
mmograms are time dependent. Over 24 h the cyclic
voltammogram will eventually look like that shown in
Figure 2, where the peaks are no longer of equal magnitude.
The exact role of Ba?* is not fully understood, but it is
apparent that its presence changes the shape of the cyclic
voltammograms, as well as the chemical processes occur-
ring in the bismuth region.

Previous studies have used Ag as a working electrode
in the successful electrocrystallization of BKBO22 and
KBiO34 although the mechanisms involved were not
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Figure 5. Cyclic voltammogram of the Ba(OH),/Bi,0s;/KOH
solution with a Ag wire as the anode, Pt wire as the cathode and
Bi reference electrode. Scan rate = 100 mV/s. First, second,
and third scans are indicated by solid, bold dashed, and dashed
lines, respectively.

explored. We have also examined the electrochemistry of
BKBO crystal growth using Ag as a working electrode and
the cyclic voltammogram of this system is shown in Figure
5. Since silver corrodes in molten hydroxide fluxes, the
solution was first allowed to equilibrate for 24 h, and then
the Ag electrode was partially submerged and the cyclic
voltammogram immediately taken. Cyclic voltammo-
grams were also taken of the KOH, and Ba(OH),-KOH
solutions without any Bi. The peaks observed in the 0.4~
1.0-Vregion occur only once BizO3 is added to the solution
and are attributed to Bi™ to BiY oxidation, and subsequent
reduction. Two oxidation peaks are present in the first
anodic scan through the bismuth region, as well as all
subsequent scans. Unlike the Ptelectrode, a shift to lower
potentials is not observed during continuous cycling for
the Ag anode. In addition the peak shapes remained
constant, thereby implying that the surface of the Ag
electrode is not modified by the flux, unlike the Pt
electrode. The broad peak, in the case of the Ag substrate,
clearly represents the diffusional oxidation process. The
sharp peak, in the case of the Ag substrate, indicates that
there is a large fraction of current coming from an adsorbed
species. The peak currents are several orders of magnitude
greater when Ag is employed as the working electrode (uA
on Pt vs mA on Ag for identical cell configurations and
electrode areas). The peak currents also increase with
scan number through the bismuth region, in contrast to
behavior observed using a Pt electrode, implying a large
surface area which may be a result of the buildup of an
insoluble product on the substrate. The shapes of cyclic
voltammograms are also modified in ways that are
characteristic of the electrode mechanism. Such modi-
fications may be the result of chemical reactions preceding,
following, or coupled to the charge transfer and adsorption
of the reactive species.

Constant-Potential Electrodeposition. The elec-
trocrystallization of BKBO is initiated by the proposed
oxidation of Bill to BilV. Asaresultof favorable Madelung
energies, the spectator ions, Ba?* and K*, are readily
incorporated into a growing three-dimensional crystal
mass. The relative adsorption of Ba2* and K* on the
corners of the cubic close-packed structure, and therefore
the rate of growth, varies with the concentration of the
ions in solution. Maintenance of constant melt activities
and other parameters, such as stirring rate (mass trans-
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Table I. Lattice Parameter and T, Onset as a Function of
Electrodeposition Potential

electrodeposition Lattice parameter T, onset,®
potential, V (powder diffraction), A

0.60 4.392(3)

0.65 4.293(1) 20
0.68 4.287(3) 28
0.70 4.286(3) 16
0.75 4.284(5) 20
0.775 4.282(1) 23
0.80 4.279(1) 22
0.85 4.277(1)

¢ T, onset values are from individual plots of x; vs temperature.

port), temperature, etc., during crystal growth should
produce high-quality homogeneous cubic crystals. In
principle, electrocrystallization offers considerable control
over the rate of crystal growth, particularly because the
electrodeposition potential directly controls the potential.
For instance, at relatively low potential in the Billl to BilV
oxidation region (for instance, at 0.68 V—see Figure 1),
the crystal growth will be dominated by kineticlimitations.
At higher positive potentials (for instance >0.80 V), the
crystal growth is dominated by mass transport consider-
ations. At intermediate potentials, crystal growth will be
influenced by both of these factors.

In addition to the above considerations, small amounts
of impurities added with reagents may significantly affect
superconductive properties. For instance, as mentioned
previously, incorporation of Na* into the growing crystal
is known to reduce the superconductivity onset temper-
aturein the Ba;_ K,BiO3system.26:37 Impurities may also
be contributed by oxidation of the substrate electrode on
which the crystals grow. Soluble complexes of Pt or Ag
are possible when these materials are used as the anode;
however, neither of these elements were detected by X-ray
fluorescence in the BKBO crystals grown in this study.

Following attainment of a steady-state voltammogram
upon repeated cycling, crystal growth was initiated at
constant potentials in the (primarily) kinetically con-
trolled, mixed, and mass-transport-dominated regions for
the oxidation of Bi™! to BilV. In relation to Figure 2, this
corresponds to the potentials on the rising portion of the
first oxidation peak (i.e., at 0.68 V), at the peak potential
and somewhat beyond (e.g.,0.72,0.74 V) and at potentials
between the two peaks (i.e., 0.85 V). Table I shows the
lattice parameters obtained, using powder X-ray diffrac-
tion, for material deposited on the anode as a function of
the applied potential. The gradual decrease in size of the
cell, with increasing electrodeposition potential, indicates
that a greater portion of Bi(III) is being oxidized to Bi(V)
and deposited at the substrate. The composition, deduced
from the lattice parameters, corresponds to increasing x
in Ba;_K,BiOs. As previously mentioned, the stable Bi-
(V) compound, KBiO3, is capable of being electrodeposited
at 0.78 V in the absence of Ba(OH),. In addition, a new
phase begins to grow in at 0.75 V and is present in
significant amounts in the 0.85-V crystal deposits, as
evidenced by powder X-ray diffraction. This new phase
can be indexed as an orthorhombic lattice with a = 13.944-
(2), b = 13.247(2), and ¢ = 8.077(1) A. In contrast to the
crystals grown at 0.68 V, those grown at higher potentials
are easily dislodged from the electrode surface. Table I
also shows T.’s for the electrodeposited material. The
T.’s reach a maximum for the material deposited at 0.68
V. Although the T.’s are high for the material deposited
at 0.75-0.80 V, the fraction of superconducting material
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Figure 6. T, is a function of electrodeposition potential for
crystals grown at constant potential between 0.65 and 0.80 V for
3 h.

is small. This is shown in Figure 6.

Electrocrystallization at potentials in the primarily
kinetically controlled region results in crystals which are
superconducting, while those grown at higher potentials
(>0.80 V) where mass transport begins to dominate are
nonsuperconducting. We found no significant differences
in the quality of crystals grown in either a stirred or
quiescent solutionat 0.68 V. Thisisexpected since crystal
growth in this potential region is dominated by kinetic
factors. In general, crystals that were grown for short
periods of time (24 h or less) resulted in lower T onsets
and inhomogeneous barium concentration (determined
from microprobe studies). These findings are similar to
those reported by others.222437 In the present study, the
minimum electrodeposition time necessary to obtain
superconducting crystals was found to be 0.25 h (T onset
= 20 K), and the maximum time was 120 h (T, onset =
30.5 K). Crystals electrodeposited on the platinum
substrate varied in color from black to blue and golden
bronze on the surface. The outer surface coloring was
also found to be dependent upon processes involved in
the postelectrodeposition. The golden bronze surfaces
could be removed to obtain sharper T.’s. The crystals
could be manually separated and identified microscopi-
cally. Concentration gradients throughout the bulk elec-
trodeposited material were confirmed by electron micro-
probe analysis. Similar results as a function of deposition
time have been observed in other laboratories.2223.25 It
has been shown that subsequent annealing of the crystals
in an oxygen atmosphere at 400 °C for 2 h increases and
sharpens the T substantially.2? Superconducting crystals
(T; onset = 18 K) were grown at 0.77 V using Ag as the
working electrode.

In several experiments the current was monitored as a
function of electrodeposition time, while maintaining
constant potential. A rapid nonlinear increase in current
is observed during the initial growth stages. Maximum
current is achieved and persists for a number of hours
(typically 48-92 h), during which time the more homo-
geneous phases of Ba; ,K;BiO3 are believed to be elec-
trodeposited. This type of nucleation phenomenon is
typical in random 3-D inhomogeneous crystal growth,3!
After depletion of the Ba2* ions in the flux, the current
density decreases in a nonlinear fashion and potassium
rich phases are produced.

Roberts et al.
Summary

Cyclic voltammetry has been used to investigate the
mechanism for electrochemical synthesis of supercon-
ducting Ba; ,K,BiO3 from KOH-Ba(OH);-Bi,03 melts.
Electrochemical processes occurring on two different
substrate materials, Ag and Pt, were explored over a wide
potential range. While Pt is not inert in this media, no
effect on the superconducting properties of the electrode-
posited crystals was noted.

The assignment of the peaks B/B’ and C/C’ (Figure 1)
to electrochemistry involving the platinum substrate is
supported by several observations. The peaksare observed
with only KOH and Ba(OH); present in solution. Neither
K* nor Ba?* is expected to have any significant oxidation
or reduction chemistry in hydroxide melts.®® No peaks
are observed in the same potential regions when Ag is
used as the working electrode. Inaddition,the peaks B/B’
are greatly diminished on subsequent scans, indicating
that the electrode is becoming passivated with respect to
the electrochemical reactions responsible for these peaks.
Typically, peak B’ is smaller than peak B, indicating
incomplete removal of the surface oxide by cathodic
scanning. This effect has previously been noted for Pt in
alkaline media.#’” Continued cyclic scanning results in
decreased magnitudes and eventually the absence of peaks
B/B'.

It was found that the Bill to BiV oxidation, which
initiates crystal growth, appears as two peaks in the anodic
and cathodic scans for scans beginning in the region
preceding the anodic peaks as well as in the region between
the two peaks. The two anodic peaks, which are present
only after Ba(OH). is added, could be attributed to (1) the
presence of two bismuth species that do not exhibit
reversible behavior or (2) the formation of a surface layer
of oxide or BKBO on the electrode which can be further
oxidized to give the second peak. Furthermore, crystals
with good superconducting properties (T.’s about 30 K)
can be obtained under potentiostatic conditions only if
the electrodeposition potential is chosen so that the
oxidation of Bil to BilV is primarily kinetically controlled
(potentials on the rising portion of the Billl oxidation peak).
Electrodepositions at higher potentials produce cubic and
orthorhombic phases of Ba;..K,BiOs;. The lattice pa-
rameter of the cubic material decreases with increasing
electrodeposition potential, favoring a more complete
oxidation to the BiV state or greater doping of K beyond
the superconducting stoichiometries.
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