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to the negative electrode in Ni-Zn batteries
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The chemical stability of YBCO (Y ,Ba,Cu,0, ,) and GdBCO (Gd,Ba,Cu,0, ) superconducting ceramics in an
alkaline medium was studied by analyzing polycrystalline samples of the ceramics before and after exposure to an
alkaline solution (7M KOH), normally used as a basic electrolyte in alkaline batteries. The high chemical resistance of
the ceramics to the alkaline medium was confirmed by structural observations and magnetic measurements. The pow-
der of YBCO ceramics was also used as a conducting additive to the active mass of zinc electrodes in an experimental
nickel-zinc alkaline battery. The electrochemical studies were carried out by a specially designed electrochemical cell
with demountable “coin” type zinc and nickel electrodes. The tests showed that the cells with an YBCO superconduct-
ing ceramic additive to the zinc electrode exhibited good cyclic operation ability and a capacity stability, as well as a
higher specific capacity (by about 30%) than the cells with a zinc electrode with carbon as a conducting additive to the
active mass. The results obtained suggest a possible application of these structural type superconducting ceramics as
additives to the electrode material of zinc electrodes for alkaline battery systems.
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INTRODUCTION high-temperature superconductors are divided into
three general purposes [1]: bulk superconductors,
superconducting tapes and wires. Bulk HTS have
been developed for electronic power application as
well as for magnetic separation in water cleaning
systems [2].

The chemical stability and the interaction of the
HTS with the environment is one of the important
factors that can hinder or support their application.
The deterioration of the superconducting proper-
ties of the YBCO (Y,Ba,Cu,0, ) and BSCCO
(Bi,Sr,Ca,Cu,0, ) systems due to the reaction with
* To whom all correspondence should be sent: water has been studied intensively [3, 4]; it was
E-mail: e-mail: aksi_bg@abv.bg shown that the superconductors are destroyed in a

Since the discovery of the high-temperature
superconductors (HTS) in the late 1980s, the tech-
nological research has been focused on producing
HTS materials in sufficient quantities to make their
use economically viable and on optimizing their
properties in relation to a wide range of advanced
applications. The basic areas of applications of the
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few minutes by boiling water [5]. The first electro-
chemical investigations on the dissolution behav-
ior of superconducting oxides were published by
Rosamilia et al. [6]. The corrosion behavior of the
HTS in different aqueous solutions has also been
studied by cyclic voltammetry at temperatures high-
er than 7, 1in order to determine the effective expo-
sure “lifetimes” [7]. Applying electrochemical dc
and ac methods, Bachtler and Lorentz [8] found that
the high temperature superconductor YBa,Cu,0,
does not act as a special electrocatalyst for anodic
oxygen evolution reaction. Moreover, the surface
structure and composition of the semiconductors
were found to depend strongly on the polarization
conditions and the contact time with the solution.

Along with the development of zinc electrodes
for alkaline battery systems, the application of dif-
ferent conducting powders as additives to the active
electrode mass based on zinc oxide have come into
consideration because of their low electronic con-
ductivity [9]. In this respect, it is interesting to in-
vestigate the possibilities of application of different
superconducting ceramic materials as additives to
the electrode mass of the zinc electrodes in alkaline
rechargeable battery systems, thus contributing to
a longer battery life by improving the conductiv-
ity and electrochemical homogeneity of the anode
mass and reducing gas evolution problems during
charging of the cell.

In the present work, the changes of elemental
and phase composition, as well as of the supercon-
ducting properties of samples of superconducting
ceramics YBa,Cu,0,  (YBCO) and GdBa,Cu,0, _
(GdBCO) after exposure to a concentrated alkaline
solution, were first studied in order to evaluate the
stability of the ceramic materials in electrolytes nor-
mally used in the alkaline batteries. Second, the be-
havior of the conducting ceramic powder of the high
temperature superconducting system YBa,Cu,0,
was also studied as an additive to the zinc anode
mass of nickel-zinc alkaline rechargeable batteries
to form a highly conducting network between the
particles of the electrode mass thus improving the
electrochemical contact in the power generation
material in the system.

MATERIALS AND METHODS

Samples preparation

YBCO and GdBCO samples were prepared by
the standard solid state synthesis. The appropri-
ate amounts of high purity (all 99.99% pure) pow-
ders of Y,0;, Gd,0; BaCO, and CuO were mixed,
ground, pressed into pellets and subjected to sinter-
ing in three stages in an oxygen atmosphere. The
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first sintering was performed at 900 °C for 21h in
flowing oxygen. After grinding, the powder was
sintered for a second time at 930 °C under the same
conditions, followed by a slow cooling and an ad-
ditional annealing at 450 °C for 2h. The pellets were
then pressed at 6 MPa and sintered for the third time
at 950 °C for 23h, and subsequently annealed at
450 °C for 23 h.

The pellets of the sintered ceramics (10 mm di-
ameter, 2 mm thick) were first soaked in a model al-
kaline solution (7M KOH) and then exposed to the
same solution for 24, 48, 72 or 96 hours. After the
exposure, the samples were removed from the solu-
tion, dried at room temperature and studied. Since
the properties of all samples varied practically neg-
ligibly with the exposure period, further in the paper
results from the longest soaking time (96 hours) are
only presented and discussed

Pasted zinc electrodes and battery assembling

The pasted zinc electrodes used in the present
study were prepared by inserting a preliminarily
prepared zinc paste on a metal support and current
collector (copper mesh). The paste was composed
by powder ZnO (average particle size 30—40 nm, 88
wt.%), a conducting additive — superconducting ce-
ramic powder YBCO (particle size 5—10 um, 7 wt.%)
and binding agents — plytetrafluorethylene (PTFE,
4 wt.%) and carboxymethylcellulose (CMC, 1 wt.%).
The paste was uniformly spread on the preliminar-
ily configured copper support (15 mm diameter).
The pasted electrode was dried at 90 °C for 2 hours,
then pressed under 30 MPa for 2 min and sintered
at 320 °C for 10 min. For comparison, similar zinc
electrodes with an active paste composed by the
same nanosized ZnO (93 wt.%), the same binding
agents — plytetrafluorethylene (PTFE, 4 wt.%) and
carboxymethylcellulose (CMC, 1 wt.%), but with a
conducting carbon additive — acethylene black (AB,
2 wt.%) were also fabricated applying the same
technological procedure.

Sintered-type nickel electrodes with a nominal
capacity twice as high as the capacity of the zinc
electrodes were used as cathodes in the experimen-
tal nickel-zinc battery cells. A solution of 7M KOH
saturated with ZnO was used as a battery electro-
lyte. Before assembling the cell, the electrodes were
soaked under vacuum with the electrolyte for 10
min. The cell package consisted of two disk-type
zinc and nickel electrodes with a diameter of 15
mm, separated by a micro porous separator (Celgard
3501). The electrode package was assembled into a
coin-type cell container made of transparent mate-
rial and soaked with the electrolyte. The zinc elec-
trodes were characterized by the charge-discharge
cycling behavior and the cycling life.
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Methods for analysis

The X-ray diffraction patterns of the supercon-
ducting powder samples were obtained within the
range 5.3 to 80° 20 at a constant step of 0.02° 26 on
a Bruker D8 Advance Diffractometer with Cu Ka
radiation and a LynxEye Detector. The phase iden-
tification was performed by a Diffracplus EVA v. 15
program using the ICDD-PDF2 (2009) Database.
The mean crystallite size was determined by the
Topas v.4.2 software package using the fundamen-
tal parameters peak shape description including ap-
propriate corrections for the instrumental broaden-
ing and difractometer geometry [10].

The microstructure of the samples was studied
by means of a Zeiss EVO MA-15 scanning elec-
tron microscope (SEM) with a LaB, cathode on the
polished cross-section of the samples. The chemical
composition was determined by X-ray microanaly-
sis using energy dispersive spectroscopy (EDS) on
an Oxford Instruments INCA Energy system. The
qualitative and quantitative analyses were carried
out at an accelerating voltage of 20 kV.

The non-stoichiometric oxygen coefficient 6 was
determined by spectrophotometry based on the ab-
sorbance measurement of colored Cu(I1)-EDTA and
Co(II)-EDTA complexes [11]. The samples were
dissolved in the presence of chloride ions, Co(Il)
and EDTA without removing the air from the solu-
tion (pH = 2.5). Co(Ill)-EDTA and Cu(Il)-EDTA
complexes were formed in a medium of sodium
acetate-acetic acid buffer (pH = 4.9) and their ab-
sorbance was measured. The & non-stoichiometric
oxygen coefficient was calculated as the ratio of the
concentrations of Co(Il)-EDTA and Cu(Il)-EDTA
complexes using salts CoF; and CuSO, as standards
for calibration.

The magnetic measurements of bulk polycrystal-
line superconducting samples were performed using
a PPMS (Physical Property Measurement System
— Quantum Design) as follows: 1) magnetization
vs. magnetic field (—9+9 T) M(H) measurements
at a temperature of 10 K; and 2) AC magnetization
(ACM) vs. temperature (10+200 K) measurements
in an applied AC magnetic field with a frequency of
3333 Hz and an amplitude of 0.5 mT. For the ACM
measurements, the sample was first cooled down to
10 K without a magnetic field.

The electrochemical investigation of the zinc
electrodes was carried out on a specialized elec-
trochemical equipment (Arbin Instrument) allow-
ing a galvanostatic mode charge/discharge cycling,
as well as a mixed mode constant current/constant
voltage cycling. The charge/discharge cycling tests
were performed at room temperature. The cells were
charged at 20 mA (C/5, where C = 100 mAh is the
nominal capacity of the zinc electrode) for 6 h, and

then discharged at the same current load down to
1.3 V cut-off, recording the cell voltage as a func-
tion of time. Both the charge and discharge specific
capacities were automatically calculated so that the
important dependency of the discharge capacity of
both type zinc electrodes on the number of the cy-
cles was thus obtained.

EXPERIMENTAL RESULTS
AND DISCUSSION

The X-ray diffraction patterns showed that the
single-phase well-crystallized samples formed super-
conductive 123 systems (YBCO and GdBCO). The
refined unit cell parameters were a = 3.8209(5) A;
b =3.8938(8) A; ¢ = 11.675(2) A for YBCO (SG:
Pmmm) and a = 3.8439(5) A; b = 3.8923(7) A;
c=11.712(1) A for GdBCO (SG: Pmmm) respec-
tively, leading to a unit cell volume V, (YBCO) =
173.70(5) A*and ¥ (GABCO) = 175.35(5) A®. After
the treatment with the alkaline solution, all peaks
of the 123-type phase remained and no impurity
phases related to sample deterioration or products
of reaction with potassium hydroxide were found
(Fig. 1). No significant changes of the unit cell pa-
rameters and the volume after the alkaline treatment
were registered; however, the XRD pattern of the
treated GdBCO samples showed the presence of an
amorphous component, probably due to some sur-
face structure deterioration.

It is well known that the oxygen content is crucial
for the phase stability of the cuprate superconduc-
tors. Its precise control, as well as the determination
of the oxygen non-stoichiometry, provides impor-
tant information on the phase relation, structural
defects and fundamental material properties [12,
13]. In order to obtain more detailed information
about the stability of the superconducting phases
of the samples treated, the oxygen content was also
determined.

The average results for the non-stoichiometric
coefficient & of all (as synthesized and after expo-
sure to the alkaline solution) YBCO and GdBCO
samples obtained by spectrophotometry are listed in
Table 1. Each result is the mean value of at least
three independent determinations, the standard de-
viation being within +0.002. The spectrophotomet-
ric method based on the absorbance measurement of
the I — starch compound was used for comparison
[14]. The results obtained by the two methods prac-
tically did not differ.

Figure 2 presents SEM images of YBCO and
GdBCO samples before and after alkaline treatment.
It is seen that a highly homogeneous ceramics was
produced after sintering the YBCO bulk sample.
The grains were relatively large (5—10 pm) without
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Fig. 1. Powder X-ray diffraction patterns of YBCO and GdBCO ceramic samples before (a, b) and after (c, d) alkaline

treatment

Table 1. Values of oxygen coefficients “6” and “y” as
determined by spectrophotometry.
oxygen oxygen
Sample coefficient coefficient
& y=6.5+3
YBCO 0.450 6.950
YBCO*
(alkaline treatment) 0498 6.998
GdBCO 0.376 6.876
*
GABCO 0.387 6.887

(alkaline treatment)

*Each result is a mean value of at least three parallel determina-
tions. The confidence interval with P=0.95 for each sampleis+
0.004.

a specific shape. In contrast, despite that the synthe-
sis regime was the same for both powders, the poly-
crystalline GABCO sample exhibited larger grains
than the YBCO sample. After the alkaline treatment
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of the ceramics, no significant changes of the bulk
morphology were observed, as seen in Fig. 2.

Figure 3 shows the surface of the YBCO sample
after the alkaline treatment. It is seen that this sample
endured well the alkaline treatment and only small
spots on the surface were changed. On the contrary,
the SEM micrographs of GdABCO sample show a
modified surface morphology as a result of interac-
tion with the KOH solution. It should be mentioned
that the surface changes observed concerned only a
thin surface layer of the sample, while preserving
the sample volume unchanged. This observation is
confirmed well by the EDX results of both samples,
as summarized in Table 2 and Table 3 for the YBCO
and GdBCO ceramics, respectively.

The results in Table 2 indicated that YBCO sam-
ples remained stable after alkaline treatment and the
stoichiometry of superconducting phase was un-
changed. Only traces of potassium, originating from
the solution, were detected on the sample surface.

The results of the EDX analyses of the
GdBCO samples showed generally that the Gd-
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Fig. 3. SEM micrographs of YBCO and GdBCO ceramics surfaces after alkaline treatment

superconducting phase was not as stable in a highly
alkaline medium as the Y-containing superconduct-
ing ceramics. The slight change of the stoichiom-
etry observed indicated a reaction with the KOH
solution and, as a result of such a reaction, parts of
the barium and copper contents of the sample were
lost. The changes in the chemical composition of
the Gd-ceramics probably affected some physical
properties of this material, as can be seen below.
The superconducting properties of the ceram-
ics samples were studied using the AC susceptibil-

ity method. The YBCO samples (as sintered and
treated in the alkaline solution) were typical super-
conductors with a critical temperatures 7, = 91.3 K.
The transition behavior of the treated sample almost
overlapped the original sintered one, as is seen in
Fig. 4a. The complete hysteresis loop (magnetiza-
tion vs. applied magnetic field — M(H)) was typi-
cal for superconductors without any essential dif-
ference between the treated and untreated samples
(Fig. 4b). The critical fields determined were H, =
025Tand H,>9T.
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Table 2. EDX results for elements content of the samples before and after (*)

alkaline treatment for YBCO.

Y at.% Ba at.% Cu at.% O at.% K at.%
Before alkaline treatment
EDX (integral) YBCO 7.21 12.39 21.02 59.38 0
After alkaline treatment
EDX (integral) YBCO* 7.18 12.67 20.90 59.12 0.13

Table 3. EDX results for elements content of the samples before and after (*)

alkaline treatment for GdBCO

Gd at.% Ba at.% Cu at.% 0 at.% K at.%
Before alkaline treatment
EDX (integral) GABCO 6.45 15.22 22.09 56.24 0
After alkaline treatment 6.73 14.67 20.54 58.06 0

EDX (integral) GABCO*
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Fig. 4. The real (in-phase) and imaginary (out-of-phase) parts of the complex magnetization (ACM) vs. temperature
for YBCO (a) and GdBCO (c). The hysteresis loop (magnetization vs. applied magnetic field — M(H)) for YBCO (b)

and GdBCO (d)
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The magnetic behavior of the sintered and al-
kaline-treated GABCO samples followed the curve
loops characteristic for systems with a considerable
magnetic moment [15, 16]. In the case of the critical
temperature measurements, some difference were
observed, which could be related to a non-constant
stoichiometry and the appearance of a Gd excess in
the alkaline-treated sample. On the other hand, the
critical parameters determined for the GdBCO ce-
ramics were not affected significantly — only a slight
decrease of the critical temperature of the alkaline
treated GdBCO sample was measured as compared
to the untreated one (7, = 91.5 K for the untreated,
and 91 K for the alkaline-treated sample).

Figure 5 presents typical plots of the specific
discharge capacity vs. the number of cycles of the
electrochemical cells with the zinc electrode paste
containing carbon or YBa,Cu,0,  superconducting
ceramics as a conducting additive during the cy-
cling test. Comparing the capacity of the cell with a
zinc electrode containing superconducting ceramics
with that of the cell with a zinc electrode containing
a carbon additive leads to the conclusion that add-
ing superconducting ceramics to the electrode mass
maintains the cell capacity to higher values after an
extended cycling.

The discharge capacity of the cell with a zinc
electrode containing carbon as a conducting addi-
tive is lower (up to 30%) than the capacity of the
cell with a zinc electrode containing YBa,Cu,0,
superconducting ceramics. To summarize, the re-
sults of the electrochemical investigation showed
that the nickel-zinc cell with superconducting ce-
ramics in the zinc electrode mass exhibited gener-

ally good cyclic operation ability and a perform-
ance stability. In our opinion, the superconducting
ceramic powder forms a highly-conducting network
between the particles of the zinc electrode mass thus
improving the electrochemical contact in the power
generation material.

CONCLUSIONS

The stability of YBCO and GdBCO supercon-
ducting ceramics was investigated by analyzing
polycrystalline samples before and after exposure to
an alkaline solution that is normally used as a basic
electrolyte in the alkaline batteries. The high chemi-
cal resistance of the ceramics to the alkaline me-
dium was confirmed by structural observations and
magnetic measurements. The study revealed that
the YBCO samples are remarkably stable, while
the GdBCO ceramics showed only a slight decrease
of the critical temperature 7, thus leaving the su-
perconducting properties of the 123-type phase un-
changed after the alkaline treatment.

The possibility was also studied of using the
superconducting YBCO ceramics as a conducting
additive to the zinc electrode mass of nickel-zinc
alkaline rechargeable batteries. The electrochemical
tests showed that the battery cells with an YBCO
superconducting ceramic additive in the zinc elec-
trode exhibited a good cyclic operation ability and
a capacity stability, as well as a higher (by about
30%) specific capacity than the cells with zinc elec-
trode with a “classic” carbon conducting additive to
the zinc electrode mass.

The electrochemical characteristics of the exper-
imental nickel-zinc battery cells obtained suggest
that adding superconducting ceramics to the elec-
trode mass improves the retention of the cell capac-
ity to higher values after prolonged cycling and thus
may contribute to extending the battery life.
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IMPUJIOXXEHUE HA BUCOKOTEMIIEPATYPHU CBPBXITPOBOAMNMMU KYIIPATHU
KATO JIOBABKA KbM OTPULIATEJIHUA EJIEKTPO/I B Ni-Zn BATEPUN
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(Pesrome)

XumuueckaTa ycroiuusocT Ha YBCO(Y ,Ba,Cu,0, ) u GABCO(Gd,Ba,Cu,0, ) HoIUKpUCTaNHU CBPBXIIPOBO-
JIMMH KepaMHUKH B ajIkaJiHa cpejia € u3cieaBaHa npean u cien tperupane B7M KOH pas3rBop, KOWTO 0OMKHOBEHO
ce M3I10JI3Ba KaTo EJIEKTPOJUT B AJIKAITHUTE OaTepnn. Brcokara XuMHYecka YCTOHYMBOCT Ha KepaMUKaTa B aJIKaJiHa
cpela e MOTBbp/AeHa OT CTPYKTYpPHH U3CeABaHMs U MarHuTHY u3MmepBanus. Kepamuka ot Buga YBCO e usnonssana
KaTo 100aBKa KbM aKTHBHATA Maca Ha IIMHKOB €JIEKTPOJ Ha HUKEJI-IIMHKOBA ajlKaiHa Oarepus. EnexkTpoxuMuaHuTe
M3CJIC/IBAaHMS Ca IPOBEACHH B CIICIHAIHO KOHCTPYHpPaHa eJICKTPOXMMHUYHA KIIETKA TUII ,,KOITIe™ ¢ pa3rio0sieMu 1UH-
KOB 1 HHKEJIOB €JIEKTPOJI. YCTAaHOBEHO €, ue OarepuifHa kieTka ¢ JobaBka or YBCO cBpbXIpoBoarMa KepaMHuKa
no700psiBa cTaOMITHOCTTa Ha KanamuTeTa npu mukiaupane (¢ okono 40%) cripsMo OarepuiiHa KIIeTKa ¢ BhIJIEpOIHA
nob6aska. [TorydenuTe pe3ynTaTi JaBaT Bb3MOKHOCT 32 TIPHJIOKEHUE Ha CBPBXITPOBOANME KEPAMHUKH KaTo 100aBKa
KBM EJIEKTPOTHHS MaTeprall Ha IMHKOBUS CJICKTPO/] 3a AJIKAITHU OaTepuH.
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