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RECHARGEABLE ENERGY STORAGE
CAPACITOR AND SYSTEM

This 1s a divisional application of co-pending application
Ser. No. 15/473,364, “ENERGY STORAGE SYSTEM

USING RARE FEARTH AND HYDROXYL CO-DOPED
CERAMIC IN HUMID ENVIRONMENT™, filed on Mar.
29, 2017.

ORIGIN OF THE INVENTION

The mmvention described herein was made 1n the perfor-
mance of work under a NASA contract and by an
employee(s) of the United States Government and 1s subject
to the provisions of Public Law 96-517 (35 U.S.C. § 202)
and may be manufactured and used by or for the Govemn-
ment for governmental purposes without the payment of any
royalties thereon or therefore. In accordance with 35 U.S.C.
§ 202, the contractor elected not to retain title.

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

This patent application is related to U.S. Pat. No. 9,987,
658 entitled “METHOD OF MANUFACTURING A
HUMIDTY SENSING MATERIAL”, application Ser. No.
15/4°73,322, filed Mar. 29, 2017, and owned by the same

assignee as this patent application.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This 1nvention relates to energy storage devices. More
specifically, the invention 1s a rechargeable energy storage
capacitor and system that includes a plurality of such
capacitors.

2. Description of the Related Art

The number of small devices utilizing rechargeable
energy sources 1s ever increasing. Many of these devices
rely on state-of-the-art lithium batteries. However, 1n gen-
cral, lithium batteries are relatively large, highly toxic,
volatile, limited 1n terms of the number of charge/discharge
cycles, limited 1n voltage range, and limited 1n terms of their
charge/discharge rate.

SUMMARY OF THE INVENTION

Accordingly, it 1s an object of the present invention to
provide an energy storage device.

Another object of the present invention 1s to provide an
energy storage device that 1s rechargeable.

Still another object of the present invention 1s to provide
an energy storage device that can be adapted for use 1n a
variety of small devices.

Yet another object of the present invention 1s to provide a
method of making an energy storage device.

Other objects and advantages of the present invention will
become more obvious hereinafter in the specification and
drawings.

In accordance with the present invention, an energy
storage capacitor has a solid dielectric sandwiched between
two electrodes. The solid dielectric 1s a lanthanum-doped
bartum ftitanate-based ceramic material. A dopant of the
lanthanum-doped barium titanate-based ceramic material 1s
selected from the group consisting of lanthanum hydroxide
and lanthanum oxide. The lanthanum-doped barium titanate-
based ceramic material further includes an alkali hydroxide
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co-dopant selected from the group consisting of potassium
hydroxide, sodium hydroxide, rubidium hydroxide, and

lithium hydroxide.

BRIEF DESCRIPTION OF THE DRAWING(S)

Other objects, features and advantages of the present
invention will become apparent upon reference to the fol-
lowing description of the preferred embodiments and to the
drawings, wherein corresponding reference characters indi-
cate corresponding parts throughout the several views of the
drawings and wherein:

FIG. 1 1s a schematic view of an energy storage system
that includes an energy storage capacitor 1n accordance with
an embodiment of the present invention;

FIG. 2 1s a schematic view of an energy storage system
utilizing a stacked arrangement of capacitors 1n accordance
with another embodiment of the present invention;

FIG. 3 1s a flow diagram of a method of manufacturing an
energy storage capacitor used in the energy storage system
in accordance with an embodiment of the present invention;

FIG. 4 1s a plot of capacitance as a function of frequency
for a capacitor used 1n an energy storage system 1n accor-
dance with an embodiment of the present invention; and

FIG. 5 1s a plot of charge as a function of voltage for a
capacitor used 1n an energy storage system in accordance
with an embodiment of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT(S)

Referring now to the drawings and more particularly to
FIG. 1, an energy storage system in accordance with an
embodiment of the present invention 1s shown and is refer-
enced generally by numeral 10. In general, energy storage
system 10 1s a rechargeable system that can be incorporated
into a variety of electronic devices requiring a rechargeable
energy storage source. It 1s to be understood that the drawing
of energy storage system 10 1s presented to show the
essential elements thereotf, but 1s not to scale.

Energy storage system 10 includes a casing 20 and an
energy storage capacitor 30 disposed within casing 20. More
specifically, casing 20 1s a hermetically-sealed casing that
can be made from a variety of matenals to include, for
example, plastics, ceramics, metals, or combinations
thereof. Without departing from the scope of the present
invention, casing 20 can be formed about capacitor 30 or
assembled with capacitor 30 being placed therein during
such assembly. In either scenario, casing 20 defines an
interior volume 22 in which capacitor 30 1s disposed. In
accordance with the present immvention, volume 22 has 1ts
humidity set to a level of 30-90%. While some applications
can be adequately served by a relative humidity level as low
as 30%, higher levels of system performance are achieved
when the relative humidity 1s in the range of 50-90%.
Introducing a suitable level of humidity into volume 22 can
be achieved, for example, by adding drops of deionized
water directly to the capacitor’s dielectric or to the casing’s
volume 22 prior to sealing casing 20. As used herein, the
word “humidity” refers to an environment’s relative humid-
ity that 1s a percentage ratio of actual water vapor pressure
to the saturation vapor pressure as 1s well understood 1n the
art. The hermetically-sealed casing 20 prevents moisture
from escaping into the surrounding atmosphere thereby
maintaining the relative humidity level in volume 22.

Capacitor 30 includes a lanthanum-doped bartum titanate-
based ceramic dielectric 32 sandwiched between two elec-
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trodes 34 and 36. Dielectric 32 1s a solid material whose
tabrication will be described further below. Briefly, dielec-
tric 32 includes a dopant of lanthanum hydroxide or lantha-
num oxide, and an alkali hydroxide co-dopant. Suitable
alkali hydroxides include potasstum hydroxide, sodium
hydroxide, rubidium hydroxide, and lithium hydroxide. The
thickness of dielectric 32 can be in the range of 1-50
micrometers thereby assuring that capacitor 30 and energy
storage system 10 can be fabricated as a small package.

The present invention 1s not limited to the use of a single
capacitor 30 1n casing 20. For example and as shown 1n FIG.
2, a stacked arrangement 40 of capacitors can be provided 1n
casing 20. In the illustrated example, two capacitors are
created 1n arrangement 40, where a first capacitor 1s defined
by electrodes 44/46 sandwiching dielectric 42 and a second
capacitor 1s defined by electrodes 46/48 sandwiching dielec-
tric 50. Each of dielectrics 42 and 50 1s the same as dielectric
32. The electrodes can be arranged in parallel or serial
configurations to eirther increase capacitance or voltage,
respectively, depending on the needs of a particular appli-
cation as would be well understood 1n the art.

Each individual capacitor 30, or each capacitor 1n stacked
arrangement 40, can be fabricated 1n accordance with the
process to be described later below. It 1s to be understood
that the number of capacitors 1n a stacked arrangement can
be more than two without departing from the scope of the
present invention. Further, multiple individual capacitors 30
and/or multiple stacked arrangements 40 can be included 1n
a single casing 20 without departing from the scope of the
present mvention. Although not 1llustrated, electrical leads
would be coupled to the electrodes 1n the capacitor(s) and/or
stacked arrangement(s) in accordance with the needs of a
particular application as would be well understood in the art.

The present invention includes a method for making a
capacitor, or stacked arrangement of capacitors, that can be
readily incorporated ito an energy storage system of the
present invention. As mentioned above, the dielectric result-
ing from the method described herein 1s a lanthanum-doped
bartum titanate-based ceramic material. The process
described herein for manufacturing the capacitor produces
an ultra-capacitor having a very large capacitance for a
single cell (e.g., capacitor 30) owing to the trivalent-doped,
alkali co-doped perovskite ceramic (e.g., bartum titanate,
strontium titanate, etc.) used in the ceramic dielectric. The
rare earth lanthanum and alkali hydroxide dopants create
defects and excess electrons within the semiconducting
perovskite ceramic dielectric. Oxygen vacancies within the
ceramic dielectric are created by the process described later
below. The resulting capacitor has a small volume and mass,
but can store energy like a battery, can be charged/recharged
quickly, and can withstand thousands of recharging cycles
without degradation. The humid environment provided
within the energy storage system’s casing serves as an
clectrolyte that promotes eclectron mobility to thereby
increase current carrying capacity. The energy storage sys-
tem can potentially replace or be coupled with batteries 1n a
wide variety of applications that benefit from fast charge/
discharge cycling to include regenerative vehicle braking
systems, cell phones, solar cell overvoltage storage, wind
turbines, power grids, energy harvesting, and aerospace
vehicles.

Referring again to the drawings and more particularly to
FIG. 3 a flow diagram 1s shown of a method for manufac-
turing a capacitor for the energy storage system 1n accor-
dance with an embodiment of the present invention. While
the method will be described relative to a specific embodi-
ment, 1t 1s to be understood that additional embodiments are
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cnabled by the following description. In general, the base
material components used for the capacitor’s dielectric
include a trivalent rare earth hydroxide or oxide, barium
oxide, and titanium dioxide. For the embodiment described
below, the trivalent rare earth hydroxide, lanthanum hydrox-
1de, 1s used.

At step 100, each of the base matenals (1.e., lanthanum
hydroxide, bartum oxide, and titanium dioxide) 1s milled to
provide particle forms thereof having an average grain
diameter of 50-700 nanometers. It 1s to be understood that
milling 1n step 100 could be omitted if the base materials
were already available 1n the specified particle forms. At step
102, the base materials are mixed together 1n the following
weight percent proportions:

0.7-5.0 weight percent lanthanum hydroxide,

60-65 weight percent barium oxide, and

a remaining weight percent provided by titanium dioxide.

The above-described particle mixture 1s heated at step 104
to a temperature 1n a range of 1000-1300° Celsius (C) from
4-10 hours in order to sinter the particle mixture while
limiting grain growth. A heating ramp rate of approximately
5° C. per minute can be used. The resulting solid sintered
base material mixture 1s cooled to an ambient temperature
where a cooling ramp rate of approximately 5° C. per minute
can be used. The resulting cooled sintered mixture 1s then
milled at step 106 to produce milled particles having diam-
cters of 50-700 nanometers.

The above-described sintered/milled particles are then
used at step 108 to produce a hiquid mixture. As will be
described further below, the liquid mixture 1s deposited on
a substrate that includes an electrode. The liquid mixture
includes the following weight percent proportions:

50-70 weight percent of the above-described sintered/

milled particles,

5-15 weight percent of glass particles (e.g., lead germi-
nate, zinc borate) having particle sizes ranging from 0.5
to 10 micrometers,

0.1-5.0 weight percent of an organic surfactant such as
surfactants made from phosphate esters,

5-25 weight percent of a solvent such as ester alcohol,
terpineol, or butyl carbitol,

5-25 weight percent of an organic vehicle such as ethyl
cellulose, and

1-5 weight percent of an alkali hydroxide such as potas-
stum hydroxide, sodium hydroxide, rubidium hydrox-
ide, or lithium hydroxide.

The liquid mixture from step 108 i1s deposited on an
clectrode (e.g., electrode 36) at step 110. Suitable materials
for the electrode include, but are not limited to, silver
palladium, silver, gold, or any other noble metal or metal
alloy that 1s generally a low-resistance material (e.g., on the
order of 1 milliohm to 10 ohms). The electrode(s) 15 gen-
erally athxed to an electrically non-conductive substrate to
include, for example, alumina substrates, quartz glass sub-
strates, mullite substrates, etc. The choice of material for the
clectrodes and substrate are not limitations of the present
invention. The fixing of the electrode to a substrate material
can be achieved 1n a variety of ways known in the art without
departing from the scope of the present invention. For
example, an electrode can be deposited on a substrate and
the combination could undergo a sintering process to {ix the
clectrode to the substrate.

The above-described liquid mixture on the electrode (or
the “electrode-on-substrate”) 1s next processed to achieve a
desired thickness of the dielectric. A single or multiple layers
of the liguid mixture could be deposited on the electrode (or
clectrode-on-substrate). For example, a single layer at a
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desired thickness can be achieved by using a screen of
predetermined size. Such screens and their use are well
known 1n the art of semiconductor “printing”. The electrode
(or electrode-on-substrate) and liquid layer are then dried at
step 112 to remove the solvent. Multiple layer thicknesses
can also be developed using a repetitive series of depositing
a liquid layer on the electrode (or electrode-on-substrate)
and then processing the combination to remove the solvent
from the liquid layer(s). For single or multiple layer pro-
cesses, solvent can be removed by heating the electrode (or
clectrode-on-substrate) along with any previously dried
layer and current liquid layer thereon in an air environment
to a temperature of 120-150° C. for a time period of 15-30
minutes. The above liquid mixture deposition and drying can
be carried out as many times as needed to achieve a desired
thickness for the ultimate ceramic dielectric.

The structure resulting from step 112 can be further
processed at step 114 to remove the organic vehicle (e.g.,
cthyl cellulose) by a heating and cooling cycle. For example,
the electrode (or electrode-on-substrate) and single or mul-
tiple layer dielectric material can be gradually heated to a
temperature in a range of 280-350° C. A suitable gradual
heating rate should not exceed 15° C. per minute. The
heating temperature of 280-350° C. should be maintained
for a time period of 4-72 hours to assure removal of the
organic vehicle. Following this heating step, the above
referenced structure 1s cooled to an ambient temperature. For
example, cooling can be controlled to a rate of 5-10° C. per
minute until the dielectric maternal achieves a temperature in
an ambient temperature 1n a range of 20-25° C. As a result
of processing steps 112 and 114, all liquid portions of the
liquid mixture deposited 1n step 110 are removed yielding a
solid ceramic dielectric.

The structure resulting from steps 112 and 114 1s further
processed at step 116 1n accordance with at least one heating,
cycle followed by a corresponding cooling cycle. In each
such heating cycle, the electrode (or electrode-on-substrate)
and ceramic dielectric are heated to a temperature 1n a range
of 850-900° C. for a time period not to exceed 15 minutes.
Such heating allows the glass particles to re-flow i the
layer(s) so that individual particles hold together. Following
such heating, the same structure 1s cooled to an ambient
temperature (1.e., 20-25° C.) 1n a nitrogen atmosphere that
contains less than 25 parts per million of oxygen.

The resulting ceramic dielectric portion of the structure
(e.g., dielectric 32) produced 1n accordance with the above-
described processing steps 1s a lanthanum-doped barium
titanate-based ceramic maternial. A second or top electrode
(e.g., electrode 34) 1s aflixed to the top/exposed surface of
the ceramic dielectric (e.g., dielectric 32) at step 118. For
example, the electrode could be deposited on the dielectric’s
surface and the entire structure could be heated/cooled 1n
accordance with the heat/cool cycling procedure specified 1n
step 116. The above-described process can be repeated
multiple times to generate a stacked arrangement of the
capacitors such as stacked arrangement 40.

Tests of several capacitors constructed as described herein
were incorporated mto an energy storage system 1n accor-
dance with the present invention. By way of an illustrative
example, FIG. 4 illustrates capacitance versus frequency test
results for a 2.5 centimeter (cm)x0.9 cmx30 micron thick
single-layer dielectric device exhibiting a near DC capaci-
tance as high as 2000 micro-Farads at 15 volts. Tests of the
same device also exhibited a voltage breakdown as high as
66 volts which translates to an energy storage as high as 67
Joules/gram as shown in FIG. 5 where charge in micro-
Coulombs (uC) 1s plotted versus voltage. Such energy
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storage 1s about one-half of that provided by a AA battery,
but 1n a much smaller package. The above-noted tests were
performed just after the energy storage system was fabri-
cated and after the energy storage system underwent 100,
000 charge/discharge cycles. It 1s noted that the results
shown 1 FIGS. 4 and 5 were the same just after system
fabrication and after the 100,000 charge/discharge cycles.
For the exemplary dielectric material, the following propor-
tions were used in the above-described step 102:

0.8 weight percent lanthanum hydroxide,

65 weight percent bartum oxide, and

34.2 weight percent by titanium dioxide.

For the exemplary material, the following proportions were
used 1n the above-described step 108:
61.9 weight percent of the above-described particle mix-
ture following processing 1n accordance with steps 104
and 106,

6.8 weight percent of lead germinate glass particles,

1.0 weight percent of a phosphate ester organic surfactant,

14.1 weight percent of an ester alcohol solvent,

14.1 weight percent of an ethyl cellulose organic vehicle,

and

2.1 weight percent of potasstum hydroxide serving as the

alkal1 hydroxide co-dopant.
The resulting ceramic dielectric was sandwiched between
two silver palladium electrodes to thereby define a capacitor.

The present fabrication method can be used to fabricate
other ceramic dielectric formulations. For example, another
ceramic dielectric using the trivalent rare earth lanthanum
hydroxide and fabricated in accordance with the present
invention used the following proportions in the above-
described step 102:

4 weight percent lanthanum hydroxide,

62 weight percent bartum oxide, and

34 weight percent by titanium dioxide.

Still another ceramic dielectric was made using the trivalent
rare earth lanthanum oxide. The material was fabricated in
accordance with the present invention and used the follow-
ing proportions 1n the above-described step 102:

0.7 weight percent lanthanum oxide,

65.1 weight percent bartum oxide, and

34.2 weight percent by titanium dioxide.

The advantages of the present invention are numerous.
The energy storage system provides a small-size and etli-
cient rechargeable source of electric energy that can be
adapted for use 1n a wide variety of powered systems or
vehicles. The system 1s a sale alternative to volatile and
highly toxic lithium batteries.

Although the invention has been described relative to
specific embodiments thereot, there are numerous variations
and modifications that will be readily apparent to those
skilled in the art in light of the above teachings. For
example, other trivalent rare earth hydroxides or oxides
could be based on the rare earth elements neodymium,
samarium, europium, gadolinium and dysprosium. It 1s
therefore to be understood that, within the scope of the
appended claims, the invention may be practiced other than
as specifically described.

What 1s claimed as new and desired to be secured by
Letters Patent of the United States 1s:

1. An energy storage capacitor, comprising a solid dielec-
tric sandwiched between two electrodes, wherein said solid
dielectric 1s a lanthanum-doped barmum titanate-based
ceramic material, wherein a dopant of said lanthanum-doped
bartum titanate-based ceramic material 1s selected from the
group consisting of lanthanum hydroxide and lanthanum
oxide, and wherein said lanthanum-doped barium titanate-
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based ceramic material includes an alkali hydroxide co-
dopant selected from the group consisting of potassium
hydroxide, sodium hydroxide, rubidium hydroxide, and
lithium hydroxide.

2. An energy storage capacitor as 1n claim 1, wherein said
solid dielectric has a thickness 1n a range of 1-350 microm-
eters.

3. An energy storage capacitor as 1n claim 1 adapted to be
placed 1 an environment having a relative humidity n a
range of 50-90%.

4. An energy storage capacitor system, comprising a
stacked arrangement of a plurality energy storage capacitors,
cach of said energy storage capacitors having a solid dielec-
tric sandwiched between two electrodes, wherein said solid
dielectric 1s a lanthanum-doped barium titanate-based
ceramic material, wherein a dopant of said lanthanum-doped
bartum titanate-based ceramic material 1s selected from the
group consisting of lanthanum hydroxide and lanthanum
oxide, and wherein said lanthanum-doped barium titanate-
based ceramic material includes an alkali hydroxide co-
dopant selected from the group consisting of potassium
hydroxide, sodium hydroxide, rubidium hydroxide, and
lithium hydroxide.

5. An energy storage capacitor system as in claim 4,
wherein each said solid dielectric has a thickness in a range
of 1-50 micrometers.

6. An energy storage capacitor system as i claim 4,
wherein said stacked arrangement 1s adapted to be placed in
an environment having a relative humidity in a range of
50-90%.

7. An energy storage capacitor system, comprising

at least one energy storage capacitor having a solid

dielectric sandwiched between two electrodes, wherein
said solid dielectric 1s a lanthanum-doped barium titan-
ate-based ceramic material, wherein a dopant of said
lanthanum-doped barium titanate-based ceramic mate-
rial comprises lanthanum hydroxide, and wherein said
lanthanum-doped barium titanate-based ceramic mate-
rial includes an alkali hydroxide co-dopant selected
from the group consisting of potassium hydroxide,
sodium hydroxide, rubidium hydroxide, and lithium
hydroxide, each said energy storage capacitor prepared
by a process comprising the steps of

providing particles of lanthanum hydroxide having an

average grain diameter of 50-700 nanometers, particles
of barium oxide having an average grain diameter of
50-700 nanometers, and particles of titanium dioxide
having an average grain diameter of 50-700 nanome-
ters,

mixing 0.7-5.0 weight percent of said particles of lantha-

num hydroxide, 60-65 weight percent of said particles
of bartum oxide, and a remaining weight percent of said
particles of titanium dioxide, wherein a mixture of
particles 1s generated,
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heating said mixture of particles to a temperature 1n a
range of 1000-1300° C. wherein a sintered mixture 1s

generated,

milling said sintered mixture to generate milled particles
having diameters of 50-700 nanometers,

mixing 50-70 weight percent of said milled particles with

5-15 weight percent of glass particles having a particle
size of 0.5-10 micrometers,

0.1-5.0 weight percent of an organic surfactant,

5-25 weight percent of a solvent,

5-25 weight percent of an organic vehicle, and

1-5 weight percent of said alkali hydroxide,
wherein a liquid mixture 1s generated,

providing a first electrode of said two electrodes,

depositing a layer of said liquid mixture onto said first
electrode,

processing said first electrode with said layer thereon to
remove liquid portions of said liquid mixture, wherein
said step of processing includes a cycle of heating said
layer to a temperature in a range of 8350-900° C.
followed by a cycle of cooling said layer 1n a nitrogen
atmosphere containing less than 25 parts per million of
oxygen, and

alixing a second electrode of said two electrodes onto
said layer after said liquid portions of said lhiquid
mixture have been removed.

8. An energy storage capacitor system as in claim 7,
wherein said step of heating said mixture of particles occurs
in air.

9. An energy storage capacitor system as in claim 7,

wherein said step of heating said mixture of particles occurs
In a vacuum.

10. An energy storage capacitor system as in claim 7,
wherein said layer 1s 1-350 micrometers in thickness.

11. An energy storage capacitor system as 1n claim 7,
wherein said organic surfactant 1s selected from the group
consisting of phosphate esters.

12. An energy storage capacitor system as in claim 7,
wherein said solvent 1s selected from the group consisting of
ester alcohol, terpineol, and butyl carbitol.

13. An energy storage capacitor system as in claim 7,
wherein said organic vehicle comprises ethyl cellulose.

14. An energy storage capacitor system as in claim 7,
wherein said glass particles are selected from the group
consisting of lead germinate glass particles and zinc borate
glass particles.

15. An energy storage capacitor system as in claim 7,

wherein said at least one energy storage capacitor 1s adapted
to be placed 1in an environment having a relative humidity in

a range ol 50-90%.
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