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The focus of the present work is the evaluation of the low-frequency dielectric
performance of titanium dioxide nanotube arrays, created by anodization,
filled with aqueous NaCl solutions. At low frequency (ca. <10 2 Hz), capaci-
tors made up of this so-called tube super-dielectric material were found to
have extreme dielectric constants, greater than 1 billion. The same capacitors
also registered unprecedented energy densities, nearly 400 J/cm?, better than
that observed (<250 J/cm?) for the same type of anodized titania filled with an
aqueous solution of NaNOs, and about an order of magnitude better than
commercial supercapacitors. Sufficient data were collected to propose a cor-
relation relating dielectric thickness and salt concentration to overall energy
density.
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INTRODUCTION

This research is a continuation of a program to
evaluate the performance of capacitors based on a
recently discovered/invented class of materials,
super-dielectric materials (SDM).'™* These dielec-
tric materials are made up of porous, electrically
insulating solids in which the pores are filled with
liquids containing ionic species (e.g., water with
dissolved salt). The SDM hypothesis is that any
porous dielectric material filled with a liquid phase
containing ions in solution will have very high
dielectric values, at least at low frequency, by virtue
of the separation of ions/dipole formation in the
liquid phase induced by an applied field.* The
dipoles thus created in the dielectric will oppose the
applied field, decreasing the net voltage, at any
charge density on the electrodes, and concomitantly
increasing the capacitance. In essence, the SDM
hypothesis is an extension of the classical model of
polarizable (or ponderable) materials.’

(Received May 17, 2016; accepted August 1, 2016;
published online August 15, 2016)

The first type of SDM studied, powder SDM (P-
SDM), was fabricated by filling porous refractory
oxide powders with aqueous solutions containing
dissolved salt. High surface area oxide powders, for
example alumina of the type used as supports in
catalysis, were soaked to incipient wetness with
water containing high concentrations of ions. The-
se P-SDM were used to create electrostatic capaci-
tors with dielectric constants, at low frequency, as
high as 10'°. For example, several alumina pow-
ders mixed and filled with salt (NaCl) water were
found to have dielectric constants as much as seven
orders of magnitude higher than that of the best
dielectric, barium titanate.>**

More recently, a second type of SDM, tube SDM
(T-SDM), was built and tested.? These were transi-
tion metal oxide nanotube arrays, created by
anodization of a metal foil substrate, and filled with
aqueous salt solutions. In particular, titania was the
first material tested as the oxide layer on anodized
titanium seems particularly well suited to the
creation of long dipoles. Titanium anodization pro-
duces hollow nanotubes, orthogonal to, and bonded
to, the original metal surface.®™®
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The purpose of the present study was to deter-
mine the impact of salt identity on the dielectric
performance of T-SDM. In the first study of these
materials, the liquid phase was an aqueous solution
of NaNOs. In the present case, similar T-SDM were
created from anodized titania, as in the first study,
but filled with an aqueous NaCl solution. The
higher dielectric values and energy densities (ca.
400 J/cm?®) observed for the NaCl solution supports
the general SDM hypothesis that super-dielectrics
are a large family of materials, and demonstrates
that optimization (e.g., maximizing energy density)
may require the variation of many parameters of
construction of T-SDM.

EXPERIMENTAL
Anodization Process

Titanium foil, approx. 0.05 mm thick, was ano-
dized to produce the electrodes using a well-known
process.*® The metal foils were anodized in a
solution containing ammonium fluoride (0.25% w/
w) and water (2.75% w/w) in ethylene glycol using a
titanium cathode (2 cm from the anode). A constant
direct current (DC) voltage of 40 V was applied for
specific periods based on the desired tube length.
The time was computed based on the observation
that the titania tubes grow at a constant rate of
approximately 1 um/25 min in the bath employed.
More detail is available elsewhere.? An example of
the tubes formed is shown in Fig. 1. Clearly, the
tubes, oriented with the long axis perpendicular to
the surface of the parent foil, are organized in a
regular, densely packed pattern.

T-SDM Capacitor Assembly

For each capacitor, an anodized foil was sub-
merged in an aqueous solution of NaCl (16.7 wt.% or
33.3 wt.%) for 50 min in order to fill the oxide
nanotubes with the solution, constituting the super-
dielectric material. One electrode was the titanium
substrate underneath the nanotubes and the other
was a rectangle of Grafoil (compressed natural
graphite) of approximately 1 cm? that nearly cov-
ered the entire anodized area. The circuit and the
polarity of the capacitor were the same as described
elsewhere.? The salt concentrations were designed
to be (1) just below the known saturation value at 25
C (~36%) such that no salt would precipitate, (2)
half that value, and (3) no salt. The design concept
was broad coverage of the impact of salt
concentration.

Charge/Discharge Protocol

Recent studies suggest that capacitance data for
ferroelectric based capacitors is sometimes improp-
erly extrapolated from ‘thick’ layer measurements
without regard to saturation, maximum voltage,
operating voltage and other factors,’ leading to
predicted energy densities for thin layers that far
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exceed measured values. A second protocol that can
also lead to over-predicted energy densities are
measurements made at very low voltages, but
extrapolated to predict behavior at high voltages.
This difficulty may be inherent in the use of
impedance spectroscopy, a method generally based
on the determination of capacitance from measure-
ments made at 0 + 15 mV.’**? In order to avoid
these difficulties, very thin dielectric layers (ca.
3 um) were chosen, and measurements of the resis-
tor capacitor circuit (RC) time constants, using a
load resistor measured to be 10.8 kQ in all cases,
were made over far larger voltage ranges. In fact,
using this approach, it was easy to demonstrate the
dielectric constant changes as a function of voltage.
The values of energy density and dielectric constant
reported here are not extrapolations.

Equivalent Circuit

Several of the capacitors were tested to determine
the approximate values of R;,; and R, in the
presumed equivalent circuit for the capacitor with
an internal and output resistance, as discussed in
detail elsewhere.? R;,; is a measure of the internal
resistance between the electrodes, and R, is a
measure of the internal capacitance resistance in
series with the load resistor. R,,; was determined by
switching the load resistor (10.8 kQ) with a 10-MQ
multi-meter in voltage mode. This caused the
voltage to jump up a small amount. On the basis
of repeated readings, the output resistance was
determined. R;,; was determined simply by remov-
ing the load resistor, in the Region II voltage range
(more in “Results”), and episodically, over hours,
reading the remaining voltage. The value of R;,; was
then determined using an RC time constant
computation.

RESULTS

Only two parameters were varied in the study:
the thickness of the titania layer and the concen-
tration of NaCl in the ‘salt solution’ added to the
anodized titania. Three capacitors (Table I) were
filled with a low-salt (16.7 wt.% NaCl) aqueous
solution and five capacitors (Table II) with a high-
salt (33.3 wt.% NaCl) aqueous solution. The thick-
ness of the dielectric (measured using SEM) ranged
from 3 um to 27 um. Also, as a control, two films (3
um and 8 um) were filled with deionized water (no
salt) and studied.

Morphology

The anodized structures are nearly identical to
those reported in an earlier study of T-SDM.? There
are two features that ‘depart’ from the perfect tube
model, and probably impact observed dielectric
behavior. First, the top layer of the anodized
material is covered with a relatively thin layer
(<1 um) of ‘grass’, or ‘very small tube’ titania oxide.
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L-A'A’,. ’- i .'i .
Fig. 1. SEM images of titania anodized for 4 h at 50 V. (a) Side view of 27-um tubes, including ‘grass’ layer. (b) Interface of tube array with metal

surface, after removal (mechanical peel) from titanium foil. (c) Top of tube array after mechanical removal of ~1-um-thick grass layer. (d) View of
tube array from top prior to grass layer removal.

Table I. Performance of capacitors (electrodes 1 cm?) loaded with low-salt aqueous solutions

TiO; layer Averaged ener: % Energy, Capacitance, Dielectric constant,
thickness (um) density (J/cm®) Region I1 Region II (mF) Region II
3 383 44 37 1.30 x 10®
8 334 77 199 6.94 x 10°
18 174 97 161 3.41 x 10°

Table II. Performance of capacitors (electrodes 1 cm?) loaded with high-salt aqueous solutions

TiO; layer Averaged ener: % Energy, Capacitance, Dielectric constant,
thickness (um) density (J/cm®) Region II Region II (mF) Region II

3 233 79 51 1.8 x 10°

6 327 89 112 7.93 x 108

8 396 89 192 1.81 x 10°

8 367 90 138 1.3 x 10°

18 166 93 151 3.19 x 10°

27 129 90 170 5.4 x 10°

The character of this layer, including its uniformity, straight (Fig. 2), which noticeably impacts on tubes
is not consistent across an entire sample, and also longer than ~15 um.

not consistent between samples (Fig. 1d). Second, as Thus, although at least 90% of the total length of

the tubes get longer, they are less uniform and less the anodized layer for all tubes less than ~10 ym
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Fig. 2. Schematic of tube thinning for thicker titania layers. 1 Tubes
become thinner, and tangled, near top for anodized layers >10 um
length. For tubes longer than ~10 um, the top layer is so thin it
appears as a form of ‘grass’ (Fig. 1d). 2 Straight, very regular, sec-
tion of tubes, generally more than 90% of full length.
3 Tubes are closed at interface with underlying metal.

tall can be attributed to near-perfect tubes, thicker
layers are clearly more complex and the impact of
grassing and thinning more significant. The impact
of these factors on the observed behavior is dis-
cussed in below.

Discharge Behavior

Values for energy density, and dielectric constant
were obtained from an average of at least three
discharges (Fig. 3). The values of these parameters
for the individual discharges never deviated more
than +20% from the average value.

In this study, as in prior studies,’™ dielectric
values were virtually constant in three regions of
voltage. The lowest dielectric constants were found
in Region I, between approximately 2.1 Vand 1.8 V.
In Region II, between approximately 1.8 V and
0.3V, the dielectric values are far higher. The
dielectric values found in Region III, less than 0.3 V,
are the highest. For seven of the eight capacitors
studied more than 75% of the energy was released
in the Region II voltage region.

The basis for dividing the discharge into ‘regions’
is most easily observed on a plot of time versus In(V/
V,) (Fig. 4). A linear relationship corresponds to a
constant dielectric/capacitance value, and the slope
of each region is inversely proportional to the
dielectric constant.

The energy density (Tables I and IT) is computed by
integration of voltage squared, divided by resistance
(20 kQ) over the full discharge time. As outlined in
the “Discussion”, the theory of T-SDM is that the
energy density for a constant salt concentration
should be independent of the tube length.

One objective of the present work was to test an
earlier model of T-SDM energy density.? That model
is based on the simple assumption that the dielec-
tric constant of T-SDM is linearly proportional to
dipole strength. In turn, dipole strength is clearly
proportional to both the length of the pores, and the
total salt in the aqueous phase. Thus, the T-SDM
model predicts that energy density is independent of
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pore length for any constant salt concentration in
the aqueous solution (see “Discussion”).

In order to test the model, energy density as a
function of tube length was determined (Fig. 5) for
two different salt concentrations. Also shown is the
predicted normalized energy density as a function of
dielectric layer thickness for a constant dielectric
constant material. In standard electrostatic theory,
the energy density should be inversely proportional
to the square of the distance between the electrodes.
The data are clearly more consistent with the T-
SDM model. Thus, it is reasonable to conclude that,
for constant salt concentration, the ‘dielectric con-
stant’ of T-SDM is approximately proportional to
the square of the distance between the electrodes.

One result not entirely consistent with the T-
SDM model is the non-linear relationship between
salt concentration and measured dielectric constant.
Specifically, although the two salt concentrations
differed by a factor of two, there is no evidence of a
relationship between salt concentration and dielec-
tric value. A comparison of the dielectric values
measured for the two salt concentrations (Table I
versus Table II) shows no clear trend. The values
for both salt concentrations vary more with thick-
ness of the titania layer than they do with salt. A
similar ‘non-correlation’ between salt concentration
and energy density for T-SDM has been reported
previously.® In contrast, for powder-SDM, there is a
clear nearly linear relationship between salt con-
centration and dielectric constant.** One addi-
tional salient finding is that T-SDM filled with de-
ionized water, no salt, have repeatedly been found
in our laboratory, and elsewhere, to have dielectric
constants of <100. Specifically, the measured dis-
charge time (after lengthy ‘charging’) from ~2 V to
>0.1V was found to be of the order of 1 s for all
salt-free controls.

Equivalent Circuit

As described in the “Experimental” section, the
values of input and output resistance for five of the
capacitors was determined. Three main points
emerge: (1) the output resistance (Table III) was
consistently far below 1 kQ; (2) the internal resis-
tance was at least 50 kQ in all cases; and (3) thicker
films had, surprisingly, lower resistance. As a point
of comparison, the internal resistances are larger
than those reported for many supercapacitors.

DISCUSSION
Overview

The capacitance data obtained in this study are
best addressed from two perspectives. First, it
should be addressed simply as novel observations
that lead to remarkable comparisons with other
types of capacitors. For example, it is clear that the
energy density directly measured is the highest ever
recorded. Second, the data should be understood as
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Fig. 3. Charge/discharge performance. (a) Cycles recorded for charging at 6 V, discharging through a 20-kQ resistor. (b) Overlay of the four

discharges.
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Fig. 4. Dielectric value versus voltage. Region | 2.1-1.8 V, Region Il
1.8-0.3 V, Region Il 0.3-0.1 V. These data are from the fourth cycle
of Fig. 3.

yet another set of data consistent with the SDM
hypothesis.

Empirical Findings

On the level of direct measurement, several
significant observations were made in the present
study:

1. The volumetric energy density at low frequency
of the capacitors studied in this paper are
amongst the highest ever recorded (Table IV).
The values obtained in this study are far higher

S
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.:" \
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. ® Low Salt S
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Thickness (um)

Fig. 5. Energy density versus distance between electrodes. Aver-
aged normalized energy density data for each titania film thickness
(Tables | and Il). The energy densities were normalized by dividing
the energy density by that measured for the 3-um-thick samples.
This was done independently for the high-salt (HS) and low-salt (LS)
data (log-log). Standard theory (dashed line) indicates a drop in
energy by a factor of 100 over a decade of thickness. TSDM theory
predicts constant energy density for any salt concentration.

than those of other electrostatic capacitors, and
nearly as high as the best prototype superca-
pacitor.

2. The energy density of capacitors studied is
nearly independent of the thickness of the
dielectric layer at constant salt concentration.

3. The measured dielectric constant values
(Tables I and II) are clearly three to four orders
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Table III. Internal and output resistance values

Anodized layer Low-salt R;,,;

thickness (microns) kQ)
3 390
8 N.A.
18 55
27 N.A.

High-salt R;,,;

Low-salt Ry High-salt R,

(kQ) kQ) kQ)
N.A. 0.3 N.A.
140 N.A. 0.3
50 0.1 0.15
60 N.A. 0.13

Table IV. Recent advances in supercapacitors and electrostatic capacitors with high energy density

Electrodes Jg! Jem™3 Refs.
Electrical double layer capacitors
Porous carbon nanofiber 886 443? 13
Graphene 457 324 14
Activated carbon from rice bran 252 115 15
Solid-state supercapacitor with carbon nanofibers 220 110% 16
Nickel cobalt sulfide and carbon nanotubes 186 93% 17
Copper—nickel oxide and activated carbon 181 90? 18
Co30, CoMo00O,4 nanofoam 162 812 19
Dielectric material Jg! Jem™3 Refs.
Electrostatic capacitors
Tube SDM with NaCl 120 390 This work
Tube SDM with NaNO3 70 230 3
Silica sol-gel coated by an organic acid - 40 o
Polymer loaded with BaTiO3 and TiOy - 31.2 20
Polymer - 27 21
Polymeric nanocomposite - 17.5 22
Nanoporous anodic aluminum oxide with carbon nanotubes 7.2 - 23

aVolumetric energy density calculated assuming a bulk density of 0.5 g cm ™ for carbonaceous electrodes.?*

of magnitude higher than ever claimed for solid
dielectric materials, such as barium tita-
nate,?> 27 colossal dielectric constant materi-
als?®*?? and even polymer-derived dielectric
materials. The values obtained are similar in
magnitude, however, to earlier reported values
for SDM, but significantly higher (nearly a
factor of two) than NalNOsj-loaded anodized
titania.?

4. Internal resistance values are larger than many
reported for ‘supercapacitors’, and the output
resistances lower.?*4

5. The variation of equivalent circuit internal
resistance values as a function of salt concen-
tration and anodized film thickness suggest
measures can be taken to design T-SDM to
meet requirements.

T-SDM Model

The TSDM model is based on the simple assump-
tion that the dielectric value is proportional to the
reduction in field at the electrodes created by

induced dipoles in the dielectric material. In turn,
this reduces the net voltage for any given charge on
the electrodes. The reduction in field can be shown
to be directly proportional to the effective dipole
moment of the dielectric. This value is proportional
to the product of dipole length and dipole ‘density’,
the latter being a function of the free salt concen-
tration. As developed in detail elsewhere,? this leads
to the following simple expression for dielectric
value as a function of dipole length energy, assum-
ing constant dielectric structure and salt solution
properties:

Dielectric constant o Dipole Length x

1
Dipole Charge x Dipole Density 1)

Both length and total charge are proportional to
tube length for a salt solution of constant salt
concentration. The dipole density is proportional to
the salt amount, which in turn is proportional to the
tube length. Therefore, for a constant salt
concentration:



Testing the Tube Super-Dielectric Material Hypothesis: Increased Energy Density Using NaCl 5505

Dielectric constant oo (Tube Length)? (2)

Given this standard expression for energy
density:

Energy density = 1/2CV?/volume
= lpee,AJt/At = lfoee, [t

Substituting Eq. 2 into Eq. 3, it is clear the
energy density should be independent of the thick-
ness of the dielectric layer.

A broad interpretation of the experimental data
indicates the energy density (Fig. 5; Tables I and II)
is nearly constant as a function of dielectric thick-
ness. That is, relative to the standard expectation for
dielectrics, a model which undoubtedly fits data for
dielectric in which the dipole length is fixed, the
measured drop in energy density (~2 times) with
increasing thickness is minor compared to the pre-
dicted drop (81 times) over the full range of measured
dielectric thickness (3um—27 ym). Examined in finer
detail, the data do suggest that there is a modest
decrease in energy density for dielectric thickness
>~10 ym. This drop may reflect several, probably
convoluted, parameters. First, the increased devia-
tion of the physical structure from that of a system of
perfectly formed tubes of constant diameter observed
for anodized layer thicknesses greater than about
10 um. As noted above, the tubes clearly become
smaller in diameter and less straight above a length
of about 10 ums. Above about 10 um, the top layer of
the tubes loses mechanical strength and no longer
stands upright. Instead, it falls across the top of the
tube body. Given the variation in anodized film
character, the possible difficulties with fully filling
longer tubes with salt solution, and other irregular-
ities associated with longer tubes, and considering an
uncertainty of +20% in the actual capacitances
arising from the differences from cycle to cycle and
a conservative £5% for the measured tube lengths,
the data are consistent with the TSDM model (Eq. 2).

A second parameter, reduction in internal resis-
tance with increased tube length, might also explain
part of the observed drop in energy density with
tube length. For example, assuming a simple volt-
age divider model, the fraction of energy ‘dropped’
across R;.;, relative to that dropped across the load
resistor is a function of the ratio of the load
resistance to the internal resistance. As an example,
if the internal resistance of the high-salt sample/18-
um sample was the same as that for the high-salt/8-
um sample, the energy drop over the load for the 18-
um tube would have been larger than that observed
(166 J/cm?), in fact close to ~190 J/cm®. Change in
internal resistance does not explain all observed
drop in energy density with tube length, but it
explains part. Moreover, the source of the reduced
internal resistance might also be related to

morphological changes in the tubes with increased
length. For example, longer tubes may be weaker
and more likely to break/crack during capacitor
construction, concomitantly creating lower resis-
tance paths between electrodes.

There are no alternative models of high dielectric
values/capacitance in the literature consistent with
the observations reported. This statement is con-
sidered relative to some standard models of high
capacitance. First, a standard supercapacitor model
is not appropriate. High capacitance in standard
capacitors is only reported in systems with no salt, a
result complete%y consistent with the theory of
supercapacitors,”>> but completely at odds with
the results reported above. Moreover, supercapaci-
tors require high surface area, electrically conduc-
tive, solid, electrode material, generally a form of
carbon. A high surface area, solid, electrically
conductive material is nowhere to be found in a T-
SDM. Next, simple arguments also indicate the
concept of colossal dielectric®®*>? behavior does not
apply. Indeed, why would the introduction of salt
into the liquid phase of a T-SDM increase the
density of ‘surface states’? In the absence of liquid,
the titania nanotube arrays have very, very low
dielectric values. Hence, if there are ‘surface states’,
that somehow lead to colossal dielectric values, they
must be associated with the liquid. Does it even
make sense to discuss ‘surface states’ vis-a-vis
liquids? And what is the roll of salt? Other models
of high dielectric values include the impact of metal
particles®*=2® and the impact of creating a dielectric
material at the percolation limit.?***! There are no
metal particles in the T-SDM, and there is no reason
to believe that there is some phase in the T-SDM
near a percolation limit.*?

Thus, these final, rather restricted, conclusions
are reached regarding models: (1) the present data
are fully consistent with the T-SDM model, and (2)
there are no other models of high energy density
capacitors that explain all of the observations made
here and in previous reports of T-SDM.

Another consideration is the impact of equivalent
circuit parameters on measured values. For exam-
ple, given that the ‘internal resistance’ and the load
resistance form a voltage divider circuit, the mea-
sured capacitance values in all cases are minima.
That is, given an infinite internal resistance, all the
current would pass through the load, and this would
yield a higher effective capacitance than those
measured.

Trends in internal resistance with parameters
suggest design ‘dials’ for different applications.
Long-term storage of charge would be more effective
at lower salt concentrations, which apparently have
a higher internal resistance. Possibly, higher salt
concentration would be an advantage for rapid
delivery of power. The purpose of the present study
was to scout issues. It is clearly established that
complete and quantitative understanding is a task
bigger than a single study.
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A final issue is the impact of the total number of
ions in solution. In the earlier work, sodium nitrate
was employed, whereas in the present case it was
sodium chloride, both near saturation concentra-
tions. At room temperature, the former has approx-
imately 1.8 times more moles, and presumably ions,
in aqueous solution at saturation, yet it is solutions
of the latter which produced the higher dielectric
and energy density values. This is puzzling given
the proposed model, and indicates that the impact of
salt on behavior of T-SDM, as well as aspects of the
theory, are subjects for further study.
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