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 ABSTRACT 12 
     As predicted by the  theory of super dielectric materials, simple tests demonstrate that 13 
dielectric material on the outside of a parallel plate capacitor dramatically increases capacitance, 14 
energy density, and power density.  Simple parallel plate capacitors with only ambient air 15 
between the plates behaved as per standard theory. Once the same capacitor was partially 16 
submerged  in deionized water [DI], or DI with low dissolved NaCl concentrations, still with 17 
only ambient air between the electrodes, the capacitance, energy density, and power density, at 18 
low frequency, increased by more than seven orders of magnitude.  Notably, conventional theory 19 
precludes the possibility that material outside the volume between the plates will in any fashion 20 
impact capacitive behavior. 21 
 22 
  23 
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 2 

INTRODUCTION 24 

      In this paper a novel experiment was conducted to test further a new theory of dielectrics, the 25 

so-called super dielectric material (SDM) theory.  The central hypothesis of the SDM theory is 26 

that dielectrics increase capacitance by polarizing opposite to the polarity of charges on the 27 

electrodes.  This can be understood from a  five part argument [1,2].  i] Dielectric material 28 

polarizes in the opposite direction to any field applied to it.  This occurs because the positive 29 

charge in a dielectric moves toward the negative electrode and negative charge moves toward the 30 

positive electrode.  ii] Placed between the electrodes of a standard parallel plate capacitor, the 31 

dielectric material  creates a field opposite in direction to the electric field created by charges on 32 

the electrodes, in all space, not just the region between the plates.  iii] As the field at any point in 33 

space is the vector sum of the fields of all charges, the dielectric in a parallel plate capacitor 34 

reduces the field, at all points, created by charges on the electrodes.   iv] As ‘voltage’, a state 35 

property, is the scaler line integration of electric field, and the dielectric reduces the field at all 36 

points, the dielectric necessarily reduces the ‘voltage’ between any two points, including any 37 

path from infinity to an electrode.  v]  It follows that as in the presence of a dielectric  it takes 38 

more charge on the electrodes to reach a given capacitor voltage, dielectrics increase the 39 

electrode charge/voltage ratio. Thus, by definition, dielectrics increase capacitance.   40 

      There are some inherent predictions of the SDM model.  One example is the prediction that 41 

the effectiveness of a dielectric is the product of the length of charge separation within it [dipole 42 

length], and the density of  charges (dipole density).  That is, longer dipoles create larger fields at 43 

all points in space, and the higher the density of  aligned dipoles,  the greater the net field at any 44 

point in space, both between the electrodes and outside the electrodes. As shown repeatedly, this 45 

is consistent with the remarkably high dielectric value  >109  at low frequency in many cases of 46 
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liquids, such as water, containing free moving charges, such as ions produced by dissolved salts 47 

[1-13].   48 

    Another prediction of the model is that any mechanism that reduces the field at all points in 49 

space around a capacitor will increase capacitance.  This implies that in a standard parallel plate 50 

capacitor dielectric material need not be between the plates in order to impact capacitance.  51 

Indeed, dielectric material outside the volume between the electrodes should, under correct 52 

circumstances, increase capacitance.  Consistent with this prediction of SDM theory, our team 53 

recently demonstrated that a parallel plate capacitor with high dielectric material only outside the 54 

volume between the plates acts ‘as if’ there is a high dielectric constant material between the 55 

plates [2].   As shown in that study, a simple capacitor composed of titanium electrodes and a 56 

thin plastic dielectric had, as anticipated, a very low capacitance.   Second, the control capacitor, 57 

still the same plastic dielectric, was modified on its outside only.  Specifically, it was covered on 58 

the outside  in a continuous thin layer (<1mm thick) of a particular gel type super dielectric 59 

material.  This increased measured capacitance by as much as seven orders of magnitude higher 60 

than the control below ~1 Volt. This finding is consistent with SDM theory, and completely 61 

contrary to standard theory.   62 

     Further experiment is needed to demonstrate the generality of the SDM hypothesis, 63 

particularly as it applies to the ‘dielectric on the outside’ prediction.  In the present study simple 64 

parallel plate capacitors containing only air in the volume between the titanium foil plates were i] 65 

immersed in air, ii] immersed in distilled deionized water [DI], iii] immersed in  deionized water 66 

containing 0.5% NaCl.  The results confirm SDM predictions regarding the efficacy of 67 

‘dielectric on the outside.’ 68 
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     In addition to these experiments, studies of the behavior of i] DI  and ii] DI containing ~5.0wt 69 

% NaCl the dielectric between the electrodes is presented.  The finding that the dielectric 70 

constant of DI water is remarkably high, in fact >109 in particular circumstances, confirms 71 

earlier studies showing pure water, at low frequency, has a remarkably high dielectric value 72 

[14,15].  These results suggest, according to SDM theory, that well organized dipole formation 73 

must occur in water exposed to electric fields, and suggest there is value in continuing research 74 

on the dielectric behavior of water.  75 

 76 

EXPERIMENTAL 77 

    Two different parallel plate capacitors, with electrodes made of  Ti sheets  (0.1 mm thick) 3 78 

cm X 3 cm, covering an air gap of dimension  2.5 cm X 2.5 cm were employed.  The only 79 

difference between the two was the size of the gap between the electrodes:  6 mm in one case 80 

and  20 mm in the latter.  As shown in Figure 1, the Ti sheets are held between materials known 81 

to have low (<100) dielectric constants;  rubber  layer to grip the Titanium sheets, and the gap 82 

created by layers of clear mylar sheet.   83 

  84 
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 85 

 86 
 Figure 1-  Standard 20 mm Capacitor-  This capacitor is constructed from two 3 cm x 3 cm X 0.1 mm Ti 87 
sheet electrodes, separated by 20 mm.  The body of the capacitor is composed of mylar sheets, and the 88 
electrodes are held in place by waterproof rubber (red) gaskets.  Plastic screws are used instead of metal 89 
to reduce corrosion.  In the configuration shown, after a charge to 10 V, the measured  discharge time for 90 
the lowest allowed programmable current,  1*10-5 amps, was .0005 s.   91 
 92 
    Several different capacitor configurations were studied. In all cases two different dielectric 93 

must be specified; an inner dielectric, that is the dielectric material between the electrodes and an 94 

outer dielectric, that is the dielectric material surrounding/outside the volume between the 95 

electrodes. Also, the distance between electrodes is specified below, because capacitors virtually 96 

identical but for the distance between electrodes were studied. Specifically, the behavior 97 

observed for a capacitor in which the electrode distance was 20 mm (20 mm capacitor) was 98 

contrasted with one for which the electrode separation  was  6mm (6 mm capacitor).   99 

 100 
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    Control-  In the control cases (AIR) the capacitor was simply placed on the lab bench in the 101 

ambient air.  Both the inner and the outer dielectric were ambient air. There were two controls: 102 

One in which the titanium sheet electrode separation was 20 mm and one in which it was 6 mm.    103 

Dielectric On Outside- In the ‘dielectric on the outside’ configuration (DOC), the inner dielectric 104 

was the same as in the control case; ambient  air. The outer dielectric was a super dielectric 105 

material, either DI or DI with dissolved NaCl, generally 0.5% by weight.  The bath surrounding 106 

the capacitor in all cases was about 500 cm3 in volume.  In the DOC configurations  ~ 95% of 107 

the electrode surface was covered in liquid.  The remainder was in the ambient environment.  108 

Two cases were studied:  i] The capacitor was partially submerged in DI water (DI-DOC), or ii] 109 

The capacitor was partially submerged in DI water containing dissolved  NaCl (S-DOC), that is 110 

salt water. 111 

      Parameter Computation: The fact that the dielectric is on the ‘outside’ leads to a conundrum 112 

in terms of computing and labelling parameters. That is, the standard nomenclature requires a 113 

volume, and that volume is always assumed to be that of the  dielectric ‘inside’ the electrodes.   114 

To address this conundrum the computations were conducted ‘as if’ only the volume between the 115 

electrodes is contributing, and the resulting values are called ‘effective dielectric constant ’,  and 116 

‘effective energy density’. 117 

Dielectric On The Inside- In the distilled water-dielectric on the inside configuration (DI-DIC) 118 

distilled water was used to fill the space between the electrodes, that is the inner dielectric was 119 

distilled water.  The capacitors were placed on the lab bench, hence the outer dielectric was 120 

simply ambient air.  In essence this is the standard geometry for testing the dielectric properties 121 

of a material. In the salt water-dielectric on the inside configuration (S-DIC) salt water was used 122 

to fill the space between the electrode, that is the inner dielectric was salt water, generally DI 123 
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water containing 0.5wt% dissolved NaCl.  The capacitors were placed on the lab bench, hence 124 

the outer dielectric was simply ambient air.    125 

    Testing Protocol-All data, dielectric constant, energy and power density, were computed from 126 

the constant current discharge leg of charge/discharge cycles collected using a programmable 127 

galvanostat (BioLogic Model SP 300 Galvanostat, Bio-Logic Science Instruments SAS, Claix, 128 

France).   The device, in constant current discharge mode, was operated over the voltage range, 0 129 

to 10 V for the larger capacitor and 0-2.5 volts for the smaller. The rate of electrolysis of water 130 

was minimal at these voltages, insignificant bubble formation even after twelve hours of 131 

continuous running. Capacitance is defined in constant current to be 132 

 133 

     𝐶 = ூ೏ೇ೏೟        [1] 134 

 135 

where C is capacitance, V voltage and t is time. Clearly, if capacitance is not a function of voltage, 136 

voltage should decline linearly with time.  As noted below and elsewhere [1], this is not always 137 

the case, particularly at ‘higher’ frequencies.  138 

         The constant current method has advantages relative to more commonly employed methods 139 

for measuring capacitance.  Constant current data is far easier to deconvolute than that obtained 140 

with cyclic voltammetry [16,17]. Also, the constant current method provides direct measures of 141 

energy and power density.  In contrast, impedance spectroscopy [1,18-20] is limited to providing 142 

values based on measurements conducted over a very small voltage range, +/−15 mV, thus is 143 

clearly not able to directly measure energy or power.  Also, in impedance spectroscopy a voltage 144 

independent capacitance (ideal) is assumed; although it is clear from a review of the literature that 145 
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this is generally only true at very low frequency [1].  For the capacitors studied in this work, as 146 

with most capacitors, the ‘ideal’ behavior is not observed. 147 

    Capacitance is generally  used to compute dielectric constant [ε] by Equation (2) for a 148 

parallel plate capacitor: 149 

𝜀 = 𝐶 ×  𝑡𝐴 ×  𝜀଴ (2) 

where t is the thickness of the dielectric layer, A is the area of the electrode and ε0 is the permittivity 150 

of free space [21-23]. Eq. [2]  is based on the assumption that only the dielectric material between 151 

the electrodes contributes to the capacitance. This is clearly demonstrated to be an incorrect 152 

assumption in the present study, and an earlier study by our team [2].  Thus, following the 153 

precedent set in earlier work, dielectric constant, energy density and power density were 154 

computed/reported below  ‘as if’ the only volume of significance is that between the plates. Energy 155 

is computed as the integral of area under the voltage time data [volts × sec] multiplied by current 156 

[amps], and power is computed as the total energy of the discharge divided by the total discharge 157 

time. 158 

On the discharge leg, two distinguishable ranges of capacitance as a function of voltage were 159 

found.  In the first range from 10 V to ~1.2 V the capacitance is relatively low and not a subject of 160 

significant inquiry in this study. The capacitance and dielectric values reported are only reported 161 

based on data for the discharge between ~1.0 and 0 V. Over this range the voltage vs time 162 

relationship was nearly linear in all cases for discharge times greater than ~1 s, indicating constant 163 

capacitance over this voltage region.  164 

The standard protocol for testing involved three steps. The first step was charging to 10 V, 165 

generally at 1.5 mA. The second step was to hold the voltage for a period of time, for example 200 166 
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s. All parameters were derived from the third step, discharge of  the capacitor from 10 V to 0 volts 167 

at a constant current.  Next, the polarity was reversed in all cases, and a mirror ‘negative’ voltage 168 

studied.  Thus, the capacitor was charged quickly to -10 V, held at that voltage for the same time 169 

as during the positive voltage sequence (e.g. 200 s) and then discharged to zero volts at the same 170 

current as the positive voltage discharge step.  Generally, the reported values of parameters are the 171 

average of 4 cycles (ca. Figure 3).  In many cases, after four cycles, the value of the discharge 172 

current was changed, and the process repeated with the charge step, voltage and voltage hold times 173 

unchanged.  Changing the discharge voltage is the only means to change the discharge 174 

period/’frequency’.  This permits an approximate  analysis of the impact of frequency.   Note: This 175 

three-step protocol is very similar to that employed to characterize the capacitance of commercial 176 

supercapacitors [24,25]. 177 

 178 

3. RESULTS 179 

The experiments were designed to collect capacitance, and ‘effective’ values of dielectric 180 

constant, energy and power density.  This data was then employed for several purposes.  i] To 181 

validate the SDM hypothesis:  Dielectric material outside the volume between the electrodes 182 

significantly impacts all capacitor performance parameters.  ii]  To provide a check of earlier 183 

studies indicating that distilled water has a remarkably high dielectric  value at low frequency 184 

(ca. 1Hz).  iii] To determine if these parameters impact capacitor behavior:  maximum charging 185 

voltage, hold time, discharge current, salt concentration, and electrode separation distance. 186 

Control- The discharge time, given the smallest allowed discharge current, for the 187 

galvanostat connectors simply placed just above the  bench in ambient conditions and that 188 
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obtained when the electrodes are connected to the capacitor in the AIR configuration are the 189 

same.  This indicates that the galvanostat is not able to measure discharges that occur more 190 

rapidly than 0.0005 V/s.  Thus, the measurements made for this study confirm that the 191 

capacitance is extremely low for the AIR configuration, but the measurement method employed 192 

was not sufficient to determine the actual capacitance.  Assuming the standard dielectric constant 193 

for ‘air’, approximately 1, yields a capacitance of 2.8 10 -13 Farads for the 20 mm separation 194 

capacitor, and 1.9 10 -12 Farads for the 6 mm separation capacitor.  In contrast, the capacitance 195 

measured below 1 Volt  S-DOC 20 mm capacitor was ~4.5*10-3 F  (discharge current 0.02 mA) 196 

and 9*10-3 F  S-DOC 6 mm capacitor, or more than 8 orders of magnitude higher than the AIR 197 

configuration in both cases.  198 

Raw Data Outside Configuration-  In Figure 2 the results for the DI-DOC of the 20 mm 199 

capacitor is illustrated with raw data.  The discharge time, on the order of 3 seconds from 1 volt 200 

to zero volts, is many orders of magnitude higher than that observed in the control studies 201 

(<0.0005 s) of the same capacitor sitting in ambient air.  202 

One key result is that the hold time has almost no impact on the discharge time, a result 203 

dramatically different from that observed for salt water.  That is, the discharge time for a ten 204 

second, a two hundred second and a six hundred second discharge were not distinguishable. 205 
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 206 
 207 
Figure 2- Discharge of DI-DOC for 20 mm separation capacitor.  LEFT-  Four positive voltage 208 

discharge (10 V to 0 Volts) cycles and three negative (-10 V to 0 volts) shown for the case in which the 209 
hold time at maximum voltage was 600 seconds, and the constant current discharge current was 0.02 mA. 210 
RIGHT-  An expansion of one of the positive discharges shows that the discharge from 1 Volt to zero 211 
volts took approximately 3 seconds.  The computed capacitance  (eq. 1) below one volt, 6 10 -5 F, is about 212 
8 orders of magnitude higher than that computed for the same capacitor sitting on the lab bench. 213 

 214 
The behavior pattern of the S-DOC shares some aspects with the DI-DOC configuration, but 215 

also shows fundamental differences. An example of the former is the discharge shape (Figure 3).  216 

Discharge to about 2 volts in both cases is rapid, and then slows dramatically.   An example of 217 

the latter is the impact of hold time.  In the case of DI-DOC the hold time at 1 sec and 600 s is 218 

nearly equal, whereas for the S-DOC hold time has considerable impact.  As shown in Figure 4, 219 

for the S-DOC the discharge time for a hold time of 600 s is 35 X longer than for a hold time of 220 

1 second.   221 
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 222 
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Figure 3- Impact of Hold Time for Dielectric, 0.5% wt % NaCl in DI, Only on the Outside 20 mm 223 
Capacitor.  A] Shown:  Discharge, current 0.02mA , following hold time of 1 second at 10 V.  The 224 
morphology of discharge behavior of  for  S-DOC (shown) and DI-DOC is very similar.   In all cases, the 225 
discharge is very rapid above about 2 V, and very slow below. B] Shown:  Discharge, current 0.02mA, 226 
following hold time of 200 seconds at 10 V. The discharge time [~30 s]  is approximately 5X longer than 227 
that observed in [A].  C] Shown:  Discharge, current 0.02mA following hold time of 600 seconds at 10 V. 228 
The discharge time (~210 s)  is nearly 35X longer than that observed in [A]. 229 

 230 
Dielectric Values- In Figure 4 the effective dielectric constant below one volt [20 mm electrode 231 

separation] for three different salt concentration (DI-DOC and S-DOC) of the outer dielectric, 232 

with ambient air, all cases, the inner dielectric.  Clearly the S-DOC configurations have higher 233 

effective dielectric values than the DI-DOC configuration, but it is also clear the DI-DOC is 234 

displaying effective dielectric values at least five orders of magnitude higher than the classically 235 

reported dielectric value for water, ~80 [26].  These high values of the dielectric constant for DI 236 

at low frequency/long discharge period are  similar to those reported elsewhere [14,15] for 237 

distilled water. 238 

Figure 4 also indicates that the effective dielectric constant for S-DOC is a function of 239 

dissolved  salt concentration. For example, the effective dielectric constant for a 250  second 240 

discharge of the 5% NaCl solution is about 7 x larger than for the 0.5% NaCl solution.  241 

Finally, Figure 4  indicates that the dielectric constant for discharge times greater than ~0.5 242 

S are relatively constant, given all other protocol parameters constant.  This suggests an effective 243 

‘saturation’ limit, where saturation in this study means that the number of charges released 244 

through the circuit, that is the capacitance,  is not impacted by current levels/discharge time.  The 245 

finding that  dielectric values are relatively flat as a function of discharge current, is not 246 

consistent with  previously in studies of  SDM [1-13] on the ‘inside’.   The physical basis for 247 

saturation of a dielectric is postulated to relate to full alignment of dipoles in the dielectric.  That 248 

is, at a particular voltage all the dipoles in the material are fully aligned, hence further  increasing 249 
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the voltage  on the electrodes has no impact on the field generated by the dielectric [1,27], hence 250 

charge concentration at any given voltage is capped. 251 

 252 

 253 
 254 
 255 
  256 
 257 

 258 
  259 
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  260 

 261 
 262 

Figure 4- Effective Dielectric Constant as a function of Salt Concentration.  The three curves, based 263 
on capacitance below 1 Volt, were obtained with the 20 mm capacitor and are all for a super dielectric 264 
outside/ambient air dielectric inside configuration, all based on a program of charging to +/- 10 V and 265 
holding for 200 s at +/-10V. As the salt concentration increases, the effective dielectric constant does.  266 
Also, it is clear that the effective dielectric constant for both the 0.5 and 5wt% NaCl samples is nearly 267 
independent of discharge time for discharge times longer than ~5 seconds.  268 

 269 
 270 
The value of the dielectric constant, remarkably high in all cases, was found to be a function 271 

of the electrode separation.  Specifically, it was found that the dielectric constant was 272 

consistently higher for an electrode separation for 6 mm than it was for a separation of 20 mm 273 

(Figure 5).  It was also found that the dielectric constant for salt water in the S-DOC was 274 

consistently higher than for the S-DIC configuration both for the 6 mm capacitor (shown) and 275 

the 20 mm capacitor.  276 

 277 
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 278 
Figure 5-  Dielectric Values for 6 mm Capacitor-  Shown are the effective dielectric values below 1 279 

Volt for the S-DOC and DI-DOC configurations [0.5% NaCl, 10 V charge, 200 s hold] for the 6 mm 280 
capacitor.  Also shown, for comparison, is the S-DOC for the 20 mm capacitor, same operating 281 
parameters. 282 

 283 
Energy Density-  In Figure 6, quantitative plots of energy density  for dielectric ‘outside 284 

configurations of the 20 mm capacitor at different salt levels are shown.  Note that all data is in 285 

terms of ‘effective’ values.  That is, only the volume between the plates is employed as the 286 

volume in computations, yet it is clear that dielectric outside this volume is dramatically 287 

impacting the results.  Although it is clear that the energy density of the S-DOC are higher than 288 

those of the DI-DOC, the trends suggest that for very slow discharges the energy densities for all 289 

salt levels might  converge. 290 
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 291 
Figure 6- Effective Energy Density as a function of Salt Concentration.  The three curves, based on 292 

the full voltage discharge, were obtained with the 20 mm capacitor and are all for a super dielectric 293 
outside/ambient air dielectric inside configuration, all based on a program of charging to +/- 10 V and 294 
holding for 200 s at +/-10V. As the salt concentration increases, the effective energy  density also 295 
increases.  It  is clear that the effective energy density  for both the 0.5 and 5wt% NaCl samples is more 296 
sensitive to  discharge times than is the effective dielectric constant.   297 

 298 
 299 
   Similar trends in energy density are found for both the 6 mm and the 20 mm capacitors 300 

[Fig. 7].  Indeed, for the 6 mm capacitor energy density is highest for salt water [0.5% all cases] 301 

on the outside [triangles], and in all equivalent cases, only salt concentration modified, the 302 

energy density is higher for salt water than for DI.  The 6 mm capacitor consistently had higher 303 

energy density than the 20 mm capacitor in all equivalent configurations.  This result is 304 

anticipated as  in both the SDM and standard model of parallel plate capacitors energy density is 305 

inversely proportional to the electrode distance squared.  Also, in this study, the effective 306 

dielectric constant for salt water on the outside increased as the electrode distance was reduced.  307 
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This is another reason the increase in energy density with decrease in electrode separation, was 308 

anticipated.   It is also clear that the trend in energy density for longer discharge times [>10 309 

seconds] is remarkably similar for both the 20 mm capacitor  and the 6 mm capacitor S-DOC 310 

cases.  Note:  For the two ‘DOC’ configurations shown the energy density is ‘effective energy 311 

density’. 312 

 313 
Figure 7- Energy Density 6 mm Capacitor- The 6 mm capacitor consistently had higher energy 314 

density than the 20 mm capacitor in all equivalent configurations.  Note:  For the two ‘DOC’ 315 
configurations shown the energy density is ‘Effective Energy Density’. 316 

 317 
Power Density-  In contrast to  energy density, for all reported SDM based capacitors [1-13], 318 

power increases as the discharge time decreases.  This indicates that for SDM based capacitors 319 

energy released during discharge is decreasing less quickly than the discharge time.  This was 320 

also found true in the present study of SDM on the outside [Fig. 8].  Also, as anticipated, all 321 

other parameters constant, salt significantly increases the power density; power produced by  S-322 
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DOC is at least an order of magnitude higher than equivalent DI-DOC  at all discharge rates. 323 

Yet, it is also clear that DI-DOC performs extremely well.  324 

 325 

 326 
Figure 8-  Power Increases with Decreasing Discharge Time-  The highest power, based on energy 327 

determined by integration over the full discharge, was found for S-DOC for the 6 mm capacitor and the 328 
lowest for the DI-DOC for the 6mm capacitor; however all configurations produced high power and 329 
showed the same trend with discharge time.  330 

  331 
DISCUSSION- 332 

     The mathematics employed in standard dielectric  theory indicates an implicit assumption:  333 

The nature of the material on the ‘outside’ of a capacitor is irrelevant. A good example is the 334 

mathematics of the most ubiquitous capacitor, a parallel plate capacitor. To determine the 335 

dielectric constant of a material which fills the space between the electrodes of a parallel plate 336 
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distance between them (Eq. 2).   There is no mathematical provision made to account for 338 

properties of  material not between the electrodes.  Also true: In standard narrative descriptions 339 

of the impact of dielectrics on capacitance there is never consideration given to properties of 340 

material outside the volume enclosed by the electrodes. In contrast, in SDM theory the properties 341 

of all dielectric materials, both between the plates and outside the plates, must be considered.  342 

One notable shortcoming of the SDM theory is that there is no simple equation linking geometric 343 

and materials properties equivalent to Eq. 2, thus at present the theory is only qualitative.  344 

      This study regards the use of a very simple test to contrast the predictions of the standard 345 

dielectric theory with the SDM theory.  In this study parallel plate capacitors were constructed 346 

such that in most cases only  ambient laboratory air was between the electrodes.   The capacitors 347 

were then ‘embedded’ in different media: i] ambient laboratory air, ii] DI water, iii] DI water 348 

containing 0.5wt % NaCl , and iv] DI water containing 5.0 wt % NaCl.  According to standard 349 

theory the impact of the dielectric properties of material outside the region between the plates is 350 

irrelevant, hence  all four capacitor ‘embedded’ configurations  should operate identically.  In 351 

contrast, according to SDM theory, the measured capacitance of the test capacitors embedded in 352 

water or salt water should be substantially higher than those embedded in ambient laboratory 353 

atmosphere.  The results, in brief, were that those capacitors embedded in water or salt water had 354 

capacitance at least seven orders of magnitude higher than measured for the same capacitors 355 

embedded in air.  In fact, for the 5wt% NaCl case the effective dielectric constant below 1 volt 356 

was  spectacular, more than > 100,000,000,000 X larger than the same capacitor embedded in 357 

laboratory air.  Thus, the  outcome of the experiments is only consistent with the SDM 358 

hypothesis.   359 
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          This is not the first report of dielectric material outside the volume between the electrodes 360 

profoundly impacting performance.  All the results reported are consistent with an earlier report 361 

from our  laboratory, on the behavior of parallel plate capacitors covered with   an SDM ‘gel’ 362 

outside the volume between the electrodes [2].  As noted earlier, the intent of the present study  363 

is to confirm and ‘generalize’ the conclusions reached in the first publication on the topic.   364 

Secondary Findings- Secondary information found in the data include the following: i] Pure 365 

water at low frequency, ca. 1 Hz., has a dielectric constant in excess of 107, as reported 366 

elsewhere.  ii] Salt does increase dielectric constant.  DI with even a  low dissolved salt 367 

concentrations (ca. 0.5 % NaCl) can have remarkably high dielectric values, >1010 , even for a 368 

one second hold time at 10 V.  At one second discharge time the difference in effective dielectric 369 

constant between DI, and 5wt% NaCl in DI, is almost three orders of magnitude.  iii] Increasing 370 

salt concentration does increase effective dielectric constant. Consistently, a bath of salt with 371 

5wt% NaCl produced higher capacitance, energy density, etc. values than a bath with 0.5 wt% 372 

NaCl.  iv] There is evidence of a maximum, or ‘saturation’ value to energy density achievable 373 

with salt water dielectric.   In this study even as the discharge time was increased, effective 374 

dielectric constant remained relatively constant over a range of discharge times from about 1 375 

second to 250 seconds.  v] Effective dielectric constant values are similar in magnitude to the 376 

dielectric constants of the same materials ‘between the plates’.  vi] Finally, in this study it was 377 

found that the effective dielectric constant of a dielectric material was always measured to be 378 

higher if it were outside the region between the electrodes than if it was placed between the 379 

electrodes. All of these secondary findings are only semi-quantitative and more detailed 380 

investigation is justified. 381 
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    Most of these findings are consistent with earlier work  on SDM, and expectations  developed 382 

on the basis of those studies.  Indeed, the high effective dielectric constant values  for salt water 383 

are within an order of magnitude of those published previously for SDM gels on the outside of 384 

parallel plate capacitors  [2] as well as SDM , in various configurations, ‘between the electrodes’ 385 

[3-13].    386 

      It is notable that other groups studying the dielectric value of water at low frequency [ca. 387 

near 1Hz] report values of dielectric constant very similar to those reported here [14,15].  388 

Moreover; those teams used other methods, not the constant current method employed herein.  389 

Thus, the present results further demonstrate the generality and reliability of the results.  390 

    Theory: It is illustrative to compare models of the origin of high dielectric value found in the 391 

literature for water at low frequency, standard model vs SDM model.  The standard model is that  392 

the extremely high dielectric values (ca. 107 at 1 Hz) result from charged species in the water 393 

(e.g. OH-, H3O+)  forming oppositely charged electric double layers at  each electrodes [15].  At 394 

the positive electrode OH- form a double layer, and at the negative electrode, H3O+.  For several 395 

reasons  it is not at all clear how the remarkably high net dielectric values observed are 396 

consistent with that model:  i] In standard supercapacitors models it is assumed the dielectric 397 

value of the double layer is in the low double digits [1] at low frequency. ii] This standard model 398 

cannot explain why  the dielectric constant of water is at least five orders of magnitude greater 399 

than solid titanates.  Generally some double layer like feature is proposed to  explain  the 400 

dielectric value of  solid dielectrics [21-23].  iii] The model is not consistent with the fact that 401 

voltage is a state property.  Given all paths  yield equivalent voltage, how does the double layer 402 
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reduce the voltage for a charge that travels between the electrodes via a path outside the volume 403 

between the electrodes?   404 

 405 
    Figure 9- Top View Schematic of SDM Theory for Parallel Plate Capacitor Submerged in Salt 406 
Solution.  In the S-DOC configuration illustrated, at all points in space, both ‘outside’ the capacitor and 407 
between the electrodes, the field due to charge on the electrodes (solid arrows) is partially cancelled by 408 
field created by ions (dashed arrows), or by water molecules (not shown) organized into a ‘liquid crystal’ 409 
like arrangement. 410 
 411 
    The SDM model, it is argued, is consistent with all observations, and all laws of physics.  As 412 

explained in more detail elsewhere [1-4], and illustrated in Figure 9,  the theory  is based on the 413 

field strength and direction of the field generated by a dielectric, placed between electrodes or 414 

surrounding the electrodes,  ‘partially cancelling’ the quasi dipole field produced by charges on 415 
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the electrodes. The field generated by polarizing the dielectric will also be quasi-dipole, with a 416 

vector direction necessarily opposite at every point in space to that of the ‘dipole’ field generated 417 

by charges on the electrodes.  Thus, the field produced by the dielectric reduces the electric field 418 

produced by the charge on the electrode at every point in space, both between the electrodes and 419 

outside the volume between electrodes. As the voltage is the line integral of field, for any given 420 

charge density on the electrodes, that line integral, and concomitantly the voltage, is lowered.  421 

Hence, given constant charge, capacitance (charge/voltage) is increased by the presence of the 422 

dielectric.   423 

    The SDM model predicts, consistent with the data presented herein, and contrary to the 424 

standard model, that dipoles outside the volume between the electrodes will increase capacitance.  425 

The dipoles formed in the dielectric reduce field at every point in space whether the dielectric is 426 

in the volume between the electrodes, or outside that volume, a concept completely consistent 427 

with standard E/M theory [30]:  The electric field at any point is space is the vector sum of the 428 

fields of all charges in the universe.  In either geometry the field at all points in space produced 429 

by the charges on the electrodes is reduced by the oppositely polarized dipoles of the dielectric.  430 

Also, unlike the standard model, there is no need to postulate either a double layer, or a high 431 

field region near the electrodes.  According to the SDM model the electric field distribution in 432 

space is nearly the same for a particular voltage, including the region adjacent to the electrodes, 433 

with and without a dielectric [1].  434 

      The SDM model applies to all dielectrics, solids and liquids.  Two factors [1-4] should 435 

impact the observed dielectric constant at low frequency; i] the dipole density in the dielectric 436 

and ii] the dipole length in the dielectric.   There is no fundamental difference in the ‘action’ of a 437 

solid or a liquid dielectric.  Both reduce field created by charges on the electrode at all points in 438 
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space via the formation of dipoles oriented opposite to the dipole orientation of the electrodes.  439 

The primary difference between salt water and barium titanate is the length of the dipoles.  In the 440 

former it is well under 10-10 m, and in the former it can clearly be even centimeters long [1-13].  441 

(Calculations show that NaCl saturated water has about 30%  as many dipoles per volume as 442 

barium titanate.) The longer dipoles of salt water lead to higher dipole fields at all points in 443 

space, hence more significant cancellation of  electrode charge produced field, and 444 

concomitantly higher capacitance.  445 

    Some features of the data collected for the present work can readily be shown consistent with 446 

the SDM model.  First, water should be an excellent dielectric at low frequencies because, as 447 

suggested elsewhere [15] the dipoles of water molecules align in the presence of an electric field. 448 

The precise structure of water in this condition is not known.  Once, aligned, the water molecules 449 

will effectively ‘cancel’ the field of the charges on electrodes.  Second, dissolved ions will 450 

further reduce net field at all points in space by forming an effective large dipole with a length 451 

greater than the distance between the electrodes (Figure 9).  The magnitude of this dipole may 452 

even explain why it was observed that S-DOC outperformed S-DIC as S-DIC dipoles, restricted 453 

by the internal volume, are necessarily shorter than those found in the S-DOC configuration.    454 

Third, the effect of ion separation will should increase with hold time.   That is, the longer the 455 

hold time, the more charges can travel from elsewhere in the liquid bath to arrive at the proper 456 

electrode.  In contrast, hold time has virtually no impact on the capacitive behavior of DI.  457 

Indeed, there is no need to provide time for ions to travel, only enough time for the water 458 

molecule alignment, clearly a far faster process. 459 

     460 
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      Further study of a variety of related topics is arguably justified.  What is the impact of salt 461 

type?  For example, is KCl or NH3Cl better than NaCl?  Is KOH a better ion source than NaCl? 462 

How does the pH of  salt-free water impact behavior?  Is there a trend in the energy density as a 463 

function of inter-electrode distance? 464 

 465 

      Application- Potential significant applications of the theory supported by these experiments, 466 

that is the SDM theory, are: i] Possible novel energy storage devices, and ii] Improved 467 

understanding of charge/discharge mechanisms in nerve tissue.  Regarding the former:  As noted 468 

elsewhere, the high dielectric constant value of ‘salt water’ at low frequencies suggest capacitors 469 

can be created with higher energy densities than the best batteries.  An ‘ideal’ example:  A 470 

parallel plate capacitor with a gap of 1 micron into which a material of dielectric constant of 471 

1*1010 and specific gravity of 2 is placed,  then charged to 1 volt will have an energy density of 472 

about 6,000 Wh/kg of dielectric.   This compares rather well with a lithium ion battery with an 473 

energy density of order 150 Wh/kg.  Even a  less ‘ideal’ capacitor, same dimensions, but a 474 

dielectric of only 109 , and assuming the dielectric is only thirty percent of the weight, still yields 475 

an energy density as good as the best lithium ion batteries.  The present work suggests an 476 

interesting variation:  The SDM dielectric need not be in the space between the electrodes, but in 477 

fact can merely ‘surround’ the electrodes.   Regarding the latter:  One third of the fluid in the 478 

body is interstitial water with a relatively high Na+ ion concentration.  The present work 479 

suggests the capacitance of any ‘solvated’ circuit, such as a circuit of neurons,  will be impacted 480 

by the effective dielectric constant of the surrounding fluid.  The present results suggest the  481 

dielectric constant of the ‘salt water’ in the body is far higher than previously believed.  Thus 482 
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,the capacitance and charge stored in ‘biological circuits’, even the roll of ions in interstitial 483 

media, may need to be reconsidered.  484 

 485 
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