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Abstract
Palladium-Boron (Pd-B) cathodes prepared at the U.S. Naval Research Laboratory have produced
electrochemical excess power effects using D2O+ LiOD electrolytes in nearly every experiments
conducted at four different laboratories and using four different types of calorimeters. The one
failure was due to a structural defect in the Pd-B cathodes. An unusual result is the early
appearance of the excess power effect for Pd-B cathodes. Two other research groups have also
found excess power effects using these Navy Pd-B cathodes. Possible important factors for Pd-B
electrodes are the removal of oxygen by the boron during processing, the increased mechanical
strength versus pure palladium, less volumetric expansion of these electrodes during loading with
deuterium, and the much slower escape of deuterium from this cathode. The history of this
research by the U.S. Navy laboratories for these Pd-B materials and the resulting government
reports are presented.
1. Introduction
One of the major goals of the U.S. Navy program (Anomalous Effects In Deuterated Materials,
1992-1995) funded by the Office of Naval Research (ONR) was to produce our own palladium
cathode materials at the Naval Research Laboratory (NRL). It was obvious at that time (1992)
that the major problem in reproducing the Fleischmann-Pons (F-P) excess power effect in the Pd/D
system resided within the palladium material. However, none of these Navy palladium metals and
alloys were successful in producing significant excess power during the first two years (19921993) of this Navy program. This changed in 1994 with the NRL preparation of palladium-boron
alloy cathodes. Seven out of eight experiments using these Pd-B cathodes produced significant
excess power in calorimetric experiments at the Navy laboratory at China Lake, California (Naval
Air Warfare Center Weapons Division, NAWCWD). A different NRL Pd-B cathode produced
excess power in 1997-1998 at the New Hydrogen Energy Laboratory (NHE) in Sapporo, Japan.
An experiment in 2017 using this same Pd-B cathode again produced excess power at a Ridgecrest,
California location. Two U.S. Patents have been granted for this unique NRL Pd-B material [1].
These patents provide details on how these Pd-B materials were prepared.
2. China Lake Results, 1994-1995
These eight experiments at China Lake using the NRL Pd-B cathodes are documented in a Navy
Report [2]. Figures for each experiment show the measured excess power at several different times
each day. An example for one of the best experiments is shown in Figure 1.
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Figure 1. Excess Power Measurements for an NRL Pd-B Rod (0.25 x 2.5 cm, 0.75 weight %
Boron).
A gradual increase in the excess power was observed over a 45-day time period and reached a
maximum of about 350 mW. The total excess energy produced in this experiment was 636 kJ or
5.2 MJ per cubic centimeter of the Pd-B material. The heat-conduction isoperibolic calorimetric
design used at China Lake is illustrated in Figure 2.

Figure 2. China Lake Calorimetric Design used for the Pd-B Experiments (See References 3,4).
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The small volume of this Pyrex glass calorimetric cell (18 mL of electrolyte) made it sensitive to
temperature changes due to changes in the input power. Thermistors were used to measure the
cell and bath temperatures to within 0.01 K [3,4].
Four calorimeters (A, B, C, D) of this same basic design were used in these Pd-B experiments.
Results for these eight experiments at China Lake are summarized in Table 1.
Table 1. Summary of China Lake Pd-B Experiments (1994-1995)
Start
Date
5/28/94
10/24/94
10/12/94
10/12/94
3/14/95
3/14/95
3/14/95
3/14/95

Calorimeter
B
B
C
D
A
B
C
D

Pd-B Dimensions
(cm)
0.60 x 2.0
0.60 x 2.0
0.25 x 2.5
0.25 x 2.5
0.40 x 2.0
0.40 x 2.0
0.40 x 2.0
0.40 x 2.0

Weight %
B
0.75
0.75
0.75
0.75
0.50
0.50
0.25
0.25

Maximum Excess Power
(mW)
300
450
370
100/0
140
240
220
90

The structural defect for the Cell D (10/12/94) electrode was a folded metal region along almost
the full length of the cathode similar to a crack which would be devoid of active electrochemistry.
Even this cell showed a maximum of 100 mW in excess power, but most results were nearly evenly
distributed between the normal three sigma error range of ±30 mW. Cell D (3/14/95) showed a
brief 5-day initial period of excess power, but this promising start suddenly ended due to some
unknown factor.
3. Japan Pd-B Results, 1997-1998
An appointment at the New Hydrogen Energy Laboratory (NHE) in Sapporo, Japan for the author
led to another study of a different NRL Pd-B electrode. This material contained 0.50% B by weight
(Pd-0.5B) with rod dimensions of 0.47 x 2.01 cm. This new study was conducted in a
Fleischmann-Pons Dewar calorimeter labelled ICARUS-1 with inner dimensions of 2.5 x 25.0 cm
with the top 8.0 cm silvered. This glass Dewar cell contained 90 mL of 0.1 M LiOD. Calibrated
thermistors gave the cell temperatures at two different cell locations to within 0.001 K.
Calorimetric measurements were recorded every 300 seconds throughout this 68 Day experiment.
The analysis of the calorimetric data while in Japan [5] showed the same basic features for excess
power versus time as later reported by Fleischmann in his independent and more compete analysis
[6]. The peak enthalpy per day reached 39,100 J on Day 52 and 41,000 J on Day 67 (Ref. 6, Table
A.1). The mean excess power per day for this experiment is illustrated in Figure 3. During the
final cell boiling phase the excess power exceeded 9 W (Ref. 6, Fig. A.22). The Pd-0.5 B cathode
was obviously the hot spot in the cell based upon the observation of the intense boiling and swirling
action centered around this cathode over a three-hour period on Day 68. This NHE experiment
produced a total excess energy of 1.065 MJ over the 67-day period prior to cell boiling or 3.05 MJ
per cubic centimeter of the Pd-B electrode [6].
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Figure 3. Mean Excess Power per Day for the NHE (Japan) Pd-0.5 B Experiment.
An unusual feature of this Pd-0.5B experiment was the very early onset of the excess power effect.
This early excess power was even measurable during the initial deuterium loading of the cathode
(Ref. 6, Fig. A.21) and was well in excess of the maximum power possible (27 mW) for the
exothermic loading of deuterium into palladium (-35.1 kJ/mol D2) based on the applied current
(0.150 A) and formation of PdD0.6. This NHE Pd-0.5 B study gave an early peak excess power of
57 mW and remained above 27 mW for the entire loading period of about 5 or 6 hours [6].
4. Ridgecrest Pd-B Results, 2017
The experiment conducted at Ridgecrest, California used the same Pd-0.5 B cathode as was used
in Japan in 1997-1998. However, a different calorimeter was used consisting of two concentric
copper tubes separated by insulation material as described elsewhere [7]. The most remarkable
feature of this experiment was the very early appearance of excess power as shown in Figure 4.
The excess power shown in Fig. 4 is the mean value from the use of three different thermistors
placed at different locations. The dashed line in Figure 4 shows the maximum excess power (27
mW) which could result from the exothermic loading of palladium with deuterium at the
experimental cell current of 0.150A assuming that the total cathodic current is used for the
formation of PdD0.6. The NHE and Ridgecrest experiments used the same Pd-0.5 B cathode but
different calorimeters and gave similar results for the early excess enthalpy measurements. Both
experiments gave more than double the excess enthalpy expected for the deuterium loading (-416
J). The measured values were -928 J for the Ridgecrest experiment and -1085 J for the NHE study
assuming a loading period of 336 minutes for each. Any chemical reaction with boron would
require about -260 kJ/mol B to explain this extra excess enthalpy. These measurements eventually
showed a decreasing excess power effect down to 18 mW at 336 minutes (Figure 4) and near zero
for the following day (Day 1 in Figure 5).
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Figure 4. Early Excess Power for Pd-0.5 B with a Peak of 118 mW at 7 minutes. The dashed
line shows the maximum excess power expected due to deuterium loading at 0.150 A.
The correct explanation for this early excess power using Pd-B cathodes is unknown. Possible
explanations include chemical reactions involving boron or perhaps even a deuterium+boron-10
fusion reaction. Boron may somehow be an essential catalyst for the F-P excess heat effect.
Normally, long electrolysis times may be required for boron in a Pyrex glass cell to be properly
transferred to the palladium for cathodes not containing added boron. For Pd-B electrodes, this
catalyst is already present at the beginning.
The mean excess power for other time periods of this Ridgecrest Pd-0.5 B experiment is shown in
Figure 5. The calorimetric results are accurate to within a few milliwatts of excess power (± 3
mW), but the effect is much smaller than previously observed in Japan. This could be due to
problems with the evolution of gas bubbles. Gas bubbles in this experiment tended to collect at
the bottom of the cathode, which was sitting on a Teflon support. The growth and release of these
bubbles also caused rather large uncertainties in the cell voltage. These lingering gas bubbles
would block the electrochemistry at the bottom of the cathode and act similarly to a crack causing
loss of the deuterium loading. This would likely result in smaller excess power effects. Problems
with gas bubbles can also vary with the source of the D2O [2].
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Figure 5. Averages for Excess Power (Px) in the Pd-0.5 B Ridgecrest Experiment of 2017.
5. Related Work
Two Pd-B experiments were also conducted at NRL in January 1995 using a new and accurate
Hart Seebeck calorimeter. Both experiments used the NRL Pd-0.75 weight % B cathodes with
dimensions of 0.4 x 3.5 cm. These experiments were set up by the author during a two week visit
at NRL. The exothermic deuterium loading for one experiment (Cell D) was measurable at about
7 mW for 20 hours and gave -33 ± 3 kJ/mol D2 for PdD0.6 formation compared to the literature
values of -35.1 kJ/mol D2. However, the other Pd-0.75 B cathode (Cell C) gave evidence of an
early excess power effect in addition to the exothermic deuterium loading. The initial excess
power continued well beyond the expected time frame of about 20 hours for the normal exothermic
loading as observed for the Pd-B electrode in Cell D. Notebook data recorded by the author for
the first 64 hours gave a maximum excess power of 12.8 mW for Cell C at 62.0 hours. Even Cell
D gave a small maximum excess power of 5.9 mW following the cell current increase to 24
mA/cm2 (0.060 A). These accurate calculations included small additional power terms related to
the gas evolution, which were not considered in the NRL calculations [4,7,11].
This experiment for Cell C is shown in Figure 6 for the first 200 hours [8]. This is additional
evidence for early excess power effects in the Pd-B system.
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Figure 6. Early Excess Power for Pd-0.75 B at NRL using a Hart Seebeck Calorimeter
The gas exit lines were too long in this experiment and later became clogged with condensed D2O
vapor. Therefore, these two experiments were terminated, and these results were only reported in
an internal NRL-ONR 1995 report [8].
Several other groups have tested this NRL Pd-B material and have found excess power effects, but
none of this work has been published. Storms in New Mexico reported excess power for an alloy
prepared at NRL which contained 0.25 weight % B with a cylindrical shape and dimensions of
0.47 x 1.75 cm [9]. This study used 0.008 M LiOD in 99.96% D2O. The excess power measured
by a Seebeck calorimeter reached 80 mW at a current density of 0.5 A/cm2. Although a paper was
prepared by Storms, this Pd-B study was never published. An NRL Pd-B cathode was also tested
at SRI in a prismatic Seeback calorimeter by B. Bush and was observed to produce excess power
at statistically significant levels [10].
6. Discussion
The major question is why do these NRL Pd-B cathodes produce the F-P excess heat effect while
most other palladium materials do not? One possible answer is that the added boron removes
oxygen from the palladium by forming B2O3 during the melting process. The less dense boron
oxide then separates from the molten metal. Other clues for oxygen effects are the successful
Johnson-Matthey materials specially produced under a blanket of cracked ammonia (N2+H2). The
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hydrogen removes oxygen from the metal during the melting process in the form of H2O vapor.
These cathodes generally produced excess energy in F-P related electrochemical experiments
[2,3,11]. A possible third clue is the electrochemical deposition of palladium and deuterium (codeposition) from D2O + PdCl2 solutions which provides oxygen-free palladium and reproducible
excess power effects (if done correctly) [12,13].
Another possible important factors for Pd-B cathodes is that the added boron produces a material
of much greater mechanical strength than pure palladium [1,6]. There is very little volumetric
expansion when Pd-B cathodes are loaded with deuterium. This suggest that Pd-B materials are
less likely to crack during the loading process. Another feature is that these Pd-B materials load
similarly to palladium cathodes, but the escape of deuterium (de-loading) when the current is
removed is at least ten times slower than for pure palladium cathodes based on gravimetric studies.
A possible explanation for such large differences in the rate of deuterium loading and de-loading
for these Pd-B materials is that Pd-B may load electrochemically across the grains, but when the
electrochemical current is removed, most of the deuterium escapes along grain boundaries which
may be clogged with the boron atoms. With no applied current, there is no electrochemical
potential to drive deuterium into other grains. It seems likely that the Pd-B materials are somehow
much more restrictive than pure palladium cathodes in allowing deuterium to escape via the grain
boundaries.
7. Summary
The NRL Pd-B cathodes have produced excess power in nearly every experiment conducted at
four different laboratories and using four different types of calorimeters. The one exception was
due to a structural defect, but even this electrode may have produced small excess power effects.
Two other research groups using different calorimeters have also found excess power using NRL
Pd-B cathodes in their experiments. There is often an unusual early excess power effect with the
use of Pd-B cathodes. This history of Pd-B results suggests that the prolonged cold fusion
controversy is related to the dependence of excess power effects on the palladium material
properties. There seems to have been two basic types of research groups for the Pd/D system:
those who had palladium materials capable of produced the excess heat effect and those who did
not. The author at different times has belonged to each group including being listed with CalTech,
MIT and other groups reporting no excess heat effects in the 1989 DOE ERAB report [14].
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