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Abstract

A search for excess heat production from highly loaded deuterides of palladium was carried out using a closed isoperibolic
calorimeter. The main aim of these studies was to test the hypothesis that the production of excess heat from electrolytically prepared
deuterides of palladium only occurs when (amongst other conditions) the D /Pd loading ratio exceeds a value of about 0.85-0.90, as
estimated by resistance ratio measurements. However, despite the achievement of D /Pd loading ratios in excess of 0.90, no excess heat
was observed in any of the experiments within the estimated experimental error of +1.5%.
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1. Introduction

Since Fleischmann et al. [1] reported the production of
‘excess’ heat during the electrochemical loading of deu-
terium into palladium cathodes, there has been a world-
wide effort to verify these claims. However, while a
number of research groups appear to have observed excess
heat production [2,3], such claims are still viewed scepti-
cally by the scientific community. This scepticism has
arisen largely because of the poor reproducibility of the
alleged phenomenon and also the failure of a large number
of research groups to observe any excess heat [4]. How-
ever, in an attempt to address these difficulties, a number
of workers [5-9] have suggested that the amount of deu-
terium absorbed by the cathode must exceed a critical
value before excess heat production can be observed. In
most instances, a loading ratio (i.e. the D /Pd atom ratio)
of between 0.85 [5] and 1.0 [6-9] has been suggested as a
prerequisite for excess heat production. A failure to ob-
serve excess heat [10] could then be rationalized in terms
of an insufficient loading ratio, while occasional reports of
heat production might be attributed to the deliberate or
adventitious attainment of high D/Pd loading ratios. As
noted earlier [11], the lack of reliable loading ratio meas-
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urements in most calorimetric studies has hindered at-
tempts to prove or disprove this hypothesis. However,
more recently, some experimental evidence has been pre-
sented [12—17] which appears to support the ‘high loading’
hypothesis.

For example, McKubre and coworkers [12-14] have
recently reported reproducible excess heat production dur-
ing the electrolysis of D,O at palladium cathodes provided
that the D /Pd loading ratio attained exceeds about 0.85—
0.90 and that certain other experimental criteria are also
met. These measurements were performed using high pre-
cision flow calorimeters with in-situ and on-line measure-
ments of the cathode D /Pd ratio. Excess power levels of
around 0.1-2.0 W were typically reported when Pd rods of
volume about 0.3 c¢cm® were employed. A particularly
interesting finding of this work was the apparent correla-
tion between the amount of excess heat produced and the
D /Pd loading ratio. In one experiment excess heat genera-
tion commenced at a D/Pd loading ratio of 0.85 and
increased in an approximately second-order fashion with
loadings in excess of this value [13].

Loading ratios in the above experiments were deter-
mined by measurement of the electrical resistance of the
cathodes. This method has the advantage that it measures
directly the amount of deuterium loaded interstitially into
the palladium lattice. Other methods based upon volumet-
ric [15] or pressure [16,17] measurements do not discrimi-
nate between deuterium contained interstitially in the lat-
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tice and that trapped in voids or dislocations in the metal,
and therefore may overestimate the actual extent of inter-
stitial loading. However, the resistance method is usually
calibrated against volume and pressure measurements so
that such an error may already be implicit in any calibra-
tion. Despite this potential complication, resistance meas-
urements are still considered a useful diagnostic in excess
heat studies [12].

The other requirements for reproducible excess heat
production identified by McKubre’s group included (i) the
application of substantial current densities (in excess of
100-200 mA cm™?) [12] and (ii) the use of a sufficiently
long electrolysis time (typically, hundreds of hours [12,13]).
The above three requirements have been identified empiri-
cally and their exact mechanistic significance is not yet
understood [13]. For example, it is unclear why an initia-
tion period of hundreds of hours should be necessary for
excess heat production, particularly when a palladium
cathode of the dimensions used can be loaded to D/Pd >
0.9 in a few tens of hours [12]. Nevertheless, these findings
are important in that they provide a phenomenological
model for excess heat production which can be tested
experimentally.

Of the three criteria mentioned above, the loading re-
quirement appears to be the most difficult to realize experi-
mentally [12,13]. However, the results of McKubre and
coworkers [12,13] and the results of an earlier loading
study performed by the present group [11] indicate that
attainment of such high D/Pd loadings ratios is possible
under certain conditions. One requirement appears to be
the prevention of surface cracking of the cathode. Such
cracks leads to a loss of deuterium and hence lowering of
the D/Pd ratio [13]. The maintenance of high loading
ratios for extended periods of time also appears difficult,
but McKubre and coworkers [11,13] have recently reported
that this can be achieved by adding small amounts (typi-
cally 200 ppm) of Al or SiO, to the electrolyte [12-14]. In
addition, McKubre and coworkers have periodically sub-
jected the cathode to partial unloading and reloading cy-
cles, and this procedure was frequently found to cause
significant enhancements in the D/Pd loading ratio [14].
This latter approach has also been successfully employed
by Will et al. [15] to prepare highly loaded palladium
deuterides and hydrides.

The recent calorimetric and loading studies of Hasegawa
and coworkers [16,17] also appear to demonstrate the
importance of the D /Pd loading ratio and current density
in initiating excess heat generation in the Pd + D system.
These workers observed that excess heat was not produced
for D /Pd loading ratios of less than approx. 0.80-0.85, or
for current densities below approx. 100-200 mA cm™?’
[16,17]. Although an initial experiment [16] appeared to
show that the amount of excess heat increased rapidly with
loading in excess of the threshold, subsequent experiments
[17] indicated that the relationship between excess heat
production and the D/Pd was highly variable. Neverthe-

less, despite the general lack of any systematic relationship
between excess heat and loading, these results support the
existence of a loading threshold (albeit at values lower
than those observed by McKubre and coworkers [12-14])
and stress the importance of attaining high D /Pd loading
ratios if excess heat is to be observed.

The principal aim of the present study was to test the
hypothesis [5-9] that excess heat production in the Pd + D
system only occurs when the D /Pd loading ratio exceeds a
threshold value of about (0.85-0.90. To facilitate this, a
calorimetric system was developed that allowed in-situ and
on-line measurements of the D/Pd loading ratio. This
enabled the relationship (if any) between the loading ratio
and the production of excess heat to be examined. In
addition, particular attention was paid to the replication of
the experiments reported by McKubre and coworkers [12—
14] and by Hasegawa and coworkers [16,17] as these
probably provide the most substantial evidence for the
existence of the excess heat phenomenon.

2. Experimental
2.1. Experimental design

The calorimeter used in the present study was a ‘mod-
ified” isoperibolic type [18]. In this particular design, the
heat flux from the electrolysis cell is integrated by a
surrounding metal sleeve and then transferred via an inter-
mediate thermally conductive layer to a metal block main-
tained at a constant temperature. The power dissipation in
the electrolysis cell is then inferred from the steady-state
temperature difference between the two metal blocks. This
particular design has the advantage [18] that it avoids
calorimetric errors caused by temperature gradients in the
electrolysis cell.

A schematic diagram of the isoperibolic calorimeter
used in the present investigation is shown in Fig. 1.
Essentially, the calorimeter consisted of two heavy alu-
minium cylinders separated by a well-defined thermally
conductive layer. The inner aluminium cylinder, which
housed the electrochemical cell, was mounted concentri-
cally inside the outer cylinder and held firmly in position
by two Perspex support rings. The gap between the alu-
minium cylinders, as defined by the two end rings, was
then filled with silicone oil. The regions above and below
the support rings contained a thick layer of polyethylene
foam insulation. This minimized heat losses in the axial
directions and ensured that the majority of the heat transfer
from the inner to outer aluminium cylinders occurred
radially across the silicone oil layer.

The thermal output of the calorimeter was determined
by measuring the temperature of each aluminium cylinder
with two calibrated thermistors (type RTC, 20 k{2 at
25°C). Each thermistor was sealed in a separate thin-walled
glass tube which had been filled with a small amount of
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Fig. 1. A schematic diagram of the isoperibolic calorimeter and the
electrochemical cell.

silicone oil to increase thermal conduction. To accommo-
date the thermistor probes, two vertical holes separated by
180° were drilled into the aluminium cylinders. These
holes were positioned so that the thermistor probes in the
inner and outer cylinders were exactly aligned in both the
horizontal and vertical senses. In this manner, the tempera-
ture difference between the two aluminium cylinders was
sensed at two separate locations. This provided some
redundancy in the temperature measurements, and offered
protection against errors caused by thermistor malfunction.
For each aluminium cylinder, the temperatures measured
by the two thermistors always agreed to within +0.01°C,
indicating that the temperature distribution within each
cylinder was very uniform.

The entire calorimeter assembly was immersed in a
well-stirred thermostat bath containing a 1:1 mixture of
ethylene glycol and deionized water. This was maintained
at a constant temperature of 25.00 + 0.01°C using a Tronac
PTC-40 precision temperature controller. Measurements at
various positions in the water bath indicated temperature
uniformity to within +0.003°C. The bath contained two
identical calorimeters, one containing a D, O test cell and
the other an H,O control cell. This concurrent running of
control and test experiments enabled thermal artefacts
arising from variations in the bath or ambient temperatures
to be distinguished from genuine excess heat production.
The room in which the calorimetric experiments were
performed was maintained at a temperature of 21 + 1.5°C.
The ambient temperature was continuously monitored with
a calibrated thermistor (type RTC, 20 k{2 at 25°C) posi-

tioned directly between the two calorimeters and approxi-
mately 10 cm above the liquid level in the bath. The water
bath temperature was also monitored with a thermistor.

The electrochemical cell used in the present study has
been fully described previously [11]. The only substantial
modification to the earlier cell design was the cutting of a
helical groove into the outer surface of the cell body to
accommodate a calibration heater. The heater consisted of
a 2 m length of insulated manganin wire (Goodfellow
Metals), and had an electrical resistance of 18.2 (2. All
calorimetry experiments were performed in a ‘closed-cell’
mode where the evolved gases were recombined back to
D,O or H,0 using an internal recombination catalyst. The
catalyst used in the majority of the experiments was a 10
cm” piece of a fuel cell electrode obtained from Giner Inc.
However, the catalyst used in experiments G2 and G4 was
a 12 cm? piece of a ESN-type fuel cell electrode obtained
from E-Tek Inc.

All calorimetric experiments were performed in an elec-
trolyte containing 1.0 M LiOD or LiOH prepared by
dissolving lithium metal (Aldrich, 99.9% Li) in D,0O
(Cambridge Isotope Laboratories, 99.9%) or high purity
H,O (Millipore Milli-Q water). The D,O solutions were
made up under a protective nitrogen atmosphere to mini-
mize contamination with light water. In addition, the elec-
trotytes used in experiments H1-H4 contained 200 ppm
dissolved Al (BDH, > 99% Al), while those used in exper-
iments G1-G4 contained 200 ppm dissolved SiO, (Cabot
Corporation). The electrolytes used in experiments F1-F4
initially contained no Al, but three 200 ppm additions were
made during the experiments.

The electrode pretreatment procedures used in the pre-
sent study were essentially identical with those employed
in the earlier loading study [11]. In summary, all cathodes
were constructed from 0.10 cm diameter Pd wire obtained
from Goodfellow Metals (99.95% Pd). The wire was man-
ufactured by initially drawing down a Pd rod to a wire and
then annealing it. The annealed wire was then redrawn to a
final diameter of 0.10 cm. The manufacturer specifies the
following major impurity levels for a typical analysis: 50
ppm Ag, 20 ppm Rh, 20 ppm Si, 10 ppm Fe, 10 ppm Cu
and 10 ppm Pb. These wires were machined to a length of
32 mm and Pt wire connections were attached by spot
welding. The electrodes were then degreased in hexane,
annealed at 850°C for 3 h under vacuum (< 10~° Torr)
and cooled to room temperature. For experiments H1-H4,
the cathodes were then acid etched by sonication in a 1:1
HNO; + HCI mixture for 5. Finally, the cathodes were
repeatedly rinsed and sonicated in high purity water, dried
in a dessicator and mounted in the electrolysis cells. An
identical procedure was adopted for experiments F1-F4
and G1-G4, except that the acid etching step was omitted.

The D(H)/Pd loading ratio of the palladium cathodes
was determined in situ using the experimental procedures
described previously [11]. Essentially, this involved dc
measurements of the electrical resistance of the cathode
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using the standard four-probe technique. These resistance
data were then converted to a loading ratio using calibra-
tion data available in the literature [11]. The estimated
uncertainty in the D(H)/Pd loading ratios derived from
such resistance measurements was estimated to be +0.02.

All experimental parameters were recorded using a pair
of data loggers (Data Electronics DT100) interfaced seri-
ally to two microcomputers (IBM PS2 model 30). Control
of the data acquisition was implemented using the Labtech
Notebook software package, with all cell data being dis-
played continuously on the computer monitor and also
logged to disc. Cell voltages, currents and temperatures
were recorded every 2 min, and the cathode resistance was
measured at 5 min intervals. As in previous studies, data
acquisition was performed in 24 hour cycles to allow the
data loggers to undergo daily self-test and internal recali-
bration procedures. In addition, the calibration of each
logger was periodically checked against a calibrated 51 /2
digit multimeter (Hewlett Packard, HP 3468B) and a set of
standard resistors (type 2782, Yokogawa Electric Works,
Tokyo, +0.01% basic accuracy).

Cell voltages were measured directly by the data log-
gers, while cell currents were measured as the voltage drop
across calibrated (2.500 + 0.002 2) wire-wound resistors.
The estimated uncertainties in these measurements were
+0.1% and +0.2% respectively. The calorimeter, bath
and ambient temperatures were determined by measuring
the resistances of the thermistors directly with the data
logger. The overall accuracy of the resistance measure-
ments was + 0.02%, corresponding to an uncertainty in the
temperature measurements of approximately +0.0025°C.
The thermistors were initially calibrated against a high

resolution mercury thermometer with an NIST traceable
calibration, and showed negligible ( < 0.005°C) drift over a
period of several months. Linearization of the thermistor
response and the conversion from resistance to temperature
were implemented in the data logger software.

All electrolysis experiments were performed galvano-
statically using a dual dc power supply (Thurlby PL 320).
Typically, current densities between 50 and 300 mA cm ~?
were employed, and this resulted in cell voltages of be-
tween 2.4 and 3.5 V, and Joule input powers of 0.12-1.1
W,

2.2. Calibration of the calorimeter

The steady-state power output P, of an isoperibolic
calorimeter is given by the equation [18]

PourzkiAT (1)

where k; is the thermal calibration constant and AT is the
temperature difference between the inner and outer alu-
minium cylinders. Calibration of the calorimeter was per-
formed by applying varying amounts of power P, via the
electrical heater and measuring the resulting steady-state
value of AT. The value of k; was then determined from
the slope of a plot of P, versus AT.

Fig. 2 shows the variation of AT with time in a typical
calibration experiment in which the heater power was
stepped from 0 to 1.50 W in 0.25 W increments. The
transient response of the calorimeters to such heater power
increments indicated thermal time constants of approxi-
mately 23 min. Note also that the temperature responses of
the two pairs of thermistors are practically identical, indi-
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Fig. 2. The variation of AT with time during a typical calibration experiment. Symbols ¢ and O denote the responses of the individual thermistor pairs.
The solid line represents the average value of AT obtained from these two independent determinations.



TA.

Green, T.I. Quickenden /Journal of Electroanalytical Chemistry 389 (1995) 91-103

95

W

Input Power /

0.<

od
o

.00 . ' !
0.0 5

1.0
AT /K

1.5

w

Fig. 3. A typical calibration curve for the isoperibolic calorimeter obtained from heater (@) and electrolytic (O) calibration experiments. The solid line
represents a linear least-squares fit to the data obtained from the heater calibration (slope, &, = 0.6920 W °C~!; correlation coefficient, r = 0.99997).

cating very similar values of k. The calibration curve
obtained from these data is shown in Fig. 3. It is clear
from this figure that the relationship between AT and P,
is highly linear over the range 0-1.5 W. Also shown in
Fig. 3 are the steady-state values of AT obtained when
power was introduced into the electrochemical cell via
electrolysis at a platinum cathode. The values of &, ob-

tained for the heater and electrolytic calibrations were
0.692 + 0.003 W °C~ ! and 0.694 + 0.003 W °C™! respec-
tively. The excellent agreement between these two differ-
ent modes of calibration indicates that the values of &;
derived from heater calibrations can be used to determine
the power output in electrolytic experiments without intro-
ducing significant errors.
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Fig. 4. The influence of ambient temperature fluctuations on the instantaneous power balance (R) in a typical control experiment. The average Joule input
power during these measurements was 0.990 W. The solid curve represents a linear least-squares fit to the data (slope, 3.0 mW °c-1; correlation
coefficient, r = 0.76). In this particular experiment the ambient temperature was allowed to vary over a wider range than normal so that the the temperature

dependence of P, could be better established.
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The values of &, obtained in these initial calibration
experiments were periodically redetermined by measuring
AT at a single input power level. These single-point
calibrations were performed by reducing the cell current
density to 50 mA cm ? and adding power via the electri-
cal heater so that the total input power was approx. 1 W.
Calibration constants obtained in this manner were in good
agreement with earlier determinations, and the variation in
k; between calibration cycles was typically less than
+0.3%. For the experiments reported here, the thermal
calibration constants for the H,O control and D,O test
calorimeters were approximately 0.69 W °C~! and 0.71 W
°C~! respectively.

For the isoperibolic calorimeter used in the present
study, the total error in the overall power balance arose
principally from uncertainties in the measurement of AT,
k; and the Joule input power P;. The estimated uncertainty
in AT was +0.005°C, corresponding to a relative error of
+0.4% at a (typical) input power level of 1 W, The error
in P, was of the order of +0.3% and arose from the
uncertainties in the measurement of the cell voltage
(£0.1%) and current (£0.2%). Finally, based upon the
results of a number of calibration experiments, the uncer-
tainty in k; was estimated to be +0.3%. These individual
errors indicated an overall uncertainty in the calorimeter
power balance of +1% (i.e. of +£10 mW at an input
power of 1 W).

However, the results of a number of control experi-
ments indicated an actual experimental error that was
small but significantly higher than the above estimate. The
origin of this additional source of error was eventually
traced to the influence of ambient temperature variations
on the amount of heat conducted out through the top of the
calorimeter. Although this region of the calorimeter was
well insulated, the large number of leads required for
various electrical measurements meant that some conduc-
tive losses to the surroundings occurred. This effect is
clearly delineated in Fig. 4 which shows the output power
measured by the calorimeter as a function of the ambient
temperature in a typical control experiment. Despite the
large amount of scatter, the output power and ambient
temperature appear to be linearly related, with a slope of
around 3 mW °C~'. Assuming an input power level of 1
W and a room temperature variation of +1.5 °C™!, this
effect constituted an additional error of + 0.5%. Therefore
the overall experimental error was estimated to be +1.5%.
As will be seen later, this revised error limit was in good
agreement with the uncertainties observed in a large num-
ber of control (and test) experiments.

2.3. Overview of experimental procedures

The present study involved loading and calorimetric
measurements on a total of 12 electrolysis cells. These 12
experiments were grouped into three experimental series
(designated F, G and H), with each series consisting of two

pairs of control cells and test cells. Each cell within a
series had an identical electrolyte composition and elec-
trode pretreatment, and was operated under the same elec-
trolysis conditions. Typically, the duration of an experi-
ment was around 30 days, and calorimetric and loading
data were recorded continuously over this period.

The initial stage of each experiment involved charging
the palladium cathode with deuterium (or hydrogen) at a
current density of 50 mA ¢m 2. The duration of this initial
electrolysis period was about 300 h, which corresponds to
the average initiation time specified by McKubre [19] for
excess heat production. Subsequently, the current density
was increased to 300 mA cm? and maintained at this
value for 48 or 72 h. This value was in excess of the
threshold current density mentioned above and, assuming
that the loading and initiation time requirements had also
been met, excess heat was anticipated during these periods
of high current operation. A total of four such periods of
high current operation were performed during each experi-
ment, with each high current period being separated by a
24 or 48 h period when the electrolysis current was
reduced to 50 mA cm .

Most periods of high current were deliberately preceded
by a brief period where the cathode was partially unloaded
and then reloaded with deuterium or hydrogen, as this
procedure has previously been shown [14,15] to lead to
enhanced D(H)/Pd loading ratios. The unloading was
achieved by reversing the direction of the cell current so
that deuterium (or hydrogen) was anodically stripped from
the cathode. Anodic unloading was performed at low
current densities (approx. 3-5 mA cm ™ ?) and with the cell
voltage clamped at approx. 0.6 V in order to prevent the
formation of palladium oxide or the evolution of O, [15].
Typically, this unloading procedure was carried out for a
period of 2 h, during which the loading ratio D(H)/Pd
decreased from more than 0.9 to about 0.8. The cathode
was subsequently reloaded with deuterium or hydrogen
during the following high current period.

The overall electrolysis conditions used in each of the
experimental series are conveniently summarized in Fig. 5.
This figure shows the current density program employed in
each study, and clearly indicates alternate periods of low
and high current operation and also intervals where the
cathode was anodically unloaded. For the series F experi-
ments, three additions of Al were made to the cell elec-
trolyte during the course of the experiments and these are
also indicated in Fig. 5.

2.4. Analysis of calorimetric data

Although calorimetric data were recorded over the en-
tire duration of each experiment, the instantaneous power
balance P, and the excess heat ratic R were determined
only for periods where the current density was deemed
high enough for excess heat to occur (i.e. at a current of
300 mA cm?). For these periods of high current opera-
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ments F1-F4, (b) experiments G1-G4 and (c) experiments H1-H4. The
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indicated are periods when 200 ppm Al was added to the electrolyte.

tion, the power balance P, was determined as the ratio of
the thermal output power P, measured by the calorimeter
to the total Joule input power P;. For closed-cell electroly-
sis, the Joule input power is simply the product of the cell

voltage E_,, and the cell current I, so that
Pb = kiAT/Ecelt' I (2)

Similarly, the excess heat ratio R was determined as the
ratio of the integrated thermal output power to the inte-
grated Joule input power:

t 153
R=k,f[12AT dt/If[l E.., dt (3)

where ¢ is time and ¢, and ¢, define the beginning and end
of each 48 or 72 h period of high current operation.
However, it should be noted, that the calorimetric data
obtained during the first 2 h, immediately following the
stepped increase to 300 mA cm™?, were not included in
the calculation of R. During this interval, the thermal
output power of the calorimeter was distorted by the

calorimeter time constant, resulting in substantial errors in
the measured power balance. However, after this period
(corresponding to about five thermal time constants) the
calorimeter output had settled to within 0.5% of its
steady-state value, and a reliable determination of the
power balance could be made.

In practice, two separate measurements of the calorime-
ter’s thermal output were made, using the values of &, and
AT obtained for each pair of thermistors. These indepen-
dently determined values of P, were then used to calcu-
late the corresponding values of P, and R. In all experi-
ments, the values of P, P, and R obtained for each
thermistor pair agreed within +0.5%, and the calorimetric
results presented in this section of the article always
represent the mean value of these two independent deter-
minations.

3. Results

Fig. 6 shows the instantaneous power balance P, and
the D/Pd loading ratio as a function of time for test
experiment H1 during a 72 h period of high current
operation. The upper and lower solid curves in this figure
represent the D /Pd loading ratio and power balance P,
respectively. The two dashed lines represents the +1.5%
error limits for the cell’s power balance. Although the
power balance does vary slightly over time, it is clear that,
within experimental error, there is no evidence for any
excess heat production in this particular run. Fig. 7 shows
similar data for control experiment H2 which was run
simultaneously with experiment H1. Once again, a power
balance close to unity was obtained, and the calorimetric
data are consistent with the absence of any excess heat
production. On average, the power balance in the test cell
was about 0.4% higher than in the control cell, but this
difference is considerably smaller than the estimated ex-
perimental error.

It is interesting to note that many of the small fluctua-
tions in the calorimeter power balance occur syn-
chronously in the test and control cells. These fluctuations
reflect variations in the ambient temperature which, ide-
ally, should influence both calorimeters equally. Occasion-
ally, however, a small variation in the power balance of
one calorimeter is not mirrored in the other. Such asyn-
chronous thermal events probably reflect changes in the
efficiency of the recombination catalyst or sudden changes
in the input power level [12]. While it is possible that some
of these fluctuations arise from small excess heat events,
the fact that they occur in both control and test cells
strongly suggests that they are artefactual in nature.

In order to examine further the wvariability in the
calorimeter’s power balance, the data in Figs. 6 and 7 were
plotted as frequency histograms. These are shown in Figs.
8 and 9 respectively. Examination of these plots reveals
that the data are normally distributed, and standard devia-
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Fig. 6. Calorimetric and loading results obtained in test experiment H1 during the third period of high current operation. The upper line represents the
D/Pd loading ratio (right-hand ordinate) while the lower line represents the cell power balance P, (left-hand ordinate). The dashed lines represent the

estimated +1.5% error limits for P,.

tions of 0.0034 and 0.0038 were obtained for experiments
H1 and H2 respectively. Although the variability in the H2
data are slightly higher than for the H1 data, an F test at
the 5% level revealed that this difference was not statisti-
cally significantly.

Although the results in Figs. 6 and 7 only represent data
taken from two experiments, they are typical of the ther-
mal and loading behaviour observed in the other experi-
ments, i.e. none of the D,O test or H,O control cells

showed any signs of excess heat production within the
estimated experimental error of +1.5%. The overall
calorimetric and loading results from each experiment are
summarized in Tables 1-3. These tables give the excess
heat ratio R and the mean and maximum D(H) /Pd loading
ratios for each period of high current operation. Once
again there is little indication of any excess heat produc-
tion in any of the control or test experiments, with R
deviating from unity by less than 1% in all cases. Further-
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Fig. 7. Calorimetric and loading results obtained in control experiment H2 during the third period of high current operation. The upper curve represents the
H/Pd loading ratio (right-hand ordinate) while the lower curve represents the cell power balance P, (left-hand ordinate). The dashed lines represent the
estimated +1.5% error limits for Py.
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Table 1

Summary of the calorimetric and loading results obtained for experiments F1, F2, F3 and F4

Experiment High Duration /h Mean input Excess heat Mean Maximum
current power /W ratio R loading loading
period ratio ratio
(see Fig. 5(a))

F1 (test) 1 72 1.037 0.998 0.87 0.91
2 48 0.971 1.000 0.82 0.83
3 72 0.921 0.998 0.90 0.92
4 72 0.918 0.998 091 0.92

F2 (control) 1 72 0.999 1.000 0.95 0.96
2 48 0.916 1.001 0.93 0.95
3 72 0.892 0.998 0.94 0.96
4 72 0918 1.000 0.94 0.95

F3 (test) 1 72 1.048 0.996 0.88 0.91
2 48 1.094 0.993 0.82 0.83
3 72 1.076 0.997 0.86 0.88
4 72 0.998 0.998 0.87 0.88

F4 (control) 1 72 0.952 0.992 0.87 0.96
2 48 0.887 0.995 0.92 0.94
3 72 0.887 1.001 0.92 0.95
4 72 0.883 0.996 0.92 0.94

more, the mean values of R for the D,O and H,O
experiments were 0.997 and 0.998 respectively, indicating
very little difference in the overall thermal behaviour of

the test and control cells.

4. Discussion

4.1. Calorimetric results

The results of the present calorimetric study (Tables
1-3) clearly provide no evidence for the production of

excess heat during the electrolysis of D,O or H,O at
palladium electrodes. In particular, these results do not
agree with the earlier findings of excess heat by McKubre
and coworkers [12-14] and Hasegawa and coworkers
[16,17]. However, these workers observed excess heat
production only when certain experimental criteria had
been met, and it is important to re-examine the extent to
which these (and other) experimental conditions were sat-
isfied in the present investigation. It is clear that if one or
more of these criteria were only partially met, then the null
results obtained in the present experiments might be ex-
plained.

Table 2

Summary of the calorimetric and loading results obtained for experiments G1, G2, G3 and G4

Experiment High current Duration /h Mean input Excess heat Mean Maximum
period power /W ratio R loading loading
(see Fig. 5(b)) ratio ratio

G1 (test) 1 72 1.057 0.996 0.89 0.92
2 72 1.046 0.997 091 0.93
3 72 1.071 0.998 0.90 0.92
4 72 1.086 0.999 0.89 0.92

G2 (control) 1 72 0.997 0.999 0.89 0.97
2 72 0.972 0.993 0.93 1.00
3 72 0.966 0.993 0.93 1.01
4 72 0.954 0.994 0.92 0.99

G3 (test) 1 72 1.042 0.994 0.89 0.90
2 72 1.035 0.995 0.89 0.90
3 72 1.052 0.996 0.90 0.92
4 72 1.128 0.995 0.88 0.89

G4 (control) 1 72 0.998 0.997 0.88 0.96
2 72 0.982 0.997 0.88 0.95
3 72 0.984 1.000 0.88 0.91
4 72 1.044 1.000 0.88 091
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Table 3

Summary of the calorimetric and loading results obtained for experiments H1, H2, H3 and H4

Experiment High current Duration /h Mean input Excess heat Mean Maximum
period power /W ratio R loading loading
(sec Fig. 5(c)) ratio ratio

HI (test) 1 72 1.079 0.997 0.92 0.93
2 72 1.098 0.995 0.92 0.93
3 72 1.045 1.004 0.93 0.93
4 72 1.079 0.997 0.92 0.93

H2 (control) 1 72 0.983 0.993 0.98 1.00
2 72 0.959 0.993 0.99 1.01
3 72 0.941 1.000 0.98 1.00
4 72 0.926 0.999 0.97 0.98

H3 (test) 1 72 1.010 0.999 0.87 0.88
2 72 0.989 0.994 0.89 0.89
3 72 1.014 0.997 0.90 0.90
4 72 1.068 0.998 0.90 0.91

H4 (control) 1 72 0.971 0.995 1.00 1.00
2 72 0.990 1.008 0.99 1.00
3 72 1.006 1.006 0.98 0.99
4 72 1.004 1.006 0.98 0.99

Table 4
Excess power levels reported by McKubre and coworkers [12,13] and Hasegawa et al. [16] related to the surface arca and volume of the cathode used
Ref. [16] Experiment P12 in Experiment C1 in
Ref. [12] Ref. [13]
Average excess power observed /W 0.35 0.70 0.45
Current density /mA cm 2 300 300 300
D /Pd loading ratio ca.0.85 0.91 0.89
Excess power scaled with respect to cathode surface area /W cm =2 0.15 0.15 0.04
Excess power scaled with respect to cathode volume /W cm ™* L5 2.0 1.6
Of initial concern is whether or not the isoperibolic production reported by McKubre and coworkers [12-14]
calorimeter employed in this investigation possesses suffi- and Hasegawa and coworkers [16,17]. However, before
cient accuracy to detect reliably the levels of excess heat such an assessment can be made, it is necessary to make
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some allowance for the fact that the cathodes used in the
present study were considerably smaller than those used by
the above workers. For example, if the excess heat phe-
nomenon is a bulk effect [1], then it may be appropriate to
normalize the data with respect to the electrode volume.
Similarly, if the excess heat phenomenon is predominantly
a surface effect [20-22], normalizing the excess power
levels with respect to the electrode area might be war-
ranted. Gerischer [23] has noted that the evidence for a
surface effect is in fact more compelling than that for a
bulk effect, so that the latter approach may be more
appropriate.

Table 4 shows the excess power levels observed by
McKubre and coworkers [12,13] and Hasegawa et al. [16]
under conditions where the applied current density and
D /Pd loading ratio were comparable to those employed in
the present study. Also shown in Table 4 are the levels of
excess power observed in relation to the area and volume
of the cathode employed in each study. In comparison, the
isoperibolic calorimeter employed in this study had a basic
accuracy of +0.015 W. When this is related to the area
and volume of the 1 mm diameter cathode used, this
accuracy corresponds to detection limits of 0.015 W cm 2
and 0.6 W cm™> respectively. Comparing these values
with the data in Table 4, it is clear that the excess power
levels reported by McKubre and coworkers and by
Hasegawa and coworkers would have been detectable in
the present isoperibolic calorimeter regardless of the man-
ner in which the excess power scales with cathode size.
Thus it would appear that the null results obtained in the
present experiments cannot be rationalized on the grounds
that the calorimeter used did not possess adequate sensitiv-
ity or accuracy.

Experimental requirements relating to the duration of
electrolysis [12,13] and the applied current density
[12,13,16,17] appear to have been met satisfactorily in the
present study. Typically, calorimetric measurements were
commenced after 300 h, and the total duration of each
experiment exceeded 700 h. These experimental time-scales
are comparable with those employed by McKubre [19]
who has observed initiation times of between 200 and 600
h for 3 mm diameter palladium cathodes. Thus the dura-
tion of the present experiments would appear to be quite
sufficient for excess heat to be observed. It should also be
noted that Hasegawa et al. [16] have reported excess heat
production within a few days of commencing electrolysis,
so that the electrolysis time requirement would appear to
be relaxable under certain experimental conditions. Simi-
larly, the current density employed during the high current
runs (300 mA cm~?) was considerably above the threshold
value of about 100-200 mA cm~? specified by McKubre
and coworkers [12,13] and Hasegawa and coworkers
[16,17].

The loading requirement for excess heat production also
offers a possible means by which the null results of the
present study could be rationalized. For example,

McKubre et al. [14] have observed that excess heat was not
produced in any of their experiments when the maximum
D /Pd loading ratio attained was less than 0.90. However,
for loadings in excess of 0.95 excess heat was observed on
every occasion. In the region 0.90 <D /Pd < 0.95, approx-
imately half of the experiments performed by McKubre’s
group produced excess heat [14]. In the present study, a
maximum D /Pd loading ratio of less than 0.90 was ob-
served in seven out of 24 high current runs, and therefore
if the threshold were 0.90, excess heat might not be
anticipated in such cases. However, in the remaining 17
runs, maximum D /Pd loading ratios of between 0.90 and
0.95 were observed and thus some instances of excess heat
production should have occurred. It should also be noted
that the lower loading threshold of ca. 0.85 proposed by
Hasegawa et al. [16,17] was exceeded in all but two of the
high current runs. Thus it would appear that the loading
requirement specified by these workers has been satisfied
in the majority of experiments performed in this study.

A final possibility is that, in addition to the above three
criteria, there are other unknown experimental require-
ments that must be satisfied before excess heat is observed.
These requirements may have been met adventitiously in
the experiments of McKubre and coworkers [12-14] and
Hasegawa and coworkers [16,17], but not in the present
investigation. For example, it has been suggested that
excess heat production is sensitive to the bulk and surface
properties of the cathode material (e.g. to impurity content
or metallurgical structure) [24-26] and to experimental
conditions such as the electrolyte composition and temper-
ature [5,20,24]. In order to cover this possibility, the
electrode pretreatments, electrolyte compositions, electrol-
ysis conditions and temperatures adopted in the present
study were as described by McKubre and coworkers, and,
to a lesser extent, those of Hasegawa and coworkers.
However, there were slight differences in the experimental
protocols employed in the present work and those men-
tioned above, and the possibility remains that some of
these differences were critical.

The above suggestion is difficult to rule out completely
but, superficially at least, the experimental results of
McKubre and coworkers [9,12-14] and Hasegawa and
coworkers [16,17] do not appear to indicate that excess
heat production is particularly sensitive to slight changes
in experimental conditions. For example, both these groups
have observed excess heat production from palladium cath-
odes obtained from a number of different sources. These
included wire, rod and foil specimens of varying size,
purity and metallurgical history. In addition, these cathode
materials were subjected to a number of pretreatment
procedures including vacuum annealing [13,16,17], ion
implantation [12], acid etching [12,16] and preloading with
D, gas at elevated temperatures [9]. Similarly, excess heat
has been observed in a number of different electrolyte
systems and for temperatures between 10°C and 30°C
[9,12,13,16,17]. Thus a case could be made from these two
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studies that reproducible excess heat production can be
observed under a fairly broad range of experimental condi-
tions, provided that the experimental duration, current
density and loading requirements mentioned above are
satisfied.

4.2. Loading results

The loading results obtained in the present study are
summarized in Tables 1-3, which show the mean and
maximum D(H)/Pd loading ratios obtained in each of the
48 high current runs. For the D,0O experiments, D/Pd
loading ratios of between 0.88 and 0.91 were fairly typical,
although values as high as 0.93 were occasionally ob-
tained. The H/Pd loading ratios observed in the H,O
experiments were correspondingly higher, and typically
ranged from 0.95 to 0.98. This isotopic effect on loading
was also observed in an earlier loading study [11] and has
been reported by other workers [27-29). In a number of
experiments (e.g. G2, H2 and H4) H/Pd loading ratios of
unity were achieved. This corresponds to a situation where
all the octahedral sites in the palladium lattice are occupied
[4,30]. However, within experimental error, there was no
evidence of loading ratios in excess of unity, and it is
unlikely that any significant occupancy of tetrahedral sites
occurred.

The variation of the loading ratio with experimental
conditions such as current density and electrolysis time
(e.g. Figs. 6 and 7) was in good agreement with the
findings of the earlier loading study [11]. For example, in
most instances an increase in current density resulted in an
improvement in the D/Pd and H/Pd loading ratios, al-

1.020 T T

though there was a tendency for the loading ratios to
deteriorate with time. As mentioned earlier, McKubre and
coworkers [12,13] have advocated adding Al and SiO, to
the electrolyte to minimize this effect, and this approach
was adopted in the present study. The addition of 200 ppm
SiO, to the electrolyte did not appear to lower the rate of
unloading substantially, although Al was more effective in
this regard. In many cases {e.g. Fig. 6) unloading of the
cathodes was completely prevented. However, the data in
Tables 1-3 indicate that the steady-state D/Pd loading
ratios obtained in the presence of Al or SiO, were not
significantly higher than the values obtained in the absence
of these species. Therefore it would appear that Al does
not contribute to the achievement of high loading but it
does help maintain it.

As mentioned previously, the cathodes used in the
present experiments were periodically unloaded and then
reloaded with deuterium, as this procedure has previously
been shown [14,15] to lead to improvements in the D /Pd
loading ratio. However, the results in Tables 1-3 indicate
that there is little evidence that repeated unloading and
reloading cycles result in significant improvements to the
steady-state D /Pd loading ratio.

4.3. The relationship between excess heat and loading

Despite the lack of any obvious excess heat production,
it was decided to investigate further any possible relation-
ship between the excess heat ratio R and the maximum
D /Pd loading ratio. For example, it is possible that excess
heat was being produced at levels just below the detection
limit of the calorimeter, and these small thermal effects
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might be revealed in such an analysis. However, Fig. 10
indicates that there is no obvious relationship between
these two experimental parameters. In particular, there is
little evidence that R increases as the D /Pd ratio becomes
larger or that any loading threshold exists.

5. Conclusions

This study involved a search for excess heat production
from palladium cathodes that had been highly loaded with
deuterium. The major aim of this study was to attempt to
verify the earlier findings of McKubre and coworkers
[12-14] and Hasegawa and coworkers [16,17], who have
reported reproducible excess heat production when
(amongst other conditions) the D /Pd loading ratio exceeds
a threshold value of about 0.85-0.90. However, despite the
achievement of D /Pd loading ratios in excess of 0.90 and
the satisfaction of other requirements relating to the experi-
mental duration and current density, no evidence for any
excess heat production was found in any of the experi-
ments within the estimated experimental error of + 1.5%.
Therefore it would appear that additional experimental
requirements (not presently understood) may have to be
satisfied before excess heat can be observed in the Pd + D
system.
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