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Abstract
The hydrogen evolution reaction model was proposed many years ago by the founders of modern electrochemistry. The closely
related deuterium evolution reaction model describes deuterium loading in Pd cathodes in the Fleischmann–Pons experiment. We
were interested in what issues were involved in the development of a high D/Pd loading, since over the years the importance of
obtaining a high D/Pd ratio to obtain excess heat has been emphasized. In order to simplify things, we focus on the Volmer and
Tafel reactions, and develop a steady state adsorption isotherm for the Vomer-Tafel regime. The adsorption isotherm is extended to
become an absorption isotherm within a simplified picture that takes the surface sites to be equivalent to the bulk sites. While not a
particularly good approximation, this allows us to model the D/Pd loading simply as a function of the overpotential, and hence the
electrochemical current density. From a Tafel curve we can get some of the parameters for the Volmer current model, and from other
eletrochemical data we can estimate the remaining Volmer and Tafel parameters. The resulting model fits the experimental data
used well at low current density. Cathodes that load more highly with this approach require new models, potentially one for each
cathode. We examine our earlier proposal that the differences in loading seen in experiment is due in part to large variations in the
rate for internal D2 leaks. Consequently, we modify the Tafel reaction current model to account for internal leaks separately from
the surface gas loss, and take advantage of data from the most highly loaded cathodes to estimate the surface Tafel reaction rate.
Using this approach, the reference cathode that we used for our fits initially must have an internal leak rate more than two orders
of magnitude higher than the rate of surface D2 loss. We conclude that minimizing the internal leaks is important in achieving high
loading. Probably a key reason that there were so many negative results early in the field was because the cathode internal leak rate
was very high in the cathodes used.
c 2015 ISCMNS. All rights reserved. ISSN 2227-3123
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1. Introduction
Excess heat in the Fleischmann–Pons experiment [1,2] is an effect which should not exist according to what is currently
accepted in mainstream nuclear physics and condensed matter physics. We have been interested in developing a basic
understanding of the experiment for many years [3]. From our perspective, part of the problem has to do with what
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kind of new physical process is involved that allows the conversion of nuclear energy to excitation in non-nuclear
degrees of freedom which subsequently thermalizes; and part of the problem has to do with more conventional aspects
of the problem which are amenable to analysis based on established science. In this paper our focus is on a more
conventional part of the problem; in particular we are concerned with some of the the basic electrochemical issues
associated with the development of high deuterium loading.
The need for high deuterium loading in Pd in the Fleischmann–Pons experiment as a prerequisite for the development of excess heat was recognized by Fleischmann and Pons (although one might take exception to the discussion
of a chemical potential as high as 0.8 eV, as mentioned in the opening paragraphs of [1]). This requirement has been
emphasized by McKubre and coworkers repeatedly over the years [4–7]. At issue then is the basic question of what
is needed to obtain a high D/Pd loading ratio. A more general issue concerns how to model the deuterium loading in
the Fleischmann–Pons experiment, perhaps as part of a more complete simulation of the excess heat effect model in
which we are interested.
Of course, the electrochemistry associated with loading hydrogen or deuterium into Pd or other cathode metals
has been of interest for decades. Early contributions to the theory and mechanisms are found in the early papers by
Eyring and coworkers [8–10], and Frumkin and coworkers [11,12], and Bockris and coworkers [13–16]. Out of this
early work developed models in use today, which goes by the name “hydrogen evolution reaction.” It appears to have
been Bockris that first used this phrase in the literature [16,17].
There have been a number of papers published on modeling relevant to the loading of deuterium in connection
with the Fleischmann–Pons experiment [18–30]. In principle one would expect that by using the hydrogen evolution
reaction model, and perhaps some account of diffusion, that all of the major issues associated with obtaining high
loading in the Fleischmann–Pons experiment could be clarified. One of our goals in this discussion is to understand
the relevant issues better.
2. Volmer–Tafel Regime Mechanisms
It would be possible to begin by simply implementing the hydrogen evolution equations for deuterium (in which
case we would speak of the deuterium evolution equations), modeling deuterium diffusion in the cathode, and then
comparing the results to experiment. We have carried out such an effort, and in the process we have understood
that there are various issues that need to be addressed before such modeling is likely to be helpful and illuminating.
Consequently, it will be useful to first simplify the problem, and focus on the low (cathodic) current density regime in
which only the Volmer and Tafel reactions are needed (the Volmer–Tafel regime).
2.1. Basic reaction mechanisms in the Volmer–Tafel regime
The loading of deuterium in palladium can be understood simply enough in a broad sense in terms of individual
reactions that constitute the hydrogen/deuterium evolution reaction model. Deuterium is brought to the surface through
the alkaline version of the Volmer reaction
D2 O + M + e− ←→ OD− + M + Dads .
Deuterium on the surface can recombine through the Tafel reaction to make D2 gas
Dads + Dads ←→ D2 .
Adsorbed deuterium can move into the cathode to occupy more tightly bound sites associated with absorbed deuterium
Dads ←→ Dabs .

48

P.L. Hagelstein / Journal of Condensed Matter Nuclear Science 16 (2015) 46–63

Other things can happen as well (such as the Heyrovsky reaction and surface coverage by impurities). However, these
basic reactions provide a simple picture which allows for a quantitative description of the cathode loading at low
current density.
2.2. Loading in the Volmer–Tafel regime
In this reduced picture, the electrochemical current is dominated at the Pd surface by the Volmer reaction. When this
occurs, one deuterium atom is deposited on the cathode surface as an adsorbed atom per charge transferred. In this
regime, we can load the cathode simply by applying a current. As deuterium accumulates on the surface (and hence in
the bulk), the deuterium chemical potential increases, making D2 gas formation more likely. The loading is determined
in the Volmer–Tafel regime by matching the incoming deuterium from the Volmer reaction to the outgoing deuterium
gas associated with the Tafel reaction.
2.3. Volmer reaction kinetics model
We start with a model for the Volmer current density jV given by [24]
jV = rjV 0

1 − θ −(1−βV )f η −δV u(θ−θ0 )
e
e
+ db,
1 − θ0

(1)

where we follow Ref. [24] most closely. Here r is a roughness factor, θ is the fraction of available surface sites with
adsorbed deuterium, βV is an asymmetry factor, f is defined by
f =

F
|e|
=
kB T
RT

(2)

and η is the overpotential. The u parameter is a heterogeneity factor of Frumkin adsorption, and δV is a symmetry
factor. We have included the forward (loading term) explicitly; the notation db denotes the (deloading) counter term
required for detailed balance. The magnitude of the current density is determined by the parameter jV 0 which is to be
determined from experimental data taken at a loading of θ0 .
It is worthwhile to think about this model before proceeding. We have exhibited the contribution to the Volmer current density due to the forward pathway, in which deuterium atoms are left adsorbed on the surface, which contributes
to loading (and dominates over the inverse reaction under conditions of interest to us). Consequently, we expect to
see a proportionality to (1 − θ), which accounts for an inability for the reaction to proceed if all the surface sites are
occupied, and a reduction in the loading rate when the surface loading is already high. We recognize the exponential
factors associated with statistical mechanics exp(∆G/kB T ) terms, one for the electron exchange (e−(1−βV )f η ), and
one for deuterium atom exchange (e−δV u(θ−θ0 ) ).
2.4. Tafel plot
We are interested in obtaining values for the fitting parameters associated with the Volmer current density. It is possible
to develop an estimate for the asymmetry factor βV from a Tafel plot. To proceed, we note that under cathodic
conditions the Volmer current density is dominated by the first term so that
jV → rjV 0

1 − θ −(1−βV )f η −δV u(θ−θ0 )
e
e
.
1 − θ0

(3)
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Figure 1.

Tafel plots from Pyun et al. [37] (blue line); from Bockris et al. [35]; from Akita et al. [38]; and from Green and Britz [39].

This expression simplifies when we consider the special case where θ = θ0 ; in this case we may write
jV → rjV 0 e−(1−βV )f η.

(4)

At this preferred constant loading, the ln of the Volmer current density is linear in the overpotential. From experiments
it is possible to construct such a curve from measurements (a Tafel plot) and from this determine βV and jV 0 if r has
been fixed.
In looking over the literature on Tafel plots for Pd, one finds the early papers mostly focused on Tafel plots for
Pd in acid [31–33], for which the Volmer mechanism is different that discussed above. There appears to be one early
paper that talks about an alkaline electrolyte [34], but the most interesting studies with alkaline electrolytes for us are
much more recent [45–41]. Tafel plots from some of the experiments done in LiOD are shown in Fig. 1.
The asymmetry factor βV can be obtained from the slope of the Tafel plot at low current density, and Green and
Britz [39] give a value of 0.49 for 0.1 M LiOD; however, we will end up with better self-consistency with the simple
model of the next section with a value of βV = 0.48. For simplicity, we have adopted r = 2 obtained from capacitance
measurements as described in this work. We are able to approximately match the data given in this paper with
jV 0 = 1.70 × 10−5 A/cm2

(5)

θ0 = 0.70.

(6)

and
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This choice in our models approximately reproduces the overpotentials that are reported in [39]. At high current density
in some of the curves of Figure 1 there is a change in slope where the Volmer contribution to the electrochemical current
density is no longer dominant.
2.5. Surface Tafel reaction model
In the case of the Tafel reaction, we can begin with a model for the equivalent Tafel current density jT given by

2

jT = r jT 0

θ
θ0

2
e2(1−δT )u(θ−θ0 ) + db.

(7)

Here u is a Frumkin adsorption isotherm parameter [24], which takes into account the change in the chemical potential
of the deuterium with loading, under conditions where the deuterium chemical potential is linear in θ. The parameter
δT is a symmetry parameter associated with the Tafel reaction.
It is useful here to consider this parameter a bit further. For example, we might parameterize the change in Gibbs
free energy associated with the transfer of a single deuterium atom in the vicinity of a reference loading (θ0 = 0.70 in
this case) according to
∆G = ∆G0 + (θ − θ0 )

∂∆G
+ ···
∂θ

(8)

If so, the associated statistical exponential factor is

exp

∆G
RT




≈ exp

∆G0
RT




exp

1
∂∆G
(θ − θ0 )
RT
∂θ


.

(9)

The zero-order term is captured within the prefactors of the model; the first order term remains explicitly, and we can
identify u with
1 ∂∆G
.
(10)
RT ∂θ
In the beta phase, we can make use of the room temperature measurements of Chun and Ra [42], which leads to
u =

u = 20.0.

(11)

2.6. Deuterium chemical potential
In connection with the estimate for the Frumkin adsorption isotherm parameter from above, it seems useful to consider the chemical potential for deuterium in Pd. The argument rests on experiments in which palladium comes into
equilibrium with deuterium gas at a given temperature and pressure, and the loading is determined. In equilibrium
the chemical potentials are equalized. Since the chemical potential of gas phase deuterium is known accurately, it is
possible to determine the chemical potential of deuterium in PdD from such measurements.
The chemical potential of molecular D2 satisfies
µD2 + Ed
= − ln znonideal − ln zrotvib ,
kB T

(12)
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Figure 2. Deuterium chemical potential at 300 K as a function of pressure; with the D2 fugacity from Joubert and Thiebaut [44] (red line); with
the H2 fugacity from Joubert [43] (blue line); and half the dissociation energy −Ed /2 (black line).

where µD2 is the chemical potential, where Ed is the dissociation energy, where znonideal is the nonideal gas partition
function, and where zrotvib is the rotational and vibrational partition function. For the nonideal gas partition function
we may write
1
znonideal

fD2
=
kB T



2π2
M kB T

3/2
(13)

.

where fD2 is the fugacity of D2 gas. For the rotational and vibrational partition function we have
zrot = 6

 

(2l + 1) e−Enl /kB T + 3

even l n



(2l + 1) e−Enl /kB T ,

(14)

odd l n

where in writing this we have included the nuclear spin degeneracies explicitly.
The chemical potential for atomic deuterium in D2 can be related to the D2 chemical potential through
µD =

1
1
µD2 = − kB T
2
2




ln znonideal + ln zrotvib

−

Ed
.
2

(15)

The deuterium chemical potential at 300 K is shown in Fig. 2 as a function of pressure.
We can use this to determine the chemical potential of D in PdD, by starting with the absorption isotherm for PdD.
An absorption isotherm for 30◦ C has been constructed from data available in the literature [43–46], which is shown in
Fig. 3. We can convert this isotherm from pressure to chemical potential following the discussion above to obtain an
estimate for the chemical potential as a function of loading in Fig. 4. There is little difference in the chemical potential
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Figure 3.

Absorption isotherm for deuterium in Pd at 30◦ C.

based on fugacity models for H2 [43] and D2 [44]. From this we can estimate the change in deuterium chemical
potential with θ to obtain


∂µD
∂θ


= 0.573 eV

(16)

T

from a least squares fit to the data above the miscibility gap. From this we would estimate a Frumkin adsorption
isotherm parameter
1
u =
kB T



∂µD
∂θ


= 22.2,

(17)

T

which is in reasonable agreement with the value u = 20 found from the measurements of Chun and Ra [42].
2.7. Discussion
In this section we have outlined the Volmer model for the current density associated with deuterium adsorption under
cathodic conditions in an alkaline electrolyte, and the Tafel model which describes molecular D2 formation from
adsorbed deuterium atoms on the surface. From the simplest point of view, cathode loading occurs through the Volmer
reaction, and de-loading occurs through the Tafel reaction, all in the Volmer–Tafel regime.
The form of the models is dictated by a combination of statistical mechanics and quantum mechanics, with empirical parameters which can be fit to model one or more cathodes. Data from a Tafel plot allows us to specify jV 0 and
βV at a given loading θ0 , once an estimate for the surface roughness factor is available from other measurements. The
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Deuterium chemical potential as a function of D/Pd at 30◦ C (blue); −Ed /2 (black).

model as written presumes a linear dependence of the chemical potential on the loading, which we see is approximately
the case above the miscibility gap. We have an estimate for the slope from electrochemical experiments [42], and also
from loading measurements of Pd in D2 gas. We could upgrade these models by making use of the chemical potential
as a function of loading with little difficulty.
It remains to determine the prefactor for the Tafel current density, and also to determine the symmetry factor
associated with the chemical potential. This will require fitting to experimental loading data in the Volmer–Tafel
regime.
3. Steady State Conditions and Isotherm
The models discussed above are known to be sufficient to provide a reasonable description of steady state loading at
low current density. We presume in connection with this discussion that the chemical potential of the surface matches
the chemical potential of the bulk in steady state, so that the surface coverage in this idealized model matches the bulk
loading. We can obtain an explicit expression for the adsorption isotherm in this case, which in this simple picture
gives the bulk loading as a function of the overpotential.
3.1. The Volmer–Tafel isotherm
Under steady state conditions the incoming deuterium from the Volmer reaction must be balanced by the outgoing D2
gas from the Tafel reaction. This leads to the condition
jV = jT .

(18)
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If we assume that the forward Volmer term associated with loading is dominant, and the forward Tafel term associated
with deloading is dominant, then we can write

rjV 0

1 − θ −(1−βV )f η −δV u(θ−θ0 )
e
e
= r2 jT 0
1 − θ0



θ
θ0

2
e2(1−δT )u(θ−θ0 ) .

(19)

It will be convenient to rewrite this isotherm as


1−θ
1 − θ0



θ0
θ

2

e−(2+δV −2δT )u(θ−θ0 ) = r

jT 0 (1−βV )f η
e
.
jV 0

(20)

3.2. Overpotential in steady state at θ = θ0
At the reference loading θ = θ0 the adsorption isotherm reduces to
1 = r

jT 0 (1−βV )f η0
e
,
jV 0

(21)

where η0 is defined to be the steady-state overpotential consistent with θ0 according to Eq. (20). In the experiments
described by Green and Britz [39] a loading of 0.70 for 0.1 M LiOD corresponds to about 0.6 mA/cm2 , and η0 =
−0.15 V at 303 K. Presumably for a different cathode in a different experiment one would obtain a different value for
η0 . We can use the adsorption isotherm at this point to develop a relation for the Tafel current prefactor
jT 0 =

jV 0 −(1−βV )f η0
e
.
r

(22)

For the parameters assembled so far we estimate
jT 0 = 1.69 × 10−4 A/cm2 .

(23)

3.3. Incremental loading and incremental overpotential
Consider now the incremental change in loading for an incremental change in the overpotential. We set
θ = θ0 + dθ,

(24)

η = η0 + dη,

(25)

where dθ is the incremental loading and dη is the incremental overpotential. Around equilibrium the adsorption
isotherm satisfies

− (2 + δV − 2δT )u +
From this we can write for the slope of the isotherm


1
2
+
dθ = (1 − βV )f dη.
1 − θ0
θ0

(26)

P.L. Hagelstein / Journal of Condensed Matter Nuclear Science 16 (2015) 46–63

55

0.82
0.80
0.78

θ

0.76
0.74
0.72
0.70
0.68
0.10

0.15

0.20

0.25

0.30

0.35

0.40

-η
Figure 5.

Loading as a function of overpotential from the data of Green and Britz [39] for 0.1 M LiOD.

dθ
= −
dη

(1 − βV )f
(2 + δV − 2δT )u +

1
2
+
1 − θ0
θ0

.

(27)

3.4. Estimation of the symmetry parameters
For loading as a function of overpotential from Green and Britz [39] for PdD in 0.1 M LiOD shown in Fig. 5 we can
develop a linear fit at low loading, and hence low current density Volmer–Tafel regime of the form
θ(η) = 0.489422(−η + 1.28668).

(28)

Consequently, we arrive at the constraint
(1 − βV )f
(2 + δV − 2δT )u +

1
2
+
1 − θ0
θ0

= 0.489.

(29)

This leads to the constraint
δV − 2δT = − 0.312.
Since we would like for δV and δT both to be positive, we choose

(30)
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Figure 6. Loading as a function of electrochemical current density from the data of Green and Britz [39] for 0.1 M LiOD (blue circles); from the
simple Volmer–Tafel isotherm of this section (red line).

δV = 0,

(31)

δT = 0.156.

(32)

3.5. Loading as a function of electrochemical current density
We can make use of the model parameters discussed in this section and the previous section to develop a model loading
as a function of current density. The result is shown in Fig. 6 along with data points from Green and Britz [39]. One
can see that the model matches experiment at low current density. At higher current density the loading is seen to
be below the Volmer–Tafel regime model. This is indicative of additional processes beginning to become important
at higher current density. For example, Zhang [24] discusses a model in which the Heyrovsky reaction pathway is
proposed to account for the reduction of loading at higher current density. Also, Bockris proposes that the change
in slope observed in the Tafel curve at high current density may be due to electrochemical desorption (Heyrovsky
reaction) [40].
3.6. Discussion
We have considered perhaps the simplest possible model for the cathode loading under steady-state conditions by
assuming essentially that the bulk sites are equivalent to the surface sites, and in steady state have equal occupation.
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By including only the forward terms of the Volmer and Tafel current densities and setting them equal, we obtain an
adsorption isotherm which is for us an absorption isotherm if bulk and surface sites are taken to be equivalent.
From matching the model to Tafel curve data, we are able to estimate βV and jV 0 as outlined in the previous
section. From either the chemical potential as a function of loading, or from the voltametry studies of Chun and Ra
[42] we have an estimate for u. From a comparison of the model with the electrochemical measurements of Green and
Britz [39] we are able to develop estimates for the remaining model parameters jT 0 , δV and δT systematically.
The basic conclusion so far is that we are able to take advantage of a subset of the deuterium evolution reaction
pathways in order to develop a simple model for loading, and we are able to obtain model parameters that can be fit to
experiment.
4. Modeling Cathodes with a High D/Pd Ratio
A motivation for our interest in the deuterium evolution reaction models is to understand better how loading works
in the Fleischmann–Pons experiment. This is especially of interest in connection with the two loading requirements
found over the years; one for a maximum achieved D/Pd loading of 0.95, and the other for a D/Pd loading greater
than about 0.83 at the time excess heat is observed [4–7]. Our attention is then focused on the issue of how such high
loading can be obtained. From the models discussed in the sections above we understand that deuterium is brought
to the Pd cathode through the Volmer reaction, and that deuterium is lost to gas formation via the Tafel reaction. We
understand that increasing the electrochemical current density is expected to produce more Volmer reactions, so that
running at higher current density helps up until other processes come into play. However, we also understand that by
loading we increase the chemical potential of the deuterium in the cathode, and this increases the rate at which D2 gas
leaves the cathode. In the Volmer–Tafel regime we are able to estimate the steady state loading from a balance between
the two reactions.
4.1. Possible inconsistency with the model
But this is where we first run into a difficulty with the models. Our models as fit to the experimental data of Green
and Britz [39] lead to an isotherm which in the complete absence of other processes predicts a maximum loading of
θ ≤ 0.84 at 100 mA/cm2 . Presumably going to higher current density leads to a higher D/Pd ratio, but in the data
of Green and Britz [39] we see that the increase is not going to be very much because the loading is saturating with
increased current density. This effect is also seen in other experiments [38]. In essence, a version of the model that
is fit to measurements on a cathode that does not load very well is going to predict a low loading in the Volmer–Tafel
regime, and by extension will be inconsistent with cathodes that load more highly.
An immediate question that might be asked here is whether there experiments in which cathodes are observed to
load better? If we peruse the literature, we can find many examples where cathodes achieve higher loading [47–53].
Moreover, in some of these experiments the cathodes are observed to achieve very high loading (above 0.90) at modest
electrochemical current density consistent with the Volmer–Tafel regime (under 100 mA/cm2 ).
4.2. Re-examination of the deuterium evolution reaction model
Consequently, this raises questions immediately about the basic deuterium evolution reaction models under discussion.
If we imagined that the deuterium evolution reaction model were fundamental, then we might expect that the Volmer
current model would describe the rate at which hydrogen loads through the Volmer reaction mechanism as a general
statement, and similarly for the Tafel model. However, we now come to the conclusion that the models are not
fundamental in this sense, simply because we need a new set of Volmer and Tafel fitting coefficients practically for
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Figure 7. Volmer–Tafel isotherms for the basic model (blue line), and for a modified version of the model with a factor of 2 reduction in the Tafel
prefactor (red line).

each cathode that loads to a greater or lesser degree. On the face of it this situation is either unacceptable, or perhaps
much less useful than we might have hoped.
Now, we might suspect that there is a reasonably straightforward explanation for all of this. For example, it may
be that at the heart of the problem is a minor variation in either the Volmer reaction prefactor (which we might explain
by having either more or less active sites due to details of the surface orientation, or perhaps due to material deposited
on the surface), or in the Tafel reaction prefactor (perhaps there are subtle differences in the surface which makes it
either easier or harder for D2 molecules to form).
To test this, let us consider tweaking with the Tafel prefactor in order to see how much of a difference it makes for
the loading in the Volmer–Tafel regime. For example, we can imagine that one surface might have a factor of two lower
Tafel current density due to some subtle surface issues that might not be obvious upon inspection. In this case, we
would expect the loading to increase with less gas loss. Perhaps we can reconcile the model in this way to account for
the more highly loaded cathodes. A computation of the different Volmer–Tafel absorption isotherms shown in Fig. 7
in this case shows that we only achieve a relatively minor improvement in the loading. Certainly this is not going to be
sufficient to account for cathodes that load much higher.
4.3. Possibility of internal leaks
In studies that we pursued some years ago, we considered a number of different scenarios that were proposed to
account for this problem. For example, if other species blocked surface sites, it is possible to reduct the Tafel current
density more than the Volmer current density. However, this is not a particularly large effect unless most of the sites
are blocked. Our conclusion was that if this were so, then one would see a difference in the overpotential between
cathodes that load poorly and those that load well. We are not aware of such observations having been reported.
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More likely in our view is a scenario in which a cathode that loads poorly does so because of internal leaks. We
note that models for hydrogen and deuterium evolution are used most often in connection with cyclic voltammetry
studies, in which the importance of the surface is emphasized. The use of a deuterium evolution reaction model to
describe the bulk deuterium loading in steady state seems not to be so common. If we do model the bulk loading in
this way, then we would naturally expect that deuterium loss through gas formation on internal surfaces would reduce
the D/Pd loading. In this case we would want to modify the Tafel model to include contributions from internal leaks.
4.4. Revised Tafel model to include internal leaks
We might then generalize the Tafel model to include internal leaks according to

2

jT = r jT 0

θ
θ0

2


e

2(1−δT )u(θ−θ0 )

+ ajT 0

θ
θ0

2
e2(1−δT )u(θ−θ0 ) + db,

(33)

where a is the ratio of the internal surface area to the outer geometric surface area. An earlier version of this kind of
model was described in [30]. Such a formulation presumes that the jT 0 prefactor then describes D2 gas formation as
an idealized fundamental process, which acts the same (more or less) on internal surfaces as on the exterior surface.
There are obvious reasons to argue that the prefactor for the internal surface could be somewhat different than for the
external surface, for example due to the presence of the electrolyte on the external surface. However, our purpose here
is to work with the simplest possible model that might be relevant to the problem.
4.5. Determination of model factors
To proceed we require estimates for the factors that appear in the model. Presumably jT 0 now refers to a more
fundamental Tafel surface parameter, one which we cannot readily estimate from the data of Green and Britz [39].
However, if there were a cathode known to have no internal leaks, then we could parametrize the Tafel prefactor based
on electrochemical data measured with the leak-free cathode. In recent years Pd cathode fabrication was studied at
ENEA, and cathodes were optimized to produce high deuterium loading. One can see in the discussion of [56] that
the grain size associated with some of these very good cathodes is on the order of the foil thickness. Under these
conditions, one can imagine that the internal leaks are relatively small. It would of course be possible to work with
metal samples with even larger grain size; however, such cathodes do not load particularly well.
In [51] is given some results for highly loaded cathodes where the loading was determined from resistance ratio
measurements tabulated with the corresponding current densities. We see a number of cathodes that achieved very high
loading at modest current density, with a loading of 0.93 reported at 80 mA/cm2 , and 0.95 reported at 100 mA/cm2 .
Based on this it would seem that a value of the more fundamental version of jT 0 in the range of
jT 0 = 1.0 − 1.5 × 10−6 A/cm2

(34)

may be consistent. In these estimates we have kept a roughness factor r = 2.
4.6. Internal leak rate
Once we have model parameters for the surface Tafel current, we can return to the question of the internal leak rate. For
example, if we take jT 0 to be 10−6 A/cm2 , then from the equivalent version of the fitting parameter found previously
we would conclude that
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4(1.69 × 10−4 ) = (4 + a)(1.0 × 10−6 ).

(35)

When this constraint is satisfied, the new model parameters will match our earlier fit for the Green and Britz [39] data.
We can solve this to find
a = 672.

(36)

In light of this kind of model, we conclude that the cathode studied by Green and Britz [39] had an internal leak rate
more than two orders of magnitude greater than the surface Tafel rate.
In our earlier work our estimate for δT was lower, and our choice for a reference cathode was one which worked
better than those listed in [51]. Consequently, our estimate for the ratio of the internal leak rate to the surface leak
rate here is lower than the 104 estimate of [30]. We would benefit in this discussion by having available systematic
electrochemical data taken with a cathode that achieves very high loading. For example, with data from an appropriate
reference cathode, it may be that a reduction of an additional factor of 2–5 in jT 0 could be argued for.
5. Summary and Conclusions
Many years ago John Bockris gave some talks about the Fleischmann–Pons effect in which he emphasized the importance of the Tafel curve. The prospect that it might be possible to develop models to describe cathode loading based
on a solid electrochemical model was at the time inspiring. Now roughly a quarter of a century later, we know much
more about the Fleischmann–Pons experiment; however, there remain many issues that still have not been resolved.
Based on the literature, and based on the discussion in the preceding sections it seems clear that we should be able to
have reliable models that we can use to understand the experiment. One of the most interesting questions has always
been to understand what it is that is important in obtaining high loading.
In this work our focus has been on a subset of the deuterium evolution reaction model, focusing on the alkaline
version of the Volmer reaction and the Tafel reaction. In steady state, we can develop a Volmer–Tafel adsorption
isotherm to describe the adsorbed deuterium fraction on the surface. Purely for simplicity we have assumed that the
surface sites and bulk sites are equivalent (the energies are known to be different), which allows us to extend the
adsorption isotherm to serve as an absorption isotherm within the simple picture. This is interesting, as it allows us
to compute the steady state cathode loading as a function of current density in the low current density Volmer–Tafel
regime, and compare with experiment.
From a comparison with experiment we can develop model parameters simply enough, and when done we end
up with a reasonable match. Unfortunately this simplest version of the model does not tell us how to achieve high
loading, and seemingly we require a new version of the model for each cathode we are interested in. Ultimately we
concluded that the resolution to this, in light of experiments with cathodes that show very high loading, is that there are
internal leaks which are important and must be included in a bulk steady state absorption isotherm model. Moreover,
these internal leaks constitute the dominant loss mechanism for deuterium from the cathode. In the case of the cathode
studied by Green and Britz [39] we would conclude that the rate of deuterium loss through internal leaks is more than
two orders of magnitude larger than the rate of deuterium loss from surface Tafel reactions.
We recall that immediately following the 1989 announcement of Fleischmann and Pons of the observation of excess heat in their electrochemical experiments, many researchers carried out versions of the experiment in attempts to
replicate the experiment. Most of these efforts did not succeed. For many years we have been interested in understanding why. By now we are very familiar with D/Pd loading requirements that have been established as a prerequisite
for observing excess heat [4–7]. The question that remains is why was there so much difficulty in obtaining the high
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requisite loading. It is clear from the chemical potential that it is “hard” to obtain high loading, since the chemical
potential increase needed over the miscibility gap is about 250 meV. For this one needs a moderately high current
density, a clean system, but perhaps most importantly the cathode needs to be free of internal leaks. We conclude that a
major factor contributing to the large number of failed experiments a quarter century ago was that the cathodes simply
had large internal D2 leaks. This conclusion is consistent with a point of view advocated often by McKubre over the
past quarter century.
The discussion presented here constitutes the first part of a larger study that we carried out while on sabbatical at
the Naval Postgraduate School some years ago. Additional issues that we looked at include other surface reactions,
deuterium diffusion within the cathode, and dynamical loading calculations to compare with dynamical experimental
data. We hope to publish additional results in the coming year.
The author would like to acknowledge a helpful suggestion by O. Azizi concerning the interpretation by Bockris
and Minevski of the change of slope of the Tafel curve in Ref. [40].
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Sci. 6 (2012) 169.
[4] M.C.H. McKubre, S. Crouch-Baker, A.M. Riley, S.I. Smedley, Excess power observations in electrochemical studies of the
D/Pd system; the influence of loading, Proc. ICCF3, Nagoya, 1992, Nagoya, y H Ikegami (Ed.), Universal Academy Press,
Tokyo, 1993, p. 5.
[5] M.C.H. McKubre, S. Crouch-Baker, R.C. Rocha-Filho, S.I. Smedley, F.L. Tanzella, T.O. Passell, J. Santucci, Isothermal flow
calorimetric investigations of the D/Pd and H/Pd systems, J. Electroanal. Chem. 368 (1994) 55.
[6] M.C.H. McKubre and F.L. Tanzella, Using resistivity to measure H/Pd and D/Pd loading: Method and significance, Proc.
ICCF12, Yokohama, A Takahashi, K.-I. Ota and Y Iwamura (Eds.), World Scientific, Singapore, 2005, pp. 392.
[7] M.C.H. McKubre, F.L. Tanzella and V. Violante, What is needed in LENR/FPE studies?, J. Cond. Mat. Nucl. Sci. 8 (2012) 187.
[8] H. Eyring, S. Glasstone and K.J. Laidler, A new theory of overvoltage, Trans. Electrochemical Soc. 76 (1939) 145–156.
[9] H. Eyring, S. Glasstone and K.J. Laidler, Application of the theory of absolute reaction rates to overvoltage, J. Chem. Phys. 7
(1939) 1053.
[10] K.J. Laidler, S. Glasstone and H. Eyring, H. Application of the theory of absolute reaction rates to heterogeneous processes I.
the adsorption and desorption of gases, J. Chem. Phys. 8 (1940) 659–667.
[11] A. Frumkin, Hydrogen overvoltage, Discuss. Faraday Soc. 1 (1947) 57–67.
[12] B. Kabanov, R. Burstein and A. Frumkin, Kinetics of electrode processes on the iron electrode, Discuss. Faraday Soc. 1
(1947) 259–269.
[13] J. O’M. Bockris, Recent developments in the study of hydrogen overpotential, Chem. Rev. 43 (1948) 525–577.
[14] J. O’M. Bockris and A.M. Azzam, Aspects of the theory of hydrogen overpotential, Experientia 4 (1948) 220–221.
[15] J. O’M. Bockris and R. Parsons, Studies in electrolytic polarisation. Part V. Hydrogen overpotential in methanolic solution,
Trans. Faraday Soc. 44 (1948) 860–872.
[16] J. O’M. Bockris and R. Parsons, The kinetics of the hydrogen evolution reaction at mercury cathodes. The effect of temperature, pH and pressure on hydrogen overpotential in aqueous, mixed and methanolic solutions, Trans. Faraday Soc. 45 (1949)
916–928.
[17] J.M. Bockris and B.E. Conway, Studies in hydrogen overpotential. The effect of catalytic poisons at platinized platinum and
nickel, Trans. Faraday Soc. 45 (1949) 989–999.
[18] J. Jorne, Unsteady diffusion reaction of electrochemically produced deuterium in palladium rod, J. Electrochem. Soc. 137
(1990) 369–370.

62

P.L. Hagelstein / Journal of Condensed Matter Nuclear Science 16 (2015) 46–63

[19] S. Szpak, C. J. Gabriel, J.J. Smith, R.J. Nowak, R.J. Electrochemical charging of Pd rods, J. Electroanal. Chem. Interfacial
Electrochem. 309 (1991) 273–292.
[20] M.R. Swartz, Quasi-one-dimensional model of electrochemical loading of isotopic fuel into a metal, Fusion Sci. Technol. 22
(1992) 296–300.
[21] G. Mengoli, M. Fabrizio, C. Manduchi and G Zannoni, Surface and bulk effects in the extraction of hydrogen from highly
loaded Pd sheet electrodes, J. Electroanal. Chem. 350 (1993) 57–72.
[22] S. Szpak, P.A. Mosier-Boss, C.J. Gabriel, C.J. and J.J. Smith, Absorption of deuterium in palladium rods: model vs. experiment, J. Electroanal. Chem. 365 (1994) 275–281.
[23] S. Szpak, P.A. Mosier-Boss and J.J. Smith, Deuterium uptake during Pd–D codeposition, J. Electroanal. Chem. 379 (1994)
121–127.
[24] W.S. Zhang, X.W. Zhang and H.Q. Li, The maximum hydrogen (deuterium) loading ratio in the Pd|H2 O (D2 O) electrochemical system, J. Electroanal. Chem. 434 (1997) 31–36.
[25] W.S. Zhang, Z.L. Zhang, X.W. Zhang and F.Wu, Numerical simulation of hydrogen (deuterium) absorption into β-phase
hydride (deuteride) palladium electrodes under galvanostatic conditions, J. Electroanal. Chem. 474 123-129 (1999)
[26] W.S. Zhang, Z.L. Zhang and X.W. Zhang, Effects of self-stress on the hydrogen absorption into palladium hydride electrodes
of plate form under galvanostatic conditions, J. Electroanal. Chem. 474 (1999) 130–137.
[27] P.A. Mosier-Boss and S. Szpak, The Pd/n H system: Transport processes and development of thermal instabilities, Il Nuovo
Cimento A 112 (1999) 577–585.
[28] W.S. Zhang, Z.L. Zhang, X.W. Zhang, Effects of temperature on hydrogen absorption into palladium hydride electrodes in
the hydrogen evolution reaction, J. Electroanal. Chem. 481 (2000) 13–23.
[29] A. Adrover, M. Giona, L. Capobianco, P. Tripodi, P. and V. Violante, Stress-induced diffusion of hydrogen in metallic membranes: cylindrical vs. planar formulation, J. Alloys Compounds 358 (2003) 268–280.
[30] P.L. Hagelstein, M.C.H. McKubre and F.L. Tanzella, Electrochemical models for the Fleischmann–Pons experiment, Proc.
ICCF15 (2009)16.
[31] J.P. Hoare and S. Schuldiner, Mechanisms of Hydrogen Producing Reactions on Palladium, J. Electrochem. Soc. 102 (1955)
485–489.
[32] B.E. Conway, Kinetics of electrolytic hydrogen and deuterium evolution, Proc. Roy. Soc. London. Series A. Math. Phy. Sci.
256 (1960) 128–144.
[33] G.L. Holleck and T.B. Flanagan, Electrochemical exchange currents of palladium and palladium alloy electrodes as a function
of their hydrogen contents, Trans. Faraday Soc. 65 (1969) 3064–3073.
[34] N. Pentland, J. O’M. Bockris and E. Sheldon, Hydrogen evolution reaction on copper, gold, molybdenum, palladium, rhodium
and iron mechanism and measurement technique under high purity conditions, J. Electrochem. Soc. 104 (1957) 182–194.
[35] J. O’M. Bockris, D. Hodko and Z. Minevski, The mechanism of deuterium evolution on palladium: relation to heat bursts
provoked by fluxing deuterium across the interface, The Science of Cold Fusion, Proc. ICCF3, T. Bressani, E. Del Guidice and
G. Preparata (Eds.), Societa Italiana di Fisica, (1991), pp. 337–348.
[36] M. Enyo and P.C. Biswas, Hydrogen absorption in palladium electrodes in alkaline solutions, J. Electroanal. Chem. 335
(1992) 309–319.
[37] S.-I. Pyun, C. Lim and K.-B. Kim, An investigation of the electrochemical kinetics of deuterium insertion into a Pd membrane
electrode in 0.1 M LiOD solution by the a.c. impedance technique, J. Alloys Compounds 203 (1994) 149.
[38] H. Akita, Y. Tsuchida, T. Nakata, A. Kubota, M. Kobayashi, Y. Yamamoto, N. Hasegawa, N. Hayakawa and K. Kunimatsu,
Electrolytic hydrogen/deuterium absorption into Pd, Pd–Rh and Pd–Ag alloys in fuel cell type closed cell, Proc. ICCF4 1
(1994) 21-1.
[39] T. Green and D. Britz, Kinetics of the deuterium and hydrogen evolution reactions at palladium in alkaline solution, J.
Electroanal. Chem. 412 (1996) 59–66.
[40] J. O’M. Bockris and Z. Minevski, The mechanism of the evolution of hydrogen on palladium and associated internal damage
phenomena, Int. J. Hydrogen Energy 25 (2000) 747–765.
[41] H. Erikson, A. Sarapuu, N. Alexeyeva, K. Tammeveski, J. Solla-Gullón and J.M. Feliu, Electrochemical reduction of oxygen
on palladium nanocubes in acid and alkaline solutions, Electrochimica Acta 59 (2012) 329–335.
[42] J.H. Chun and K.H. Ra, The Phase-Shift Method for the Frumkin Adsorption Isotherms at the Pd/H2 SO4 and KOH Solution

P.L. Hagelstein / Journal of Condensed Matter Nuclear Science 16 (2015) 46–63

63

Interfaces, J. Electrochem. Soc. 145 (1998) 3794–3798.
[43] J.-M. Joubert, A Calphad-type equation of state for hydrogen gas and its application to the assessment of Rh–H system, Int.
J. Hydrogen Energy 35 (2010) 2104.
[44] J.-M. Joubert and S. Thiebaut, A thermodynamic description of the system Pd–Rh–H–D–T, Acta Materialia 59 (2011) 1680.
[45] E. Wicke and G.H. Nernst, Zustandsdiagramm und thermodynamisches Verhalten der Systeme Pd/H2 und Pd/D2 bei normalen
Temperaturen; H/D-Trenneffekte, Berichte der Bunsengesellschaft für physikalische Chemie 68 (1964) 224–235.
[46] R. Lässer and K.H. Klatt, Solubility of hydrogen isotopes in palladium, Phy. Rev. B 28 (1983) 748.
[47] B. Baranowski, S.M. Filipek, M. Szustakowski, J. Farny, W. Woryna, Search for “cold-fusion" in some Me-D systems at high
pressures of gaseous deuterium, J. Less Common Metals 158 (1990) 347–357.
[48] T.B. Flanagan, W. Luo and J.D. Clewley, Calorimetric enthalpies of absorption and desorption of protium and deuterium by
palladium, J. Less Common Metals 172 (1991) 42–55.
[49] M.C.H. McKubre, S. Crouch-Baker, F.L. Tanzella, S.I. Smedley, M. Williams, S. Wing, M. Maly-Schreiber, R.C. RochaFilho, P.C. Searson, J.G. Pronko and D.A. Kohler, Development of advanced concepts for nuclear processes in deuterated
metals, Electric Power Res. Institute Report TR-104195, 1994.
[50] T.A. Green and T.I. Quickenden, Electrolytic preparation of highly loaded deuterides of palladium, J. Electroanal. Chem. 368
(1994) 121–131.
[51] F.L. Tanzella, S. Crouch-Baker, A. McKeown, M.C.H. McKubre, M. Williams and S. Wing, Parameters affecting the loading
of hydrogen isotopes into palladium cathodes, Proc. 6th Int. Conf. on Cold Fusion, Progress in New Hydrogen Energy, 1996,
p. 171
[52] T. Senjuh, H. Kamimura, T. Uehara, M. Sumi, S. Miyasita, T. Sigemitsu and N. Asami, Experimental study of electrochemical
deuterium loading of Pd cathodes in the LiOD/D2 O system, J. Alloys Compounds 253 (1997) 617–620.
[53] N. Asami, T. Senjuh, T. Uehara, M. Sumi, H. Kamimura and S. Miyashita, Material behavior of highly deuterated palladium,
Proc. 7th Int. Conf. on Cold Fusion, 1998, pp. 15–21.
[54] I. Dardik, T. Zilov, H. Branover, A. El-Boher, E. Greenspan, B. Khachaturov, V. Krakov, S> Lesin, A. Shapiro and M. Tsirlin,
Ultrasonically-excited electrolysis experiments at Energetics Technologies, Proc. 14th Int. Conf. on Cold Fusion, 2008, pp.
106–122.
[55] M. C. H. McKubre, The importance of replication, Proc. 14th Int. Conf. on Cold Fusion, 2008, pp. 673–688.
[56] M. Apicella, E. Castagna, L. Capobianco, L. D’Aulerio, G. Mazzitelli, F. Sarto, A. Rosada, E. Santoro and V. Violante, Some
recent results and ENEA, Proc. 12th Int. Conf. on Cold Fusion, 2012, pp. 117–132.

