
Chapter 24
Compositional Variations in Palladium Electrodes Exposed
to Electrolysis

A. Carpinteri, O. Borla, A. Goi, S. Guastella, A. Manuello, R. Sesana, and D. Veneziano

Abstract Literature presents several cases of nuclear anomalies occurring in condensed matter, during fracture of solids,
cavitation of liquids, and electrolysis experiments.

Previous papers by the authors have recently shown that, on the surface of the electrodes exposed to electrolysis visible
cracks and compositional changes are strictly related to nuclear particle emissions. In particular, a mechanical interpretation
of the phenomenon was provided accounting to the hydrogen embrittlement effects. Piezonuclear reactions were considered
responsible for the neutron and alpha particle emissions detected during the electrolysis. Such effects are thoroughly studied
in a new experimental campaign, where three pure palladium (100 % Pd) cathodes coupled with Ni anodes are used for
electrolysis, separately exposed to processes of different duration: 2.5 h, 5 h and 10 h, respectively. In this paper, the authors
intend to show the new results concerning the changes on the surface of the electrodes in terms of composition and presence
of cracks after the electrolytic process. Measures of heat generation as well as of neutron emission will be reported.

Keywords Hydrogen embrittlement • Cold fusion • Electrolysis • Piezonuclear reactions • Neutron emission • Energy
balance

24.1 Introduction

Several evidences of anomalous nuclear reactions occurring in condensed matter were observed by different authors [1–34].
These experiments are characterized by extra heat generation, neutron emission, and alpha particle detection. Some of these
studies, using electrolytic devices, reported also significant evidences of compositional variation after the microcraking of the
electrodes. At the same time, recent experiments provided evidence of piezonuclear reactions occurring in condensed matter
during fracture of solids, cavitation of liquids, and electrolysis experiments [35–40]. These experiments were characterized
by significant neutron and alpha particle emissions, together with appreciable variations in the chemical composition. Based
on these experimental evidences, a mechanical reason for the so-called Cold Nuclear Fusion was recently proposed by the
same authors [41–43]. The hydrogen embrittlement due to H atoms produced by the electrolysis itself seems to play an
essential role for the observed microcracking in the electrode host metals (Pd, Ni, Fe, etc.). Consequently, the hypothesis
recently proposed is that piezonuclear fission reactions may occur in correspondence to the microcrack formation [41–45].

Classical experiments, belonging to the so called “Cold Fusion” research, are characterized by a generated heat several
times greater than the input energy. In some cases, neutron emission rate, during electrolysis, was measured to be about
three times the natural background level [6]. In 1998, Mizuno presented the results of the measurements conducted by
means of neutron detectors and compositional analysis techniques related to different electrolytic experiments. According to
Preparata, “despite the great amount of experimental results observed by a large number of scientists, a unified interpretation
and theory of these phenomena has not been accepted and their comprehension still remains unsolved” [6–9, 26, 27].
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On the other hand, as shown by most of the articles devoted to Cold Nuclear Fusion, one of the principal features is the
appearance of microcracks on electrode surfaces after the tests [26, 27]. Such evidence might be directly correlated to
hydrogen embrittlement of the material composing the metal electrodes (Pd, Ni, Fe, Ti, etc.). This phenomenon, well-known
in Metallurgy and Fracture Mechanics, characterizes metals during forming or finishing operations [44]. In the present study,
the host metal matrix (Pd and Ni) is subjected to mechanical damaging and fracturing due to hydrogen atoms penetrating into
the atomic lattice and forcing it, during the gas loading. Hydrogen effects are largely studied especially in metal alloys where
the hydrogen absorption is particularly high. The hydrogen atoms generate an internal stress that lowers the fracture resistance
of the metal, so that brittle crack growth can occur with a hydrogen partial pressure below 1 atm [44, 45]. Some experimental
evidences show that neutron emissions may be strictly correlated to fracture of non-radioactive or inert materials. From this
point of view, anomalous nuclear emissions and heat generation had been verified during fracture in fissile materials [2–4]
and in deuterated solids [5, 8, 30].

In order to confirm the earlier results obtained by Co–Cr and Ni–Fe electrodes [41, 42], and by Pd and Ni electrodes
[43], electrolytic tests have been conducted using 100 % Pd at the cathode with different operating time intervals. As a result,
relevant compositional changes and traces of elements previously absent have been observed on the Pd and Ni electrodes after
the experiments and significant neutron emissions were observed during the test. In addition to the previous experimental
campaign, also the amount of escaped gas during electrolysis was measured together with the evaluation of the extra heat
generation during the tests in order to obtain an energy balance.

24.2 Experimental Set Up

Over the last ten years, specific experiments have been conducted on an electrolytic reactor (owners: Mr. A. Goi et al.). The
aim was to investigate whether the anomalous heat generation may be correlated to a new type of nuclear reactions during
electrolysis phenomena. The reactor was built in order to be appropriately filled with a salt solution of water and Potassium
Carbonate (K2CO3). The electrolytic phenomenon was obtained using two metal electrodes immersed in the aqueous solution
for three different tests of 2.5, 5 and 10 h (Fig. 24.1). The solution container, named also reaction chamber in the following,
is a cylinder-shaped element of 100 mm diameter, 150 mm high, and 5 mm thick. For the reaction chamber Inox AISI 316 L
steel was used. The two metallic electrodes were connected to a source of direct current: a Ni–Fe-based electrode as the
positive pole (anode), and a Pd-based electrode as the negative pole (cathode).

The reaction chamber base consists of a ceramic plate preventing the direct contact between liquid solution and Teflon lid.
Two threaded holes host the electrodes, which are screwed to the bottom of the chamber successively filled with the solution.
A valve at the top of the cell allows the vapor to escape from the reactor and condense in an external collector. Externally,
two circular Inox steel flanges, fastened by means of four threaded ties, hold the Teflon layers. The inferior steel flange of

Fig. 24.1 Experimental set-up (a) Pd and Ni electrodes (b)



24 Compositional Variations in Palladium Electrodes Exposed to Electrolysis 189

the reactor is connected to four supports isolated from the ground by means of rubber-based material. As mentioned before,
a direct current passes through the anode and the cathode electrodes, provided by a power circuit connected to the power
grid through an electric socket. The components of the circuit are an isolating transformer, an electronic variable transformer
(Variac), and a diode bridge linked in series.

Electric current and voltage probes were positioned in different parts of the circuit. The voltage measurements were
performed by a differential voltage probe of 100 MHz with a maximum rated voltage of 1400 V. The current was measured
by a Fluke I 310S probe with a maximum rated current of 30 A. Current intensity and voltage measurements were also taken
by means of a multimeter positioned at the input line. From the turning on to the switching off of the electrolytic cell, current
and voltage were found to vary in a range from 3 to 5 A and from 20 to 120 V, respectively.

During testing an infrared thermo tracer IR Tech Timage Radiamatic XT was placed in front of the specimens. A dedicated
software, Timage Radiamatic, allowed both acquisition and data processing. The equipment acquires a surface thermal
contour of surfaces in front of the camera. Data are acquired as temperature data related to pixels and plotted by a colour
map. Data processing procedure requires the definition of a ROI (Region of Interest) on the thermal map. The region can
have any shape and dimension and it is possible to extract maximum, minimum, average and whatever temperature in the
ROI. To optimize thermocamera measurement, reactor surface has been black painted, to minimize reflected radiation and
maximize emitted radiation. The width of the area is of 20 pixels that is where the reactor surface can be approximated as
parallel to the camera lens. In this ROI maximum, minimum and average temperature have been acquired with relation to
time development. For what concerns temperature distribution in the reacting solution, the thermal map acquired by means of
the thermo-camera shows convection streams during reaction taking place during reaction. Anyway the average temperature
measured in the selected ROI shows a constant trend as long as maximum and minimum temperature trends in the same ROI.
This allows us to assume the average temperature in the ROI equivalent to the average temperature in the solution.

For an accurate neutron emission evaluation, a He3 proportional counter was employed (Xeram, France) with pre-
amplification, amplification, and discrimination electronics directly connected to the detector tube. The detector is supplied
by a high voltage power (about 1.3 kV) via NIM (Nuclear Instrument Module). The logic output producing the TTL
(transistor–transistor logic) pulses is connected to a NIM counter. The logic output of the detector is enabled for analog
signals exceeding 300 mV (see Fig. 24.1a). This discrimination threshold is a consequence of the sensitivity of the He3

detector to the gamma rays ensuing neutron emission in ordinary nuclear processes. This value has been determined by
measuring the analog signal of the detector by means of a Co-60 gamma source. The detector is also calibrated at the
factory for the measurement of thermal neutrons; its sensitivity is 65 cps/nthermal (˙10 % declared by the factory), i.e., the
flux of thermal neutrons is one thermal neutron/s cm2, corresponding to a count rate of 65 cps. Finally, before and after
the experiments, Energy Dispersive X-ray Spectroscopy has been performed in order to recognise possible direct evidence
of piezonuclear reactions that can take place during the electrolysis. The elemental analyses were performed by a ZEISS
Auriga field emission scanning electron microscope (FESEM) equipped with an Oxford INCA energy-dispersive X-ray
detector (EDX) with a resolution of 124 eV @ MnKa. The energy used for the analyses was 18 KeV.

24.3 Neutron Emission Measurements

Neutron emission measurements performed during the experimental activity are represented in Figs. 24.2, 24.3 and 24.4.
The measurements performed by the He3 detector were conducted for different phases of 2.5, 5 and 10 h. The background
level was measured for different time intervals before and after switching on the reaction chamber. These measurements
reported an average neutron background of about (6.00 ˙ 2.45) � 10�2 cps. Furthermore, when the reaction chamber is
active, it is possible to observe that, after a time interval of about 80 min, neutron emissions greater than the background
level may be detected in the first test (Fig. 24.2a). This evidence may be observed also in the cumulated curve of CPS respect
to the cumulated average background level (Fig. 24.2b). During the experiment of 5 h After 260 min from the beginning
of the measurements, it is possible to observe a neutron emission level of about 5 times greater than the background level
(Fig. 24.3a). A small difference between the cumulated curves could be observed also in this case (Fig. 24.3b). Similar results
were observed for the experiments of 10 h, after 200 min and up to 400 neutron emissions up to more than ten times the
background were measured (Fig. 24.4a). This evidence may be observed also in the cumulated curve of CPS after 200 min
from the beginning of the test (Fig. 24.4b).
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Fig. 24.2 Neutron emission measurements for the test with a time duration of 2.5 h (a). Cumulated curve of CPS respect to the cumulated average
background level (b)
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Fig. 24.3 Neutron emission measurements for the test with a time duration of 5 h (a). cumulated curve of CPS compared to the cumulated average
background level (b)

24.4 Compositional Analysis of the PD Electrode

In the present section, the chemical compositions before and after the experiment will be taken into account (Fig.24.5a).
In particular, under the light of what can be deduced from the neutron emissions measurements and according to the

hydrogen embrittlement hypothesis suggested by Carpinteri et al. [41–43], the presence of microcracks and macrocracks
on the electrode surface (Fig. 24.5b) is accounted in the mechanical interpretation of the phenomena. These evidences are
particularly strong in the case of the Pd electrode, where a macroscopic fracture took place during the test. The fracture
presented a width of about 40 �m observable at naked eyes (see Fig. 24.5b).

Considering the average decrement of Pd (�28.9 %) after 10 h, reported in Table 24.1, according to the piezonuclear
hypothesis a first fission reaction can be assumed:

Pd106
46 ! Zn65

30 C Si28
14 C 10 neutrons; (24.1)

according to reaction (24.1), a Pd decrement of about 2.07 % can be counterbalanced by the Zn and Si increments at the end
of the experiment. reported in Table 24.1. By this reaction, in fact, increments of 1.46 % and 0.61 can be assumed for Zn
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Fig. 24.4 Neutron emission measurements for the test with a time duration of 10 h (a); cumulated curve of CPS compared to the cumulated
average background level (b)

Fig. 24.5 Pd electrode; energy dispersive X-ray spectroscopy image before (a) and after (b) the test (10 h)

and Si, respectively. A quantity of 26.8 % of Pd remains to be counterbalanced. For these reasons, a second reaction can be
assumed in analogy to previous experiments [43]:

Pd106
46 ! Fe56

26 C Ca40
20 C 10 neutrons: (24.2)

Considering reaction (24.2), Ca and Fe respectively would increase by the following quantities: 10 % and 14 %. These
variations may be accompanied by a neutron emission corresponding to the remaining 3 % of the mass concentration. The
whole iron increment, according to reaction (24.2), could be entirely considered as the starting element for the production of
other elements. Hence, a third hypothesis can be proposed involving Fe as starting element and O as the product, together
with alpha and neutron emissions:

Fe56
26 ! 3O16

8 C He4
2 C 4 neutrons; (24.3)

According to reaction (24.3), the iron depletion produces 11.9 % of oxygen with alpha particles (He) and neutron
emissions. The total measured increment in oxygen after the experimental test is equal to 20.2 % (see Table 24.1). This
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Table 24.1 Element
concentrations before, after 2.5, 5
and 10 h of electrolysis (Pd
electrode)

Mean concentration (mass %)
Element 0 h 2.5 h 5 h 10 h

Pd 99.85 ˙ 0.58 92.66 ˙ 3.42 88.26 ˙ 2.24 70.91 ˙ 4.63
O 0.15 ˙ 0.58 6.20 ˙ 2.89 9.04 ˙ 2.11 21.22 ˙ 3.64
K – 0.41 ˙ 0.53 – 3.33 ˙ 0.86
Zn – – – 1.46 ˙ 0.74
Fe – 0.61 ˙ 0.61 2.67 ˙ 0.35 1.28 ˙ 0.45
Si – 0.06 ˙ 0.17 – 0.61 ˙ 0.25
Mg – – 0.06 ˙ 0.2 0.42 ˙ 0.34
Na – 0.06 ˙ 0, 22 – 0.29 ˙ 0.37
Cu – – – 0.25 ˙ 0.67
Ni – – – 0.11 ˙ 0.28
Ca – – – 0.06 ˙ 0.23
Co – – – 0.06 ˙ 0.24

Table 24.2 Element
concentrations before, after 2.5, 5
and 10 h of electrolysis (Ni
electrode)

Mean concentration (mass %)
Element 0 h 2.5 h 5 h 10 h

Ni 91.44 ˙ 0.86 76.57 ˙ 1.41 71.42 ˙ 2.43 72.66 ˙ 4.31
O 4.02 ˙ 0.70 18.52 ˙ 1.36 22.88 ˙ 2.08 16.97 ˙ 2.78
Pd – – – 4.35 ˙ 1.12
Ti 3.43 ˙ 0.20 2.95 ˙0.16 2.77 ˙ 0.26 3.04 ˙ 0.25
A1 0.44 ˙ 0.13 0.89 ˙ 0.27 1.69 ˙ 0.23 1.57 ˙0.36
Si 0.67 ˙ 0.29 0.26 ˙ 0.27 0.50 ˙ 0.19 0.52 ˙ 0.08
Fe – 0.03 ˙ 0.12 0.10 ˙ 0.21 0.31 ˙ 0.27
K – 0.72 ˙0.16 0.64 ˙ 0.32 0.56 ˙ 0.35

quantity seems to be only partially explained by reaction (24.3). The remaining O concentration could be explained
considering other reactions involving Ca (product in reaction 24.2) as the starting element:

Ca40
20 ! O16

8 C Mg24
12; (24.4)

Ca40
20 ! 2O16

8 C 4H1
1 C 4 neutrons: (24.5)

From reaction (24.4), we can consider a decrease in Ca concentration of 0.7 % and the formation of 0.42 % of Mg and
0.28 % of O. On the other hand, from reaction (24.5), we obtain a decrease in Ca corresponding to the increase of about
8 % in O with H production and neutron emissions. Considering the O increments coming from reactions (24.3), (24.4),
and (24.5), totally equal to 19.9 %, and the experimental evidence reporting a total measured O concentration of 20.2 %, we
may assume that O seems to be almost perfectly justified by the proposed reactions. At the same time, the Zn, Mg and Si
increments observed after the experiment can be explained by the results of reactions (24.1) and (24.4). These evidences seem
to be very interesting also considering that they represent a quantitative confirmation for the results previously published by
Carpinteri et al. [43].

24.5 Nickel Electrode Composition Analysis

Analogously let us consider the Nickel electrode. Table 24.2 summarizes the concentration variations after the electrolysis.
Nickel diminishes by 18.8 %, whereas the most apparent positive variation is that of oxygen (C12.9 %).

On the basis of the piezonuclear reaction conjecture, we could assume the oxygen average variation as a nuclear effect
caused by the following hypothesis:

Ni59
28 ! 3O16

8 C 2He4
2 C 3 neutrons: (24.6)

Ni58
28 ! 2Al27

13 C He4
2 (24.7)
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Reactions (24.6) and (24.7), imply emissions of neutrons and alpha particles, which will provide a great support to the
hypotheses based on piezonuclear reactions. The main idea underlying the hypothesis is that an average decrease of 18.8 % in
Nickel underwent a reaction producing at least 14.5 % of oxygen together with alpha and neutron emissions (3 %). Secondly,
a further average depletion of 1.5 % in Ni would have produced about 1.3 % of Al accompanied by alpha particle emissions.
According to reactions (24.6) and (24.7) the following balance: Ni (�18.8 %) D O (C14.5 %) C Al (C1.5 %) C neutrons
and alpha particles may be considered. The amount of O coming from this balance (C14.5 %) and the amount detected after
10 h (C13 %) are very similar.

24.6 Heat Generation and Energy Balance Evaluation

The aim of the following considerations is to provide a thermodynamic background on the multiple phenomena involved
in the energy equilibrium of the operating electrolytic cell. In particular, we shall define the physical quantities and the
contributions required for an energy balance considering the input and output contributions. Thus, it is critical to define
some hypotheses on the considered system. The input energy Ein is related to the electric power exchanged between the
two electrodes and can be quantified by means of electric power consumption. The corresponding electric power ¥in can be
calculated as the average power absorbed by the system and is given by direct electric measurements:

Ein D

Z tf

ti

Ein.t/dt

tf � ti
; (24.8)

where tf and ti are the final and initial time instants respectively of the testing session. The instant input energy Ein(t) is:

Ein.t/ D Vin � I.t/; (24.9)

where Vin(t) is the measured voltage between the electrodes and I(t) is the electric current intensity measured by means of
the Amperometer placed before the cell, neglecting the circuit dissipations.

The main terms of energy transformation during testing are: (i) vaporization, and (ii) heat convection exchange. They are
both “outgoing” power terms. The first term Ev can be computed by means of measuring the condensed water volume, as a
pipe drives the exceeding vapour out of the reservoir, and its temperature while flowing in the pipe. The second term EH can
be quantified by means of thermodynamic heat exchange equations.

The energy equilibrium equation, involving the main energy terms, has the following formulation in steady state
conditions:

Ein C EX D Ev C EH (24.10)

Where Ein represents the term due to the power of the electric circuit, measured at the connection between the circuit and
the electrodes just before the cell; EX represents the unknown energy term correlated to piezonuclear reactions; Ev and Eh

represent the terms due to vaporization and convection, respectively.
Other terms could be considered (electrolytic transformations, turbulent flow, etc.) but they are considered quantitatively

negligible in a first approximation. According to (24.10), in a ten hour testing the input term counts by the electric measurers,
neglecting the circuit dissipations, is 1349 kJ, the vaporization term counts 3953 kJ while the heat convection term is equal
to 1460 kJ. The unbalance between the two terms of the equilibrium equation is about 4064 kJ, representing in a first
approximation the estimation of the term EX . The difference between output and input energies is about three times the input
energy.

24.7 Conclusions

Neutron emissions up to one order of magnitude higher than the background level were observed during the operating time
of an electrolytic cell. These evidences are very close to the results coming from previous experiments.

By the EDX analysis performed on the two electrodes, significant compositional variations were recorded. In general, the
decrements in Pd at the first electrode seem to be almost perfectly counterbalanced by the increments in lighter elements
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like oxygen, see reactions (24.1)–(24.5). As far as the Ni electrode is concerned, the Ni decrement is almost perfectly
counterbalanced by the O and Al increments according to reactions (24.6) and (24.7).

The unbalance between the two terms of the thermal equilibrium equation is about 4064 kJ, representing in a first
approximation the estimation of the energy production term. The amount Ex has been quantified as three times the input
energy. Chemical variations, energy balance, and neutron emissions may be accounted for direct and indirect evidence of
piezonuclear fission reactions correlated to microcrack formation and propagation as well as to hydrogen embrittlement. The
so-called Cold Nuclear Fusion, interpreted under the light of hydrogen embrittlement, may be explained by piezonuclear
fission reactions occurring in the host metal, rather than by nuclear fusion reactions of hydrogen isotopes forced by the
atomic lattice.
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