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Dmitriyeva, Olga (Ph.D., Electrical Engineering) 

Mechanism of heat generation from loading gaseous hydrogen isotopes into palladium 

nanoparticles  

Thesis directed by Prof. Garret Moddel 

 

 I have carried out the study of hydrogen isotope reactions in the presence of palladium 

nanoparticles impregnated into oxide powder. My goal was to explain the mechanisms of heat 

generation in those systems as a result of exposure to deuterium gas. Some researchers have 

associated this heating with a nuclear reaction in the Pd lattice. While some earlier experiments 

showed a correlation between the generation of excess heat and helium production as possible 

evidence of a nuclear reaction, the results of that research have not been replicated by the other 

groups and the search for radiation was unsuccessful. Therefore, the unknown origin of the 

excess heat produced by these systems is of great interest.  

 I synthesized different types of Pd and Pt-impregnated oxide samples similar to those 

used by other research groups. I used different characterization techniques to confirm that the 

fabrication method I used is capable of producing Pd nanoparticles on the surface of alumina 

support. I used a custom built gas-loading system to pressurize the material with hydrogen and 

deuterium gas while measuring heat output as a result of these pressurizations. My initial study 

confirmed the excess heat generation in the presence of deuterium. However, the in-situ 

radiometry and alpha-particle measurements did not show any abnormal increase in counts above 

the background level. In the absence of nuclear reaction products, I decided to look for a 

conventional chemical process that could account for the excess heat generation.  
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 It was earlier suggested that Pd in its nanoparticle form catalyzes hydrogen/deuterium 

(H/D) exchange reactions in the material. To prove the chemical nature of the observed 

phenomena I demonstrated that the reaction can be either exo- or endothermic based on the water 

isotope trapped in the material and the type of gas provided to the system. The H/D exchange 

was confirmed by RGA, NMR and FTIR analysis. I quantified the amount of energy that can be 

released due to the H/D exchange and proved that the heat generated during the experiments can 

be fully accounted for by this chemical reaction. Based on these results I concluded that the 

origin of the excess heat generated during deuterium loading of Pd-nanoparticle materials is 

chemical rather than nuclear. 

 I also looked at which measurement artifacts can result in apparent heat generation. I 

suggested that the presence of a thermal gradient within the system can alter the temperature 

measurement baseline, which would then look like anomalous heating under gas pressure.  To 

test the hypothesis I experimentally enhanced thermal gradients in the gas-loading system and 

successfully demonstrated the effect. By using a commercially available finite element solver I 

matched experimental and simulated data to quantify the magnitude of the thermal gradient 

required to produce a measurable effect. Based on my observations I proposed a technique that 

would ensure the proper gas-loading system calibration and help to avoid any misinterpretation 

of the results. 
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CHAPTER I 

 

INTRODUCTION AND THESIS OUTLINE 

 

A. Introduction  

 According to the International Energy Outlook 2011 (IEO2011) reference case (U.S. 

Department of Energy, 2011) the world energy consumption is expected to grow by 53% from 

2008 to 2035. As a result of growing demand and limited supply conventional energy sourcesô 

prices are on the rise. Once again we are in a search for alternative energy sources. Shifts from 

primary to alternative energy sources have happened before; the reason for the transition from 

wood to soft coal in the early 19
th
 century was economic: coal was cheap and abundant. These 

days society is looking for not only cost-effective, but also environmentally friendly and safe 

alternative energy sources that have an inexhaustible supply.   

 Alternative energy is a broad term usually applied to nuclear power and renewable 

sources such as solar, wind, hydro, and geothermal. My research interests lie within a couple of 

less common options. The two cases which I will discuss are (1) the investigation of the results 

from deuterium loading in palladium-based powdered materials associated with low energy 

nuclear reaction (LENR), and (2) the observation of a zero-point energy (ZPE) radiation from 

Casimir cavities as a potential vehicle for vacuum energy harvesting. 

1) Hydrogen isotopes loading into Pd 

In 1989 two electrochemists, Profs. Martin Fleischmann and Stanley Pons, ran an 

experiment that resulted in thermal energy production that could not be explained by 

conventional chemistry. The two scientists used an electrochemical cell with a Pd cathode 

submerged in a D2O + LiOD electrolyte (Fleischmann, et al., 1989). The process proposed to 

involve a nuclear fusion reaction between deuterons, resulting in helium production at low 
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radiation levels. The phenomenon was called cold fusion, or a low energy nuclear reaction 

(LENR).  The idea of harvesting clean energy in the absence of harmful nuclear products or 

waste was an attractive alternative to the known energy generation approaches. The 

announcement made by Fleischmann and Pons in 1989 resulted in a massive experimental effort 

undertaken by scientists around the world. After multiple unsuccessful replications and 

withdrawal of some positive results, a US Department of Energy (DOE) review panel statement 

was issued in 1989: ñthe evidence for the discovery of a new nuclear process was not persuasive 

enough to start a special programò.  The following DOE review, organized in 2004 to look at 

new research, reached similar conclusions, adding that, ñinternal inconsistencies and lack of 

predictability and reproducibility remain serious concernsò (U.S. Department of Energy, 2004). 

The statement issued by DOE reflected the skepticism of mainstream science towards the cold 

fusion phenomenon. From that point on the research was limited and only took place after the 

occasional financial infusion. In addition to the original Fleischmann-Pons electrochemical 

experiments, LENR research included: co-deposition, plasma glow-discharge, D2 and H2 gas-

loading in Pd and other transition metals, metal bombardment with energetic particles, bubble 

collapse of various metals in D2O using ultrasound, and more (Storms, 2007) (Storms, 2010).  

Despite the scientific communityôs best efforts, poor reproducibility remained a problem. 

Scientists were in a search of an experiment that would produce consistent results in a repeatable 

manner. In recent years attention has been focused on gas-loading in a variety of Pd-nanoparticle 

materials, because they have consistently exhibited anomalous heat production. 

During gas-loading the material remains in a bulk or powdered form while deuterium is 

supplied in a gas form (Biberian, 2008). The advantages of gas-loading over electrochemical 

experiments are: 

http://en.wikipedia.org/wiki/US_Department_of_Energy
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¶ pressures are easily controlled, 

¶ operational temperatures can be high, 

¶ clean environment: the experiment is sealed in the vacuum chamber, 

¶ somewhat easier analysis: the gaseous reaction products can be analyzed with a residual 

gas analyzing (RGA) unit. 

The disadvantages are: 

¶ it is difficult to achieve very high pressures, 

¶ an advanced vacuum system is required, 

¶ hydrogen isotopes, pressurized at high temperatures, possess potential danger if handled 

without care. 

The most encouraging gas-loading results were presented by Arata et al. (Arata & Zhang, 

2008), where anomalous heat along with nuclear fusion products (
4
He) were observed. Arata 

used nano-Pd material in the form of a ZrO2+Pd mixture, and an alloy composed of Zr+Ni+Pd in 

powdered form. Figure I - 1 shows the heat measurement results done on the samples during the 

exposure of both materials to deuterium and hydrogen gases. The temperature change as a 

function of time is shown after the material made contact with the gas. The temperature change 

was monitored by two thermocouples: Tin is the reading from the probe installed inside the cell at 

the location of the sample, while Ts is the temperature of the outside surface of the cell. When 

gas was introduced into the system the amount of heat produced was apparently greater for the 

ZrO2+Pd sample than for the  Zr+Ni+Pd sample. The reaction in the presence of deuterium gas 

generated more heat than the reaction with hydrogen ï the phenomenon known as an isotope 

effect.  
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Figure I - 1 Heat evolution after exposing ZrO2+Pd and Zr+Ni+Pd to hydrogen 

and deuterium (Arata & Zhang, 2008). 

 

 Figure I - 2 represents a quadrupole mass spectroscopy (QMS) analysis of the gas and the 

powdered sample. QMS is capable to distinguish between deuterium molecule and helium atom, 

where the conventional RGA would fail. However, no clear explanation on experimental 

protocol was supplied by the authors, besides the statement that deuterium exposures resulted in 

the clearly visible helium traces.  
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Figure I - 2 QMS mass spectroscope data: cases [A] and [B] show relative 

concentration of 4He found in the gas and the powder as a result of hydrogen 

exposure, while [C] and [D] show 4He concentration in the gas and the powder 

due to deuterium exposures (Arata & Zhang, 2008). 

 

Important details were missing from the report, which diminish the value of this work. 

No data were given on the QMS detector calibration, and there was no information on the time 

scale of the helium generation events or their correlation with the gas cycling. Still, the reported 
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results (even with the patches of missing information), generated a great deal of interest in nano-

materials.   

In the years that followed, several groups reported very similar results on Pd nanoparticle 

materials. A. Kitamura and his colleagues from Kobe University, Japan, in collaboration with A. 

Takahashi from Osaka University, Japan, constructed a system to replicate Arataôs results on heat 

and helium generation in nano-sized Pd powders, and to investigate the underlying physics. Pd-

Zr oxide nano-powder demonstrated an anomalous heating in the presence of deuterium, but 

ñnothing other than steady background both in neutron counter and scintillation probe [used for 

the ionizing radiation measurements] was observedò (Kitamura, et al., 2008). Scientists from the 

Naval Research Laboratory, USA, reported exothermic heat generation during gas-loading 

experiments on Pd enriched zeolite and alumina powders using a high precision calorimeter 

(Kidwell, et al., 2009). Toyotaôs Central Research and Development Laboratories Inc., Japan, 

used Pd-ZrO2 nanocomposites and reported anomalous heating in the presence of deuterium 

(Hioki, et al., 2009). 

All of the previously reported works has provided enough evidence that gas-loading 

systems are capable of producing excess heat in a repeatable manner, which can be studied and 

evaluated in a laboratory setup.  

2) Zero-point energy radiation detection 

In quantum mechanics the energy of the system at temperature T=0 K (or at its lowest 

quantized energy level) is called zero-point (ZP) energy. ZP energy is the energy that remains 

when all other energy is removed from a system.  The most frequently used examples are (i) the 

current noise in a resistively shunted Josephson junction, (ii) the fact that helium remains liquid 
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at absolute zero and atmospheric pressure, and (iii) the Casimir force, which is now 

experimentally measured to the very high precision.  

ZP radiation has a frequency-cubed dependence, and assuming that ZP fluctuations 

continue to the Planck frequency (10
43

 Hz), the density of ZP field is enormous. Different 

approaches were suggested for harvesting ZP energy to use it as a power source (Davis, et al., 

2006), (Moddel, 2009). 

 A recently issued patent (Haisch & Moddel, May 27, 2008) describes a method by which 

vacuum energy is extracted from gas flowing through a Casimir cavity. According to stochastic 

electrodynamics (SED) the ground state of an electron orbital is assumed to emit Larmor 

radiation, which would cause the electron to spiral inward if it were not balanced by absorption 

of ZP energy from the vacuum. Mode suppression of quantum vacuum radiation is known to take 

place in Casimir cavities, which gives a rise to already mentioned Casimir force.  

 Figure I - 3 shows a schematic representation of the vacuum energy extraction process. In 

the upper part of the loop gas is pumped first through a region surrounded by a radiation 

absorber, and then through a Casimir cavity. As the atoms enter the Casimir cavity their orbitals 

spin down in accordance with SED and release electromagnetic radiation (the process is depicted 

by the outward pointing arrows), that get absorbed by the absorbing media. On exiting the cavity 

at the top left, the ambient ZP field re-energizes the orbitals (depicted by the inward pointing 

arrows). The gas then flows through a pump and is re-circulated through the system. The system 

functions like a heat pump, pumping energy from an external source to a local absorber.   
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Figure I - 3 Schematic representation of the vacuum-energy extraction process. 

Gas circulates through the system. The electronic orbitals of the gas atoms spin 

down to a lower level as the gas enters the Casimir cavity, radiating the excess 

energy to the absorber. Upon exiting the cavity the orbitals are re-energized by the 

ambient zero-point field. In this way, energy is collected from the ambient zero-

point field and deposited on the absorber. 

 

To establish the feasibility of this energy-harvesting approach I carried out a series of 

experiments to test whether energy is, in fact, radiated from Casimir cavities when the 

appropriate gas flows through them. 

B. Thesis outline 

 In Chapter II I discuss the properties of nanomaterials. I hypothesize that the positive 

results reported by LENR research with Pd nanomaterials is a manifestation of the strong 

catalytic properties of Pd heterogeneous catalysts. 

 In Chapter III I describe the techniques I used to fabricate Pd and Pt nanomaterials that 

are used later in my experimental work. I discuss the characterization techniques I used to gather 

information on the structure and composition of the fabricated samples. 
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 In Chapter IV I describe the measurement methods I used throughout the experimental 

phase. 

 Chapter V is dedicated to the discussion of the heat measurements I did while 

pressurizing Pd-infused oxide powders with deuterium and hydrogen. In the absence of nuclear 

byproducts an H/D exchange chemical reaction was proposed to explain the heat production in 

Pd material in the presence of deuterium, but not hydrogen. 

 I proceed with a discussion of the H/D exchange in Chapter VI. I support the heat 

measurements with an extensive process characterization study. 

 The suggested concept of fuel, consisting of water isotopes trapped in the material that 

react with gas, is discussed in Chapter VII.  By measuring the material weight loss as a result of 

a bakeout I assessed the amount of water and the reactionôs energy content. I confirm that 

generated heat can be fully accounted for by the H/D exchange reaction. 

 In Chapter VIII I describe the study of measurement artifacts that can be misinterpreted 

as excess energy production during gas-loading experiments at elevated temperature.   

In Chapter IX I apply the H/D exchange theory to electrolytic experiments to quantify the 

H/D exchange contribution in excess heat generation.  

Conclusions and directions for future work are discussed in Chapter X.  

In Appendix - A, I describe the experimental work on detection of the zero-point energy 

radiation as a result of the gas flowing through the Casimir cavities. The Appendix - A contains a 

reprint of a paper published earlier. 
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CHAPTER II 

 

REVIEW OF NANO-CATALYSTS 

 

The anomalous effects described in the previous chapter were demonstrated in nano-Pd-

on-oxide materials, which are well known catalytic systems. Catalysis is a surface phenomenon, 

and hence an efficient catalyst must have a large surface area, implying that the active particles 

must be small. Small metal particles can be unstable and prone to sintering in order to reduce 

their surface area. Therefore, most heterogeneous catalysts consist of particles inside the pores of 

inert substrates such as alumina, silica, titania, magnesia, zinc oxide, zirconia, zeolite and others. 

Thus, Pd-impregnated alumina appears to be a suitable system to promote chemical reactions in 

the presence of hydrogen isotopes. 

Let us look closer at the important parameters to consider for a successful catalyst: 

¶ high activity per unit of volume, 

¶ sufficiently long lifetime before a catalyst is considered to be ñdeadò or needed to be 

reactivated, 

¶ cheap and reproducible synthesis. 

Obviously, a high volume manufacturer will impose more strict and detailed requirements 

on catalystôs properties, but these three still will be valid. 

Metal catalysts (the system I was dealing with) are used in the fine-chemical industry to 

perform hydrogenations and oxidations. The ability of a metal catalyst to dissociate hydrogen 

and oxygen molecules is directly related to this study and will be discussed in great detail in 

Chapter V. 

Elements forming groups VIII and I-B of the periodic system are considered to be the 

most important metals for catalytic applications.  I was especially interested in Pd, Pt and Ni in 
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conjunction with LENR research. All three of these metals have face-centered cubic crystal 

structure (fcc). The reactivity properties of catalytic surface depend on the number of unsaturated 

bonds, available for reaction. An atom of fcc (100) surface would have four neighbors missing, 

which makes it more active than the atom in (111) orientation. However, there are other factors 

that come into play during the synthesis. The morphology of the particle determined by the 

surface energy of the particle itself and the oxide support, on which the particle is deposited. 

These two factors determine the thermodynamically most stable configuration and the surface 

planes that the particle will expose. 

Energy is needed to create a surface, because bonds need to be broken. Thus, in an ideal 

situation in free space, small metal particles will always want to agglomerate to minimize the 

surface energy. The oxide surface support is what prevents particles from clumping together.  

Minimization of the surface free energy is a driving mechanism of the surface processes. 

For Pd and other group VIII fcc metals the smallest free surface energy is associated with (111) 

crystal plane. For example, the surface free energy values for Pd at different crystal face 

orientation are (Vitos, et al., 1998): 

 ρȢωςπ J m-2ȟ ςȢσςφ J m-2ȟ ςȢςςυ J m-2 

However, in the presence of support, the interface energy also plays a role in metal 

particle formation. For example, for Pd particles on the surface of alumina the interface energy 

was found to be ςȢψ J m-2 (Hansen, et al., 1999), which is higher than  ,   , or  . That 

means that Pd on alumina surface forms particles exhibiting (111) facets rather than spreading 

over the support, which was experimentally confirmed by the STM imaging (Hansen, et al., 

1999). I observed similar results on crystal plane orientation using XRD technique (discussed in 

Chapter III).  
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CHAPTER III 

 

PALLADIUM AND PLATINUM CATALYST FABRICATION AND CHARACTERIZATION  

 

A. Fabrication. 

Table 1 lists different catalysts that I used throughout my study. More than 20 batches were 

fabricated. Incipient wetness and ionic exchange methods were used to prepare samples of 

different concentration of Pd or Pt. I used different precursors and three different types of 

supports. In addition to the fabricated materials, I experimented with commercially available 

catalyst from Acros Organic. Samples showed some limited variation during gas loading 

experiments, however in regard to the phenomena investigated here, they all responded similarly.  

TABLE 1. List of the catalysts.  

Sample type Precursor Support 

type 1:  5% Pd-on-alumina  

(commercially available) 

 

Acros  Organic 

CAS:7440-05-3 

 

type 2:   2% Pd-on-zeolite  

 

Pd(NH3)4Cl2 molecular sieve  13X: Sigma-Aldrich 

283592 

type 3:   2%, 1%, 0.5% Pd-

on-alumina  

 

Pd(NH3)4Cl2 

Pd(ND3)4Cl2 

H2PdCl4 

 

80-200 mesh Al2O3 Fisher Scientific  

P/N: CAS 1344-28-1; 

high crystalline Ŭ-alumina: American 

Elements P/N AL-OX-O2-P.30UM 30-

50 ɛ particle size 

type 4:   2% Pt-on-alumina H2PtCl6 

 

80-200 mesh Al2O3 Fisher Scientific 

P/N: CAS 1344-28-1 



13 
 

Wet impregnation and ionic exchange methods are based on the loading of the high 

surface area oxide support with a catalytically active phase (precursor). The way the catalytic 

material is loaded into the support is a several step process that includes filling the pores of the 

support with liquid precursor followed by baking out the sample at elevated temperature. The 

chemical interactions between the solid support and the precursor may play a significant role in 

the quality of the resulting material (Chorkendoff & Niemantsverdriet, 2007). The precursor may 

be chosen based on the charge state of the hydroxyl groups on the surface of the support. For 

example, negatively charged PdCl4
2- 

or PtCl6
2-

 will exchange readily with basic OH groups in 

alumina. In the case of the zeolite the ionic-exchange takes place between the positive Pd
+
 ions 

and the sodium ions in the zeolite cage.  

For the catalystôs synthesis I mostly used 80-200 mesh Al2O3. The blank alumina was 

baked in vacuum at 350° C for 12 hours to remove residual water. Samples containing different 

percentages of Pd by weight were fabricated by impregnating alumina powder with hot 

Pd(NH3)4Cl2  or H2PdCl4 in water, forming a slurry. This slurry was later dried either in air or in 

an argon atmosphere at room temperature without calcination. Prior to loading into the 

measurement apparatus, all the samples were baked in a vacuum oven at 120° C for 24 hours. 

This prebaking step results in 2% weight loss due to water evaporation, based on 

thermogravimetric analysis (TGA). Some water was still trapped in the material even after 

prebake. During the loading there was a 2-5 minutes period during which the samples were 

exposed to air, which resulted in an additional absorption of the moisture from air.  I will discuss 

this in more details in Chapter VI and VII. 

B. Nanocatalysts characterization 
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I carried out the material characterization to establish the basic understanding of the structure 

and composition of the fabricated samples. There are several standard methods for characterizing 

metals in the catalysts. The three most widely used are: X-ray diffraction, chemisorptions, and 

electron microscopy. The combination of these three techniques provides the information on the 

metal particlesô size distribution, dispersion, phase and predominant crystal structure. Another 

purpose for characterizing the material was to establish a correlation between the sampleôs 

performance and structural features modification as a result of an experiment. 

a)  X-ray diffraction  

The primary purpose of the X-ray measurement was to identify the size of the Pd metal 

particles in alumina powder. All measurements were carried out at the US Geological Survey 

(courtesy of Dr. Alex Blum). The powdered sample was wetted with alcohol and dried on the 

surface of a polished Si wafer, forming a film. The wafer was loaded into the X-ray apparatus 

and scanned at angles ρυ ς— ωπ. Figure III - 1 shows the scan of 2% Pd by weight 

impregnated into highly crystalline alumina powder ï type 2 sample from Table 1. The major 

peaks on the scan were identified as alumina and Pd of different facet formation which agrees 

with the study by Datye et al. (Datye, et al., 2000).  
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Figure III - 1 X-ray diffraction scan of 2%Pd impregnated alumina sample. 

 

The Pd (111) particles size information can be obtained from the full width at the half 

maximum peak intensity using the Scherrer equation (Scherrer, 1918) (Langford & Wilson, 

1978): 

                                                                   

where L is the particle size; K is the dimensionless shape factor, which has a typical value of 

about 0.9, but varies with the actual shape of the crystallite; ʇ ρȢυτᴠ  is the X-ray wavelength; 

ɝςʃ is the line broadening at half the maximum intensity (FWHM) in radians; and ɗ is the Bragg 

angle. For Pd (111) peak the particle size was found to be 11.7 nm. 

The value calculated using the Scherrer equation is usually an underestimate of the real 
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particle size, since it assumes negligible peak broadening from the other sources. Another 

ambiguity comes with the shape factor K, which is valid only if all crystallites are of the same 

size. A Bertaut-Warren-Averbach (BWA) analysis, which is based on Fourier analysis of X-ray 

diffraction peak shape, yields the crystallites thickness distribution and strain. The modified 

version of this method was developed by Drits et al. (Drits, et al., 1998) to measure the coherent 

scattering domain sizes and strains in minerals. Using this method my data was analyzed with 

MudMaster custom written software (Eberl, et al., 1996). The result of the particle size 

distribution is shown in Figure III - 2. The distribution shape seems to be trimodal (or may be 

even 4 modes) with peaks around 6, 13, and 26 nm. The multimodal distribution could be a result 

of multiple nucleation events during palladium crystallization. Indeed, the synthesis of Pd 

nanoparticles in alumina was a multistep process, as described earlier in the catalyst fabrication 

section. 
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Figure III - 2 MudMaster analysis result on  Pd(111) crystallite size distribution 

(courtesy of D. Eberl ï US Geological Survey, Boulder, CO). 

 

b) Chemisorption 

I also used chemisorption (Wachs, 1992) to measure the Pd nanoparticle size and to see if 

it is changing as a result of my experiment.  Chemisorption measures the amount of gas required 

to form an adsorbed monolayer on a metal surface. By knowing a total number of absorbed 

molecules and the amount and type of the metal, the surface area and the size of the 

nanoparticles can be calculated. The most common gases used for chemisorption experiments are 

hydrogen, oxygen, and carbon monoxide. The success of the chemisorption method depends on 
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knowledge of the conditions under which gases adsorb on the metal. Hydrogen dissociates on the 

surface of metal, and thus adsorbs atomically, forming palladium hydride with stoichiometry 

ratio of one (adsorption stoichiometry is the number of the gas atoms bonded to one Pd atom). 

The accuracy of the CO chemisorption measurements is often disputed due to the unknown 

adsorption stoichiometry. CO on the surface of Pd can be linearly or bridge-bonded.  

The chemisorption measurement requires a metal surface to be free of contamination. 

Prior to the measurements my material was baked in-situ at 250°C and 390°C for 2 hours in the 

presence of hydrogen. After that the gas was evacuated and the temperature reduced to 40°C.  

The static volumetric chemisorption method was used to measure the particle size and 

dispersion. The measurements were done at Prof. J. Falconerôs Research facility at the Chemistry 

and Biological Engineering department at University of Colorado, Boulder (courtesy of Dr. Hans 

Funke). In the static volumetric method the pressure of a known gas is measured; then the gas is 

expanded into an evacuated known volume that contains a catalyst, and the pressure is measured 

again. The step is repeated several times for different pressures (in my case up to atmospheric 

pressure). The measured uptakes describe a dependency of the adsorbed volume vs. equilibrium 

pressure, known as an isotherm curve. Two different mechanisms contribute to the adsorption in 

the material. One is a chemisorptions, which is a strong bonding between gas molecules and 

active sites on the surface of the metallic particle (pressure increase should not affect the amount 

of the chemisorbed gas molecules); the second mechanism is a weak physiosorption, when gas is 

adsorbed on the surface of the substrate (generally this additional physisorption increases linearly 

as a function of gas pressure). I was interested in the amount of the chemisorbed gas, which can 

be extracted from the isotherm data by the extrapolation or bracketing methods (Quantachrome 

Instruments, 2007). Both methods evaluate the contribution of the chemi- and physiosorption to 
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the total adsorption on the surface of the Pd nanoparticles and alumina substrate. Using both 

methods would insure the accuracy of the characterization technique. This is if both methods 

were to give similar answers, but in the case of hydrogen adsorption, the bracketing method was 

giving consistently larger particle size values compared to extrapolation. This was due to the 

nature of the process of the PdH formation: at the temperatures and pressures used in the 

chemisorption experiment H2 gets absorbed not only on the surface but also in the bulk of the Pd 

metal. That is why the surface area was greatly overestimated using the extrapolation method and 

the results were also skewed using the bracketing method. The solution was to switch to CO gas 

exposures. I used two as an adsorption stoichiometry for CO (Canton, et al., 2002). The results 

were again rather scattered: the particle size was between 6.8 and 11.4 nm and the dispersion 

between 9.8 and 16.5%.  

To monitor the evolution of the particle size as a result of the multiple experimental runs, 

two samples were compared. One sample was fresh, and another one was exposed to more than 

40 experimental cycles (see Chapter V for detailed explanation on the experimental procedure). I 

expected that the Pd particle size would increase due to the particlesô agglomeration as a result of 

my experiments. The chemisorption measurements confirmed my hypothesis: the particles grew 

from 5.7 nm to 11.5 nm (the quantitative analysis may be off due to the issues described earlier, 

but the qualitative trend was confirmed). 

c) Transmission electron microscopy (TEM) 

TEM measurements were done to confirm the size of the Pd nanoparticles. TEM imaging 

was done in the Molecular, Cellular, and Development Biology center at University of Colorado, 

Boulder (courtesy of Troy Gould). Figure III - 3 (a) shows one of the several images of the 2% 
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Pd-impregnated alumina samples. ImageJ software was used to measure the diameter of the 

particles from the images. The particle size distribution is shown in Figure III - 3 (b).  

 

 

 

(a) (b) 

Figure III - 3 2% Pd-impregnated high crystalline alumina (a) TEM image shows 

the Pd nanoparticles as the dark spots on the lighter alumina surface, (b) Pd 

particle size distribution based on the measurements done from the TEM images. 

 

The distribution shape suggests several nucleation modes, similar to XRD. Based on the 

TEM, the peaks of the multimodal distribution are around 5.5, 8.5, and 11.5 nm. The main peak 

is around 5.5 nm. The TEM analysis has confirmed that my fabrication method results in the Pd 

nanoparticle formation on the surface of the oxide support with mean particle size in the order of 

5-6 nm. 

Chapter III conclusions  
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Material characterization was done using XRD, chemisorption and TEM imaging to establish 

a basic understanding of the catalystôs structural features. I have confirmed that the fabrication 

method described in Chapter II was capable of producing Pd nanoparticles incorporated into 

alumina powder. Based on TEM analysis, the mean size of the metal nanoparticles was 5-6 nm. 

Chemisorption analysis showed agglomeration of nanoparticles as a result of multiple H2/D2 

exposures.  The significance of the last statement will be discussed in Chapter VII. 
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CHAPTER IV 

 

MEASUREMENT METHODS 

 

In the absence of a unified LENR theory, the question of possible reaction products is still 

unanswered.  A variety of measurement techniques were used to detect radiation or transmutation 

products (Storms, 2007), but what seems to unite all LENR experiments is the excess heat 

generation events. This fact explains why the majority of the experimental LENR work relies 

heavily on calorimetric measurements. 

A. Introduction to calorimetry  

Calorimetry is defined as the measurement of heat (Hemminger & Hohne, 1984) and is 

associated with a heat flux. By measuring heat exchange between two systems we can 

quantitatively assess the amount of energy (chemical, nuclear, electric) generated or absorbed 

inside the calorimeter. In the case of the gas-loading experiments the amount of released heat is 

usually small compared to the rather large applied power, which makes precise calorimetry very 

important. 

  The two systems involved in heat exchange are the measuring system, and its 

surroundings. The heat flux between the measuring system and its surroundings is mediated by 

thermal resistance. 

Three operational modes of calorimeters are available: 

¶ isothermal, 

¶ adiabatic, 

¶ isoperibol. 

Each of these operational modes is described by three parameters: 

¶ temperature of the surroundings, 
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¶ temperature of the measuring system, 

¶ thermal resistance between the measuring system and the surroundings. 

I worked in isoperibol operational mode, which is described by a constant temperature of 

the surroundings, with a possibly different temperature of the measuring system, and a finite 

non-zero thermal resistance between two. To satisfy the requirements of the constant 

surroundingsô temperature I used an isothermal oven capable of maintaining the stable 

temperature baseline within 0.01ɕC. The oven contained a measuring system made up of a 

stainless steel vessel filled with reactive material. This set-up is described in more detail in the 

next section. 

B. Experimental apparatus 

I used two apparatuses for my gas-loading experiments, and two different types of the 

sample holders (vessels). The gas-loading experiments in one apparatus were completed in a 

range of temperatures from 40ɕC to 390ɕC, while the experiments completed in the other 

apparatus were done at 40ɕC.  Figure IV - 1 shows the block diagram of the experimental set-up. 
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Figure IV - 1 Gas-loading system for excess heat measurements. 

 

The main components of my gas-loading apparatus were: 

¶ An isothermal chamber (an HP 5890A gas chromatograph oven) to provide constant 

temperature surroundings with a temperature baseline stable within 0.01ęC. The 

temperature uniformity across the oven was achieved by constant air flow produced 

by a heater and a fan on the back panel of the oven. The temperature of the oven 

could be set anywhere between 40ęC and 400ęC. 

¶ Stainless steel vessels to hold the material in the isothermal oven (Figure IV - 2). 

Temperature changes due to  reactions in the material were registered by either 

thermistors connected to the surface of the vessel (Sensor Scientific Inc. glass probe 
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10 kɋ thermistors  p/n: SP43A10310), or with resistance temperature devices 

(Omega RTD-NPT-72-E-MTP-HT) screwed into the bottom of the vessels. Figure IV 

- 2 shows the inside of the isothermal chamber where the vessels were attached to the 

gas line. Temperature changes that exceeded the ovenôs background temperature 

fluctuations were associated with exothermic or endothermic heat generated in the 

system. 

¶ A gas line to connect the vessels to the gas-supply cylinders. Four different gases 

were supplied to the vessels. H2 and D2 were supplied through an oxygen-removing 

hydrogen purifier. The D2 gas was 99.9% pure and the H2 gas was 99.99% pure. Ar 

and He were supplied directly through the gas lines bypassing the purifier. The 

system could be pressurized up to 2.7x10
5
 Pa (2000 torr). Evacuation of the system 

was done using a turbo-molecular pump down to the 10
-5

 Pa (10
-7

 torr) level. With the 

valve to the pump closed, the stainless steel vacuum system would outgas to the 10
-4
 

Pa (10
-6

 torr) level. There was a section of the pipeline connected to the vessels that 

was shared by the gases. However, the pressure of the gas in the pipeline during the 

pressurization step was nine orders of magnitude higher than while evacuated, which 

made the residual gas contribution negligible. 

¶ Mass flow controllers to control gas flow, pressure gauges, and a residual gas 

analyzer (SRC RGA200) to collect the data on byproducts of the reaction were also 

used. 
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(a) (b) 

Figure IV - 2 Vessels containing material inside the isothermal chambers: (a) the 

high temperature set-up for experiments run up to 390ęC; (b) the low temperature 

set-up for experiments run at 40ęC. The temperature uniformity across the oven is 

achieved by constant air flow produced by a heater and a fan that can be seen at 

the back panel of the oven. 

 

A typical run consisted of (1) pressurization by a gas of choice, (2) a period of time when 

the vacuum system remained under pressure, and (3) an evacuation step. Heat production or 

consumption, as a result of the reaction with the gas, was determined from temperature changes 

in the vessel, whose transient temperature can deviate from the constant oven temperature 

baseline. Net positive temperature change as measured by the temperature sensors was 

considered as heating, and negative change as cooling. 

System control, temperature and pressure data acquisition were carried out with LabView 

software. 

C. Calibration (isoperibol calorimetry)  
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Heat released or consumed by the vacuum system during the gas-load/unload cycles 

resulted in temperature changes for the vessel containing the sample. These temperature changes 

(T[t]) were measured by the temperature sensors. Since the gas-loading apparatus was not a 

direct calorimetric set-up, additional calibration and data manipulation was done to convert the 

temperature change into power. The excess power generated by the vacuum system is described 

by the calorimetric equation: 

 
p C

dT
P C M k T

dt
= + D 

where pC M  is the equivalent heat capacity of the system, Ck  is the heat transfer coefficient, and 

TD  is the temperature change (Miles & Fleischmann, 2009). The pC M and Ck
 are parameters of 

the specific set-up and experimental protocol. Once determined for a given configuration, they 

can be used for subsequent runs on the same system.  

The vessel, filled with blank alumina powder, was pressurized with hydrogen. In this case 

the only heat source was the heat dissipated from the gas compression. The resulting temperature 

change was plotted over time and shown in Figure IV - 3.  
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Figure IV - 3 Experimental curve for the low-temperature system set-up: (a) the 

temperature change due to pressurization of the system up to 1200 torr. 

 

Using the known vessel parameters (volume and pressure) I linked the measured 

temperature change to the heat of the compression, which was 2.3 J. During pressurization some 

of the heat dissipated due to conduction. That data allowed me to calculate the heat transfer 

coefficient (Ὧ).   

When pressurization was complete, it took a certain amount of time for the vessel to 

come back to thermal equilibrium with its surroundings (this is reflected in the cooling down 

portion of the temperature plot in Figure IV - 3). The cooling down process was governed by 

heat conduction and equivalent thermal mass (CpM) constants, and can be written as: 
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ὅὓ
ὨὝ

Ὠὸ
ὯɝὝ 

This differential equation can be rearranged to 

Ὠὸ, 

and when integrated becomes 

ÌÎὝ Ὕ ὸ. 

The equation is in the form ώ ὼ and is shown in Figure IV - 4. To reduce the noise 

associated with the measurements I did 5
th
 order fit of the cooling down portion of the curve 

from Figure IV - 3 before proceeding with CpM calculations.  

  

Figure IV - 4 The cooling portion of the curve from Figure IV - 3 plotted as a 

natural logarithm of the temperature change over time: a linear fit determines the 

slope of a temperature decay. 
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The value of CpM was derived based on the temperature decay slope, ὥ ὯȾὅὓὸ, 

where kc was calculated earlier. Tbaseline is the temperature of the vessel before the pressurization 

started. For the system that was equipped with vessels for the low temperature (40ɕC) 

measurements, the calculated parameters were: Ὧ πȢφσ W K
-1 

and ὅὓ ρπσȢς J K
-1

. For 

the high-temperature measurement apparatus the coefficients were: Ὧ πȢχω W K
-1 

and 

ὅὓ χωȢρ J K
-1

.   

D. Evaluation of the measurement error bars 

Excess heat was calculated for each run by summing up heat released during 

pressurization step and heat consumed during evacuation which follows the chemical notion  

where exothermic heat is a negative value, while endothermic heat is  positive. The temperature 

change over time T(t) was converted into power change over time P(t) using the calibration 

coefficients calculated in the previous section. By integrating P(t) signal over time, I evaluated 

the amount of heat produced/consumed by the system. Integration was done over fixed time 

intervals: 4000 s during pressurization and 5000 s during evacuation. Second time interval was 

longer since desorption of the hydrogen isotopes is slower process compare to almost 

instantaneous absorption.  

Variation within the integration was calculated as a root mean square (RMS) of heat of 

desorption values from 20 different runs and was found to be 2.2 J.  

The systematic error was accounted for when calibration constants ▓╬ and ╒▬╜ were 

derived. Thus, the system is considered to be free of the systematic error. 

E. Radiometry and alpha particles measurements 

According to some LENR theories, alpha particle generation and energy release are the 

result of conventional deuteron fusion: 
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Ὀ Ὀᴼ ὌὩ  

To test these theories, I measured radiation levels and alpha particle emission during gas 

pressurization cycles to trace possible nuclear products. Following the isotope effect 

assumptions, the nuclear products should have been released during the exposure of the material 

to deuterium gas, and not during exposure to hydrogen. 

a) X-ray measurements 

Using a Geiger counter (Ludlum Measurements model 2241, LND tube model 07-27) I 

tested 2%Pd-impregnated alumina in the presence of H2 and D2 gases to detect a radiation signal.  

The stainless steel vessel had a machined opening (see Figure IV - 5 [a]) through which 

the Geiger tube was inserted. The tubeôs window was coplanar with the vesselôs inner wall and 

the detector was permanently secured to the stainless steel vessel with two-part epoxy (see 

Figure IV - 5 [b]). The vessel contained 6 g of 2%Pd-impregnated material.  
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(a) (b) 

Figure IV - 5 (a) The stainless steel vessel and the Geiger detector; (b) the 

stainless steel vessel with the Geiger detector inside the oven and ready for 

testing. 

 

The Geiger detector registered an increase in counts at about 2x10
4
 Pa (150 torr) during 

the initial pump down. The system was then pressurized with hydrogen and deuterium four times 

and pressurizations were done up to atmospheric pressure. The system was evacuated down to 

10
-5

 Pa between the runs.  Radiation bursts were always observed during the evacuation step for 

all four deuterium and hydrogen runs at about 2x10
4
 Pa pressure. Similar results were observed 

from the runs with an empty vessel (no material): the counts increase was observed only during 

the evacuation step at the 2x10
4
 Pa pressure. There was no increase registered during the 

pressurization step, when the gas was flowing into the system. Figure IV - 6 shows the radiation 

counts and the pressure change inside the vessel holding 6 g of material. An explanation for this 
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observed effect could be a leaking Geiger tube, with gas that was ionized when pressure dropped 

to the certain point. The question on why the same effect was not observed when the pressure 

was rising during the pressurization remains unanswered.  

Figure IV - 6 The radiation counts and deuterium pressure changes inside the 

vessel. The radiation spike was observed at 2x10
4
 Pa during the evacuation step. 

 

b) Alpha particles detection 

To measure alpha particle emission I used a Quad alpha spectrometer, Model 7404, from 

CANBERRA. Figure IV - 7 shows a view of (a) the spectrometer and (b) a sample holder against 

the detector.  




























































































































