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Simple pressurization of nanosized palladium with deuterium appears to be a simpler and more rapid method to generate anomalous
heat compared to electrolytic systems. A survey of the literature indicates that palladium particles less than 2 nm in size can obtain a
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be discussed.
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Basic gas loading experiment
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Set-up in Hart calorimeter in Nanoscience Institute (NSI)
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Basic gas loading experiment
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Loading using commercial 5% Pd/BaCO3 - Control

C:\Documents an i Loading\Thermister Tests\[Gas Loading in Hart on 05-14-09 12.4 g £ ' o
5/14/09 12:00 PM 5/15/09 12:00 AM 4 1 1 b 6J 5 83 - 3"] i/16/09 12:00 PM 5/17/09 12:00 AM 5/17/09 12:00 PM 5/18/09 12:00 £ 85J 8 6 - 6J 12:00 AM
0.1 120
D2 D2 Hart Data H2
Absolute Pressure (PSI
N\ ED D2 IN + 100

. AN e

S 1 (- \( vac (Vac + 60

-0.05 “\

va 166J ve 84N 89.5J
80J

Power Output (W)
Absolute Pressure (PSI)

-0.15 \\ 0
Exothermic: ' | Endothermic: 0
» Heat of Chemical Reaction » Heat of D, release
 Heat of D, uptake » Heat of Evacuation (PV work)C

» Heat of Pressurization (PV work)
e Other Heat

Hart calorimeter - no excess heat is observed
Heat In = Out; D, =H,

Internal and External Controls OK
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Matrix without Pd - Control

Power Output (W)

C:\Documents and Settings\aaa\My Documents\Docs-Gas Loading\Thermister Tests\[Gas Loading in Hart on 05-18-09 12.5 g Z-X13 Control.x1s]05-19-09

0.02

5/18/09 12:00 PM 5/19/09 12:00 AM - 15 . SJ 091 = 16 . 9\_‘ - 13 . 7J 10 AM - 13 . 6J 0PM 5/21/09 12:00 AM

-0.02

140
\ 2 H2 D2 os
0.015 \ \\ + 120
001 \\‘ /ﬂ\\‘) 100 B
0.005 . - " E
AN'aN'a s 1
0+ Hart Data i / ' U : g
Absolute Pressure (PSI) + 60
13.1J 14.6J 8.9J L 11
/ 4 t40 &
-0.01 <
-0.015 j/ =+ 20
0
/

Endothermic:
» Heat of Pressurization (PV work)

Endothermic:
* Heat of Evacuation (PV work)

Hart calorimeter- no excess heat is observed

Heat In = Out; D, =H,
Internal and External Controls

OK
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Loading using Pd/Graphite Paper

C:\Documents and Settings\aaa'"' Nnriimante ‘\Nncs-Gas Loading\Thermister Tests\[GL on 06-24-09 Debbra 976S-41-X 237 mg.x1s]06-24-09

6/25/09 12:00 AM _173‘J N -209J AM -206J 6/27/09 121 -212J 12:00 PM

6/24/09 12:00 AM
0.03

6/24/09 12:00 PM

0.025

0.02

0.015

0.01

Power Output (W)

0.005

0

-0.005

-0.01

6/28/09 12:00 AM

m Hart calorimeter- no excess heat is observed
oHeat In=0ut; D,=H,
o Internal and External Controls OK
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Tying Gas Loading to Electrolytic Loading

= Hydrogen diffusing into Palladium expands the lattice

= Because of this counter force, most Palladium takes-up 0.5-0.7
parts hydrogen

= Generally very high pressures are needed to get Palladium to
uptake hydrogen beyond PdH, , — est. 10°-10° Atm to reach PdH,

= In 1908, Paal and Gerum reported Pd:H, ¢ using Palladium black
prepared with hydrazine (Berichte, 41 (1908) 818.)
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Tying Gas Loading to Electrolytic Loading

= Hydrogen diffusin

= Because of this ¢
parts hydrogen

= Generally very hig
uptake hydrogen

= In 1908, Paal anc
prepared with hyc
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From: P.L. Levine and K.E. Weale, “The Palladium + Hydrogen

II 1 1 ! 1 ‘ | ,Jl
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atomic ratio H/Pd in solid phase

0.5-0.7

um to
ach PdH,

ium black

Equilibrium at High Pressures and Temperatures”, Transactions of the
Faraday Society, 56 (1960) 357-362.
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Literature Results — Particle Size
Certain size particles (< 2 nm) take-up hydrogen 1:1

12
e 1
- $
5 08
=
g
*g 0.6
3 04 -0-05Pd/SiO,(SG)
i i T —X-10Pd/SIO,(SG)
! ! —o—20Pd/SiO,(IE)
0 20 40 60 80 100 120 0.2 § - 20PAISIOL(IW)
P/Torr - —&—Pd powder(RP)
Fig. 1 Uptake isotherms for sorption of hydrogen on Pd/Al,O, o8
sample at 298 K: O, 2% Pd(N)/Al,O,; W, 2% Pd(C1)/Al,0,; V, 1% 0 5 10 15 20
Pd(Cl)/Al,0,; @, 0.5% Pd(Cl)/Al,O, P,/ kPa

Figure 1. Adsorption isotherms of hydrogen uptake at 313 K for
different palladium samples: (a) Pd powder (RP); (b) 20Pd/SiO; (IW);
(c) 20Pd/Si0, (IE); (d) 10Pd/SiO; (SG); and (e) 05Pd/SiO; (SG).

From: Sheng-Yang Huang, Chin-Da Huang, Boh-
Tze Chang, and Chuin-Tih Yeh, “Chemical Activity
of Palladium Clusters: Sorption of Hydrogen”, J.
Phys. Chem. B, 110 (2006) 21783-21787.

From: Shu-Chin Chou, Shu-Hui Lin, and Chuin-
Tih Yeh, “Isosteric Heat of Sorption of

Dihydrogen on Alumina-supported Palladium”, J.
Chem. Soc. Faraday Trans., 91(1995) 949-951.
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Literature Results — Particle Size
Certain size particles (< 2 nm) take-up hydrogen 1:1

Estimated Heat of Hydrogen Ratio H:Pd @ 0.2
Preparation Particle Size Adsorption Atm
(nm) (kJ/mole)
Pd Powder 9 94 0.55
1.86% Pd/SiO, (IW) ~4 92 0.68
10% Pd/SiO, (SG) 1.1 131 0.9
5% Pd/SIO, (SG) 1 183 1.05

Data from: Sheng-Yang Huang, Chin-Da Huang, Boh-Tze Chang, and Chuin-Tih
Yeh, “Chemical Activity of Palladium Clusters: Sorption of Hydrogen”, J. Phys.
Chem. B, 110 (2006) 21783-21787.
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Hypothesis for Excess Heat

= Particle size is important
o <2 nm allows rapid loading to Pd:D 1:1
o Need isolation to keep from sintering — used Zeolites

Type A Zeolite Type X Zeolite

From: http://www.molecularsieve.org/Zeolite_Molecular_Sieve.htm
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Hypothesis for Excess Heat

= Particle size is important
o <2 nm allows rapid loading to Pd:D 1:1
o Need isolation to keep from sintering — used Zeolites

Type A Zeolite Type X Zeolite

NaggAlggSi; 04034

From: http://www.molecularsieve.org/Zeolite_Molecular_Sieve.htm
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Hypothesis for Excess Heat

= Particle size is important
o <2 nm allows rapid loading to Pd:D 1:1
o Need isolation to keep from sintering — used Zeolites

Type A Zeolite Type X Zeolite

NaggAlggSi; 04034

From: http://www.molecularsieve.org/Zeolite_Molecular_Sieve.htm
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Characterization of Particle Size

= Not readily visible via TEM due to matrix

Z0nm ) : p ¢ : X o S 20 nm)
— . —
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Matrix with Pd — 0.5% Pd on NRL Matrix

C:\Documents and Settings\aaa\My Documents\Docs-Gas Loading\Thermister Tests\[Gas Loading in Hart on 05-20-09 12.4 g U-Pd-Z-13x-
040409.xIs]Experiments
6/17/09 12:00 AM 6/18/09 12:00 AM 6/19/09 12:00 AM 6/20/09 12:00 AM 6/21/09 12:00 AM 6/22/09 12:00 AM 6/23/09 12:00 AM 6/24/09 12:00 AM 6/25/09 12:00 AM
0.07 100
Hart Data b2
D2 D2
0.06 1 Absolute Pressure (PSI) 80
H2
H2 H2
0.05 60
50.04 40 =
s o
© A >
50.03 20 @
2 \ 8
o o
a
0.02 L 0
0.01 X { Fas IV Yo (f {’ sl -20
0 ‘ -40

Hart calorimeter- no

Heat from 2" D2 pressurization -77.6 excess heat iS Observed
Endothermic heat from 2" D2 evacuation 19.7 Heat In # Out; D2 = H2
Heat 39 H2 pressurization -26 Internal and External
Endothermic heat from 3" H2 evacuation 31.5 Controls NOT OK for

D, but OK for H,
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Matrix with Pd — 1% Pd on NRL Matrix

C:\Documents and Settings\aaa\My Documents\Docs-Gas Loading\Thermister Tests\[GL Hart on 07-14-09 H450-1Hr PdLiZ CP814c 070709

6.4g.xIs]Experiments

7/14/09 12:00 AM 7/15/09 12:00 AM 7/16/09 12:00 AM 7/17/09 12:00 AM 7/18/09 12:00 AM 7/19/09 12:00 AM 7/20/09 12:00 AM 7/21/09 12:00 AM
0.05 - 1 100
Hart Data
0.04 Absolute Pressure (PSI) D2 D2 Ho H2 D2 D2/H2 1 80
+ 60
g 0.03
2 + 40
g 0.02 .
5 1
2 oo \ \ \ l . L
R [ S CDES—
| P—u- (‘ (_ r r -0
0 - = ‘ ‘ + -20
-0.01 -40

Pressure (PSI)

Measured Heat Deuterium pressurization at 17:35 on 07/15/09

-154.7

Measured Heat Deuterium removal at 8:21 on 07/16/09

-~ Hart calorimeter- no

Measured Heat of Deuterium pressurization at 13:48 on 07/16/09

e excess heat is observed

Measured Heat of Deuterium removal at 7:58 on 07/17/09

Measured Heat Hydrogen pressurization at 10:17 on 07/17/09

20.9 Heat In # Out; D, # H

Measured Heat of Hydrogen removal at 18:02 on 07/17/09

Measured Heat Hydrogen pressurization at 8:54 on 07/18/09

1;2 Internal and External
s Controls NOT OK for

Measured Heat Hydrogen removal at 15:04 on 07/18/09

5 D, but OK for H,

Measured Heat Deuterium pressurization at 19:54 on 07/18/09

-46.5

Measured Heat Deuterium removal at 12:29 on 07/19/09

20.1

Measured Heat Hydrogen/Deuterium Mix pressurization at 17:54 on 07/19/09 -28.8

2




Examples of set-up in GC Oven
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Examples of set-up in GC Oven
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Closer Look of a Run in the GC

Various matrices

C:iDocuments and Settingsaaa'MyDocumentsDoes-Gas Loading Thermister Tests[GL GC Manifold 09.23-09.x1s]09-23-09

523108 7:12 9/2309 19:12 /24403 7:12 924/09 19:12 92509 712 9/26/09 13:12 92609712 SR8 1912 942709 7:12 97709 19:12

nas +
0.3 1
025 ¢
02
015 1
0.1
nos

Temperature Difference {oC)

005

01
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Closer Look of a Run in the GC

Various matrices

CrDocuments and Settings'aaa'My Documents'Docs-Gas Loading Thermister Tests'[GL GC Manifold 09-2309.xls]She et

92308 712 92303 19:12 92409712 8972409 19:12 9725008 712 92503 19:12 92608 712 972608 18:12 92703 712 92708 1912

0.3 - . L . : . L L

4 50-120-1% P d A052109 544 9-B

025

0.z

015

0.1

nos

° TTT . T
0 U [ R — -] It 1 1
-0.1
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Closer Look of a Run in the GC

Various matrices

CiDocuments and Settings '‘aaa'My DocumentsiDocs-Gas Loading Thermister Testsi[GL GC Manifold 04-23-09.xls]Sheet1

92309 712 92309 19:12 92408 712 924091912

9/25/09 712 925/M93 19:12 972609712 972609 19:12 9709 72
0.3 - - - ' -

927,09 19:12

2 D —t450-1 201 % P ADS2108 5 4408 |

026 D7 ;
' A IS =
- N s N

0.05 l{
0

L |
¥

Heat of Chemical Reduction
Heat of D, uptake

Heat of Pressurization (PV work)
Other Heat
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Closer Look of a Run in the GC

Various matrices

CADocum ents and Settings'ssaity Documentsi\Docs- Gas Loading\Ther mister Tests\[GL GC Manifold 03-23-09.x1 =] She et

972409 2:45 92408 10:57 9/24/0912:09 92408 13:21 924/09 14:33 924109 15:45 o
013 D
2
H2
0.o8 l

i \

"'Jk Y il \/' TR

1

B / \ /

il

Heat of D, uptake Heat of H, uptake
Heat of Pressurization (PV work) Heat of Pressurization (PV work)
Other Heat Other Heat

Results from GC:
Excess other heat is observed
Heat In # Out for D, but equal for H,, H, # D,
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Closer Look of a Run in the GC

Various matrices

Temperature Difference (oC)

004

92308 712
0.4

CriDocuments and Settings'asa' My Documents' Docs-Gas Loading Thermister Tests[GL GC Manifold 09-23-09.x15]09-23-09

9723109 19:12 92408 7212 9/24/09 19:12 L2509 712 9725109 19:12 92609 712 2608 1512

952709 72

9708 19:12

035

R,

™

03

DZ
A A

HZ A

025

=

0z

014

0.1

a.0s

0.1

Results from GC:
Excess other heat is observed
Heat In # Out for D, but equal for H,, H, # D,
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Closer Look of a Run in the GC

Reproducibility of Depressurizations

Average 0C-Seconds

H120-10h-1% Pd-A- H450-12h-1% Pd A H120-10h-2% Pd-A-  H450-12h-2% Pd-A- H230-4h-Ni-Z-X13-  H450-5.25h-Pt-Z-X13-

092109 7.34g-D 092109 5.44g-D 092109 ca. 8.2g-D 092109 6.92g-D 082709 5.0g-D 090409 5.61g-D
_5 4 S — —
_10 E I | |
-15 + L 1
O Deuterium#2
-20 1+ B Deuterium#3
O Deuterium#4
25 1 O Deuterium#5
30 B Deuterium#6

O Deuterium#7
-35 B Deuterium#8
O Deuterium#9
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Closer Look of a Run in the GC

Reproducibility of Depressurizations

L1400 4 0l A40f Cial f L1ACO 40l 408 el i L1400 A4 0k 08 e i L1AEO 40k O0f O n L1O00 Al hilg 10 1140 O a0l D

4

=

CriDocuments and Settings'aaa'My Documents'Docs-Gas Loading Thermister Tests|[GL GC Manifold 09-23-09.x1s]09-23-00

LT0919:12

QLI 2 923091912 Q2409 72 92408 19:12 92609 712 925808 1912 92609 712 Q26 1912 9709 72
0.4 . - - - -
035 D2 H7 =
o X A 2
) s N Y ™
% 025 F
§ 02 i ;
£ g5 i } J|
% 0.1 R T L I e i
g |
g 005 \ Average
= . o 10, ,Ll excess R -
i | (|n+out_) |
. i Deuterium (°C- |
— i Seconds :
35 a1l ) L @ Deuterium#8
H120-10h-1% Pd-A-092109 7.34¢-D 293 O Deuterium#9
-40
H450-12h-1% Pd A 092109 5.44g-D 15.0
-45 H120-10h-2% Pd-A-092109 ca. 8.2g-D 30.6
H450-12h-2% Pd-A-092109 6.92g-D 9.4
H230-4h-Ni-Z-X13-082709 5.0¢-D 2.2
H450-5.25h-Pt-Z-X13-090409 5.61g-D 5.7
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But

Is there an explanation for the
“other” heat repeatedly observed?
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Possible Sources of Heat #1

Chemical energy in the deuterium but not in the hydrogen

Example O,

Argue against:
o Increase pressure — no proportionate increase in heat
o Other palladium particles show no effect

Hypothetically could be dependant on particle size but this is
not supported chemically
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Recycling of Fill Gas
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Recycling of Fill Gas
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Recycling of Fill Gas

7
C:\Documents and Settings\aaa\My Documents\Docs-Gas Loading\Thermister Tests\[GL
D2 Hart on 08-19-09 H120-4-Pd-Pt-Z-X13-080609 7.7g D20 added.xIs]08-19-09
8/26/09 12:05  8/26/09 4:53  8/26/09 9:41  8/26/092:29  8/26/09 7:17  8/27/09 12:05
Dg:><]‘ AM AM AM PM AM
0.03775
0.02775
H2
S \ re Vessel
= 0.01775 \
¢ 0.00775 .
z k terial
* )
-0.00225 ‘ ‘ /f | /
-0.01225
Initial Pressurization to 125 PSI -48.9J
Recycle #1 to 122 PSI -38.7J
Recycle #2 to 120 PSI -31.3J
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Possible Sources of Heat #2

Mechanism consistent with some observations

Zeolite

= Chemical exchange of D, with H20
D, + H,0 = HD + HDO -4.13 kJ/mole
D, +H,0 = H, + D,0 -8.71 kJ/mole

Pd Particle
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Possible Sources of Heat #2

Mechanism consistent with some observations

= Chemical exchange of D, with H20
D, + H,0 = HD + HDO -4.13 kJ/mole
D, +H,0 = H, + D,0 -8.71 kJ/mole
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Possible Sources of Heat #2

Mechanism consistent with some observations

= Chemical exchange of D, with H20
D, + H,O < HD + HDO -4.13 kJ/mole
D, + H,O & H, + D,0 -8.71 kJ/mole D,

= Heat produced but no signature of H-D exchange in gas phase

o Signature only upon removal of residual gas in Pd particle
= Observed — D, gives some HD and H, gives some HD

= Calculations suggest for the amount of Pd present and going to D,O
(worse case)

o Ignoring the spillover effect, only 7J heat available
= Using D,0O saturated Zeolite should see less heat with H,
o Observed — can be endothermic
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Possible Sources of Heat #2
Some observations

= Chemical exchange of D, with H20
o D, + H,0 < HD + HDO -4.13 kJ/mole
oD, +H,0 & HD+D,0 -8.71 kd/mole

Bottom NTC-Top NTC
0.2

0.15

0.1

0.05

GL GC Manifold 08-25-09 at 70C then 29C.xls
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Possible Sources of Heat #2
Some observations

= Chemical exchange of D, with H20
o D, + H,0 < HD + HDO -4.13 kJ/mole
oD, +H,0 & HD+D,0 -8.71 kd/mole

Bottom NTC-Top NTC
0.15

0.13
0.11
0.09
0.07

0.05

GL GC Manifold 08-25-09 at 70C then 29C.xls
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Why Consider D-H Exchange as a Possible Source
of Heat?

Chemical exchange of D, with H20

oD, +H,0 = HD + HDO -4.13 kJ/mole
oD, +H,0 & HD +D,0 -8.71 kJ/mole
Can explain:

olnternal controls — In <> Out
oWhy D, (exothermic) <> H, (endothermic)

Effect still pesent with some “dry” matrices

o Make water in initial reactions
oPdO + D, & PdDx + D,O
oD,0O + Matrix =» Hydrated Matrix

Many pressurization/depressurization cycles
decreases contribution
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Conclusions

= Preparing Pd nano-particles inside Zeolites is reproducible and easy
o Zeolites appear to provide Pd particles of the correct dimensions

= Interesting heat pattern was measured by two independent principles
o Many iterations with unexpected heat present
o Heat in presence of Deuterium but not Hydrogen

= Chemical effect due to Hydrogen-Deuterium exchange may account for
some of the anomalous heat
o Hydrogen may not be best control
o Requires all the species present — Zeolite, Pd catalyst, water. D,/H,
o But simple calculations do not account for all the heat observed

= Although chemistry of Zeolites is complex, because of the ease of
preparation, further exploration of these systems is warranted
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