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[INTRODUCTION - =24]

AN A -
| & = o
Hydrogen (Hz, =) b s R0 x| (MR2 3ol si2HstE oflLiX| LK)
Energy densities of common energy storage materials
1 Storage material Energy type Specific energy (MJ/kg)
Tritium Muclear decay 583,529
Hydrogen (compressed at 700 Chemical 147
bar) emica
Hydrogen Fvleéllzwcanﬁ Drrels_;cyé?ﬁed natural Chamical 55 5
1.00794 g pressee
Digsel Chamical 48 From Wikipedia

- O %2 2= (0.0899 kg/m3)

Hydrogen EXPLOSION!

o =2 2 A (0.61 cm?/s)
. 2 2ot oHX| (0.017 m))
. O =2 AAY (142 ki/g H2)

- H2 Yol & "R (4-75%)
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Figure 3: Cutaway Interior lllustration of the Planned X-33 Vehicle
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= 72 MA =2 2E 0131 4 2 1,297.6 Million $ by 2023 / CAGR 6.83%
T4 =29% 013l 11 2. 183.34 Billion $ by 2023 / CAGR 6%
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* Electrochemical Sensors

:Amperometric, potentiometric [low T and high T]; solid/liquid electrolyte

* Pd-film and Pd-alloy films
: Electronic -resistor, capacitor, transistor
: Thermoelectric
: Optical evanescent wave
: Mechanical [SAW, cantilever]

* Metal Oxide Sensors (MOX sensors)

: Heated metal oxides

* Pellistor-type combustible gas sensors
: Hot Pt or Pd catalyst with Pt resistance thermometer :

* Thermal conductivity

* Optical Devices
: colorimetric and indicator dyes

: Evanescent wave — with film of Pd or other material
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I
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«+———— Pd-based layer

<+— Sensing layer imm
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= Palladium (Pd, 22t&): 7}2 Zd&ot =2 HMA I &

Pd called “metal sponge” to H2 (can absorb 900 times of its volume)

H2 sensing mechanism : a to B transition with Pd-H

Pd — 0 + >H,(ads) - Pd — H + H,0(ads)

2B BB

3.2 g i

a2k s b i

~1000}
é

' : £ 5001 J k I k 1
Yo. S 5 g |

G Faa 3 100 .

: . = o © M

. ” B0 -
o or | 1 & 1 ‘ 1 il

ARH2<0 by HILE of Pd grains 0 500 1000 1500 2000

Time (s)
Lattice constant 3% increase Resistivity increases 2-times R. M. Penner, et al. Science 2001
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materials® response at 0.1% [H,]

Pd/Ni film (¢t = 50 nm) nr

Pd NW (d = 50—80 nm) ~1%

single Pd NW (25 (h) X 85 nm (w)) 3%

single Pd@Pt NW (40 (h) X 100 nm (w)) nr

Pd nanotube 2%

Pd nanotube 1000%

Pd NWs@ZIF-8 2 h 0.3%

Pd NWs@ZIE-8 4 h 0.7%

T T
1E-3 001

H: conce ntrat|on [%]

Trespf’ rec at 0.1% [Hl]

120 /20 s
nr

400 /1000 s
250 s/15 s
80 s/nr
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13 s/6s
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1000

o

100 4

Recovery time (T} [sec]

—=—Pd
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—¥— PdosAuos
10 T T T
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H: concentration [%)]
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[APPENDIX | - =& M4 7|=2] S8 &0F (1)]

» AR HX| 5l0|HE|E XS A}: Fuel-Cell-Hybrid Vehicle (FCHV)

Electric Current

Air
== (Oxygen) P
Fuel In ‘ ‘ Air In

= Bl -
o $[ho

H’

Ha=
&
i

H

Hydrogen Tank

0.
H* ‘ - _ Fuel Cell P
Excess z UG“a“S?;d : |
Fuel H.O
2 Out ]
— — e U .
! \ ‘
AnoaeElectl c'Iy':e(_‘,athode Water & Heat Fressure Relief Device
I

« Honda™ FCHV2| 8%
: Tank Pressure 4.1 kg Hydrogen at 5000 psi

> 142 kJ/g H2 X 4.1 kg = 582200 kJ (0.2E TNT)
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B Components related to hydrogen ®)) Collision sensor
I Components related to high-voltage electricity @) Hydrogen sensor

y;
Power control unit - ~&
1
ﬁ| ’ (s.i))’ Hydrogen
-t fueling receptacle

(o))
-1 Battery

9)

Motor Toyota FC Stack High-pressure hydrogen tanks

@ Electricity flow <= Hydrogen flow
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[APPENDIX lll - =& M4 7|=2] S8 &0F (2)]

Figure 3: Cutaway Interior lllustration of the Planned X-33 Vehicle

= @3 7|= (Space Technology)

Linear aerospike

Composite liquid — rocket engines (2)

hydrogen tanks (2)

Aluminum
liquid
oxygen tank

Exothermic Reactions
2H, + O, = 2H,0 + Energy

Metallic thermal
protection
system

Source: NASA.
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Data from Element One, Inc.

H2 sensor

= NASA/Kennedy Space Center
SN A N W B 2

e 800,000 Gallon liguid H2 tank

e Numerous Electronic Sensors
for H2 leakage detection
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[APPENDIX VIII - Faster Response Behavior]

Energy (kJ/mol)

Response time (sec)

20tk

40 F

B0 F

Decrease of response time

160 o X=Pt
® X=Au
120
. 30-times
80 | . 73-times
40|
0}
Pd Pd0.56X0.33 PdD.SXCI.S

dissociation

% sow

k dissociation

At interfaces of Pd-Pt
Slow

diwiation

oo
..'

ssociation

Slow
dissociation

Adsorption/Dissociation energy calculation (DFT)

[Au/Pd case]

— p—r ot
M RIIrmaaa,, — P
i 2 — PdlAU -20 |
3 40
E
\ & G
i - &=
= _
2
€1
(5100
-120
" — 140
1 1 1
Gas phase Adsorption Dissociation

[Pt/Pd case]

J—
— P
Teee. | — PPt

Gas phase

Adsorption Dissociation

-

Increased
interfaces of Pd-Pt

-

Faster response time

At interfaces of Pd-Au

Slow
dissociation

-

Increased
interfaces of Pd-Au

-

Faster response time

dissociation

J. Phys. Chem. C 2011 J. Phys. Chem. C 2013

v" Bimetallic interfaces induced faster dissociation of

hydrogen gas

v Both adsorption and dissociation energies are larger in
bimetallic interfaces compared to monometallic system

v" Those larger energy resulted in faster response time
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[MECHANSIM ANALYSIS - Faster Recovery Behavior]

= Decrease of recovery time

400
360 f
320 f
280 |
240 |
200 |
160 |
120 F
80
40 + * 4.6-times
ol " L "
Pd Pd __X

0.66° "0.33

H Pt

® O atom
H atom

Recovery time (sec)

v Water generation using hydrogen and oxygen has
lower intermediate energy in bimetallic system
compared to monometallic system

v" Accordingly, oxygen in air gas fast makes water
with dissociated hydrogen on bimetallic interfaces

Energy (kJ/mol)

e

400

8]
[=]
o

(=]
T

-200 +

Recovery is motivated by
water (H20) generation by air gas
ACS Nano 2015

st
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e -400
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