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1. Hydrogen economy-vision

Nuclear

Hydrogen storage/transportation/distribution Ship
~ . .3'.__-:'.4'“'-’_-_;.1-:;- - - Ih' / ;

Vehicle

hermochemi e : < . \
iological H2 : :
roduction ‘ x \ e

Biomass Distributed Power Residential Mobile Submarine
; e =
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2. Technical barriers

Production/

[} [ ] [}
*Oil refinery (desulfurising, reforming)
0
= 1 /0 T P ES *Chem.Ind.: Ammonia, fertilizer, methanol
( TO ta l Prl’ ma ry *Metal Industry *Food( Fat, oil)
*welding *Electronics
Ener 2y s upply) *cryogenic  *Electric generator-cooling
o b
~95% fossil fuel
erye - 0
(NG etc) About 50million tons 45% petroleum
~40% Chem. Ind.
~15% others

~ 5% electrolysis

<35% sales
>65% self-consumption

Domestic 0.97 million ton
Trade 48 thousand ton*

* Source: Bongjin Kim et al: “The status of domestic hydrogen production, consumption and distribution”, Trans. Of the Korea
Hydrogen and New Energy Society, 16(4)391-399(2005)
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3-1 current R&D activities

Summary of Hydrogen & Fuel Cell R&D program

Table 1. Hydrogen & Fuel Cell R&D program in Korea

Program

215t Frontier Program (Hydrogen Energy R&D Center)
(www.h2.re.kr)
National RD&D Organization for hydrogen and fuel cell
(www.h2fc.or.kr)
Nuclear Hydrogen Development and Demonstration
Project (NHDD) (www.hydrogen.re.kr)
Korea IGCC RDD&D Organization (www.igcc.or.Kkr)

MOCIE: Ministry of Commerce, Industry and Energy
MOST : Ministry of Science and Technology

Sponsor

MOST
MOCIE
MOST

MOCIE

Period

2003-2013

2003-

2004-2021

2006-2014

4™ US-Korea NanoForum, Honolulu, USA, April 26-27, 2007 <’a ERC> Hydrogen Energy R&D Center 5



3-1 current R&D activities

HERC
(Hydrogen Energy R&D Center)

© Role
- Developing the National Hydrogen Energy R&D Program

* 21%¢ Century Frontier Program

© R&D Period
01 Oct. 2003 ~ 31 March 2013 (9.5years for 3 phases)

© R&D Fund

Total 90 million US dollars

(Government : 80 million dollars, Industry : 10 million dollars)
© Sponsoring Ministry

Ministry of Science & Technology, Republic of Korea

Source: www.h2.re.kr
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3-1 current R&D activities

National RD&D Organization for Hydrogen and Fuel cell

Exclusive Ministry of Commerce, International
Evaluation | Industry and Energy —  Collaboration
Committee (New & Renewable Energy Center) (IEA, IPHE)

Steering National RD&D Organization
Committee for Hydrogen and Fuel Cell

Subcommittee l
| | | |
Industrial/ Monitorin
Hydrogen Commercial/ Transportation Portable (Valida tiorgl
Infra Residential Fuel Cell Fuel Cell .
Demonstration)
Fuel Cell

m  Established in 2003 to expedite the commercialization of hydrogen and fuel cell technology.
®  Propose the vision for hydrogen economy in Korea.
®  Develop a national plan, road maps and action plans to create a new industry.

®  Coordinate and manage RD&D programs supported by government.
4™ US-Korea NanoForum, Honolulu, USA, April 26-27, 2007 (HERG> Hydrogen Energy R&D Center ”
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3-1 current R&D activities

Nuclear Hydrogen Development and Demonstration Project

* To build 200MWth class VHTR and to produce 20 thousand tons of
hydrogen .
> Period : 2004 — 2021 (18years)
» Budget : ~ USS 1.0 Billion (under discussion)

DI

= )

Source: www.hydrogen.re.kr

4™ US-Korea NanoForum, Honolulu, USA, April 26-27, 2007 (RG> Hydrogen Energy R&D Center 8
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3-1 current R&D activities

[ ] Korea IGCC RDD&D organization

MOCIE
(New and Renewable Launched on 220 D ber. 2006
- aunched on n ecemper,

Energy Center) - In the year 2014, 300MW IGCC
plant will be constructed
and operated

Korea IGCC RDD&D - 599.2 billion won (Government 165.2) .
Organization

*MOCIE; Ministry of Commerce, Industry and Energy

1%t subdivision 21 subdivision 3rd subdivision 4th subdivision
(Heavy industry, (Power company, (Power company, (Research Institute
Research Institute) construction Research Institute) and University)
Design of company) Operation of Localization of unit
Gasification plant and Design, manufacture demonstration plant process
process and construction of
demonstration plant

4™ US-Korea NanoForum, Honolulu, USA, April 26-27, 2007 <HEHI}> Hydrogen Energy R&D Center 9



R&D Activities in the Phase II (HERC)2006-2009)

I Hydrogen Production

Action type

» NG steam reforming for hydrogen station (AR/DE)

» Biological hydrogen production (BR/AR/DE)
» Thermo-chemical hydrogen production (BR/AR/DE)
» Photocatalytic and photochemical hydrogen production (BR/AR/DE)
» Water electrolysis using PEM and THE (BR/AR/DE)

¥ Hydrogen Storage

» Hydrogen storage using metal hydrides (BR/AR/DE)
» Hydrogen storage using nano-structured materials (BR/AR/DE)
» Hydrogen storage using chemical hydrides (BR/AR/DE)

¥ Hydrogen Utilization

» Linear power/generation system of hydrogen combustion (AR/DE)
» Hydrogen sensor (AR/DE)

I Supporting Project

» Measurement techniques for hydrogen storage materials
» Policy and technology assessment

BR: basic research, AR: applied research, DE: demonstration
4™ US-Korea NanoForum, Honolulu, USA, April 26-27, 2007

3-1 current R&D activities

(Mid)
(Long)
(Long)

(Long)
(Long)

(Long)
(Long)
(Long)

(Long)
(Long)
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3-2. current R&D activities

related to nanotechnology

Biological Hydrogen Production

Hydrogenase and Biogolymer Syetem configuration ?
° - L ot oyt Sty imuriobalizatson and aptimazation |
e R&D Ob]ectlves Bio-mmig;ﬂc } o
[ Genomics and ] [ Systems biology ] [ Hyerogansse ] |:|
-Scale-up and optimization of fermentative H, il B eyl v
production process and development of bio-mimetic [n._,,c.mdm..,.,m.mt] [ EreaE waries J [pi.m.m.., oy m.J g
and aptimization: applicaticn Bang-tern operation
H, production system o)
2 .
. . fermentation, G
» Fermentative bioreactor scale : > 500 L [sm dm,opm] [ m— ] [ T ] E
» Fermentative H, productivity : 15 Nm? H,/day/m? e ol il N

» H, productivity by bio-mimetic system : 40 L H,/kg R SN

el It DEE dios By 811(2006)8 12 816
Int.J.Hydrogen Energy,31(2006)121-127
Korea Patent 2005-0032480

Surface

Project Manager: Dr. Kim, Mi-Sun, Bioreactors for photosynthetic and fermentative H, production
bmmskim@kier.re.kr
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3-2. current R&D activities

related to nanotechnology

Nanotechnology and Blologlcal hydrogen production
. EJﬂiglvdlrec,tronx

1cing nano-
or for enha

§o hydrogen = -~

Onm) forllon

L
Membrane G C [ —
bioreactor (working |
. F

vol. 2.4 L) using J —
PVDF hollow-fiber - G L :
poy -1 | *ﬂB—T '
4™ US-Korea Nanororum, Honolulu,[ O )7, 2007 <'H ERC Hy;?rogen 12
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3—-2. current R&D activities
. ) ) related to nanotechnology
Hydrogen production using membrane bioreactor at 60°C

CSTR MBR s B »
o O Production | ° 8 A .
2 (A) S 1 (A) ® 100 nm pore-size
g ® Yield | 20 % 2.5 .
= = 127 : e ~ 50 O 40 nm pore-size
S = 2.0 ;
E ' R T L
59 s s i 2as PP e
=-- I 1.0 g > 10 |
a2 4 | = -
~ | 05 =< 0.5 -
= l =, :
0 (;O mﬂ ° 0.0
S 100 ] S § 0.5
< | B -si
= 80 B Glucose I g g 04 | (B) A 100 nm pore size
z O Biomass I -2 % g - A 40 nm pore-size
g 60 1 2 @ £ 03 -
S 40 1{®) | g = $ $
o 1 -1 5 9 £ 0.2 Aaaa
8 | l E g ~— AAAA
= 20 | S 0.1 1
O | 2 ' W
0 | ' — 0 P8 00— - - - - -
10.3 6.7 4.0 4.0 A~ 0 5 10 15 20 25 30

HRT (h) .
Time (day)
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3-2. current R&D activities

o 3o o o o . related to nanotechnolo
Schematic diagram of bio-mimetic H, production system d

R&D Contents:

e-

= Electron donor/carrier

(photosystem, microorganism)

= Biopolymer immobilization

H,0
TH
02

organics

CO, @

# photo-sensitizer (chlorophyil)

2 H+
= System integration

= hydrogenase

o separation/purification

o microorganism modification

Genome sequencing

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| Proteomes
@ microorganism :

A hydrogenase
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3—-2. current R&D activities
related to nanotechnology

Photocatalytic and Photoelectrochemical Hydrogen Production Technology

¢ R&D Objectives - Highly active water splitting photocatalysts- material
- Development of the system for 3% solar light conversion design
efficiency (@AM 1.5) utilizing solar light-sensitizing - Tandem-type photoelectrochemical cell modules
hotocatalyst :
photocata’ys - PEC cell of 7% efficiency

- System establishment for PEC cell of 7% efficiency

% Content of R&D Activities - Photo/Biocatalyst

- Q-sized photocatalysts and mesoporous media
- Layered Perovskite and Composite Photocatalysts

.KRICT, KIER, KIST, POSTECH, Nanopac '

Designed & controlled photocatalyst

|
@ <::\‘Mechanism
Sensitizer System < ',::Waste

1CSUUITTYS

design
PEC ||:.' — < ":: Reactor

H, + (1/2 O, or Red)

If any question, contact: Dr. Moon,Sang-Jin
moonsj@Kkrict.re.kr
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3-2. current R&D activities

related to nanotechnology

Nanotechnology and sensor

® Enhancement of gas sensitivity using ceramic nano particles
with high surface area

* Semiconductor type hydrogen sensor

- measure the change of resistance of semiconducting material (such as SnQO,, In,0;,
TiO, etc) according to the adsorption of hydrogen gas. Nano sized semi-conducting
material could enhance the sensitivity.

« Catalytic combustion type sensor

- nano sized supporting material could enhance the sensitivity of sensor

Silicon Kal

Chi-Hwan Han et. al, ""Micro-bead of nano-crystalline F-doped SnO, as a sensitive hydrogen gas sensor'', Sensors & Actuators B,
2005, 109, 264-269.

Chi-Hwan Han et. al, "Enhancement of H,-sensing Properties of F-doped SnO, Sensor by Surface Modification with SiO,",
Sensors, 2006, 6, 492-502.

4" US-Korea NanoForum, Honolulu, USA, April 26-27, 2007 <’H ERC> Hydrogen Energy R&D Center 16
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3—-2. current R&D activities
related to nanotechnology

Enhancement of sensitivity using nano materials

0o b 3% W,

0.25 |
2% H

0.20

015

AV W)

1% H

0.10 +

SO ppm H,

0.os -

0.0o

1 1 1 1 1
0 200 oo Z11] am

Time [==2c]

» Linearity of sensitivity of ceramic
hydrogen sensor using nano particle

4™ US-Korea NanoForum, Honolulu, USA, April 26-27, 2007
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AY (mV)

150
190 [
130 [

—i— Pd Ptititanate nanotube
—— Pd/Ft +

120 [
10 [
o0 F
ao [
eo [
7o L
g0 L w
s0 [
ao [
z0 [
zo [
10 L
oL

0 100 200

Temperature {'C)

Enhancement of sensitivity of
catalytic combustion type
hydrogen sensor using nano
particle or nano rod of Pd/Ti0,,
Pt/Ti0,
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I5ressurized hydrogen storage vessel

3-2. current R&D activities

I

e
_ | |
.

‘i \HIHIH|| R
0.0CE

Process design and analysis Filament winding and
solidification

o i e

e APy i (L

TYPE

liner .
e Storage vessel after coating process

Tucsan using a high pressure vessel
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3—-2. current R&D activities
related to nanotechnology

PE-Clay nano composite
x 10719 x 10 liner

Il e LA * : gas interrupting characteristic
T s 8 -> increased to 30% than its
2 | 1 £ predecessors
e 1.2 liner thickness
1 3 -> could be reduced.

.::_:F\ - 1.4 é,__

2 20 1 & 7% clay-> the tensile modulus
E 1..& increased about 49%

s 1 2 the tensile strength

10 L] increased about 15% as

0 1

[ ¥

3 4 5 & 7 a

Clay Content (%) Compared Wlth pure

Fig. Gas Permeability of the nanocomposites for polyethylene.
various clay contents

Source: Joong-Hee Lee et al, “Properties of polyethylene-layered silicate nanocomposites
prepared by melt intercalation with a PP-g-MA compatibilizer”, Composite Science and
Technology (2005))

4" US-Korea NanoForum, Honolulu, USA, April 26-27, 2007 <’H ERC> Hydrogen Energy R&D Center 19



21M7]
ZEEIHAI

@8 Century Frontier

3—-2. current R&D activities
related to nanotechnology

Effective hydrogen storage capacity < Target

density:  S5g em” 2g em” lg cm” 07¢g em”
160 1 J Cnmﬂ'l L. AI{BH_J_I ‘
BaReld, " e 4eITIK A
e 140 ) <373 K. 1 bar MglFeH,_, o m.p. 208 K 5 ;
'?E . 620 K. 1 bar LIBH4 g
LaNi.H NaBH, det 553K 3

o 1207 g K 2bat / Mgh, e B0 K cH s * Hychamsorhed
=] B MgNiH, &0 .I\ 5 bar A - el L ’._mefm carbon

o, FeTlll,IT_.' 550 E d bat LIl P ] = "t -m"".hq

100500k 1560 m NaAlH AL - o, 5 CH,
& / -
= i = Sk lig o’ b 112K
E , dec, >520 K 1(!_3[—[:l , LiAlH.l_. - CHyy . L ] -
-'5' 80+ i et B0 K dec. 400 K bp. 272K H,
o~ wd ' s 03K

T 20000 """ o
E 601 5000 " al TR eSS H, physisorbed
D T ... " on carbon

g T 1000”37+
—_ | =

g 800 s . Gas

- 204 | 5 {50 =2 pressurized H,

1/ e ™ . (Composit material)
200 ;>._ plbar]
/ 130 -,
0 3 ; T ] T T T
0 3 10 15 20 25

Gravimetric H, density [mass%]

Figure 1 Storage density for various H; storage forms (Source: Schlapbach and Ziittel, Nature, 2001 [1]).

{M) Hydrogen Energy R&D Center
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3—-2. current R&D activities
related to nanotechnology

Nanotechnology and Alanate

* Alanate- complex metal hydride with more than 5 wt% effective hydrogen storage capacity
. decomposition temperature of alanate

* Introducing nano sized particles
— generating nanocrystallites through ball-milling
— introducing the titanium nanoparticle as a catalyst

‘ﬁ. ;"’.'i"_“;f_f'

Ball- m|II|ng LiAIH4 and Li3AIH6 causes "the formation of a fine grain size below 20 nm
(Chen et al.,2001)
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3—-2. current R&D activities
related to nanotechnology

Lithium alanate system

101
[ Exo. L
_ | Endo. 99 -
s SEETY
z =
% 2 974
g =
* % Li,AlH
L i ===-Ll
~o LA, _ o5 —— LiAIH, + 5 mol% TiAl,
=LAl S moks TIA, - Li,AH_+ 5 mol% TiCl
------ Li,AlH, + 5 mol% TiCl, 5i i : .
50 100 150 200 250 300 350 50 100 o 259
Temperature (°C) Temperature (°C)
DSC and TG curves of Li,AlH, with and without catalysts
6
[----Liam,
. : —— Li,AlH, + 5 mol% TiAl,
* L13A1H6 ->3 LiH + Al +3/2 H2 31 LA, + 5 mol% TiCl,

Amount of hydrogen released from Li,AlH,
during thermal decomposition at 150°C as a
function of time

Released hydrogen (wt%)

Time (hour)

*  Y.W.Cho et al, Thermal decomposition of Li3AIH6 with TiAl3 catalyst, catalysis today (Feb.2007)
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Carbon ba

se nanomaterials

3—-2. current R&D activities
related to nanotechnology

Surface Modified ACFs

Hydrogen storage site of carbon nanotube fullerene
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3-2. current R&D activities

related to nanotechnology

Nanotechnology and carbon base materials

- High surface materials with nano pore for high hydrogen r

storage capacity ) yd
o 0 . . ° £ /
- Nanopore exposition- surface oxidation at high temperature. i :
2400 i "
g 05 .
2011 m?/g 2" pd
@ a3 T T T
Né 1800 1 500 1nn:pwh|::ac”m:urmzm] 2500 3000
< h;||:dt-rr::‘:‘il1;ll.'r.hu:.r.‘;; :.N on the hydsogen adsorplion capacity o
8 actvated ca
<
S 1200+
&
3
2
5 600 ,
2. 314 m'/g
n
-"" kv 2.0 50000x TLD 4.8 1060
0- A7 e
VGNFs Porous GNFs

Carbon nanofiber with surface area about 300 m?/g could be changed to multipore
nanofiber with high surface area ( >2000 m?/g ) through a series of oxidation processes
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3—-2. current R&D activities
related to nanotechnology

Metal nanoparticle loading

- introduction of metal nano particles in order to control hydrogen adsorption sites
- introducing metal particles with controlled size- current density and time using

electrolys1s and non- electrolys1s

Y EoE ,-g:\ \'
£ - ¥ .‘?j‘,};_'nk 3,2‘:4“:"‘; w":s%“"’i‘} o3 . ; Yo L
Introductlon of N1 nanopartlcle to the nanofiber surface usmg electrolys1s and non- electrolys1s

* Y.S,Lee et al, “The adsorption properties of surface modified activated carbon fibers for
hydrogen storages”, catalysis today (Feb.,2007)
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4. conclusions

*  We have investigated various
materials including MOF, organo-
porous nanomaterial, inorganic
materials based on molecular
modeling and we attempted to
improve surface functionality of
those materials.

* But the hydrogen storage capacity
is still low at moderate condition.

*  We will investigate the mechanism p
for the adsorption of hydrogen on Zn(dhBDC): Zn,0,(BD®ntour Maps
nanoporous material. of electrostatic potentials

. . . . (a) IRMOF-1, (b) IRMOF-3
« we will setup the virtual screening (a) (b)

protocol for the nanoporous AL NN
materials. o by TECTINTA
Y - e 1 =

d '._ = i S ¥ ]1‘-"

£y, 7oy AT

= :;;r S N N R

4" US-Korea NanoForum, Honolulu, USA, April 26-27, 2007 <’H ERC> Hydrogen Energy R&D Center 26



4. conclusions

Think Together!

* There are lots of hurdles to hydrogen
production and storage

* Nanotechnology will help to overcome
those barriers.

¢ There is nothing either good or bad. But thinking make it so.
¢ Value is always every where!
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