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Use Of "Mined" Carbon Is Here Today But Gone

Tomorrow...Most Certainly

3

• Opportunities for solar-derived renewables.

— Provide energy security

— Mitigate climate change

US uses —100 quads annually

• Use of "mined" carbon will end.

— Burn Out or Fade Away

• Chemical energy carriers will stay.

a ••m • pn,,, .1.1
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• Combustion-based energy conversion may stay.
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Governments Are Driving Initiatives
.7oo YiI7a

Chitia moves towards banning the
internal combustion engine

ins governITITI3t s rir111Ei'opirhy a piall taphrlseJa6r vehir.les

11,J.,.(1155H hds

Browse:HOIlle / Australasian. News / Solar fuels could be Australia's biggest energy export

Solar fuels could be Australia's biggest energy export
Posted on October 16. 2015. Australasian News.

Author: Goes Parkinson

Source: reneweconomy.c0/11.2111

Kick-off for world's largest electrolysis system in Mainz
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Can Gerrn an auto regulators usher in

the zero-emissions age?
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The principle of electrolysis has been tried and tested for decades. Wnat is special about the &fir; sy.stem Is 4-iat u 7rivOiy... Aighiy.dynernic Fts.i

-

high-pressure electrolysis which is particularly suitable for high current den-Aty and csn react within milliseoonds to sharp increases in power

gereration from wind and solar sourc.... In this electrolyzere proton exchange membrane (PEM) separates the two electrodes at which nxygen and

hydrogen are formed. On the front end back of the membrane are precious-metal electrodes that ere connected to the positive and negative poles of

the voltage source. This is where the water is split. The systern in Mainz will thus have a capaotty relevant for bottlenecks in the grid and small wind

farms.

Netherlands looks to ban all
non-electric cars by 2D25
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Hydrogen Is "Gone" Today But Will Be Here

Tomorrow...Mostly

i

A ••
Concentrated Solar Power

Electricity
Grid

Nuclear
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Hydrogen As Far As The Eye Can See—lir-1M

+
Photoelectrochemical

Water Splitting

Low- and High-Temperature

Advanced Electrolysis

ip
Solar Thermochemical

Water Splitting

H2

• Global efforts underway to advance solar hydrogen production.

— Address KEY technology challenges to advance readiness level of large
scale, low cost renewable H2

• US DOE heavily invested in developing advanced water splitting
technology pathways.

6 — Electrolysis, photoelectrochemical, thermochemical, microbial
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Simple Concept: Heat + H20 In, FI2
R. Perret, SAND Report (SAND2011-3622), Sandia National Laboratories, 2011.
G. J. Kolb, R. B. Diver, SAND Report (SAND2008-1900), Sandia National Laboratories, 2008.
S. Abanades, P. Charvin, G. Flarnant, P. Neveu, Energy. 31, 2805-2822 (2006).

(6i-öf)H20

01-601-12
MOx_of

Nu:Icar

Conceltrated Solar Po.ver

• Direct storage of solar energy in a chemical bond.

• Many hundred cycles proposed.

— Multi-phase, multi-step, thermochemical-electrochemical hybrids

• This multinational effort focused on two-step, non-volatile M0x.

thermal reduction: 02

Thigh, Plow -)0

MOx_,.;1 
heat

:-›- MO),
recovery

H 2 0 H 2

—t-* H2 production:

7
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Searching For A Perfect Material

• Navigating a highly constrained requirement space.

• Will perovskite (Mn) dethrone fluorite (Ce)?

Searching For A Perfect Solar Reactor

• Achieving high conversion efficiency and scalability is challenging.
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STC H2 Materials Theme: Oxygen Exchange And Transport

• Oxygen storage materials with a twist.

— Thermodynamics

— Kinetics

— Transport

— Gas-solid interactions

— Solid-solid interactions

H20 dissociation
0-atom incorporation

•
•
•

• Materials in extreme environments.

— High temperature and radiative flux

— High thermal and chemical stress

9

le Surface diffusion & chemistry

Oxygen "storage"
material

Bulk diffusion
Phase nucleatiOn

evolution

Chemical bond activation
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Cycle Thermodynamics: Challenge Process Economics

Aö at target TTR too small for Ce02
to meet cost and efficiency targets

MO —>M0.+-0, (1) Reduction 2.00
A6 2

MO,_o +6.1120 -->M0,.+6.1-12 (2) Oxidation

6.11,0 H,
2 -

1.98

(3) Thermolysis 1_96

CN1

Process metrics (US DOE targets):
H2 production rate 50-100mt/day _

Solar-to-H2 efficiency >25%

H2 production cost (US DOE) —$3/kg

Desired cycle metrics:

1_94

1_92

Ce0 -

1 90 
.10-1710-

As3

10r"10-8 10- 10-2

Reduction Temperature (TTR) —1400°C Enc.< N
Oxidation Temperature (T0x) —800°C

"0" activity in reduction Pgas < Psolid pgas -1 0-6atm

"0" activity in oxidation Pgas > Psolid pgas-10-"atm

log10[1002]

ineering challenge

1273

1773

Material challenge
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Navigating A Highly Constrained Space—lir—

H2 production rate 50-100mt/day

Solar-to-H2 efficiency >25%

H2 production cost (US DOE) —$3/kg

steam
heating

• Low reduction temperature.

— TTR < 1400 °C

• High H2 cycle capacity. 20
— A6 > 0.1 >> CeO2

• High conversion.

— H20:H2 < 10
10

AND...

— Fast redox kinetics (match solar flux)

— Earth abundant (cheap)

— High durability (stable) 
0
o

A

oxide
heating

•

/ 

0 1773K, P02 solid=106atm

I. Errnanoski, N.P. Siegel, E.B. Stechel, J. Solar Energy Engineering, 2013, 135. 031002.
A.H. McDaniel, Current Opinion in Green and Sustainable Chemistry, 2017, 4, 37-43.
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Cycle Thermodynamics: Tradeoffs Between 46, TTR, and H20:H2

spinel

Fe2+/Fe3+ systems : 

• High redox capacity (46>0.1)

• Slow H20 oxidation kinetics

• Moderate reduction <1400 °C

• Oxide matrix required

fluorite

Ce3+/Ce4+ systems: 

• Low redox capacity (46<0.08)

• Fast H20 oxidation kinetics

• Shallow reduction at 1500 °C

• Durable

perovskite

TM2-1TM3+/TM4+ systems: 

• High redox capacity (46>0.1)

• Promising H20 oxidation kinetics

■ Deep reduction <1400 °C

• Vast material space!

• A site atom
B site atom

• l ••4114,40 ewes

• • azt woos

IMP NNE ••••

k=
1i
—g
1M
s1
10
41
1,

1 

H.

Ar

DOE is very interested in a "Materials Genome"
approach to material discovery and optimization
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Perovskite Discovery: Identify Them, Make Them, Test Them

• High throughput DFT.

- 11,000 calculations

- 139 possible ABO3 WS

- Existence & AEtvo (2-5eV)

- Tested 20 compounds
A. A. Emery, J. E. Saal, S. Kirklin, V. I. Hegde, C.
Wolverton, Chemistry of Materials, 2016, 28, 5621-5634.

• Chemical intuition.

- 15 elements (Al, Ba, Ca,

Ce, Fe, La, Mn, Mo, Nb,

0, Sn, Sr, Ti, V, and Zr)

- Ox. state (Ce3q4+, Fe2-0+,
mn2-0-F/4+ R A ...3-F/4+

sn2+/4+ -r:2+/4+ /4+/5+)
I I v

- Tested r 1200 compounds
..AZZZCA/7

347T Tt:1,1:12)3 TC Dots-nt
Cale spit/ - t4 Is.u.cer
141.4.1i ..•1•6:1 n/
1.71141.71 7-
TatTeli:C2 T: 347..evr

7..n.arr
:311.6a1•77 • la .1.4.6.4.
11.4.401.(7 7.,• 1.•
Sad!!!
1U114(41 Ott • TG
34.1.1.144{ :11611 • 114
1,..7.01 • r.
Vat tar 77.
Cailtra:

:: 
. T: 3•16.6,7

‘410A.4. •-•,0ar0 tata.rat
74/11•404 4. re. • 111 .•••
IC161114  ,P,
C6C4 • :: tne-tr/
32.101,144ra.:306/041- Ir Mean

:::: /1

.74.11
•••.-.1

111 711
U2.441
113.411

ba/1•4•4 • I. /..“...44,
r.1501f. S t7testb 7C Noe tr.

41, ••11
fa

CatUft,: V: 3616.cs, 117111
:113A(4( - :3 16m.ut
1.7.141:•1,1 • to as-.4.4.:

•••
:Attl:,7 :41741.4..•
:6/718710111:803 - 16 36•76.orr
.41e/bt" • 71

•477

Weal:: • Z: :4116.6, .1:.714
0.1C00,1 calls:stt: :11%..411, .71.111
0.014101: 14.1.1.414.4 • .1 Le.b

•

wad

.0.011064: o,r.it n; 71. • •e. of.
OaleCtE: slots TC .41 'ft

0.071010r Cmat:cse: ,:o.'3a
0.37/704
-0.014:14:

l...11atfai11 • 7.
•Ita.• *** Tr •,--•1 1. .*. I..

••*. &WW1 /0.1211:: T: :616.40+ 111
4,40t1.1.1 CaitCfr:: :42.6.4/7 4.4.:17
0.0671041 ./.74411113 • t 111. Gni
-71.0443X4 r•r-ot...rt •.• 0.1 141
.0033s4471 Cat:2111: T: VI: 21

0.:10C3S
Catt:C:.:: •
Wiltf.1.1 • e 4•1.

-0.0134344 X•/•,...4 it - 716..•.•••••

172:11727: T: Orra.cr,
••• 4/7

1,1
Or:(10::11/::54) - TO Orta.rty C:7.1:.

0.1”4.11 361Iatte1: :1 111./.1
-0.04 te.441 be,. 11./•

• .c.....•••••
:P.)

Cat4CE1::Val TC 5ea.er•
.41 71
17: 1.7

1. Ivo!. Co:11,11s.: 44..467
0.01XOCI .1..).•11,••Z • 1 D ..••••••

4•4 •• •
.10,1.0 TatItft7: er• 11: III
A WPM
0.0701177 317•616 1•11... le, •1..1.41

-3.0711471 .•••IA .• • •L• ••• 47. VIC
Cat07 :rtr er• I:: I:,
:c:::::11:

-0.:05:41
.O.01:4V91

0.03:107C



Sandia National Laboratories ISFOlydrogon and Fuel Coils Program

—NNW 1111111

Perovskite Discovery: Identify Them, Make Them, Test Them

• Crystallography.

- Phase purity

E7)

— C1V1:1]

744i Fm-3re a> az5
26% R-3c => ag5 C3A c. 13 74A

JL,u.
40 60 8C 100 120

200

Thermal analysis.

- 02 Redox activity
0 33

0.35

Jt
".0 13
3
r 0.15_•
C3 .0 n3

•

if -0.33 " • c... , Pm:

• 2
Y. X 

mavna3 \Onvi M
WA

043 Xl•ElfOl
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SS I I &  
.CiAS &

00 • VO 100 3U 133 1.33 153 '50

14

L.
4.0 25

1433

1533

AKI

1133

1033

443

0»
703 f.1

4)3
103

403

10.1

2'03

10)
1513 7,13 775

• Flow reactor.

- 02 Redox dynamics
1250

ci 1 000

750

O

5.0

-2.5

 1 's 1 6 °C/s

- SLMA3 (120)
- CeO,, (15)

100 200

time (s)
300

Flow reactor.

Water splitting
4.0

3.5

E) 3.0

(4-' 2.5

I-T2 2.0

g 1.5

1:3 1.0
2

400

CSM2
H2 (247 ,xmol/g)

02 (168/142 µmol/g)

1000 2000 3000
Time (s)

4000
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Perovskite Discovery: Key Observations (Sum Of All Fcars Knowledge)

— SrZro 3M no 703
— CaTic, 4Mn,) 603
— SLMA6464
— Ce02
— SCM

0.4

E

*c) 0.3

L1
8,d
m

 (
16

23
K,

—

400 600 800 1000 1200

temperature (C)

0.2

0.1

•

- 0

•

0.0-1

•

.•

•
• •

S.* ee•
•• •
• Ilk • %
•

♦

No WS (gi1073K)
• Yes WS (yes eye.)
• Yes WS (no cr..) _

Sr,Lal„Mn4A1y03

•

• •

600 800 1000 1200 1400 1600

To,. onset (K, 116>0.005)

200

Ti 150

104 2 too
3

1 0
3

0 2
102 r's? 

o. 
50

al
o

10
1

10
o

0
40% 1333

r r
SLMA4664

BCM

Ceria

1000 750

Ratio H20/H2
500

• Onset temperature for 02 evolution correlates to AHRED (AEfy0 ).

• Onset temperature for 02 evolution ALSO correlates to WS favorability.

— WS inactive at TONSET <1100 °C; High H20:H2 ratio at TONSET <1400 °C

• Desired thermodynamic properties bounded by KNOWN materials.

— SLMA and Ce02

15

285
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A New Perovskite: Ba4CexM111_x012 (BCM)

Significant 02 loss
—1200 °C

-0 -

-0 -

g 24.

8
4z6-

-

• 

oo

14.0.

INC

•'iocc

c 2cc 40:

Timm 0rir

90C

6:C

1.1

31141k4U4 0.0073

BC61 0.0131

';'). CAI 0.1627 

si-fr) 1.0

0.8

E 0.6

o
t 0.4
3

cie 0.2

0.0
10

Splits water "better"
than SLMA

100
Time (s)

Tox = 850°C

— Ceria
— BCM
— SLMA4664

1000

16
23

4.
^ 1

 C 
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11

 

a:

0.2

0 1

f N1,11O 
▪ 011.C.11:10901.T.:
- 

":

• 17

:00 ZO3 12GO 1103 • E02

1000 750

Ratio H20/H2

(K. .•.6,0-205)

500

• BCM is unique when compared to known Mn-based STCH perovskites.

— Reduces at LOW TTR & oxidizes at LOW H20:H2 ratio

— Cerium substitutes on the B-SITE

16

285
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Ba-Ce-Mn-0 Demonstrates Mn-dependent 02 Redox
And WS Behavior

R
e
d
o
x
 e
xt
en
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 (
6)
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0.00
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-0.10

-0.15

-0.20

-0.25

-0.30

-0.35

-0.40

-0.45

Reduction @1350°C p.. I I Oxidation ©850°C_

BC5M95

MO

100 125 150 175 200

Time (min)

225 250 275

BMO
26

BC25M75
50

BC5C1M50
75

BG75M25 BCO

• 02 redox extent determined • H2 production capacity
by B-site Mn composition. peaks at B-site Mn = 0.75.

— > Mn:Ce = > A6 TTR = 1350 °C, Tox = 850 °C

tot
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Ba-Ce-Mn-O Is A Mixed Phase System

0

a)

_c

3% 3%

14% 14%
6%

36%

58%
100%

94%
83%

61%

28%

BMO BC25M75 BC50M50 BC75M25

Target Composition

BCO

BaMn031= Ce02 1-1 BaCe03 Ba5Ce1 25Mn3 75015 BaCe0 25Mn0.2503

83%

61%

28%

BMO BC25M75 BC50M50 BC75M25 BCO

Target Composition

140

120

100

80

60

40

20

o
E

o

z

o

a_

• Phases present in "as-synthesized" material are dependent on target
composition.

Ce02, BaCe03, Ba-Ce-Mn-O polytypes

WS-active phase is a LINE compound (BaCe0.25Mn0.7503
80 90 100
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Ba4CeMn3012.•
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•Or Is It..•Ba5Ce1.25Mn3.75015?

10H

150 •

3.)S-

2

O

2
8

-3 25-

)36

►

A:0

•;:n

Significant 02
loss -1200 °C
accompanied by
POLYTYPE

phase transition

in situ XRD

t
e
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a
t
u
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• We discovered nonstoichiometric behavior in this system.

19
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Core-hole Spectroscopy: Reveal Redox Behavior With EELS

Samples
FIB sliced
for HRTEM

d

Ce
Mn

Probe electron DOS for 12R and 10FI "quenched" phases.

Discover where electrons go when O atoms vanish

— Does cerium participate in redox chemistry

• Derive fundamental understanding of redox behavior.

— Explain known materials

Engineer better materials
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EELS Reveals: Manganese Oxidation State Changed?

12R
• 1.vo._ ti I'. IN....V.A.: 1 •iNvir .• ,r,

iYI , -
Mn L32-edge, oxidized

eve

620 640 660 680

energy (eV)

Ab inito theory
required to fully
interpret spectra no

rm
. 
co

un
ts

 

e- charge
transferred to
hybridized 3d

system
decreases
hole DOS

branching ratio =
Mn REDUCED

n
o
r
m
.
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ou

nt
s 

--1.-•••••• Mn
4+

Mn 1_32-edge _

•
•

12R (oxidized)
- - - 10H (reduced)

630 640 650

energy (eV)

620

660

10H

640 660

energy (eV)

680

Peak shift =

Mn OXIDIZED
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EELS Reveals: Cerium Not Likely Redox Active On

12R
—; 1: 1, 4 r% A •41 ri , .

„: .; • v.,' s•—• .66" 'i

Ce7M54-edge, oxidized

875 900 925

energy (eV)

Ab inito theory
required to fully
interpret spectra n

o
r
m
.
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o
u
n
t
s
 

4f system
does not show

significant
changes in
hole DOS

n
o
r
m
 
c
o
u
n
t
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•

Ce M5,4-edge

—12R (oxidized)
- 10H (reduced)

•

•

870 880 890 900 910

energy (eV)

10H
•

• ,, (71• • V/ •I •

Ce,M5,-edge, reduced

900

energy (eV)

925

4f DOS is a very
strong indicator of
Ce oxidation state
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Much Of The STCH Perovskite Story Yet To Be Told

ISFOlvdnogon and Fuel Coils Program

SLOWLY marching towards
developing holistic design
rules for STCH materials
based on first principles

H20 dissociation
0-atorri incorporation _a& Surface diffusion & chemistry
, )— —

\\sill--

Oxygen "storage" X
matenal

Phase nucleation &
evolution

Chemical bond activation• Structural transformations are very complex. ,

— Exploit large entropy changes to promote water splitting favorability

— Exploit high [V(3] defect concentration to promote high H 2 production

— Exploit crystallography and solid-solid phase transitions

— Line compound and polytypes observed in WS with BCM

• Ideal thermodynamics lie between Ce02 and SLMA.

(AE,RE)Mn-based perovskites other than SLMA show promise

Balance between Aö (1` H2 capacity) and AHR TTR) and H20:H2
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1111rThydroGEN is an Energy Materials NetwOrik (EMN)
https://energy.gov/eere/energy-materials-network/energy-materials-network

HydroGEN
Ili Advanced Wabn Soketry Katenab

TINIREL
BEFIREIET LI53

vmmr

h= National Labdesthele
WU Wail .d7177

&vim
Natkwil
Ltharatadin

SRNL
Core Labs

Comprising more than 80 unique, world-class capabilities/expertise in materials
theory/computation, synthesis, and characterization & analysis:

Materials Theory/Computation

Bulk and interfacial
models of aqueous

electrolytes

24

Advanced Materials Synthesis

High-throughput spray
pyrolysis system for
electrode fabrication

LAMMPS classic molecular dynamics
modeling relevant to H20 splitting

Conformal ultrathin TiO2 ALD
coating on bulk nanoporous gold

Characterization & Analysis

Stagnation flow reactor to
evaluate kinetics of redox

material at high-T

TAP reactor for extracting
ouantitative kinetic data

HydroGEN fosters cross-cutting innovation usin theory-guided applied materials R&D
to advance all emerging water-splitting pathways or ydrogen pron.-a-101'r
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Efficiency Drives Reactor Development
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• Many different reactor designs have been proposed.

• Accurate models required to evaluate reactor performance at scale.

— Validated by subscale systems and prototype performance

J. E. Miller, A. H. McDaniel, M. D. Allendorf, Advanced Energy Materials. 4, 1300469 (2014).
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Cascading Pressure Receiver Reacto7i5)-111111

26

• DOE Project goals for reactor.

- 8 hours continuous operation

- Greater than 3 liters of H2

• High-efficiency attributes of CPR2.

- Continuous use of solar resource

- Pressure cascade and temperature
separation

- Efficiency advantage of vacuum reduction

- Efficiency advantage of non-isothermal

operation

- Only particles thermally cycled

3kW thermal
input to system

m

lamp
arrays

(Y- -14500 C

vib+pitch

H2

02

vacuum

steam

chamber --800° C
WS

I. Ermanoski, International Journal of Hydrogen Energy 39, 13114 (2014), doi :10.1016/j . ij hydene.2014.06.143 .
I. Ermanoski, J. E. Miller, M. D. Allendorf, Physical Chemistry Chemical Physics. 16, 8418 (2014).
N. P. Siegel, J. E. Miller, I. Ermanoski, R. B. Diver, E. B. Stechel, Ind. Eng. Chem. Res. 52, 3276-3286 (2013).
I. Ermanoski, N. P. Siegel, E. B. Stechel, J. Solar Energy Engineering. 135, 031002 (2013).
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From Concept To Operation In 2 Years

_4

1111L—.11

Engineering & Safety
reviews complete,

authorized for full operation

• STCH hydrogen production reactor facility specifications.

— Vacuum system with —10-4 atm base pressure at 1700 K cavity temperature

— 10 kWei, four-lamp solar simulator (-3.4 kWth at cavity aperture)

— Instrumented with —100 TC's, optical pyrometer, motorized particle flow control,

gas flow and pressure sensing/control, Sandia's MIS H2 sensor, CCTV system, etc

— DAC is LabVIEW-based and provides measurement & control through custom GUI

o
o

CD
o

solid state
H2 sensor
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Major System Components

temperature
&

pressure
separation

28

ISFOlvdnogon and Fuel Coils Program

  img.

Result of a multidisciplinary
collaboration between professional
engineers (and one physicist) from

Sandia, DLR, and Bucknell University

particles flow
down

particles out
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Designing the Solar Receiver

Solar interface

Direct part

prR, = 25 Pa

H2 = 0.2m

Pox = SO kl'u.

29

0.5

• Pressure separation.

— Particle diameter and mass

— Bed permeation and fluidization

la&

ow control.

alves, vibrating plates,
actuated drives

Key design criteria
established by detailed

modeling when necessary
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Mir

Examples Of Many Design Validation Activities

calculate flux on particles

I t 1.) 1?

Elsasr

30

calibrate SLIP-STICK flow rate
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Qualify design choices to mitigate risk of CPR2 failure
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Solar Simulator Powers CPR2

• Designed in collaboration with
Bucknell University.

— Each module houses a 2.5 kW
short-arc Xe bulb

— Each module independently
focused into the CPR2
receiver aperture

• Design validated by flux
mapping combined with ray
tracing calculations.

ISFOlvdnogon and Fuel Coils Program

J. P. Roba and N. P. Siegel, Solar Energy, 2017, 157, 818-826.0

I It

rr
A

r

Llw

-3 .2 Y I I 2 4

Provide 3.4 kWth of simulated concentrated solar power into aperture
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Ultra-high Temperature Solar Receiver

4

• Designed in collaboration with DLR

and Bucknell University.

— High vacuum, P TR <.0001 atm

— Radiant cavity, Twa II = 1500 °C

— Direct illumination of particles

— Control particle flow rate and

particle irradiation time

P al? WII:n

particles in

Precise control of oxide reduction conditions
• Design validated by numerical

models, ray tracing, particle flow

tests, etc...

si_117.:71111

light in

1

particles out

A. Singh, J. Lapp, J. Grobbel, S. Brendelberger, J. P. Reinhold, L. Olivera, I. Ermanoski,
N. P. Siegel, A. McDaniel, M. Roeb and C. Sattler, Solar Energy, 2017, 157, 365-376.
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Pressure Separation And Water Splitting Chamber
1700 x pressure reduction without
fluidization of movine particle bed

pr
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k
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a
)
 

ID=2 5cm
ID=1.5cm

100

75 -

50 -

25

0 

velocity
pressure

1 2

: 6

- 4 (i)

(D

2 5

0 . 1

: 6
(/)

4

3

bed lenght (m)

Designed by Sandia.

Quench particle temperature, AT = 650 °C

— Stand off 0.84 atm pressure

— Separate 02 from H2

— Long contact time between H20 and oxide

Heat durnp

B2

83 R,f, B3-82 pressure

separation
10=1

11)=3.75cm 11)=2.55cm

WS-83 pressure

separation

>

WS chamber

C ;

WS chamber

(1:1)

Laser level
measurement

CeOz uutlet control

Nonunal steam input:
• 0 56mmol/s

dirnefa Heater
itesting onty)

NUM111.11 pressure drop -SODa "="1-7411111
Minimum:11Pa

Maximum: —1250Pa

Increased H2 production efficiency with pressure separation
and countercurrent flow between H20 and oxide
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Acquired 150 kg Ce02 For CPR2 Demonstration

• Manufacturing ODYSSEY.

— Raw powder acquired from CA supplier

— Pelletized in PA

— Calcined in OH

— Quality control tested in CO

— Shipped to NSTTF SNL/NM

• Particle size distribution critical (300±200
34
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Marching Towards Solar H2 ProduciTo71
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,m1

— Ce02 particles
SS plate
CPR2 wall
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CPR2 run time (HH:MM)
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0.25 SLPM
peak H2 rate
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lirm-us DOE Vision For H2 Production And Utilization
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Nature's Thermochemical Water Splitting Process

Source: iStock

Our challenge is to develop efficient and scalable solar-powered
reactors producing 100,000 kg H2/day without melting houses



Sandia National Laboratories ISFOnedrogen and Fuel Coils Program

Mir -...,-
Desired Material Behavior Defined by Process

Economics

• Redox capacity (M0x/H2).

— Oxide heating and material inventory

• Redox kinetics.

— Cycle time and material inventory

• Earth abundance.

— Raw materials

Reduction temperature (TTR).

— Heliostats (solar concentration)

— Reactor construction materials

• Steam requirement (H20:H2).

— Steam heating and water use

Durability.

— Material replacement

PROPERTY IDEAL

Redox Capacity HIGH <10:1 (M0x/H2)

Redox Kinetics FAST -sec (match flux)

Earth Abundance HIGH >103/106 Si

TTR @ Reduction LOW -1400°C

H20/H2 @ Oxidation LOW <5:1 (H20:H2)

Durability HIGH >10 years

Commercial viability key driver
when competing against steam

methane reforming or electrolysis.

J. E. Miller, A. H. McDaniel, M. D. Allendorf, Advanced Energy Materials. 4, 1300469 (2014).
I. Ermanoski, J. E. Miller, M. D. Allendorf, Physical Chemistry Chemical Physics. 16, 8418 (2014).
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EELS Reveals: Effect Of Reduction On O-M Bonding
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