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Atomausstieg in Deutschland HZB......

www.fhi-berlin.mpg.de

AKW tragen 14% des Kraftwerksparkes und ca.
25% der erzeugten Leistung bei.

In 10 Jahren: Abschaltung und Abbau (ware
Immer notig, nur wann?).

Ersatz durch konventionelle KW: technisch
unproblematisch aber 65-100 Mio. t CO,
zusatzlich pro Jahr!

Energiekonzept D sieht Ausstieg vor.

Malinahmen: Sparen und regenerative Energie
(sehr ,windlastig®).

 Reicht das aus?
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Stromverbrauch und Windeinspeisung:
Flexibler Kraftwerkspark notwendig

AN

MW

80.000

70.000 4

m
o
o
8

bdecw

Energie. Wasser. Leben.

Hohe Windeinspeisung bei
Schwachlast

(26.12.09, 2 Uhr):

* KWK muss im Winter am
Netz bleiben

J || +Gas-KW teilweise far
Systemdienstleistungen

A
71.820 MW

A notwendig
26.020 MW * Drosselung der KKW

auf 55%

» Kohle-KW gréBtenteils
abgefahren oder stark

- e =

13.12.09, 6 Uhr +
14.12.09,6 Uhr
14.12.09, 18 Uhr
15.12.09, 6 Uhr
15.12.09, 18 Uhr
16.1209, 6 Uhr
16.12.09, 18 Uh
17.12.09, 18 Uhr 1
18.12.09, 6 Uhr 1

13.12.09, 18 Ulr
17.12.09, 6 Uh

-

18.1209, 18 Uhr 4
19.12.09,6 Uh
19.12.09, 18 Uhr
20.12.09, 6 Uhr
20.12.09, 18 Uhr
21.12.09, 18 Uh
22.12.09, 6 Uh
22.12.09, 18 Uhr 1
23.12.09, 6 Uhr 1

— Windeinspeisung

- Netzlast (Verbrauch)

Quellen: BDEW. entso-e

1 231209, 18 Uhr 4

24.12.09, 6 Uhr 1

241209, 18 Uhr 4

25.12.09,6 Uhr -

D e e R R T e - e = =

25.12.09, 18 Uhr 1

= [ gedrosselt

2 - = . .

o 222 2 » Erzeugungsuberschusse als
S $gsfe Stromexport

£ 383

Leistungsanstieg Windeinspeisung:
11.800 MW in 12 h (25.12.09, 5h bis 17h),

allerdings gleichlaufend mit Netzlast.
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Sonnenraffinerie 4 )
Methan Chemische Speicherung, Lagerung SO__Iare : :
Methanol Trager : :
Ammoniak \ y
A
I Biomasse l -1«
\ 4
Verteil cO
Wasserstoff Elektrolyse Verbrennung 2
System
A
Elektrizitat Mobilitat Warme
_ Transport Prozesse
Photochemie
Batterie

Kraft-Warme-Kopplung 8
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Nicht ohne
Grundlagenforschung fur
Wandler und Speicher



Use of solar hydrogen:
[ H g CO, hydrogenation hnuice
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 Methanol from solar

100% r

hydrogen and CO, oo |

80% -

* The “power-to-gas”
option also for high
volume energy

70%

60%

40%

Methanol Yield

transport (global). o

20%

 Methanol synthesisisa

known technology with ™
100Mtons/a volume.

50% |

Equilibrium conversion for CO, at
stoichiometric feed and 50 bar

450 500 550 600
T(K)

G. Olah: Synthesis of MeOH from
CO, is facile and known technology
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Mixing Copper Nanoparticles and ZnO Nanocrystals:
A Route towards Understanding the Hydrogenation of

CO, to Methanol?

Frederic C. Meunier*

Cu-ZnO-based materials,”* while stressing that those could
yet be important in the case of copper-free ZnO. Tsang et al.["
suggest a model remotely derived from the junction effect as
described by Frost®] to explain the improved activity of their
Cu-ZnO platelets, in which some electrons and oxygen atoms
migrate from the ZnO to Cu to form CuO and oxygen
vacancies in the ZnO phase near to the interface.

The comments above underline that further studies will be
needed to ascertain the origin of the selectivity differences
observed by Tsang and co-workers." In particular, operando
techniques need to be used, since Grunwaldt et al.”) showed
that Cu wetted differently ZnO depending on the exper-
imental conditions. It would be interesting to assess 1) pos-
sible changes in shape and size of the copper particles under
reaction conditions, 2) the possibility of Zn-Cu surface alloys
formation, and 3) the Cu surface area in situ after reaction (by
N,O reactive frontal chromatography®¥) in the case of Cu-
ZnO platelets and Cu-ZnO rods.

The marked difference of selectivity observed is related to
the difference in the structure of the catalytic materials
derived from the original mechanical mixtures."! The water—

Angew. Chem. Int. Ed. 2011, 50, 4053 — 4054

© 20n Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Berg. M. Farle, Y. Wang, R. A. Fischer, M. Muhler, Chem-
CatChem 2010, 2, 214-222.

|3] a) M. Saito, Catal. Surv. Jpn. 1998, 2, 175-184; b) M. Saito, T.
Fujitani, M. Takeuchi, T. Watanabe, Appl. Catal. 1996, 138,311 -
318.

|4] S. Fujita, M. Usui, H. Ito, N. Takezawa, J. Catal. 1995, 157, 403 -
413.

|5] a) K. C. Waugh, Catal. Today 1992, 15, 51-75; b) W. X. Pan, R.
Cao, D. L. Roberts, G. L. Griffin, J. Catal. 1988, 114, 440-446;
¢) S. Polarz, J. Strunk, V. Ischenko, M. W. E. van den Berg, O.
Hinrichsen, M. Muhler, M. Driess, Angew. Chem. 2006, 118,
3031-3035; Angew. Chem. Int. Ed. 2006, 45, 2965-2969; d) 1.
Kasatkin, P. Kurr, B. Kniep, A. Trunschke, R. Schlogl, Angew.
Chem. 2007, 119, 7465-7468; Angew. Chem. Int. Ed. 2007, 46,
7324-7327.

[6] M. Behrens, J. Catal. 2009, 267, 24-29.

|7] a) Y. Choi, K. Futagami, T. Fujitani, J. Nakamura, Appl. Catal. A
2001, 208, 163-167; b) N.-Y. Topsge, H. Topspe, Top. Catal.
1999, 8, 267-270.

|8] J. C. Frost, Nature 1988, 334, 577-580.

[9] J-D. Grunwaldt, A. M. Molenbroek, N.-Y. Topsge, H. Topsge,
B. S. Clausen, J. Catal. 2000, 194, 452 -460.

[10] a) R. A. Hadden, P. J. Lambert, C. Ranson, Appl. Catal. A 1995,

122, L1-L4; b) K. C. Waugh, Catal. Lett. 1999, 58, 163-165.

#WILEY i

ONLINE LIBRARY
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o, €2 7-10 nm i}
SAg, ca. 30-40 m2g i
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Cu/ZnO/(Al




Kinetic observations
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CO, +3H,— CH,0H + H,0
CO, + H,——>CO + H,0
20% 100% 500 | N
A~ - -
18% e 90% —& 10bar CO ”/A
-~ = 30bar CO J
16% S S 80% .
R — RN ’ & 10—k sobarco /
c
14% 70% '\? ‘E —8— 10 bar MeOH
— < <
NS 12% S 60% > ° 300 30 bar MeOH
~— (] 0 42
g —e— 10 bar conv. > § ——50 bar MeOH ,,/
- ~—
z 10% 30 bar conv. 50% s o
7] Sa T ©
2 gy —e— 50 bar conv. - 40% W ; 200 -
8 —4& 10bar sel. S g %
ON 6% 30 bar sel. \‘\ - 30% :E’ 2
~ o b
T — A 50 bar sel. \\\ - 20% § 100 -
A
2% - 10%
0% T T T 0% 0
440 460 500 520 440 460 480 500 520
T(K)

Pressure and Temperature Studies with 200 mg NGM std. Catalyst 20 um powder
( a representative malachite-derived catalyst ) 100 mi/min CO,/H,/Ar (3:9:1) in 10 mm OD reactor

The CO shift chemistry is faster than the MeOH synthesis

13
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Synthesis: How to get there

A multi-step synthesis is controlled by the
Kinetics of precipitation to form a single-phase
meta-stable intermediate zM (zincian malachite)

14
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Calcination

Co-Precipitation

Reduction

Cu:Zn =70: 30 :
oH 6-7 Washing

T=60-70°C M VN9

Ageing t=30-120 min | Cu:Zn ca. 70: 30
T=60-70°C M dg, ca. 7-10 nm

SA;, ca. 30-40 ng

Cu/ZnOJAl,O,

Synthesis developed at ICI (1960s)
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Ageing Calcination .08 Reduction 008
‘ 890?088 5909085
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Zincian malachite

Zincian georgeite (Cu,Zn,),(OH),CO, CuO/ZnO Cu/ZnO

> Meso-structuring > Nano-structuring > Activation

abit?

>38-005 2.0kV x150k SE(U,LAO0)

Jndefinied compact shape Thin needles Spherical shaped particles
size ca. 100 nm size ca. 20 x 200 nm size ca. 10 nm
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More effective nano-structuring O‘ 8. 'U
and higher Cu dispersion for x = 0.3 Reduction oog

et
Ageing /

Calcination

Reduction
Zincian malachite
(Cuy,Zn,),(OH),CO;

Less effective nano-structuring
and lower Cu dispersion for x < 0.3
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. 102
o > ] o— 9020
2 o g o 0120/ 240
®© O 1004 o 8 o ® 220
9 ON | \\ < .
O)f B ~
S5 984 \ 2.86 -
5 Q 8 3
C%SN \E 21_1 g 4
o O 96 a? T T T T T T T T T T 20-1 S‘ 284'
. w R
1,0 1 - o
= & — S 2.82-
o 5 051 a/ 9] .
© o
s 3 / 220
87300—:1 q o 5120 o 2.80 -
£0 = 4 8020 £ _
b) 240 Q
0,5 T T T T T T T T T T T T 1 (_U 2 78_
0,00 0,05 0,10 0,15 0,20 0,25 0,30 g ’
X in_(Cu1_X>ZnX)2(OH)2003 5 276,
20-1 w = A zM 5 zM M
o o ] 72% Cu : >72 9
S 2741 ( % ) (>72 % Cu)
© I I 7'2%I

50 55 60 65 70 75 80 85 90 95 100
Nominal Cu content / %

With this concept of nanostructuring by
touching spheres the precursor chemistry
limits size distribution
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C ; 122
g _n -
Q 2.84- - = c
g _n - T \ 7] 16 §
§ 2.824 Highest Cu surface area 114 L
& 1| for highest Zn-substitution 112 8
D 2.80+ of malachite precursor phase — 110 o,
c E =h
f_ﬁ 2.781 l \ {8 B
= 1 : \ ] 6 ,8..
S 2.76- - ! la =
= | A zM g zM \ M4 @
! 72% Cu) 0 - =~
S 2741 ( +oA ) (>72 % Cu) \12 3
© T T T I 7'20A)l I ! I D O (Q'

— 1 1 T L L L
50 55 60 65 70 75 80 85 90 95 100
Nominal Cu content / %

4
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The “universal” catalysis trick:
a promoter

Al does much more to the active phase than
serving as spacer between Cu NP

20
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Cu/ZnO/(Al,O4) in MeOH synthesis
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Taken from ref. [10]

Cu/Zn Catalysts exhibit higher sEeCific
activity than Cu/SiO, systems [1-2]

Synergetic effect of ZnO
— as geometric spacer

— on active Species:
e Cu(0) surfacel3!
— with lattice straintl
— with planar defects/®

Dynamic processes (, Tops@e-Model*)®

Cut in the ZnO latticel”!
Electron-rich Cu at Schottky-junction!®]

400 (-
- [ J
©
" 5300+ Cu/iZnO/ALO, A
> * 4
é - A
= Cu/ZnO
CE) 200 o
= -
>
= 100+
g "% Cu/ALO,
]
0 " 1 1 1 1 1
0 5 10 15 20 25 30
[ J

Specific Cu surface area / mf"-gcm'1

[1] Y. Kanai, T. Wanatabe, T. Fujitani, T. Uchijima, J. Nakamura,
Catal. Lett. 38 (1996) 157.

[2] R. Burch, R. J. Chappell, S. E. Golunski, J. Chem. Soc. Faraday
Trans. 85 (1989) 3569.

[3] K. C. Waugh, Catal. Today 15 (1992) 51-75.

[4] M. M. Glinter, T. Ressler, B. Bems, C. Buscher, T. Genger, O.
Hinrichsen, M. Muhler, R. Schlégl, Catal. Lett. 71 (2001) 37.

[5] I. Kasatkin, P. Kurr, B. Kniep, A Trunschke, R. Schlogl, Angew.
Chem. 119 (2007) 7465.

H-Spillover from ZnO involved®

Promoting effect of Al,O,!]

[6] J.-D. Grunwaldt, A.M. Molenbroek, N.-Y. Topsge, H.
Topsge, B.S. Clausen, J. Catal. 194 (2000) 452.

[7] K. Klier, Adv. Catal. 31 (1982) 243.

[8] J. C. Frost, Nature 334 (1988) 577-580.

[9] M. S. Spencer, Catal. Lett. 50 (1998) 37-40.

[10] M. Kurtz, N. Bauer, C. Blscher, H. Wilmer, O. Hinrichsen,
R. Becker, S. Rabe, K. Merz, M. Driess, R. A. Fischer, M.
Mubhler, Catal. Lett. 2004, 92, 49.
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1,35 - ~ 2,780 - - 0,0300
1,30 - - 44 40,0295
o [ |
1,25 4 12775 40,0290
) 1 |
1.20 - _ 400285 >
> - {2,770 < O =
S 1,15- = £ qo00280 g
© ' S 140 3 - Q
3 110- N < Joo2rs 2
d ] 42,765 © g
1,05 - 40,0270
| ] 4 38
1,00 - 15760 _ -4 0,0265
0,95 - a | 4 36 — 0,0260
0,90 T | T | T | T | T | T | T | 2,755 = - 0,0255

0 2 4 6 8 10 12 14
nominal Al content / %
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Cu0O/Zn0O/Al, O,
Cu:Zn:Al = 67.7_:2”

RPN Tl An

% vé!‘.n'uwh 7
b o S
ST g

-

'

Al is well dispersed, above 3% solubility limit in ZnO reached and spinel formation
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——2.5% Al

——4.0% Al

——3.3% Al

——6.5% Al

—— 13% Al

——— (2.5% Al)-(3.3% Al)
(2.5% Al)-(4.0% Al)

——— (2.5% Al)-(6.5% Al)

—— (2.5% Al)-(13.0% Al)

81 pp

' | ' | v ' T ' |
200 150 100 50 0 -50 -100
chemical shift / ppm
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2 4 o6 8 10 12 1

nominal Al content / %

NMR difference signal at 81 ppm/a.u

4

Stacking faults in ZnO:
missing oxygen layers in the sequence
...Zn-0-Zn--Zn-O-Zn-0... along [001]

.

25
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(Cu,4Zn,,),(OH),CO, (Cu Mg ,),(OH),CO,

(120)
(220)

Malachite
(PDF 72-75)

Intensity
(020)

10 15 20 25 30 35 40 = '
Diffraction Angle 26 [°] SACu =39 m g-1
WTY yeon = 0.03 mmoly.onh'geq™
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Time for models: not as you may
expect

A series of polycrystalline phase-pure systems
with Cu/Zn constant and pure Cu NP are
prepared by varying the kinetics

27
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Cu
Cu/ZnO

Cu/ZnAl,0,

Cu/ZnO/Al,O5 unaged
Cu/ZnO/Al, O, conventional |

Cu/ZnO/Al,O4 conventional Il

[1] F. Zigan, W. Josig, H. D. Schuster,
Z. Kristallogr. 145 (1977) 412.

Co-ppt + ageing

Co-ppt w/o ageing

Co-ppt + ageing

[2] M. Behrens; J. Catal. 267 (2009) 24. Cu

[3] M. Behrens, F. Girgsdies, Z. Anorg.
Allg. Chem. 636 (2010) 919-927.
[4] M: Behrens, |. Kasatkin, S. Kuhl. G.

Weinberg, Chem. Mater. 22 (2010)

386-397.

[5] B. L. Kniep, T. Ressler, A. Rabis, F.

Cu/ZnO

Cu/ZnAl,O,

Malachite

Zincian malachite

Cu,Zn,Al-LDH

Amorphous

Zincian malachite

100
70

50

Cu/ZnO/Al,O; unaged 70

Girgsdies, M. Baenitz, F. Steglich, R.

Schldgl, Angew. Chem Intern. Ed. 43

(2003) 112.

[6] I. Kasatkin, P. Kurr, B. Kniep, A Trunschke,

R. Schlogl, Angew. Chem. 119 (2007) 7465.

Cu/ZnO/Al,O4 conv. | 70
Cu/ZnO/Al,O4 conv. Il 70

Materials basis for reactivity studies
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[1]
[2,3]

Calcination (330°C)

=+

Reduction
(5% H,)

13.3+0.1 nm

6.9+0.1 nm

95+0.5nm

10.0 £ 0.7 nm

12.7 + 0.4 nm

[4]
[5]

[6]

6 m2g

26 m2g-’
10 m2g-"
24 m2g"
30 m2g-"

43 m2g’
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> | 523K

= 1209 453k
2% 0.
P ;3100—
2] O 7
£o 807
£ 3 '
(@) .
3 T 40-
= ]
s g 40
S 2
0 -

CuRef. unaged ex-LDH binary conv.|l conv. Il

Substantial variation in intrinsic activities over reproductions of synthesis and
testing in two laboratories: pure Cu particles are almost inactive (model?)
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M.S. Paterson, J. Appl. Phys. 23, 1952, 805: (h+k+l = 3Nt1) broadened and shifted; (h+k+I = 3N) not affected

2
|6 é
0 /] 200
1.158 ] 0.030
1 157_’ -d111/d200 ]
1.156 _' L] d222/d400 1 0.025
811554 | | | I e T T
o 1.154 . x * | 10015
1.152 - _
1451 4 0.005
1.150 - . . . . . .0.000
CuRef. unaged ex-LDH binary conv.l conv.ll

. . Warren, B.E., X-ray Diffraction
a=38.3 (2/\/5 = Sin b, /sin b, ) (New York: Dover Publications), 1990
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3
e B

o 1251 Twin boundary
~ : 1 i
3

b 100 -

s

<

5 751

©

2

= 50 -

(@)

®

)

2 25-

»

£

0 ! .
0.000 0.005 0.010

Stacking fault g
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Reduced in 5% H,
6 Kpm, 250 °C, 30 min

¥

\'\-000000.0000000000. p
YT 2t 2R R 0 0 LA
" T2 A R
T T FEE R & B

1 ~ "N
l( /- ' "

¢

100 211 522 111



i

O
niunicat

Tt Unifying Concepts in Catalysis

AC\ . HED e
* ”j A functional model Cu/ZnO ex LDH

www.fhi-berlin.mpg.de

[M(IT), _, M(IT1) (OH),] * (A7) - mH, O

@ Cu,Zn,Al hydrotalcite-like compounds (LDH) formed as
by-phase during synthesis of Cu/Zn0O/Al,O; catalysts for
methanol synthesis

@ expectations:

O-H

M(I), M(IIT)

e formation of catalysts with
homogeneous microstructure

O-H

R o—‘~o o8 ° high_dispersion of the metal
\ \ : : species

o enhanced metal-oxide
interaction after reduction
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-

1]
b

n 2% — . ltlll.lrlx
KV x3.00k SE(M,LAC) 10.0um
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Thermal analysis and modelling.
A=>B=>C, E_,= 56 kdJ/mol, E_, = 63 kdJ/mol
Autocatalytic process with 1-D reaction front 37
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* Pure copper is not the active phase: some
defects are critical.

« Point defects and “roughness” are not directly
connected.

* ltis the line defects (twins and dislocations) that
correlate well with the intrinsic performance.

* What is the effect of synergy:
— Stabilizing defects?
— Decorating the surface as co-catalyst

— Forming a surface alloy?

41
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Cu,O islands

300nm

Active oxygen located at strained sites
Zhuo et al, J. Appl. Phys, 2006
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Surface analysis: what we can
learn from in-situ studies

ambient pressure photoemission allows
connection to structural data and gives us a
complementary picture to microscopy

43
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inter-particle high-temp.
geometric carbonate
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Cu+O

synthesis (Cu,0)
8

Cu+
Cu,0O

line defects
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embedment

nucleophilic
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Al,O, growth inhibitor

for ZnO
glue for interparticle
contact
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chemically

d-band shifted robust site
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27 5k CuZn211

AG (eV)

H2COOH*

HCOOH + H*

H3COH + OH*
H3COH + OH* + H*
I
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Dem Anwenden muss das Erkennen vorausgehen

Max Planck

Thank You
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More active sites
— More [O] species (synthesis)
— More strain from matrix (binding).

More Cu/ZnQO synergy
— Less (Zn0O),_, coverage (promoters)
— ZnO dispenser matrix (inorganic zincates).

More TOF

— Hydrophilic surface (less polar matrix)
— More [O] species as hydride transfer species (synthesis).

More macroscopic performance

— Pre-reaction activation (mechanical stability)
— Hierarchical homogeneity (density).
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* Bulk Cu with slight electronic deviations is covered
by ZnO and at the top surface also by alumina.

« Bare Cu is a minority species at the surface of the
working catalyst.

* An oxygen species is part of the MSR function (and
likely also of MS) of Cu.

A different (OH) species not bonded to Cu is
detrimental.

« Cu oxide is not the active phase.
 From calo: methoxide is a frequent intermediate.
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The missing bit: activation in situ
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Bisher haben wir nur von der Natur Energietrager ,geborgt":
Treibhauseffekt als Preis: nachhaltig ist das nicht!

Die Energiewende ist nur der Anfang einer grof3en
Umstrukturierung.

Es gibt genug solare Energie fur alle und zudem weitere
Alternativen (Fusionsenergie).: regenerative Wandler jetzt!

Es gibt nicht genug leistungsfahige Speicher (auch nicht die
Biomasse).

Die Grundlagenforschung an Wandlern und Speichern ist erst
am Anfang, Vorsicht mit schnellen Entscheidungen (PV).

Weil die Randbedingungen ortlich und zeitlich verschieden
sind brauchen wir mehrere Alternativen fur die
Energieversorgung.
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Strong-Metal-Support-Interaction

Reduction at high T

Mobile component
Cohesive Adhesive
Sintered Pill-box mobile
metal
m®=2m | mfifm | Suepor
Sintered Encapsulation mobile
support

F. C. M. J. M. van Delft, A. D. van Langefeld, B. E.
Nieuwenhuys, Solid State lonics 16, (1985) 233.
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