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The easy solution: HZB.....
models ?
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Ib Chorkkendorf et al. (Surf. Sci. 2004) Fe (111) at low and high nitrogen
pressure: strong reconstruction at 50 mbar: structure at real pressure still
unknown: nitrogen surface chemisorption not strongly affected thus data of
Ertl et al. grossly correct: kinetics strongly different.
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Early observations: HZB......
F'H Lo XRD is only poorly suited :
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yellow: synth. mix
50

alpha iron white: He
45 |-
2. \ 650 K, 1 bar pressure
in-situ XRD, integrated
T intensity of Fe (110)
35
30 |-
3.

° W
20 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1

120 140 160 180 200 220 240 260 280

1 1 1 1 1
43,8 44,0 44,2 44,4 44,6 44,8 45,0

Time on Stream [h] 200]

Fesoo N by lattice parameter analysis 11
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* Finding an alloy
which is suitable for
reaction conditions,
having zero-activity
and neutron
transmissivity

 Prior to that, Al had
overlap with Fe,
Swagelok leaks -
Ni-based alloy, high
strength, tight (also
post reaction)
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Catalytic performance in-situ
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Carefully reduced catalyst was ,dried"
at 160°C and activated in D, Syngas
from 160°C to 425°C with 0,5 Kpm

1 Equilibrium, 425°C , 75 bar

XND,, 425°C, 75 bar, 1 .= 10,78 s
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15 -
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12 4

While approached steady state,
increasing yield by varying flow
rate from 8,5 I/h to 38 I/h

Equilibrium, 425°C, 75 bar

XND,, 425°C, 75 bar
Syngasmix = 1:3

0 2 4 6 8 10 1%
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Phase analysis in situ:
neither pure iron nor a nitride
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A model HZB......
awaiting quantitative confirmation e

Several geometric
arrangements of
three “sub-phases” of
alpha ironin a
polycrystalline
sample

(paracrystal?)
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CO,+3H,——CH,0OH + H,0O
CO,+H,——CO+H,0

20% - - 100% 500 - A
A~ _ -
18% - T A - 90% -4 10bar CO Wie
Aol ST = 30 bar CO /
16%7( ~._ ~ - - 80% azxoo— & 50 bar CO ,/
______ < - ar
AL S o & /
_ 14% - \\\ \\\ - 70% § E —8— 10 bar MeOH
Q) ~ N =
S 129 S - 60% 2 2 300 - 30bar MeOH
g —e— 10 bar conv. Sa 2 3 —8— 50 bar MeOH ,//
N —
@ 10% - 30 bar conv. o - 50% g e x,’,
(] = ) © 7
—— A A Q - 1
E 8% | 50 bar conv. 0% O T 200 ,,‘
8 — 4 10 bar sel. S g %
S 6% - 30 bar sel. \\\ 30% o %
u - ~
4% A 50 bar sel. SO b 20% 8 100 -
A
2% - - 10% -
0 A=—=—TT T e
0% 0% ‘ ‘
440 460 480 500 520 440 460 480 500 520
T(K) T(K)

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

The CO shift chemistry is faster than the MeOH synthesis
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Calcination
Reduction
Cu:Zn =70:30

pH 6-7 rashing
T=60-70°C f§ ~"

Ageing t=30-120 min [~ Cu:Zn ca. 70:30
T=60-70°C W& dc, ca. 7-10 nm

SA_, ca. 30-40 m?g’"

Cu/ZnO/Al,O,

Synthesis developed at ICI (1960s)
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o . Zincian malachite
Zincian georgeite (Cu,..Zn ),(OH),CO, / CuO/ZnO Cu/ZnO
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io
Nano-strycturing

> Meso-structuring Activation

3538-005 2.0kV x150k SE(U,LAQ)

Undefinied 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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Malachite Cu,(OH),CO;: P2,/a
a=9.502 A b=11.974 A

c=3.240 A =98.75°

o S
Cu:Zn=90:10 Q -
5 k N
- R 100 % Cu
= >
2 =1 /N___90%cCu M
: I
[
= = J 80 % Cu
24 26 28 30 32 34
20/ °

93 % malachite
+

7 % aurichalcite (Zn,Cu);(OH)4(CO;),

TR I T T G TR A T TR N

2025 30 35 40 45 50 M. Behrens, F. Girgsdies, Z. Anorg. Allg. Chem. 636 (2010) 919.
26 Structural model: F. Zigan, W. Joswig, H.D. Schuster, S.A. Mason, Z. Krist. 145 (1977) 412.

T RTLT Y
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21-1

With this concept of nanostructuring by
touching spheres the precursor chemistry
limits size distribution
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CuRef. wunaged 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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Intensity [a.u.]

9000
{1 © I(obs) Catalyst @250°C, 60 bar syngas 35-
8000 - é'Mgﬁ't“be | | EEinstrumental broadening
70004 ot | 3.04 g polycrystalline Cu-powder @RT
6000 - residual | 2.5_' Il catalyst @ 250°C, 60 bar
5000 - P
J ! 1 P E ]
4000 1 | % 1.51
3000— & i T ]
1 19 - =% 1.0
2000 b s | Sh. == i |
I 1is 1 Sl 25 : | osl
10004 4 M I a0t At | Ik ]
— A N (111) (200) (220) (311) (222) (400) (331)
40 60 80 100 120 140 160 Cu-reflex

260 [°]

No brass at reaction temperature:
At 573 K slow conversion to brass
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Diffraction Angle / °26

A Cu ref.

J L Mo
T T T T T T T | T | ' |

20 40 60 80 100 120 140

access to high angle
reflections: structural
precision.
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M.S. Paterson, J. Appl. Phys. 23, 1952, 805: (h+k+| = 3N£1) broadened and shifted; (h+k+l = 3N) not affected

1123 _' [ d111/dzoo _ 0.030
1.156 :ldm/d“m'_ 0025
g 11554 | | | Ll 1 0.020
Ei 1.154 - . % % i 0.015
o 1153 - 1 0.010
1.152 | .
1151 . 1 0.005
1.150 - . . .0.000

CuRef. wunaged ex-LDH binary conv.l conv.ll

. . Warren, B.E., X-ray Diffraction
a=8.3 (2/\/g —sin b, /sin O, ) (New York: Dover Publications), 1990
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Active Cu HZB......
How we get more sites
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d(111)/d(200)

-h
—_
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In-situ neutron diffraction:
Activity scales with defect density
(terminating at the surface)...
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The sintered catalyst for reference
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Where come the defects from?
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Thermal analysis and modelling.
A=>B=>C, E_,= 56 kJ/mol, E_, = 63 kJ/mol

Autocatalytic process with 1-D reaction front

Temperature / °C
The intermediate oxide
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* Translational phases and their low-energy
termination are not active as catalysts (also not
stable products with reagents: nitrides, brass).

« Reactive are high energy sites arising from local

defects of the translational structure terminating
at the surface (step formers).

 Kinetics of catalyst synthesis controls defects
and hence reactivity (black magic).

* Bulk nanostructure (defects) control activation of
as-synthesized catalyst precursor through
reactants (N in Fe, O in Cu: planar defects).



Dem Anwenden muss das Erkennen vorausgehen

Max Planck

Thank You







Use of solar hydrogen: HZB.....
FH L CO, hydrogenation to MeOH TR
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Equilibrium conversion for CO, at

* Methanol from solar stoichiometric feed and 50 bar

100%

hydrogen and CO,

 The "power-to-gas” b
option also for high
volume energy |
transport (global).

20% -

 Methanol synthesisisa
known technology with ™
100Mtons/a volume.

70%

60%

50%

Methanol Yield

400 450 500 550 600
T(K)

G. Olah: Synthesis of MeOH from
CO, is facile and known technology



Cu Malachite
Cu/ZnO Co-ppt + ageing Zincian malachite
Cu/ZnAl,O, Cu,Zn,Al-LDH
Cu/ZnO/Al,O5 unaged Co-ppt w/o ageing Amorphous

Cu/ZnO/Al,O4 conventional |

Co-ppt + ageing Zincian malachite

Cu/ZnO/Al,O4 conventional Il
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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 m32g-"
24 m2g™
30 m2g"
43 m2g"
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Cu, O islands
300nm
A
Active oxygen located at strained sites 38

Zhuo et al, J. Appl. Phys, 2006



