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Global warming & greenhouse gases

Atmospheric CO; at Mauna Loa Observatory M. Annual Mean
T T T T T T T U
. I < 1.2+ Lowess Smoothing
Scripps Institution of Oceanography o .
4201 NOAA Global Monitoring Laboratory 1 ©  1.0q LSAT+SST Uncertainty
o
.. D 0.8+
£ 200 Mauna Loa, Hawaii: longest -
s i . 1 & 0.6+
& record of direct z h q ) -
= . P > — ttps: ata.giss.nasa.gov/gistem
§ g Measurements of CO, in the ] g O ps://data.g gov/g b/
g atmosphere g 0
= <
2 360 1 g 007
. o 5
C.D. Keeling, R.B. £ £ 0.2
Bacastow, A.E. S g .
. : O 340+ 1 € 0.4+
Bainbridge, C.A. Ekdahl, gml.noaa.gov/ccgg/trends/ |. s NASA/GISS/GISTEMP v4
P.R. Guenther, and L.S. A -0.6+
Waterman, (1976), J. 320 T SRy S 1 1880 1900 1920 1940 1960 1980 2000 2020
Geophys. Research, vol. . ‘ . ‘ . UCSanDiesy =
94, 8549-8565 1960 1970 1980 1990 2000 2010 2020 Land-ocean temperature index, 1880 to present, with base period 1951-1980. The solid black line is the global annual mean and the solid red line is the
Year five-year lowess smooth. The gray shading represents the total (LSAT and SST) annual uncertainty at a 95% confidence interval and is available for

download. [More information on the updated uncertainty model can be found here: Lenssen et al. (2019).]
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Slow transformation of the global economy

Proportion of different types of global primary energy consumption

2015 2019 2020
® Fossil fuels = Renewable energy = Nuclear energy

Zhang, Y.; Zhao, S.; Li, L.; Feng, J.; Li, K.; Huang, Z.; Lin, H. Integrated CO2 capture and utilization: a review of the synergistic effects of dual function materials.
Catalysis Science & Technology 2024, 14 (4), 790-819, 10.1039/D3CY01289A. DOI: 10.1039/D3CY01289A.
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Catalysis as a key technology in a circular economy

Chemicals

Hydrogen
storage

Renewable Electrolysis Capture
Energy
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MEMCAT: Transformation of CO, to
value-added products in tandem reactions
Catalyst A Catalyst B
= Design of core-shell CO, T - 200300 °C »| Methanol T2 500 °C { Ethylene ]
catalysts for one-step CO,- p = 35-55 bar p =1 bar *
reductive atmosphere oxidative atmosphere

to-ethylene conversion
Tandem catalyst, optimized temperature, p = 30 bar

= QOptimization of process

conditions —
: Reaction zone [
. . SHELL Core: Catalyst A ;
= Combination of catalyst 200, + 6H, > CH+4H,0 1000 avion mne},‘(‘
&» :
and membrane technology [Co0 l .
| R | 1og-
to separate water (shift © NS
equilibrium) and ethylene )
L . H,O selective Core shellcatalyst |
(product purification) s 608 . B
Shell: Catalyst B
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MEMCAT: Transformation of CO, to
value-added products in tandem reactions

Catalyst A Catalyst B

: . ]
= Synthesis and testing of I €O 0300 G ’[ Methanol = o Ethylene
/'
core-shell catalysts p = 35-55 bar p =1 bar
reductive atmosphere oxidative atmosphere

= QOptimization of process

Tandem catalyst, optimized temperature, p = 30 bar

parameters
= Rational design of the [ US-y N\
catalysts using insights [CU/ZHO/NZO?} 7SM-5
from spectroscopic Zn0/Zr0, $57-13
characterization and _ \_ SAPOP-34 )
theory = Analysis of surfaces and
interfaces = Acidity characterization
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Methanol synthesis from CO,

Cu/Zn0O/Al,Q; is the industrial standard for methanol synthesis - Synergy between Cu and ZnO

CO, +3H, 2 CH,0H + H,0 AH,= —49.8 k] /mol//®

0.6 C02+H2(_—) CO+H20

o
o
1

1 Cu/ZnO/Al,0; Zn0/Zr0, CO + 2H, 2 CH,0H

AH, = +41.2k]/mol &8
AH, = —91.0 k]/mol

8

o N
w EN
| |

o
N
|
Shift factor (CO:CH,;0H)
[6)]

STY of Methanol (9yeon/Ieat N)

©
-
|

0.0- '4’/ L e L A B 0-

Cu/Zn0O/Al, O,

[ SR | Aa: [ oz

/ Angew. Chem.
2007, 119, 7465.

150 175 200 225 250 275 300 325 350 375 400 150

Temperature (°C)

- CO formation reduces the methanol yield at higher temperatures (favoured by thermodynamics)

T 1—

175 200 225 250 275 300 325 350 375 400
Temperature (°C)
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Reaction mechanism and active sites on Cu/ZnO/Al,O,

Science 2012, 336 (6083), 893— 897

Formate hydrogenation is the rate-determining step Formate Hydrocarboxyl

Disordered

zno,overf ‘ of methanol synthesis from CO, mm!;
i Dynamic catalyst - structure continuously changes ’i RWGS HO_ 0
under reaction conditions ;i i
Cu-ZnO interface determines performance l !
Kinetic control of selectivity H\E/OH Y. Al g‘
- How CO, interacts with the surface b i . G .

% - What are the active sites?

y I
I8 A
8 mmrm!mmm — ! - mm\m(ujmm
!
b H.C
- o ACS Catal. 2024, 14, 4,2730-2745.
él;
('J' .
I | &5
5050 CH30H
Boniface, Lunkenbein, under review. o
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Reductive pretreatment
Restructuring of the ZnO phase and formation of the Cu-ZnO interface
Temperature-programmed reduction In-situ XRD
250 °C
25 2 b : 51 __ o 2h formation of metallic Cu-nanoparticles;
. - 100 €, " 0.5h restructuring of the Cu-ZnQ interface;
5 \ ﬂ I = sintering
m -

] \ 95 o 3 -
< = 32 reduction of CuQ;
£ 19 I % = 1 restructuring of the
s ] 902 150 200 250_1 250_2 2503 25 ZnO phase
S 5 5
g | H,0 L 85 g £ , Cu (111) reductionlof isolated Cu(ll);
= 0.5 L = 7 restructuring of the

| 80 % 3] ZnO phase

o CO, A | E , .
T T T 75 T T T T T T
0 50 100 150 200 250 150 200 250_1 250_2 2503 25
T[°C] Temperature / °C

Angew. Chem. Int. Ed. 2025, 64, €202504280.
Angew. Chem. Int. Ed. 2025, 64, €202504280.

= Reduction is taking place between 130 °C and 200°C
= 7ZnO and Cu particles are sintering at 250°C
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Reductive pretreatment
Restructuring of the ZnO phase and formation of the Cu-ZnO interface
In-situ XRD __ Raman, 457 nm Microwave Cavity Perturbation
0000 o o O o 23 Technique (MCPT)
NNON N S NN <L
—— — — o T[C]
8555 S e 3 ) Bl 50 100 150 200 250
=l = = - = N ZnO 4000 T . T 1 - 300
3500+ : \ - 250
S Red Cat., 25°C 3
© 250 °C_120 min ® 3000 L 200
N 250 °C_30 min >, 1 o
= 250 °C > [ O 25004 - 150 |~
S 200 °C 5 )
IS 150 °C < «“ 2000 L 100
- 130 °C * \
100 °C Mapw it X 1500 L 50
50 °C T T T T T T T
CZA-Precursor 0 50 100 150 200 250 300 350
T . T . T . T . - T - T - T - T time [min]
15 20 5 30 250 500 750 1000 1250

Raman shift / cm’

= Q: Ability of a resonator to store energy - dielectric loss properties of a sample
* The evolution of the electronic properties of the catalyst requires at least 30 min at 250°C in H,

2 0/ degrees
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Log (1/R) (offset)

Council
The reduced catalyst
From amorphous and graphite-like ZnO to more crystalline, wurzite-type ZnO
CO-DRIFTS Raman, 457 nm Auger Spectroscopy (Zn LMM)
ESSRESY A1(LO) TO+LO 2LO
o Egigh E1(LO) P 987.2987.9
I0.0S b= | '\
(9
Q '(og ?f
: O©5 — —_
oee [N Wote S S
2066-2059 cm! [k 1 2093-2098 cm”  CZA-120 S L metallic zinc
=2 CzA-120 = /
n (7))
c C
2 L
= CzZA-30| £ :
\ CZA-120
1  AZO s
2500 2250 2000 1750 1500 1250 250 500 750 1000 1250 1500 "975 980 985 990 995 1000 1005

Wavenumber (cm™) Raman shift (cm™) Kinetic energy (eV)

= Defect structure of Al-doped ZnO is modified in the presence of Cu and the process depends on the reduction time

» The reduction time also determines the coverage of Cu with ZnQO, i.e., the nature of the interface
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The reduced catalyst
XPS O 1s
Impact of Cu on the defect structure of ZnO
530.2
531.5 CZA-120
Zn L edge at 250 °C Raman 532.1
EJSES" A1(LO) TO+LO 2LO
~ Eje" E1(LO) :
—— CZA-120 RLS | wurzite
.| ——CzA-30 \"\ S ‘ CZA-30 | structure
c:é AZO N , W close to Zn
- _é’ | - CZA-120 (interstial)
> 7] : ‘ f |
L c g : close to an
— _g | \Mm 5305 oxygen vacancy
] AZO
AZO
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Photon Energy / eV Raman shift (cm™)
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Binding Energy / eV
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CO, adsorption at 300 K

——Red Cat ——CO, adsorption CO, adsorption Reduced catalyst
>p0 5315 530.2 5302
CZA-120 531.5 CZA-120
CZA-120 532 4 5321
CO,* ' 529.3
'55 § COZ\EJZ ‘/Cuo
/ :
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(interstial)
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. : . 5355 oxygen vacancy

~ 58AE,.o) 540 535 530 525 520 '

wF AZO Binding Energy / eV AZO

Ujj\:l g multiphonons

0 ¥ 2 B =  Oxidation of Cu at room temperature

m el

2 = Disappearance of the band due to defective ZnO
= No COin the gas phase detectable

300 600 900 1200 1500 1800
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CO, adsorption and feed at 500 K

CO,/N, flow Feed, varying CO,/H, ratios
L] 1 T ! ! ! T 4 L] u T F 50 T » T v T v T T - T
] 5% CO, l10%co, | sewmco, |
1604 § -
| ] 40 4 B
140 t |
120 } i 7 30 - .
100 - e 4
g™ ; -
50 - 20 4 |
] i _
60 - - ‘
1 I 10 4 R
40 I -
207 7 0 4 R
] t ) Angew. Chem. Int. Ed.
0 — T T T — T — 2025, 64, e202504280.
0 2 4 B 8 10 12 14 0.4 0.6 0.8 1 12 1.4 16
CO [umol] CO [mol. %]

= Changes in the dielectric losses observed as a function of the partial pressures of both reactant gases are linearly
correlated with the yield of CO in the r-WGS reaction = transient uptake of oxygen (1 mol%) = redox mechanism

= The sites for hydrogen and carbon dioxide activation do not compete kinetically
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The working catalyst
Differences observed after different reduction treatments disappear
554 —— Reduced CZA-30 560 Reduced CZA-120 Cutsedge | M1 ano-edee

Feed-RT_1 bar !
Feed-240°C_ 1 bar

—— Feed-RT-1 bar
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4
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Intensity / a.u.
total electron yield (norm. u.)

T
total electron yield (norm. u.)

Intensity / a.u.

e
=
T

250°C hydrogen

o
IS
T

. 240°C feed 02t 250°C hydrogen
' : . i ' . . : : . . : L , 240°C feed
250 500 750 1000 1250 1500 250 500 750 1000 1250 1500 i S N
Raman shift / Cm_1 Raman shift / Cm_1 photon energy / eV photon energy / eV
=  Partial oxidation of Cu in the feed at 240°C, small O deficit Cu/Zn ratio: 4 after reduction
=  Cuenrichment near the surface under reaction conditions 3.5 in feed
=  Progressive crystallization of ZnO M/O ratio: 0.98 in feed

Journal of Solid State Chemistry 2022, 316, 123567.
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Conclusions and outlook

Complex activation protocols are required to arrive at a high-performance Cu/Zn/Al,O; catalyst
as chemical transformation is necessary but not sufficient to establish a functional system

The differences after different reductive treatments are balanced out under reaction conditions
The r-WGS reaction on Cu/Zn/Al, O, proceeds according to the redox mechanism

The amount of oxygen, which can be stored in a reduced ZnO:Al sample by reaction with CO,, is
considerably smaller than for the CZA catalyst,* suggesting either a direct contribution of the Cu
particles to CO, reduction or the role of Cu particles in promoting ZnO as a catalyst for r-WGS
reaction

The influence of Cu on the nanostructure of ZnO is being further investigated through
systematic Raman experiments in which the chemical potential is varied (temperature, water
vapour); The results are compared with the insights from modelling (University of Jyvaskyla)

*J. Phys. Chem. C, 2025, 129, 18841-18854.
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