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CO + H, (Syngas)

RESEARCH

Catalyst Design for Heterogeneous (photo-)electrocatalysis

+ Water Oxidation Reaction (WOR) ;h A\
« Oxygen Reduction Reaction (ORR) ra
» Hydrogen Evolution Reaction (HER)
» Nitrogen Reduction Reaction (NRR)

+ Electrocatalytic CO, Reduction Reaction (e-CO,RR) - from flue-gas to Syngas,
Ethylene, Formic acid, Methanol, Ethanol, Acetic acid
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ELECTROCATALYTIC CO, REDUCTION REACTION
(e-CO,RR)

:»}f? F
Der Wissenschaftsfonds.
..

&ﬂ] l R ,"'gé'FFG

Industry L "
Living / Transportation
Flue gas
— E“ ]

Electrochemical Long-term energy storage
COzreduction

PN

Renewable energy

Sustainable food
Biotechnology ustainable supply

MONTANUNIVERSITAT LEOBEN, 06.07.2022




CATALYTIC CONVERSION OF CO, TO VALUE ADDED
COMPOUNDS

* Cyclic Carbonates, Polycarbonates, Carboxylates, Lactones

1) Chemical Carbamates

N OB 4 Conversion Urea or isocyanates
§ Y i Biodegradable polymers

H,0, H,, NH,, etc. * Fuels

electrons, protons, and photons Syngas, methane, etc.

Formic acid, methanol, ethanol, C, products (n 2 2), etc.
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PV cell
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CATALYST DESIGN ISV e ] s}

phthalocyanine ligand porphyrine ligand corrole ligand
Ar = Ph, 3,5-(CF3)CgH3, C¢F5 Ar = Ph, 3,5-(CF3)CgH3, CeF5 Ar = Ph, 3,5-(CF3)CgH3, CcF5
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CATALYST DESIGN
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METAL-POLYMER ELECTRODES
prepared by co-electrodeposition.

Each electrode comprises
a carbon-fibre-paper-based gas diffusion layer (GDL) substrate on which the catalyst is
electrodeposited.

Cu-—Pi electrode is prepared in a plating bath containing e.g. 3 mM CuSO,, 12 uM Pi,
0.1 M Na,SO, and 0.5 M H,SO,.

B Acetate
- Formate
B8 CH,0H
B H,

I cH,

CZH4
-0.77 -0.57 -0.37
B co

Cathode potential (V versus RHE)
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1:40 NH,OH-HClI F -
Cu,0 Cu,0@ZIF-8

°H

"HO

00 HO®HOHD

-0.7v 08V -09V 10V -11V 12V 13V
Potential (vs. RHE)

Electrochemical properties and ECO2RR performance of Cu20 nanopatrticles. e) FE values of the products on F-Cuz0.
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Cu(OH), .40 NH,0HHCI F

seeds o6au  97.3% 996%  998%  g7q¢

90.3% 92N
83.5%

79.3% 79.2%

HO"HO'HO

-0.7v 08V 09V 10V 11V 12V 13V
Potential (vs. RHE)

Electrochemical properties and ECO,RR performance of F-Cu,0@ZIF-8. FE values of all products for F-Cu,O@ZIF-8.
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m-Cu NPs c-Cu NPs

3

— m-Cu NPs
—— ¢-Cu NPs

5

Faradaic efficiency (%)

0.9 j : . ; 1.0 ; : . . 1.0
E (V vs. RHE) E (V vs. RHE) E (V vs. RHE)

Electrochemical activities of m-Cu NP and c-Cu NP (a) LSV curves of c-Cu and m-Cu nanopatrticles. (b) Faradaic efficiencies (FE) of
the m-Cu NP, and (c) FE of c-Cu NP electrode for different products at the applied V.
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HETEROGENEOUS CO, ELECTROREDUCTION

= Preparation of the working electrode: drop coating

—— Co-Corrole in Ar
—— Co-Corrole in CO,
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Potential vs RHE [V]

Co-Corrole modified carbon paper/ Ag/AgCl/ Pt, 0.1 M NaCIO,,
phosphate buffer, pH=6, 100 mV st
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OPTION 1: FLOW CELL
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OPTION 1: FLOW CELL
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OPTION 1: FLOW CELL

Reference Tight Screw

electrode Current
collector

Screws

- O-ring Membrane
Flow frame
Reference
electrode
plug o)
holder A
Screw End plate Spacer
Counter
electrode

Flow
diffuser

Working
electrode g
Current

collecto
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CELL STACK TO INCREASE EFFICIENCY
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OPTION 2: ZERO-GAP CELL

ELECTROCATALYTIC REDUCTION OF HUMIDIFIED CO, GAS

Three components cell with GDL: Two components cell with MEA
(membrane electrode assembly):

Liquid
Gas Products
Products Gas

Products

Humidified CO,
C
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FARADAIC EFFICIENCY (FE) CALCULATION

Faraday efficiency (also called faradaic efficiency, faradaic yield, coulombic efficiency
or current efficiency) describes the efficiency with which charge (electrons) are
transferred in a system facilitating an electrochemical reaction.

Purge in Applied - Product
CO,+2H*+2e" > CO +H,0
Mole ratio | 2 1 . SO JPPYT
[ RT
- _ Xarinput
AmOUnT xprod = Xmeas xAr,ouput
Qco from
GC z-F- n;
F.E.= — - 100%
it
Qiota= | % 1 FEco= Qco/Qjotar * 100%
Qiot: total electric quantity (C)  FE-o: faradaic efficiency of CO
I: applied current (A) Qco: CO consumed electric quantity

t: time (s)
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TH NMR SPECTRUM OF LIQUID PRODUCTS:

4 HOURS ELECTROCATALYSIS

SO (réferen
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RESULTS: COBALT CORROLE

From: Molecular cobalt corrole complex for the heterogeneous electrocatalytic reduction of carbon dioxide

Potential V  Faradaic Efficiency of each reduced products on Co-corrole-carbon paper electrode after Total Charge passed
5 h of controlled potential electrolysis at the mentioned potentials® FESG (Coulomb)

CHzCH:OH CH:OH HCOO~ CHz:CO0~ Hz HCOH (CHO)z
FE% FE% FE% FE% FE% FE% FE%%
10

“Co-Corrole”

-0.585
-0.650
-0.700
-0.730
-0.770 44

Molecular cobalt corrole complex for the
electrocatalytic reduction of carbon

-0.800 48
-0.855 47
-0.905 45
-0.955 47

10, Article number: 3364
LY

“In 0.1 M NaClOy, (0.1 M pH = 6.0 phosphate buffer)

Electrochemical conversion of CO; to alcohols is one of the most challenging methods of
‘conversion and storage of electrical energy in the form of high-energy fuels. The challenge
Hes  the catalyst design 1o enable tsreal-ife implementation. Herein, we demonstrate the S. Gonglach, S. Paul, M. Haas, F. Pillwein, S. S. Sreekumar, S. Barman, R. De, S. Miillegger, P. Gerschel, U.-P. Apfel, H.
synthesis and characterization of a cobalt (11l triphenylphosphine corrole complex. which . )
contalos thees polyechylene giycolresidues sttached s the mese phenyl groups. Eectron Coskun, A. Aljabour, P. Stadler, W. Schifberger*, and S. Roy*, Nat. Commun. 2019, 3864.
‘donation and therefore reduction of the cobalt from cobalt(lll) to cobalt(l) is accompanied by
removal of the axial ligand, thus resulting in a square-planar cobalt(l) complex. The cobalt(1)
:nekﬂrm vkh\uptmxleopmlkxa'(mﬁﬁumcdmud(tnur.whﬂn.udxlmm httpSZ//dOI .org/lO. 1038/541467-019-1 1868-5

upy and fll up the antibonding d,* orbital. This orbital possesses high affinity towards
electrophiles, allowing for such electronically configurated metals reactions with carbon
dioxide. Herein, we report the potential dependent heterogeneous electroreduction of CO,
to ethanol or methanol of an immobilized cobalt Ay-corrole catalyst system. In moderately
acidic aqueous medium (pH = 6.0), the cobalt corrole modified carbon paper electrode
exhibits a Faradaic Efficiency (FE%) of 48 % towards ethanol production.
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RESULTS: MANGANESE CORROLE

Potential | FE %o of each CO; reduced products at different potential | Total | Charge passed
Vs with Mn-Cor-CP electrode after Sh of electrolysis FE%
Ag/AgCl (Coulomb)

Acetate Methanol CcO

e

R. De, S. Gonglach, S. Paul, M. Haas, F. Pillwein, S. S. Sreekumar, P. Gerschel, U.-P. Apfel, H. Vuong, J.
Rabeah, S. Roy*, and W. Schofberger*, Angew. Chem. 2020, 59, 26, 10527-10534.

https://doi.org/10.1002/anie.202000601
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RESULTS: Cu AND Ag BIANS IN ZERO-GAP CELLS

-
" BF 4
Ar—N w N=Ar

f
‘ [AJ\HCNM]EF_‘{USeqm ) \ Q
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Ar

L1-L6

 Electrode Fabrication

Agl-Agh

-
1) Ink f‘;L *EE* )
10 pL mlt Nafion117 1(96%) 2(90%)
2) Processing B . [5
= Ultrasonication of 30 min : e ™

5 (91%) B (85%)

» Constant stirring of solution

3) Spray coat
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Ag-BIANs in Zero-gap Cells

e Cell

o Conditions

o AllRT — 100% wetted CO,

Ni-Foam Anode

o 1M KOH Anolyte

|
U

o BIAN GDE - BIAN loading of 0.4 mg cm Ag-BIAN GDE

o 100 mA cm=2
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BIANs in Zero-gap Cells

* BIANSs in Zero-gap Cells

Cu-OMe  Ag-OMe  Ag-OC; Ag-OC,
BIAN-Catalyst

Cu-0C; Cu-OMe Ag-OMe Ag-OC, Ag-OC,
BIAN-Catalyst

Differences in cell voltage between metal centers not so significant

Conditions: Zero Gap Electrode | Ag-BIAN| 0.4 mg cm?| 100 mAcm2|1h|RT |1 M KOH

vy
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BIANSs in Zero-gap Cells

Ag-BIAN GDEs

Implementation into industrial conditions — Parameter variations

0.02|P 0.02|S 04|P 0.1|S 05|P 05|S
BIAN- Loading / mg cm? | Flow-field Time / min

o Electrode & Material properties affect the GDE performance

o BIAN-Electrodes show stable cell voltage during electrolysis

Conditions: Zero Gap Electrode | Ag-BIAN| 0.1-0.4 mg cm-2 | 100 - 500 mA cm=2| 1-72 hrs | RT | 1 M KOH
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EXPERIMENTS WITH GAS MIXTURE (GM)

TO MIMIC FLUE-GAS CONVERSION

Gas composition GM Contents (Vol.%)

CO,/N,
additional

vy
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ELECTROLYSIS IN CO, GAS MIXTURE

4 HOURS ELECTROCATALYSIS

Experimental Parameters

Cat. CO, GM 20 mA 10 mL/min

Cat. CO, GM 40 mA 10 mL/min

H, CO
FE % |FE %

Cat. C CO, GM 60 mA 100 mL/min

Liquid
FE %

0.5 (after 4h)
methanol

Syngas production!
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WORK IN PROGRESS

DEVELOPMENT AND CONSTRUCTION OF A LABORATORY SYSTEM FOR ACTIVATION AND
ELECTROCATALYTIC REDUCTION FROM CARBON DIOXIDE TO C, AND C, PRODUCTS (AKTUROS)
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