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Role of electrocatalysts in society

Biomass  Upgrading biomass

Electrocatalysis enables the
decarbonization of the transport and
chemical industry
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Proton-Exchange Membrane Fuel Cells (PEMFCs)

OZ + ZHZ — ZHZO Converts chemical energy into electrical energy

Anode (HOR)
H, - 2H™ + 2e~

Cathode (ORR)
0, + 4H* + 4e~ » 2H,0
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What does a good catalyst look like?

A “Volcano Plot” (from the Sabatier principle), shows the catalytic activity as a function of the binding
energy of an intermediate

A Sabatier 0,+ 4H " + 4e > 2H,0E° [V vs RHE] = 1.23

optimum

e

Strong  Bond Strength Weak "2 H20
Sabatier Principle: Y/ V/////a

The most optimal catalyst should exhibit moderate binding to the
reaction intermediates (neither too strong nor too weak)

limited by limited by
desorption activation
of product of reactant

Imperial College London
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About Platinum

Platinum is very expensive and not sustainable

Rock-forming elements
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The catalysts account for 41% of the cost of a fuel cell

Most of this cost comes from the platinum contained in
both the oxygen reduction and hydrogen oxidation
catalyst
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Platinum-free materials: Bio-inspired catalysts, the case of Cytochrome C

The process of cellular respiration involves the red-ox reaction of hydrogen and oxygen to water.
In the cell, this step is carried out by the cytochrome oxidase
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Carbon supported single site catalysts
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Platinum-free catalysts: Fe-N-C materials (FeN,)

The FeN, site
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Platinum-free catalysts: Fe-N-C materials (FeN,)
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Platinum-free catalysts: Fe-N-C materials (FeN,)

20
: § - Target Point
Nanoparticle Cluster Single atom 96| % high D, Iow TOF
= high SD
, Ry high TOF
Geometric O o 2|
Structures . ../ SDrising,
~ 8} ~larger iy 5 increase
S ”
1nm 0.1 nm ~ 4t
8 2.0\ “fow-SD, high TOF
o LZlow SBlow TOF — *x
= . 0 1 2 3 4
. = —— e TOF / e site™ s™
= __ _
Structures = — — * Active site number (sites g1)
= * Intrinsic activity (TOF)

Metal energy band  Molecular orbitals Atomic orbitals . . . .
d Active site utilization

Liu, Corma. Chem. Rev. 2018, 118, 4981-5079 * Electronic conductivity

Imperial College London 13

Luo, Wagner, Ju, Primbs, Li, Wang, Kramm, Strasser. J. Am. Chem. Soc. 2022



Platinum-free catalysts: M-N-C materials

Unstable in the acidic media of PEMFC
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Platinum-free catalysts: M-N-C materials

Fe + N + C

High temperature H

. Unstable
. Mix of FeN, and inactive aggregates
. Inaccessible sites

Imperial College London

/

%

Carbon support

carbon nanotubes

mesoporous carbon .

graphene

N-containing Molecule

= B NH,

N-containi
(e.g. NH,S,0,)

N NTSN

+ N:—N:H N‘ -/J /J\ /I\ or

NH,
H P
4 ol il PANI l;l—@—l‘ﬂ
H H

]‘ H,N" N

U0 .

Polymerizing agent

ng Polymer b

monomer
+ NH; H

Rt
0104

(Impregnation

-

Mechanical mixing

‘-.
J

Ball milling -~
/ Y d
\ e g

gy

HN AN, NHz)LN/// g B
H PPY N § J
H n
+  Transition metal salt (Fe,Co,Mn,...)%"(Cl, 50,4, NO3, CH5C00, ... )3 J
-~

Inert gas IN
(Ar,N,, ...)

Pyrolysis

NN

Gas OUT

Reactive gas (
(NHy)

i

catalyst precursors

777

M-N-C catalyst

AA;S

A,

Second i 5

Catalyst washing

@
H

~

!

pvrolvsis

-,
e

Heat

Filtering

L

Osmieri, ChemEngineering 2019, 3(1), 16

17




Platinum-free catalysts: M-N-C materials
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Decoupled synthesis of M-N-C materials

Zeolitic Imidazole Framework-8 (ZIF-8)

CELITE

(M = Zn?*, Mg*")

Yaghi. PNAS 2006 s
Chen. Angew. Chem. Int. Ed. 2006

>700 °C
—

High FeN, density in microporous N-doped carbon
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Decoupled synthesis of M-N-C materials

Self-assembly

MgCl,.6H,0 template
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Decoupled synthesis of M-N-C materials

2,4,6-Triaminopyrimidine (TAP)
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Decoupled synthesis of M-N-C materials
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Oxygen reduction electrochemical testing: The gas diffusion electrode

0,+ 4H "+ 4e - 2H,0E° [V vs RHE] = 1.23
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Porous organic polymers

TAP-POP 900@Fe
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Porous organic polymers TAP-POP 900@Fo

Fe aggregate
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Towards high site density and utilization
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Towards high site density and utilization
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ZIF-derived materials
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Applications of M-N-C materials beyond ORR

CO, reduction
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Take home message

Lewis acid-mediated decoupled synthesis of M-N-C
allows the selective formation of accessible single

site catalysts
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Microporous materials are a suitable template
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