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SELECTED REGIONAL CLEAN HYDROGEN HUBS
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ARCHES Benefits California Communities "L
disadvantaged m

ARCHES-Hub S
sites] . communities A $2.95 o increased health*

- and associated
billion health costs
savings per year
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A 222,400 ‘9&‘0_ iobscr:?ted

Fewer hospitalizations
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On the Path to Net Zero Emissions Long-distanms

U Demand for aviation,

B Demand for long=distance transport,
structural and shipping

Essential materlals —=<

energy services

P Hydrogen/ Q Other centralized storage
synthetic gas (e.g., thermal, batteries)
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Hydrogen Economy as a Business

Actual and allowable hydrogen production costs for different end-uses
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DOE Targets Heavy Duty Fuel Cell Trucks ACT  Fuelcewt rruck

Durability targets are the ultimate challenge for the HDV
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Big Questions to Solve in Energy Conversion Systems

Electrocatalyst Catalyst layer Cell level Stack Plant
10 nm 10 pm 1cm 1m 10 m
— — — — P

Funtal S Demonstration projects and

system-level studies
» Fundamental science and engineering challenges are from nm- scale to cm- scale .

> Integrated approach is needed
» Complex scale-coupled transport and reaction kinetics problems

Prof. Iryna Zenyuk, Director of National Fuel Cell Research Center and

In collaboration with: Prof. Jack Brouwer, Director of Irvine Clean Energy Institute
U c I Prof. Vojislav Stamenkovic, Director of Horiba Institute for Mobility and Connectivity




Electrocatalysts Materials Development Programs

Transition Metal-
Nitrogen-Carbon
Materials

Metal Oxides,
Carbide,
Nifrides,
MXenes,

VAW materials
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Plamen Atanassov’s Group at UCI

Materials for energy conversion projects address electrocatalyst needs of fuel cells
and electrolyzers functioning in both alkaline and acid electrolyte.

PEM FC or DMFC AEM FC or DHFC
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Electrocatalysts Design at Hierarchy of Scales

Catalysts Layer thickness; design parameters

Macro-pores; agglomerates

Meso-pores; aggregates

Enzymatic
Catalyst

Meso-pores; primary particles

Metallic
Catalyst

lonomer domains; catalyst particles

Molecular
Catalyst

Inner Helmholtz Plane; catalyst surface effects

catalysts / support surface/ ... biotic/abiotic interface
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Hard Templated Materials Synthesis:

Sacrificial Support Method (SSM) — we know how to do it, because we have invented quite a bit of it ©

Template (Sacrificial Support):
. » mono-dispersed silica
%~ > mix of mono-dispersed silica particles
> structured silica or other oxide

Precursor:

> metal salts for metals and ceramics

> organic molecules for carbons

Integration: > less-defined “stuff” ©

> wet impregnation &0

> dry impregnation

» Mechanochemical
a.k.a. “ball-milling”

Release:

> leaching the sacrificial support
> using acid or base

> post-processing or re-pyrolysis

Pyrolysis:
» controlled atmosphere, temperature
> ramping, duration time, quenching
> spray pyrolysis, flame pyrolysis, etc.

m2000-201 8




Pyrolysis
Product
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PGM-free M-N-C Catalysts by Pajarito Powder LLC

Technology transfer success story - since 2012

NPC-2000 - PGM-free cathode catalyst
> Demonstrated 1.0 kg and beyond
» Customizable formulations
Precious-Metal-Free-Catalysts™, Varipore™ technology
PHC-3000 - Catalyst support for low-PGM catalysts
> High corrosion resistance & dispersion of Pt
Engineered Catalysts Supports™

US Patent 9,728,788 August 8, 2017

US Patent 9,673,456 June 6, 2017

US Patent 9,634,331, April 25, 2017

US Patent 9,570,761, February 14, 2017
US Patent 9,515,323, December 6, 2016
US Patent 9,425,464, August 23, 2016
US Patent 8,252,711, August 28, 2012

US Patent 7,678,728 March 16, 2010
US Patent 8,252,711, August 28, 2009
PCT/US15/30890 May 14, 2015

... and morel!

PAJARITO

POWDER

First catalyst product launched February 2014 - 10+ years ago!

United States Patent

Olson et al.

(10) Patent No.:
(45) Date of Patent:

US 7,678,728 B2
Mar. 16, 2010

SELF SUPPORTING STRUCTURALLY
ENGINEERED NON-PLATINUM
ELECTROCATALYST FOR OXYGEN
REDUCTION IN FUEL CELLS

United States Patent

(10y Patent No.: US 9,728,788 B2

Inventors: Tim Olson, Albuquerque, NM (US):
Plamen Atanassov, Albuquerque, NM PREPARATION OF NON-PGM

United States Patent

(10) Patent No.:

Serov et al, (45) Date of Patent: Aug. 8, 2017
MECHANOCHEMICAL SYNTHESIS FOR BO1T 37/08 (2006.01)

BO1J 23/745 (2006.01)
ELECTROCATALYSTS (52) US.CL

CPC ....... HOIM 4/8605 (2013.01); BO1J 23/745

Applicants: Alexey Serov, Albuquerque, NM (US);
Plamen B Atanassov, Santa Fe. NM

US 9,515,323 B2

(2013.01); BOLJ 37/08 (2013.01); HOIM
/8652 (2013.01); HOIM 4/9083 (2013.01);

Alexey serov Serov et al. (45) Date of Patent: Dec. 6, 2016
OAK RIDGE CATHODE CATALYSTS FOR FUEL CELLS BO1J 37/08 (2006.01)
BO1T 23/70 (2006.01)
T T National Laboratory Applicant: STC.UNM, Albuquerque, NM (US) HOIM 8/02 (2016.01)
HOIM 810 (2016.01)
Inventors: Alexey Serov, Albuquerque, NM (US): HOIM 4/86 (2006.01) -
Barr Halevi, Albuquerque, NM (US): HOIM 4/88 (2006.01) ar u ev.
Kateryna Artyushkova, Albuquerque, (52) US.CL ELEc TRIc
® NM (US); Plamen B Atanassov, Santa CPC e HOIM 4790 (2013.01);, BOLT 23/70
Fo NM US) o100 5ot 3708 QO 01 oz HYDROGEN




PGM-free Fe-N-C ORR Catalysts i

Interplay between structure and morphology
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T. Asset and P. Atanassov, Surface Chemistry, Morphology and Reactivity of Iron-Nitrogen-Carbon Catalysts for Oxygen Reduction Reaction,
Joule 4 (2020) 33-44




Graphene Nitride!
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Graphene and N-C Catalysts

"Graphene Oxide” and “Graphene Nitride” ©



Graphene and Fe-N-C Catalysts

Nitfrogen-containing and transition metal moieties
— Graphitic
_In-plane sites

7

Gerd Duscher, UTK & Mat Chisholm ORNL

Pyridinic

Model material - not real catalyst

UCI

Understanding the active sites as defect structures in graphene sheet




In Situ Pyrolysis of Fe-N-C Catalyst ot~ o ~ e
Techniques fo}lin sifuyand ex situ study of the pyrolysis przcess F;@ﬁ'ﬂ“ﬁ’@ :c ,ﬁi on
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Graphitic {1 ) Y. Huang, Y. Chen, M. Xu, T. Asset, P. Tieu, A. Gili, D.S. Kulkarni, V. de Andrade, F. De C 50, H.S. Barnard, A. Doran, D. Parkinson, X. Pan, P.
Bemsn e Atanassov and L.V. Zenyuk, Catalysts by Pyrolysis: Direct Observation of Chemical an cHEﬂologicql Transformation Leading to Transition

Metal-Nitrogen-Carbon Catalysts, Materials Today, 47 (2021) 53-68

Y. Chen, Y. Huang, M. Xu, T. Asset, X. Yan, K. Artyushkova, M. Kodali, E. Murphy, A. Ly, X. Pan, I.V. Zenyuk and P. Atanassov, Catalysts by
pyrolysis: Direct observation of transformations during re-pyrolysis of transition metal-nitrogen-carbon materials leading to state-of-the-art
platinum group metal-free electrocatalyst, Materials Today, 53 (2022) 58-70




In Situ Pyrolysis by Nano X-ray CT

Material melting and decomposition during pyrolysis
TGA and DTG plots from 180 °C to 880 °C
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PGM-free M-N-C ORR Catalysts in Single MEA PEMFC

Structure of the catalyst layer and the effect of water management on performance
MicroX-ray i T @

Prof. Iryna Zenyuk
NFCRC

IOmm@
TEME

l -

PGM-free@lectrode®@f@olymerf
electrolytefﬂuelell

morphologyl

> Water formation in catalysts layer by Nano-X-ray CT
> Operando observation of water removal by Micro-X-ray CT

A. Serov, A.D. Shum, X. Xiao, K. Artyushkova, I.V. Zenyuk and P. Atanassov, Platinum Group Metal-free Catalyst Design and Electrode Architecture: Insights from
Chemical Composition and Morphology on Membrane Electrode Assembly Structure and Function, Appl. Catalysis B, 237 (2018) 1139-1147

S.J. Normile, D. Sabarirajan, O. Calzada, V. De Andrade, X. Xiao, P. Mandal, D.Y. Parkinson, A. Serov, P. Atanassov and I.V. Zenyuk, Direct Observations of Liquid
Water Formation at Nano- and Micro-scale in Platinum Group Metal-free Electrodes by Operando X-ray Computed Tomography, Materials Today - Energy, 9

(2018) 187-197

J. Liu, M.R. Talarposhti, T. Asset, D.C. Sabarirajan, D. Parkinson, P. Atanassov and I.V. Zenyuk, Understanding the Role of Interfaces for Water
Management in PGM-free Electrodes in PEFC, ACS Applied Energy Materials, 2 (2019) 53542-3553




EXCELLENT CATALYST
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Effects of Catalysts Morphology on M
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Aluminum-air and Zn-air Batteries
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R. Buckingham, T. Asset and P. Atanassov, New Generation of Aluminum-Air Batteries: Critical Advances in Alloys, Electrolytes and Design,
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Broad Spectrum of M-N-C Materials
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Structure of Atomically Dispersed M-N-C Materials
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Chemical Structure of M-N-C Materials in the “Library”
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Surface Composition of M-N-C Materials in the “Library”

Rich surface chemisiry of M-N-C by SSM allow
targeting multiple reactions: CO,RR and beyond
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Electrocatalytic Coupling NO;"RR and CO,RR
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NO,- Reduction fo Ammonia on M-N-C Materials
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N()3 Reduchon to Ammonia on M-N-C Materials

Nitrogen Rhodium Nitrogen Lanthanum

Nitrogen PAR Copper

ne®™  ne™ Cr Mn Fe Co Ni Cu Mo Ru Rh Pd e Ne®™
. 100 R : T T ™ B2 T T T e T 3 T
s 1 [ C B " % N H -z TR
. 80— * 2 ¥ - : 1 [f : ? f ¥
o 1 y ] R i Y ] 1
5 3 : 28 ¥ ] B
s 607 8 : I
W 40—
(&)
.5 -
S 20 II
(4
g bl
0 =<
- D
A 80 =
8
® VAN N A A — 60 3
A A A =
PN -
A N 40 a
%ﬁ | I I I ﬂ : T I ’ [ "
) A — o=
.. g o o & TT 3
L % ,;T A T % —"ﬁ W T o aﬁ & T ™y 6| a _;T . 0 b
NG ne Cr Mn Fe Co Ni Cu Mo Ru Rh Pd La Ce w N N

E.D. Spoerke, and P. Atanassov, Elucidating Electrochemical Nitrate and Nitrite Reduction over Atomically Dispersed Transition Metal Sites,

E. Murphy, Y. Liu, I. Matanovic, Y. Huang, A. Ly, S. Guo, W. Zang, X. Yan, A. Martini, J. Timoshenko, B. Roldan Cuenyaq, I.V. Zenyuk, X. Pan,
U c I Nature Communications, (2023) DOI: 10.1038/s41467-023-40174-4




Electrocatalysts Design and Challenges of Selectivity
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CO,RR on M-N-C Electrocatalysts: Activity & Selectivity
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Properties of M-N-C Elecirocatalysts: Surface Chemistry
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M-N-C CO,RR Catalysts for Syngas Generation
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M-N-C CO2RR Catalysts for Syngas Generation
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M-N-C Catalysts for CO,RR: “One-Pot Synthesis”
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Palladlum Hydride for Electrocatalytic Synthesis of Formqfe
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Electroreduction of CO towards Acetate and 1-Propanol
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CO2 Elecirolysis towards Acetate and 1-propanol
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CO, Electrocatalysis and Biocatalysts: Products Valorization
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Co-reduction of CO, and NO;" to Urea on M-N-C Materials
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Advanced Nanostructured Pt Catalysts for FC Durability
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Advanced Nanostructured Pt Catalysts for FC Durability
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Pt/Conductive Oxides Library and Performance
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Morphological Variability of Novel Carbon Supports
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Advanced Carbon Catalysts’ Supports
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M. Fitzgerald, H. Wang, A. Ly, J. Foster, M. Sorrells, T. Asset, P. Atanassov, and S. Pylypenko, Probing Catalyst-Support Interactions: Effect of
Nitrogen Defects on Pt Nanoparticle Dispersion and Stability Through Electron Microscopy Paired with Machine Learning Image Processing,
ACS Applied Nano Materials, 6 (2023) 5313-5324




M-N-C Materials as Designer Supports for the PGM Catalysts
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Designer Platinum Catalyst/Conductive Carbon Supports
Pt/FCX®A IN and Pt/FCX®B IN have very similar physical characteristics

Gio Ferro
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Optimizing Catalysts Structure for Comparability

Optimized 20% wt. and 40% wt. Pt/FCX®B IN and Pt/FCX®B OUT with close/identical Pt crystallinity

Pt/FCX®B
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XPS Method of Evaluahon IrO Caialysfs VICI Ols SF-Structure

Rutlle Iro, Amorphous IrO
¢ Signal e Signal T
Water Water EIQC"OPhlIlC“’Y
‘/A Aliphatic _— AIiphat_ic <
Defective oxygen 1 Defect!ve oxygen 1
—— Defective oxygen 2 Defective oxygen 2 ” ‘I o O IJ2 . O I“I 3 - O
—— Bulk oxygen Bylk oxygen | | |
— Fitted spectra — Fitted spectra <

531.3 530.2 529.8
Binding energy eV

536 534 532 530 528 53 534 532 530 528
Model can be applied for both amorphous and crystalline IrO,
Designation of the species by their assumed binding with Ir

m
9]
1

o
[=2]
1

> Surface defectivity of the iridium

2 0
2 & 207 oxide does not translate directly
= 04 “51_5_ into electrochemical parameter.
202_ % 1.0 > Plfferen’r composition depending
Camille e £ 0] 0 B if we look at extreme surface,
Roi ; ° sub-surface or bulk
OIron 0.0- Rutile  Rutile Rutile Amor/Rut Amor  Amor Amor/Met 0.0 Rutile Rutile Rutile Amor/Rut Amor  Amor Amor/Met
-(Ishi) ~(FI0) -(TKK) -(FIO) ~TKK) -(Ishi) ~(AlAe) {(Ishi) -(FIO) -(TKK) -(FIO) -(TKK) -(Ishi) -(AlAe)

C. Roiron, C. Wang, I.V. Zenyuk and P. Atanassov, Oxygen 1s X-ray Photoelectron Spectra of Amorphous and Crystalline Iridium Oxides as a
Key Descriptor of catalyst surface, J. Physical Chemistry Letters, (2024) DOI: 10.1021/acs.jpclett.4c02616




IrO, /TiO, Electrocatalysts for Oxygen Evolution Reaction
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S. Zargarian, C. Roiron, G. Ferro and P. Atanassov, Iridium Oxide Network on Non-Conductive TiO2 Support as a Catalyst for Oxygen
Evolution, ChemElectroChem, (2025) DOI: 10.1002/celc.202400625



PGM-free Electrocatalysts for Oxygen Evolution

Current Retention,
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Elecirocatalysts’ Role in Decarbonization Technologies
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N incl. Bio-electrochemical
Desalination Systems,

incl. Microbial —
— Cement
arp .
- [ From Brine
A\ |

Hydrogen Production

Ammonia/Urea Production

Electrolyzers a- Electrolyzers
— 1 = Hydrogen Pumps
— 1 % Hydrogen
(=D Electrometallurgy

L =)
CO2 Electrolyzers !‘-
and Valorization
in Chemical Industry - Syngas

in Bioreactors - Formate

ucl "0

Metal-air Batteries




Outlook on the Role of Electrocatalysis for Decarbonization

New Materials Focus: Device Focus:

» Critical need to overcome the dependance on PGM > Nish markets are growing and overlapping
metals at least by thrifting for the next decade
» Critical need for medium duration storage
> Materials design at hierarchical scale with an
emphasis on control of the interfaces » Dynamic operation is highly desirable

> Addressing materials stability under operating » Minimal startup/shut down losses
conditions and its effect on durability of devices

> Materials synthesis strategies that provide scaleup System Focus:

and save costs while proving ultimate control ) ) o )
> Integration with batteries into hybrid systems

> Integration technologies for device fabrication with . ) -
high thruput and market orientation > Power electronics solutions for durability

» Modular approach for flexibility

U c I > Deployment at scale
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Synthetic Mulhmodal Cascade: hybrid molecular-enzymatic-inorganic system

enzymatic @, “\ > Reaction 1: pyrene-TEMPO oxidizes glyoxalic acid to oxalic acid
\ * - ‘};/ > Reaction 2: OxDC converts oxalic acid to formic acid

- » Reaction 3: Pd oxidizes formic acid to CO,
All catalysts co-localized on the same support

o)
0
HO H

formic acid

AT

By e - Frse .

e

DOD-ARO MURI to University of Utah : W911NF1410263 - Shelley Minteer, Pl Bio-inspired Design of Adaptive Catalysts Cascades, 2014-2020




Glycerol to CO, Cascade Oxidation in a Singular Device:
paper microfluidics-based speciro-electrochemical platform

S. Abdellaoui, M. Seow Chavez, |. Matanovié, A.R. Stephens, P. Atanassov and S.D. Minteer, Hybrid Molecular/Enzymatic Catalytic Cascade for Complete Electro-
oxidation of Glycerol Using a Promiscuous NAD-dependent Formate Dehydrogenase from Candida boidinii, Chemical Communications, 53 (2017) 5368-5371

the OxDC layer was sandwiched between two plastic

formic acid /@ etallic . . .
A Catalyst o films to prevent the OxDC from getting dry and denaturing
N Reaction > the size of the platform was small (7.5 cm x 8 cm) to fit
. Layer under the Raman microscope comfortably
OXVIIC ° ° ege
P id / W oxalic acid = > SERS detection zones were located in positions where they
Biologica | #eks HO ).YOH are all accessible to the Raman laser
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N. Andersen, K. Artyushkova, I. Matanovié, D. Hickey, S. Minteer and P. Atanassov, Spectro-Electrochemical
Microfluidic Platform for Monitoring Multi-step Cascade Reactions, ChemElectroChem, é (2019) 246-251

N.l. Andersen, M. Seow Chavez, K. Artyushkova, I. Matanovié, D.P. Hickey, S. Abdelloui, S.D. Minteer, and P.
Atanassov, Modular Microfluidic Paper-based Devices for Electrocatalysis, ChemElectroChem, 6 (2019) 2448-2455

DOD-ARO MURI to University of Utah : W911NF1410263 - Shelley Minteer, Pl Bio-inspired Design of Adaptive Catalysts Cascades, 2014-2020




Complex Enzyme/Nanomaterials Adducts :

multiple enzymes in channeling formation on DNA-CNT scaffolds

G. R. Szilvay, S. Brocato, D. lvnitski, C. Li, P. Dela Iglesia, C. Lau, E. Chi, M. Werner-Washburne, S. Banta, and P. Atanassov, Engineering of a Redox Protein for
DNA-Directed Assembly, Chem. Comm., 47 (2011), 7464 - 7466

6-7 nm 12-17nm 7-8 nm 12-17nm 6-7 nm
< pe > >

Aconitase

Malate Dehydrogenase

I. Wheeldon, S. Banta, M. Sigman,
P. Atanassov, S. Calabrese Barton,
and S. Minteer, Substrate
Channeling as a New Approach to
Cascade Reactions,

Nature Chemistry, 8 (2016) 299-309

50 - 80 nm long DNA scaffold

L. Xia, K. Nguyen, Y. Holade, H. Han, K. Dooley, P. Atanassov, S. Banta and S. Minteer, Improving the Performance of Methanol Biofuel Cells Utilizing an
Enzyme Cascade Bioanode with DNA Bridged Substrate Channeling, ACS Energy Letters, 2 (2017) 1435-1438




David Baker (one-half of the prize)

University of Washington, Seaitle and Howard Hughes Medical Institute, USA
“for computational protein design”

.*\ ' )

X J A

K. Garcia, S. Babanova, W. Sheffler, M. Hans, D. Baker, P. Atanassov and S. Banta, Designed Protein Aggregates Entrapping Carbon Nanotubes for
Bioelectrochemical Oxygen Reduction, Biotechnology & Bioengineering, 113 (2016) 2321



Global Human Development Index and Power/Energy Use

Global average

Challenges:

> Creating a National and
reginal sustainable
policy of development
and growth

> Building National
energy independence
strategy

> Achieving resilience of
power delivery with
respect to geopolitical
and environmental
catastrophic events
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