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Family owned Italian Company, founded in 1923, based in Milan

A legacy of successes thanks to technological breakthroughs that revolutionized modern electrochemistry.
A multinational group committed to innovation, targeting sustainable growth in clean energy and water thanks to continuous improvement.

© 2021 De Nora

Global reach
complemented by local
presence to better
serve our customers

Long-term relationships
with our customers
built on years of
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Largest installed base
of insoluble electrodes
& 10,000+ water
systems worldwide
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innovation
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Since the foundation, Innovation in electrochemistry has (N) DE NORA
been the driving force fueling De Nora's business growth

Noble metal- Conversion of Chlorine High speed HCI electrolysis

coated titanium Nickel refining Membrane electroplating Process treatment Hydrogen
electrode process cells Electrodes New coatings New coatings
patented and systems

(Henri Beer)

DSA® First application Hypochlorite Salt Copper Foil & Advanced FuelCells

electrodes Chlorine Onsite (sea chlorinators Printed Circuit coating and Gas Diffusion Hydrogen
Industry water & brine) for Board separators for Electrodes Systems
Hg cells & production Swimming Electrodes chlor alkali
Diaphragm cells cells pools
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MARKET: H, colors and sources
naustrial({{) DE NORA

Hydrogen is a flexible and versatile energy vector that can be produced through several industrial
processes

Low Carbon Hydrogen processes:

Blue Hydrogen Green Hydrogen
o sl i W
rFJ 3

Hydrogen production methods and colors:

Coal gasification
Black Reacting coal with oxygen

and steam

—_

Natural Gas reforming
Reacting Methane and Current

Steam (SMR) .
— production

Gray

Green ELECTRICITY

Purple

Brown I methods COAL +  STEAM RENEWABLE ELECTROLYSIS
METHANE REFORMING
By product of ELECTRICITY
White +
industrial processes
ellovs I:I Powered by the GRID _ 002 Purple Hydrogen
I Black / Gray / Brown [ \l,
Blue with Carbon Capture + n
& Storage (CCS CO, MANAGEMENT w
Low Carbon (CCS — Carbon Capture
I Hydrogen and Storage) NUCLEAR  ELECTROLYSIS
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Market Factors: gH2 demand scenario

Global green hydrogen production by geography (2020-2050; Mton)

mMEMA wEuropa wAusiralia = Sud America = Mord America  mResto dell'Africa = Resto dell'Asia

mCina

(N) DE NORA

Global green hydrogen production by application (2020-2050; Mton)
323

Large industries will even integrate new
developing feedstock (e.g. biomass)
reducing green H, use from 2040 onwards

29%
5%
2020 2025 2030 2040 2050
I Newfeedstock [ Power generation, [ Existing feedstock [l Building heat W Industrialenergy ~ Transportation
(CCU, DRI} buffering and power
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Future Snapshot

I
The world to come
Announced large-scale hydrogen projects, by type, October 2021

© Gigawatt-scale @ Large-scale @® Fuelling @ Integrated © Hyinfrastructure
production industrial use infrastructure H, economy projects
Q)
) ®e
© @ > ® @
@
g 8, o° % .’ ‘
X ) o ® 8
e © ® o
® e © ) ®8
O
@
. ®
o
()
®

° o & oq 2

O ' e

o 3‘ ®
Source: Hydrogen
Council/McKinsey @

The Economist

The target for LCOH, $1/kg-H,, is not only influenced by cell-level technology, but costs of renewables are also a key factor!
Considering only the cell/stack, the roadmap must be to reduce PM, increase current density, while reducing
footprint and number of cells!
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Hlstorlcal PEfSpECtIVE h HOW Challenges that needed to be addressed in (N) DE NORA
the path to “Advanced Liquid the realization of DSA®

AWE" is like Chlor-alkali

electrocatalysis

Chlor-alkali teaches us that a technology considered with little
development prospects can make dramatic progresses.

robustness

Mixed Metal Oxide on Titanium invented by Henri Beer* in the 1960’s

But before the development of DSA® electrodes, many other efficiency-

improving electrodes were considered and dismissed for various reasons: manufacturability

. Solid platinum, retort carbon; Graphite; Magnetite, lead-silver,
manganese dioxide; Platinum coated tantalum, niobium, zirconium

»  DSA® electrodes all but perfected the Mercury Process, and enabled
the evolution towards more energy-efficient Diaphragm and
Membrane Processes

low capex

»  The step-changes, in process and materials, throughout the
evolution of Chlor-alkali electrolysers show us a development
pathway away from “Traditional Alkaline Water Electrolysers” to
“Advanced Alkaline Water Electrolysers”

lowered opex

continuous
improvement

*Key characteristics of the DSA® electrodes:

Self-protective, shape preserving (non-reactive), resistance to current reversals,
manufacturability, coat-ability, advanced design enabling
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...from the lessons of the previous slide

Liquid Alkaline Water Electrolysis and the (N) DE NORA
New State-of-the-Art (SoA)

Taken from Ayers et al. Annu. Rev. Chem. Biomol. Eng. (2019)

ESEakigel | T HTE

O

Traditional Alkaline Water Electrolysis, realized at industrial scale since the early 1990s,
was typically characterized as a finite-gap electrolyser. In this design, gases evolved
between the electrodes and the separator, which led to limitations in operating current
density (0.8 — 2.0 kA/m?). To advance from ‘Traditional AWE’ to ‘Advanced AWE’, we
have realized:

S— SoA # “Traditional” Alkaline Water Electrolysis
SoA = “Advanced” Alkaline Water Electrolysis
SoA = I Power Density (zero-gap, increased current density)

135 MW historic hydro-power electrolysis-based hydrogen production in Glomfjord, Norway 1953-1991

(e SoA = 1 Efficiency (zero-gap, lowered OPEX)

Reaction 2H,0 +2e S H,+20H LA L L L] 2H,0+2e > H,+20H

T — 30335 NaOH 0000 uamron SoA = 1 Electrocatalysis (further lowered OPEX)

—— SoA = I Pressurization (system level improvements)

Electrolyte Resistivity ~0.8 W* cm “essin?e :e% ) ~0.6 W* cm .

clectrolyte purity - SE— SoA = ™ Material Advancements

Current Density 5.0 - 8.0 kA/m2 (11} 8.0-12.0kA/m2

Temperature 80+90°C [ 111 ] 70+ 90°C

bressure 00205 barlg) E 102 30 bar(g) Note: These improvements have been realized in the recent past and serve now as
Ll ey the foundation for Advanced AWE continuous development

Cathode support Light mesh nickel made 0000 Light mesh nickel made

Machanical setup g ——— = rero gap with elastic mean » Nowadays, the experience derived from Chlor-Alkali was used as a starting

Reversal current shutdown!? YES 000 YES pOint, bUt it iS not the end pOint
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https://www.google.nl/maps/place/8160+Glomfjord,+Norway/@66.8377564,9.4614133,6z/data=!4m5!3m4!1s0x45df7cd4227738db:0x934405b92e4666ae!8m2!3d66.8166325!4d13.9440435

Critical design change enable Advanced AWE (ﬂ) DE NORA

3) Hz

® Zero-Gap Technology is another key technology to further reduce sotd locrodes TS =
Specific Power Consumption, kWh/Nm3H,) 2

Electrolyte

® Cell Voltage is the sum of different components: thermodynamics,
electrode kinetics (minus electrocatalytic coating contribution),
ionic-ohmic loss, and structural-ohmic loss

° A properly designed electrode components/package minimizes
ionic-ohmic and structural-ohmic losses

® Zero Gap removes the ionic-ohmic drop related to inter-electrodic
gap: a significant cell voltage reduction is obtained!

® In finite gap cells, there’s space between the cathode and the
diaphragm, a space representing an ohmic drop penalizing cell
voltage

® In zero gap cells, the electrodes are directly placed in contact S

with the diaphragm, usually with some force Different designs for alkaline electrolytic cells.

® An important distinction is made between “fixed zero-gap” Figllllrde chi) SdhOWS a cobnventionaﬂ ceIII design with a
“ . P well-defined spacing between the electrodes,
cells and “dynamic zero-gap” cells figure (b) shows the zero-gap design in which the
electrodes are directly placed in contact
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Motivation to improve upon existing electrode packages (N) DE NORA

Cost-efficient coatings will contribute greatly to the reduction of LCOH in all markets
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-10

-15
Specific Hydrogen production (Nm3/h/m2)

Items that must be addressed wholistically:

® Continue to push higher current density (already achieved >10 kA/m?), thus
reducing CAPEX intensity and Stack Footprint

®* Reduce Power Consumption through Lowering Cell Voltage

® Ensure Lifetime stability (integration with renewables)

® Use for Atmospheric & Pressurized Alkaline Water Electrolysis

WE ARE DE NORA @




Advanced AWE is already available

| 5 ".‘!\-:

World’s first giga-scale green hydrogen
electrolyser set for Saudi mega-city after
Thyssenkrupp deal

German industrial conglomerate Thyssenkrupp wins contract from Air
Products for 2GW electrolysis plant at $500bn Neom future city showcase

December 12, 2021: https://www.rechargenews.com/energy-transition/world-s-first-giga-scale-green-hydrogen-electrolyser-set-for-saudi-mega-city-after-thyssenkrupp-deal/2-1-1122277

(@ DE NorA

Activated Electrodes Other Zero-Gap Cell Components

Advanced Electrodes and Catalytic Coatings are among the key components for Advanced Alkaline Water
Electrolysis systems, and their integration into Zero Gap AWE designs being realized now. However, further
improvements will need to be realized to match LOCH targets in a broader range of applications and regions.

WE ARE DE NORA
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Challenges in designing electrodes for the continuous (N) DE NORA
improvement Advanced AWE
Taken from Haverkort et al. J. Power Sources (2021)

Given the target (high) operating current t=0 >0
density, low cell voltages, durability |
expectations, and other process
conditions - electrodes should be
designed as follows:

« High Catalytic Activity
« High Surface Area

-« High Conductivity e e e e
« Reduced Bubble Effect B e e
« High Permeability and Wettability e e e e o

formation between the separator and diaphragm is speculative,
Consider an “activated” electrode, and

challenges associated with the achieving
optimal design:

« Stability (structural)
« Stability (chemical)

E (V vs NHE)
-

o
<
n

« Manufacturability!
-1.0 T
Unfortunately, the lessons learned from IEM systems are not directly SR pHa vomomw
applicable to advanced liquid AWE systems. This becomes more obvious Figure 11. Pourbaix diagram of nickel, replotted using the equations reported in reference [114]. With

as other components are integrated within the design of the electrolysers, reference to a concentration of dissolved Ni ions of 1 uM, the grayish area represents immunity
against corrosion, the blueish area passivation and the reddish area dissolution.

such as current collectors and bipolar plate interfaces. Here, the catalyst S R hem. Sci (2018
needs to be applied to MASSIVE metal substrates (vs polymer-binded aken from Schalenbach et al. Int. J. Electrochem. Sci \)NE ARE DE NORA

catalyst).




A Classical Example from High Surface Area Nickel Electrodes DE NORA

Raney, Raney-like, skeletal, sponge Nickel

Powder injector

........

How they are made impacts performance

Plasmajet

@ (oating
@ Unmolded partiles

WEIGHT % NICKEL

Cold e
rolling S, - . 1§ TF? 0 20 Eﬂ 80 100 RANELtype Ni l o
ISP I IS 1800 r 1 1 1 T T T Moelctrodes
[ —
Nozzle
1 E‘U‘D - Activation
Plasma Electric Alkaline
arc solution
spray ;’.“ L b rforated Ni 1L : ed .
, bare perforat as-spray 24h 111 activated
|/ I/ SIS 1400 -
. I I
,' : Figure 1. (a) Schematic illustration of APS coating of Raney-type Ni-Mo electrode on perforated nickel sheet.
(b) Schematic structure of a thermal sprayed coating. (c) Coating process and chemical activation of Raney-type
Gat ) 1 ! Il Ni-Mo electrodes.
aivamc - 200
- i 1
deposition __ Nt Gnlvamc o
- —_— i C
ZnH deposit M\
i
- ! -
L]
[
Cold rolling wooimars S—— I
. Ii — 7 AR I
anrealing AN, oo AN 800 - , \
I
MNiAly
Thermal LiQuin| .
Dipping TS treatment 600 [ = s
samnealing R amnialy |2 L g “
A m) A£d i o
- - : 400 [ I I
Fig. 1. Schematic presentation of several procedures for applying a 20 40 60 a0 100
leachable Raney-nickel precursor alloys to the surface of supporting
nickel or stainless steel cathodes. ATOM |G % NIC KEL :
90 g T = 00 Y WO At Mage tOOMX Owte 29 W 2077 * l
p—— APS YT 0000 Sgnw A 3E3 ~4
Taken from Borucinski et al. J. Applied Electrochemistry (2012) Taken from Fernandez et al. InTechOpen (2012) Taken from Razmjooei et al. Scientific Reports (2020)
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Opportunities for further improvement in
the development of “advanced electrodes”

(N) DE NORA

Taken from Razmjooei et al. Scientific Reports (2020)

o
>

= No.171mVdec’ (a) - (b)
. . @os] ¢ No.2 62mV dec &)
. Advanced coated electrodes are still the key to unlocking robust, g o8 Nentnioe ]
. gos] ¥ 0.4 33desc.‘ . N
durable, and efficient electrolysers = .1° PHERERRENGG. S 5™
% ¥ ...::-::.“’;3 E o]
'§.o‘2 . .ft"',. . "‘A‘;“ﬁ’ o,
e eres . . R PP 0
. Variability in the production processes can impact measured &or Loatwt o]
performance of high surface area electrodes, considering the scale e ETETE R N Y B b %
: o ¢ N AN S S
required for Green Hydrogen (millions of meters-squared of L Gamaonrs)
electrodes needed by 2030)
No. 1 No. 2
lowest Vv low Vv
. The role of Nickel oxidation on activity throughout the expected No.3 | No.a
. . . m ‘
lifetime of the electrodes (at the bulk and at the interfaces) may —
impact lifetime if not properly protected HighestVv
. . . . . . . Fi 3. SEM images of all APS-based Raney- Ni-Mo electrodes before and after activation.
»  Coatings enhance drastically the cell efficiencies which will lead to R o -
realizing sustainable, non-noble metal catalysts
°

0.7 038

. On a system-level, controlling for electrolyte impurities (in the Fe impurities ]
case of nickel-iron oxyhydroxides) remains important
. Not only to guarantee high performance, but also to

protect masking of the catalytic coatings

Fe free ]
This just serves as a taste of the challenges that remain, especially

considering that a primary benefit of AWE is to reduce or eliminate
the need for PGMs, as efficiency and power density increase for
advanced alkaline water electrolysis, ultimately lowering the
expected LCOH in every market.

interlayer
H,O0

Fe required for high activity-

01 02 03 04 05
Overpotential, n (V) - iR,

Taken from Trotochaud et al. J. ACS (2014)
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Current Collectors and Bipolar Plates and how they differ

from PEM Systems

Porous Transport Layers serving as current
collectors for PEMWE

Figures of Merit
. Ohmic

. Mass Transport

. Mechanical (1500 cm?)
e Thermal

. Interfacial Roughness
. Porosity

Sing'e Layer PTL Taken from Mo et. al Science Adv. (2016)
1 ,Aa\ -~

Catalyst layer

Poor catalyst utilization
where the PTL is not
present

membrane deformation .., [um)

Pt ICR coating

length | [um]

EEEEEEEEEE

_____

widthwluml gchuyler et. al (2019) JECS

versus Current Collectors (Advanced-AWE)

Figures of Merit

e Structural-Ohmic (welding vs. compression)
* Avoid hot spots

* Mechanical (3 m?)

* Need for elasticity and rigidity (differential
pressure)

e Chemical

* Inhibit oxidation through welding or coatings

* Manufacturability
* Scale of the components

* Nickel-plated components

WE ARE DE NORA
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FIG. 1. Norsk Hydro

Cross- section of a ZIRFON Perl 500 UTP separator

K/€,, (10" S s bar mol")

30 40 50 60 70 8 90
T(°C)

Separators and Electrolytes in (N) DE NORA
Alkaline Water Electrolysis

From Asbestos to Zirfon® Note: Carcinogenic asbestos was phased out. This led to a transitory period where PPS
fabrics mainly replaced the diaphragms in AWE systems — until reinforced and hydrophilized inorganic oxides
were realized

What properties matter for AWE:

e Durability (Mechanical &Chemical)
* Handling (reinforcement + flexibility)

* Pores (Pore Size, Pore Distribution, Porosity)
* Thickness
* Electrical Resistance

Comparison to PEMWE (Solid Polymer Electrolytes)

e Conductivity is more dependent on liquid KOH
* @Gas permeability must be better controlled for

e Thermochemical and thermomechanical
degradation mechanisms differ

WE ARE DE NORA
Top: Grundt et al. Int. J. Hydrogen Energy (1981). Middle: de Groot . Bottom: Schalenbach et al. Int. J. Electrochem. Sci. (2018)



Open Challenges for
Diaphragm | Electrode Interfaces

Areas to improve understanding

 Bubble management (even nanobubbles)
* In the electrolyte

Diaphragm resistance

*  On/around the electrode wrmaren s

Kraglund (no coating)

* Electrode Geometries ——

Kraglund Fig. 5. Contours of the potential ¢ |[V]. Results from simulations AD (a), A4 (b). AS (c) and A6 (d) The contour increment is 0.01 V. Values above the maximum of the color
range (0.12) are also indicated by dark red. The dashed demarcation line at x = 250 um represents the diaphragm surface. (For interpretation of the references to color in

*  Current Distribution o AT A e S

. . Fischer;':!‘“(:i: E:-; 4% (b) 1F¢-¢u at the electrode

e Concentration gradients? e
Fischer, 70°C, 55 bar
Fischer, 70°C, 30 bar

* Modelling the interface P b

Fischer, 70°C, 10 bar
Fischer, 70°C, 20 bar
Kraglund (coating) 200 400
Schalenbach s [pm] s [pm]
Phillips, 70°C (c) current density at electrode (d) diaphragm surface
Lee (coating) 8
Phillips, 80°C
Baumgart, 11 bar
Lee (no coating)
Baumgart, 18 bar
Baumgart, 5 bar
Bowen (no coating)

wo 100

i, [Aem?]

e

= e I

0.0 0.2 04 0.6 0.8
Normalized area resistance (Qem2)

o

400

s [pm]
Fig. 4. Comparison of normalized area resistance for different zero gap alkaline T T S e o T o T S kel ) i ity g s
electrolyzers (blue bars). All area resistances are normalized to 30 wi® KOH and surface (d), for cases AD, A4 AS and A6
80 °C. The depicted diaphragm resistance is 013 £ ¢m? (based on work of Ver-

meiren). (For interpretation of the references to color in this figure legend, the WE ARE DE NORA e

reader is referred to the web version of this article.)




Integration & Sustainability (N) DE NORA
Challenges

operating Conditions ** Individual component advancements must be realized by their
(variable)

integration into the stack, for every customer

» Remaining issues are compounded as the stack becomes longer
Temperature and larger

)
0’0

Current Density
Load Profile (Intermittency)
Electrolyte (KOH)

Materials Selection (variable)

Hydrodynamics

)
0’0

Mechanical Tolerances

S

%

Sealing

S

%

Power Control & Distribution

)
0’0

Efficiency Losses (shunt/parasitic currents)

Nickel s Intermittency plays a role at the system, stack, and component
Ni Plated SS level

Polymeric Choices “+ Displays the need for standardized testing protocols

Standardization of Testing Protocols Recycling Critical Raw Materials

Sustainability (reduction and % Benefits

recycling of CRMS) “» Secondary supply, reducing reliance on primary supply and alleviates
environmental burdens

...system-level challenges addressed in another presentation X Challenges

R/

«» Different metals require different recycling technologies amidst varying rates
WE ARE DE NORA @




Wrap up ( DE NoRA

* Lessons learned from adjacent applications can be leveraged as
sources of inspiration

* Traditional AWE # Advanced AWE

* There remains improvements to be made on each component, on
each interface, and on each scale

* Integration of advanced components into new designs is not trivial
e Sustainability is paramount

Thank you!
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