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What is hydrogen ?

GRAVIMETRIC ENERGY DENSITY

Highest energy per mass of
any fuel

ELEMENT NO. 1 WEIGHT

@ Simplest element
on Earth

ABUNDANCY

75% of the mass in
the universe
\_ _/ Hydrogen

DETECTABILITY

Invisible, Odourless,
and Tasteless

14x lighter than air

NATURAL STATE

Rarely exists in free
state

o J
ENERGY CARRIER

Stores energy first
created elsewhere

\ / VOLUMETRIC ENERGY DENSITY /

Low volumetric density

E‘ requires advanced storage

methods




What is %

Hydrogen - High Energy
3 Contains 3x
Energy . Hydrogen is the most more energy per
abundant element in unit mass than
the universe, making a’ i
, gasoline

up 75% of all matte

Zero Emissions

Produces only
water and heat as
byproducts when

used in fuel cells

Key Advantage

Hydrogen can be produced from diverse domestic resources with
virtually zero greenhouse gas emissions



Types of Hydrogen energy Q

v' Green Hydrogen: Produced via electrolysis powered by renewable energy, green hydrogen is the
most sustainable form. It has zero carbon emissions, making it a top choice for eco-friendly

energy solutions.

v" Blue Hydrogen: Derived from natural gas through a process called steam methane reforming
(SMR), blue hydrogen incorporates carbon capture and storage (CCS) technology to minimize
emissions. It offers a relatively clean alternative, although not as eco-friendly as green

hydrogen.

v' Grey Hydrogen: Also produced from natural gas, grey hydrogen is identical to blue hydrogen in
its extraction process but lacks carbon capture capabilities. This makes it the least

environmentally friendly, as it emits substantial CO, during production.




AE R R R S H AR .&

. ERESEERFEELAT~33.6 kWh(E):X{LARE=42). #
BRI, UIRTE TEMR B ER T R E RS S AYRE S fE
H kA S EERRBEIRASE P A T 8t — IR,

o 2050FEIREFEEY TR RAMG L E(AE20204EK1EME
—20504E5-6/ENE),

o EIERREIRE(IEA)TEMLE E 20504, (KRG E 2R ETRHA RN
10-13%; 2R E A 448 {E B F A B F K S FERRES F -

o |EATEML /K EME R AR B/ ZR (B iR/ &7/ B R
BT AEERNBIRE GRS - BES) S HLE202054410% L2
20304E1)70%,%2]20504E5E21199%,




AE R R R S H AR .&

20504 2B KHRE B T TEiE7H 60 %K B /K EAE, K M EARE
HE 8 BVE R EN; B BRI 1-2 GW(E B EL), mZ
20504787%3,600 GW, FREER B EHEH B &,
SREFEREZBEFRERMEE, BV AEAEETSE
PR (nER. FERRE, UAR#AS) , SESEBCE
BRZLERmERIES, TEEAREK,
SO RS R B S g K R, M, REZEM
B ERRTHG AR, (LREE. #F2ER. BUNRBIEEkx
RBER., U ERHEETERREEK,

FAEHRENE LR AE A RBIR(REE. RE5EE) 7] K EMR Rk
B2 A B RS TR EA AR TR / B B Fn EE AR S i 1 B2 3 B Al
REWINSE—FPRESEZFE S -




TABLE 1 | Different hydrogen production methods, their advantages, efficiency, and cost (Shiva Kumar and Himabindu, 2019).

Hydrogen
production
method

Advantages

Disadvantages

Steam reforming
Partial oxidation
Auto thermal

reforming
Bio photolysis

Developed technology & existing
infrastructure

Established technology

Well-established technology & existing
infrastructure

Consumed CO, produced O; as a
byproduct, working under mild conditions

Simple method, Hz produced without
light, no limitation Oz, CO2-neutral,
involves to waste recycling

Involves to wastewater recycling, used
different organic waste waters,
COz-neutral

Abundant, cheap feedstock, and neutral
COz

Abundant, cheap feedstock, and
CO,-neutral

Clean and sustainable, O2-byproduct,
copious feedstock

O as byproduct, abundant feedstock, no
emission

Established technology, zero emission,
existing infrastructure O, as byproduct

Produced CO, CO;; unstable supply

Along with Hz production, produced heavy
oils, and petroleum coke

Produced CO; as a byproduct, use of
fossil fuels

Low yields of Hy, sunlight needed, large
reactor required, O, sensitivity, high cost
of materials

Fatty acids elimination, low yields of Haz,
low efficiency, necessity of huge volume of
reactor

Low efficiency, low Hz production rate,
sunlight required, necessity of huge
volume of reactor, O2-sensitivity
Fluctuating H, yields because of
feedstock impurities, seasonal availability,
and formation of tar

Tar formation, fluctuating Hz amount
because of feedstock impurities and
seasonal availability

High capital costs, elements toxicity,
corrosion problems

Low efficiency, non-effective
photocatalytic materials, requires sunlight
Storage and transportation problem

L7 |

60-75

60-75

10-11

1.69-1.70

20-45

0.06
L soe0 |




Current applications

Transportation

Fuel cell vehicles,
buses, trains, ships

A

Buildings

it

Industry
Steel production,
ammonia
synthesis, oil
refining

4

Power Plants

Backup power and
peak demand

3
Energy Storage

Grid-scale
storage for
renewables

as

Chemical




Applications of hydrogen in various industries

Use in Buildings
smng Heating An
Pressure vessels ] I "8
Underground /'
Gas grids

Direct injection
Methanation

@_[ I G r.!%]
T

Biomass gasification




/A Current

Challenges

@ High Production

Costs

Green hydrogen is 2-3x
more expensive than

fossil fuels. Technology

improvements needed.

B Storage Challenges
Requires high pressure

or cryogenic
temperatures for
efficient storage and
transport

D Limited Infrastructure

Few refueling stations
and distribution
networks exist globally

% Energy Efficiency
Energy losses occur
during production,

storage, and
conversion processes.




The Future : 2030 Targets

Cost Parity: Green hydrogen competitive with fossil fuels
500+ GW of global electrolyzer capacity installed
Widespread hydrogen refueling infrastructure in major cities
Hydrogen-powered commercial aircraft prototypes

Zero-emission shipping vessels operating globally

Major industrial sectors transitioning to hydrogen

Integration with renewable energy grids




3% Vision 2050

22% e 30M
Of world's Global Jobs created

energy needs hydrogen in hydrogen
supplied by economy sector
hydrogen market value worldwide

Net-Zero Achievement

v" Renewable hydrogen backbone

infrastructure
v" Net-zero carbon emissions in industrial v’ Global hydrogen trade networks

established

v' Complete decarbonisation of heavy transport

sectors



FHEHY X R

GREEN HYDROGEN SET TO BE MAINSTREAM BY 2030
NOMURA

Hydrogen demand will grow by 7-8x until 2050

Hydrogen end-use demand by segment, MT H, p.a.

A Power
Generation /
I Mobility of global final energy demand’
@ Industry and
building heat

660 IT

140 industry use .
hydrogen required p.a.
90 I in 2050 for net-zero
Existing
industry use
2020 2030 2040 2050

Note: 1) IEA net-zero scenario with 340 EJ final energy demand in 2050. HHV assumed. Excluding power.
Source: IEA Net Zero by 2050. © 2023 Nomura. All Rights Reserved.
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‘ ,j_. — (BMS) | (Cable) (Hydrogen pipeline) (Oxygen pipeline)

I Wind

‘ Renewable — < >
energy

(Grid)
Photovoltaic

| 3+ —

l Biomass energy-
Hydropower, etc.

| Bl e Utilization of Electrolyzer | Fuel cell
i e s DL o s s e A e i H, 4

| 70 MPa bottle gaseous 70 MPa bottle gaseous 42 Nm3 solid state Liquid hydrogen
| oxygen storage hydrogen storage  hydrogen storage system storage system |

Fuel cell vehicle Home/building electricity Backup/emergency power supply Chemical production Natural gas pipeline net\\'ork}

| - |
Hy drogen application




Emerging Technologies

' Solid Storage

Metal hydrides for safer,
efficient transport

\Q, Solar Hydrogen

.- Direct sunlight to Using algae and
ogen conversion using bacteria for natural
oto electrochemical hydrogen generation

cells
24 Aviation (& Ocean Energy @ Home Systems
.. Offshore production
Zero-emission hydrogen using wave and tidal Residential fuel cells for

aircraft development power heat and electricity




@ Global Initiatives

€470 billion
investment by
2050. Target: 40
GW electrolyzer
capacity by 2030

EU European Union

Leading hydrogen
society initiative.
Massive
infrastructure
development

World's largest
producer. Rapidly
expanding green
hydrogen capacit

uUs United States

S8 billion
Clean
Hydrogen
Strategy
funding
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Resourcing country (Australia) Utilizing country (Japan)
Production of hydrogen at low
costs from unused resources Process uses

(brown coal) and/or abundant

Semiconductor and photovoltaic cell
recyclable energy

manufacturing
Oil refinement, desulfurization, etc.

Transport equipment

Hydrogen stations
Fuel cell vehicles etc.

Liquefied hydrogen
containers

Hydrogen gas engines
Fuel cells etc.

loading cargo ships

L
Brown coal ‘ CO,-free hydrogen Liquefied hydrogen

storage tanks 3
CCs
(CO, capture/storage)

Electrical power plants
Combined

—= m Cycle power

generators etc.

Hydrogen
transport/storage Hydrogen use

Hydrogen production

(2HXEF) BASFRENARIE RE2HHR

F. Eljack and M.K. Kazi, Frontier in Sustainability, Vol.1, 612762, 2021




Environmental

Key ben Efi ts ‘ °:Se;‘o GHG emissions at point of

*Combats climate change
*Reduces air pollution

Economic Growth
*Reduces fossil fuel dependence *Millions of new jobs
*Domestic production possible Innovation driver
*Diverse energy sources *New industries created

Versatility

n *Multiple applications
U *Energy storage solution
*Transport & industry fuel




Green Hydrogen production \“"“ ool
pathyway for sustainable *
future with net zero
emissions




How can we produce hydrogen with zero carbon emissions? This is a question that is important to
answer to meet the global challenge of climate change mitigation. The electrolysis of water is a key
component of any future energy systems aimed at achieving this goal.

Aviation

Chemical
Manufacturing

Renewable Electrolyzer Storage d =]
electricity h =

>

Shipping




UK. 10 GW of H, by 2030, with EU. 10MMT clean H, produced and

Canada. Aim to establish large- at least 5 GW of electrolyzer imported each by 2030. $2.58

scale blue H, for domestic use and the rest from blue H,. funding. Some countries, e.g. China. 0.1-0.2MMT
Netherlands, have plans for blue H,. green H, produced by

and transatlantic export.
$1.1 billion funding over five years _ \‘-y B 2025.
"’é\t“’:\‘ .
pt ,

Japan. 3MMT H,
consumed by 2030.
$3.4B funding for
green H,.

USA. 10MMT clean H, ARTar W WP e
roduced by 2030. RNLY T A AN W ne . 2
g3lkg tax cryedit for { . 14 ¢ consumed by 2030.
clean H,. $7B funding. , R ‘ ﬁZB funding for green
v 2-

Chile. 5 GW of electrolyzer Australia. Aims to
7

be top 3 exporter of

by 2025, 25 GW by 2030.
H, to Asia by 2030.

IDTechEx [EEEEEN

South Africa. 11.7  Saudi Arabia. India. SMMT of
GWof electrolyzer ~ 2.9MMT of green  green H; a year
by 2030. H, a year by 2030. by 2030.
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Conventional Water Splitting for H,
Generation

Electrolysis Technologies and Applications

Clean Energy & Hydrogen Production




What is water splitting ?

Water electrolysis is an electrochemical process that splits water (H,0) into hydrogen (H,)
and oxygen (0,) using electrical energy.

‘ sl Acidic Electrolyte

Separator
OER : HER Anodic process: H,0 —> 1/20, + 2H" + 2e
K ? Cathodic process: 2H* + 2e- —> H,
= ) ) a " =
HIEE @o s
S o o v e % Neutral/Alkaline Electrolyte
o )9 " e —
dl| @ T2 H, sl Anodic process: 20H-—> H,0 +1/20, + 2e
a w
Electrolyte Cathodic process: 2H,0 + 2e- —> H, + 20H"
Anode Cathode

Key Advantages

*Zero carbon emissions when powered by renewables ~ *Scalable from kW to MW systems

*High purity hydrogen (99.9%+) *Mature technology with commercial availability




Energy Requirements for water electrolysis

v Theoretical minimum: 1.23 V (237 kJ/mol) Co: | (.
v" Thermoneutral voltage: 148 V (286 e
PR TR
kJ/mol) l « B
(Anode (oxidation): ) o
v Practical operation: 1.8-20 V OO A e 1 Pl
' e -
v Energy consumption: 50-55 kWh/kg H, .. .. R

(practical)

\/

supply 9 to

S

2H"(aq)

Cathode (reduction):

Ha(g)
E° = 0.00




Types of Conventional Electrolyzers

Technology

Electrolyte

Temperature

Efficiency

Alkaline WE

KOH/NaOH (20-
40%)

60-80°C

62-70 %

Proton exchange
membrane WE

Solid polymer
membrane

50-80°C

67-75%

Solid oxide WE

Solid oxide
ceramic

700-900 °C

85-90 %




Alkaline water

electrolysis

(a) E‘ ....... P‘l:‘

<+« \NVater flow

H, < rn ' £ —> Waterand O,

Flow fields and Gas diffusion OER Gas diffusion Flow fields and
current collectors  layer (Cathode) Catalyst Catalyst layer (Anode)  current collectors
Alkaline exchange
membrane
(b) H,0 -

current collector

H20+O MEA

e

GDL + OER
catalyst =

ackote
gaskets

graphite with flow fields
current collector

GDL + HER
catalyst




Alkaline water electrolysis

Advantages
Limitations X

v Lowest capital cost
Lower current density

v" Long operational lifetime (60,000-
Slower dynamic response

90,000 hrs)
‘Crossover issues

v Non-precious metal catalysts
-Corrosive electrolyte

v Well-established technology
Lower partial load efficiency

v' Large stack sizes (up to MW)



PEM water electrolysis

Advantages v

Energy source .

*High current density

sFast dynamic response (seconds)
«Compact design

*High purity H, (99.999%)
*Excellent partial load operation
*High pressure capability

Limitations X

| Anode (+)

*Expensive precious metal catalysts

Water (H,0) is fed into

1 the gas diffusion layer

*Higher capital cost

Water is oxidized at the
anode to form oxygen

2
(P E M) (0,) and protons (H*)
CathOde (—) 3 ;t;‘:g;ﬂr;i:\fe across the

Protons are reduced at the
cathode to formH,

*Membrane degradation
*Shorter lifetime (40,000-60,000 hrs)

*Acidic corrosive environment




Solid Oxide Electrolyzer Cells (SOEC)

]

{i | oo I F
e"

Oxygen receiver AEM

= Hydrogen receiver

(anion exchange

(HO

5 ©
m ‘

m

Anode: Oxidation Cathode: Reduction
Oxygen evolution reaction (OER) Hydrogen evolution reaction (HER)
20H — 0.50,+H,0+2e" 2H,0+2e” — 20H+H, (g)




Solid Oxide Electrolyzer Cells (SOEC)

Key Advantages Challenges

v Highest efficiency - thermally assisted v' Material degradation at high temperatures
electrolysis v' Thermal cycling issues

v Reversible operation - can operate as fuel cell v' Long startup times

v Utilizes waste heat from industrial processes v' Currently at pilot/demonstration scale

Lower electrical energy requirement



Technology Comparison

Parameter Alkaline PEM SOEC
Maturity Commercial (mature) Commercial Pilot/Demo
System Efficiency 62-70% 67-75% 85-90%
Current Density 0.2-0.4 A/cm?® 1-3 Ajcm? 0.3-1 Ajcm?®
Load Range 20-100% 0-100% 50-100%%6
Response Time Minutes Seconds Hours
CAPEX ($/kW) 500-1000 1100-1800 2000-3500

Stack Lifetime &0,000-90,000 hrs 40,000-60,000 hrs 20,000-40,000 hrs




Applications & Markets

Current Applications

Industrial: Energy:

= Ammonia production (fertilizers) = Grid energy storage

s Petroleum refining Renewable energy integration
s Methanol synthesis Power-to-gas systems

s Electronics (semiconductor manufacturing) Backup power systems

Emerging Applications
* Transportation: Fuel cell vehicles, aviation, maritime
* Green steel production: Direct reduction of iron ore
s Synthetic fuels: E-fuels, green methanol

= Seasonal energy storage: Long-duration storage solution




Capital costs:
$500-1000/kW
installed

Reducing noble
metal catalyst
loading (PEM)

Operating costs:
Dominated by
electricity (70-80%)

Improving
durabilityand
lifetime

Levelized Cost
of H 2

Present: $4-6/kg H,

. .
Material e~
degradation at
high operating
conditions




Future Outlook & Conclusion

Market Projections

v Global capacity: Expected to grow from ~1 GW (2023) to 100+ GW by 2030

v' Cost reduction: 50-70% decline expected by 2030 through manufacturing scale-up
v Investment: $300+ billion announced globally through 2030

Technology Trends

v Alkaline: Larger stack sizes, improved efficiency (targeting 70%+)

v" PEM: Reduced catalyst loading, lower cost membranes

v' SOEC: Commercial demonstration projects (5-10 MW scale)

v' AEM: Emerging as low-cost alternative combining benefits of both




EOEOR

Coupled Water Electrolysis for Energy-Saving

Hydrogen Production

Next-Generation Electrolysis Technology

Combining H: Production with Valuable Co-Products

Sustainable Energy & Advanced Electrocatalysis




The Challenge with Conventional Electrolysis

Conventional water electrolysis

Challenges of
Conventional water electrolysis

High thermodynamical potential with
sluggish 4-eletrons transfer process

Low-value anodic product

Explosive gas mixture (H,/O,)

o VY

( Hybrid water electrolysis (HWE)

[e]
NN
H H HN
Hydrazine  Urea

H H o

N

Ammonia HMF

H—H

Hyd
ydrogen o B

o
HO)\\@/‘LOH

Cathode AEM Anode EDCA
Catalysts Layer Catalysts Layer

Characteristics of HWE

Lower Energy consumption due to
thermodynamically favorable reaction

Value-added product

Non-reactive gas mixture

Purifying wastewater

Jj\NH,

\

| OH
H \_/

N=N O0=C=0
Nitrogen Carbon dioxide




Coupled Electrolysis Concept N

Conventional Coupled

Cathode: 2H,0 + 2e™ — H, + 20H~
Cathode: 2H.,0 + 2e” — H, + 20H"

Anode: Organic/substrate oxidation
- . + +4e”

Anode: 40H" — 0, + 2H.0 + 4e Cell Voltage: 1.3-1.6 V

Cell Voltage: 1.8-2.0V Co-product: Valuable chemicals

20-40% Energy Savings!

Byproduct: O, (low value)




v" Alcohols (methanol,
Types of Coupled Electrolysis ethanol, glycerol)

v' Biomass derivatives
(HMF, furfural)
v Benzyl alcohol

Nitrogen
Compoun
ds

v' Sulfide/Sulfite

v" Chloride
v Urea

v Ammonia
v' Hydrazine

v" Industrial waste streams



Urea-Assisted Electrolysis

Anode: CO(NHy), + 60H - N, + 5H,O0 + CO, + 6e” (0.37 V vs RHE)
Cathode: 2H,0 + 2¢” - H, + 20H"

Reaction Chemistry

Energy Advantage

Potential reduction: ~0.86 V lower than OER

Cell voltage: 1.3-1.5 V (vs 1.8-2.0 V conventional)
Energy savings: 25-35%

Applications

*Wastewater treatment (urine, agricultural runoff)
*Municipal wastewater streams

sIndustrial effluents

Dual Benefits

v Clean H; production

v Nitrogen removal (N,)

v Pollution remediation

v Reduced treatment costs

Challenges

*Selectivity to N, (avoid NH;, NO3”)
*Competing hydrolysis

«Catalyst stability




Alcohol-Assisted Electrolysis

Common Alcohol Substrates

Alcohol Oxidation Potential Products Applications

Methanol 0.02 v vs RHE Formate, CO; Wastewater, byproduct streams
Ethanol 0.08 V vs RHE Acetate, acetaldehyde Fermentation waste, biofuels
Glycerol 0.15V vs RHE Glycerate, formate, oxalate Biodiesel byproduct (10% yield)

Benzyl alcohol ~0.3 Vvs RHE Benzaldehyde Fine chemical production




Biomass Valorization Electrolysis

5-Hydroxymethylfurfural (HMF) Oxidation

Source & Reaction

v" Derived from cellulose/lignocellulosic biomass
v Platform chemical for bio-based materials

v Oxidation potential: ~0.3 V vs RHE

HMF — FDCA + H' + e~

FDCA: 2,5-Furandicarboxylic acid

Product Value

FDCA Applications:

v

v

Bio-plastic precursor (PEF)
Replacement for terephthalic acid
Market value: $1000-3000/ton

100% bio-based polymer pathway




Other coupled electrolysis system

Hydrazine assisted electrolysis

NzHg + 40H™ — N + 4H,0 + 4e~ (-0.33 V ws RHE)

Extremely low potential: Theoretically spontaneous!
Cell voltage: < 0.5 V possible
Energy savings: 70-80%

Limitation: Hydrazine toxicity and cost




Energy Savings Comparison

Anode Reaction Potential (V) Cell Voltage (V) Energy Savings Co-Product Value

Key Insight: Most coupled systems achieve 20-40% energy reduction, with some (like hydrazine) offering

even greater savings. Combined with valuable co-preducts, overall economics improve significantly.




Electrocatalyst Design

Urea Oxidation
¢ Ni(OH)z/NiOCH active phase

¢ NiFe-LDH (enhanced conductivity)
* Ni-Mo (synergistic effects)
* 3D Nifoam substrates
Alcohol Oxidation
¢ Pt-Ru alloys (methanol, acidic/alkaline)
¢ Pd-based (ethanol, glycerol)
¢ Ni-Co oxides (alkaline glycerol)

* Au nanoparticles (selective)

HMF/Biomass Oxidation

* NiFe-based materials

o Co0304 (selective to FDCA)

* N-doped carbon with metal sites

» Bimetallic combinations
Ammonia Oxidation

¢ Pt-based (most active)

¢ Ni-based (cost-effective, alkaline)

s (Cu-based materials




Electrocatalyst Design Principles

v’ Selectivity: Target specific products, minimize side
reactions
v' Activity: Low overpotential at practical current densities

v’ Stability: Resist fouling from organic substrates

v’ Cost: Earth-abundant materials preferred for scale-up




Svystem configurations

1. H-Cell Configuration

Separated anode/cathode compartments
lon-exchange membrane separator

Prevents product crossover

Different pH optimization possible

Best for:
« High-value products requiring purity

« Different electrolyte requirements




Industrial applications

Waste water treatment integration

Municipal & Agricultural Wastewater

v' Urea-rich streams: Agricultural runoff, urine (1000 L/day —
40-50 g H,/day)

v Ammonia removal: Municipal wastewater nitrogen
treatment

v Dual benefit: Clean H, + pollution remediation

v' Cost offset: Treatment cost reduced by H, value




Industrial applications

Biorefinery Integration Lignocellulosic Biorefinery

Biodiesel Industry
v Glycerol byproduct (10% yield)

HMF from cellulose — FDCA + H,
Bio-plastic precursor production

Integrated biorefinery concept

v
v
Convert to value chemicals + H, v
v

v

v'  Additional revenue stream
Carbon-neutral H, pathway

v

Waste-to-value transformation

Chemical Industry Synergies
*Chlor-alkali integration: Co-produce H,, Cl,, NaOH
*Fine chemicals: Selective oxidations (benzyl alcohol —

benzaldehyde)

*Pharmaceutical intermediates: Electrochemical synthesis pathways



Techno-Economic Analysis

Cost of hydrogen production

System Type Energy (kWh/kg Ha) LCOH ($/kg Hz) Cost Reduction

Conventional Alkaline 50-55 24.50 Baseline

Urea-Coupled £3.20
Glycerol-Coupled

HMF-Coupled (w/ FDCA credit)

*Includes co-product value credits




Techno-Economic Analysis

Economic Drivers

Cost Reductions

v' 20-40% lower electricity consumption

v" Reduced CAPEX (lower voltage operation)
v Improved catalyst lifetime

v Lower cooling requirements

Revenue Enhancement

v" Valuable co-products ($2-5/kg)
v' Waste treatment credits

v" Carbon credits (biomass-based)

v Circular economy incentives

Break-Even Analysis: With 25-35% energy savings + co-product value, coupled
electrolysis can achieve $2-3/kg H,, competitive with steam methane reforming (SMR)

while being carbon-neutral.




Coupled Water electrolysis |

Traditional Water electrolysis ‘

W - T
‘g® S| /FCULAB.
2 SERGTINS. WATER
ELECTROL
YSIS

L
3l




FCU LAB-WATER ELECTROLYSIS | .R

Metal organic frameworks (MOFs) derived materials for overall water
splitting

i Electrocatalyst Design ‘ ' Traditional WE |

o~ Fe,03/ZnCo,0 4@NF//
]| Fe»03/ZnCo,0,@NF
- Pt/C// RuO,

—#— Ni-foam// Ni-foam

2-Methylimidazole FeZnCo-ZIFs Fe,05-ZnCo,0,

°é %

Water electrolyzer 1.0 12 1.4 1.6 18
Potetial (V vs RHE)

Closer value to the theoretical voltage (1.3 V), its workable for commercial alkaline water electrolyzer



FCU LAB-WATER ELECTROLYSIS aa

Metal organic frameworks (MOFs) derived materials for overall water

splitting
8
02
7f Hy
6
O
24
=
gls
2]
1-
0 - T i  § |
0 120 240 360
Time (s)

Digital image of (a) gas collecting water splitting device in 1 M KOH electrolyte solution, (b, c) generation of O, and H,
bubbles on Ni-foam during the water splitting analysis, (d) the amount of H, and O, measured versus various time



FCU LAB-WATER ELECTROLYSIS \ B

Recently we developed the coupled water electrolysis based on the “Interface Engineering and
Dual Active Sites in Iron Oxycarbide Nanoclusters Enable Energy-Efficient H, Evolution via
Electrocatalytic Hydrazine Oxidation”

Catalyst design |

Dopamine hydrochloride
Pluronic-F127

1,3,5-trimethylbenzene
Fe(S0,),

" 5 ml, NH,0OH

Ethanol
+ water




FCU LAB-WATER ELECTROLYSIS ‘

- Coupled water electrolysis l

L gljydrazine assisted el?ctrocatalytic 600 - —o— OHzS
H, generation —o— OWS
Y 500 -
400
:,_‘ ' NA
i ) ‘e ;
S 300 - Energy saving
<
£ D EEL T T P P P
=
1.06V
. N, H, k : H
Gibbles  bub 0.0 0.4 0.8 12 1.6
.................. Cell potential (V)

v Extremely low potential: Theoretically
spontaneous!

v Cell voltage: < 0.5V possible

v Energy savings: 70-80%

v Limitation: Hydrazine toxicity and cost



Challenges & Solutions

Technical Challenges

Challenge

Catalyst Selectivity
Organic Fouling
Mass Transport
Product Separation

Faradaic Efficiency

Unwanted byproducts
Catalyst deactivation
Substrate depletion
Mixed streams

Competing reactions

Solutions
Rational catalyst design, bimetallics, surface engineering
Self-cleaning surfaces, periodic regeneration, pulsed operation

Flow systems, 3D electrodes, enhanced mixing

Membrane separators, sequential processing

Potential control, selective catalysts, pH optimization




Challenges & Solutions

Scale-up considerations |

v’ Substrate variability: Real wastewater composition varies

v Solution: Adaptive catalysts, Al-controlled operation
v Long-term stability: 5000+ hour lifetime needed

v Solution: Robust catalyst formulations, advanced characterization
v' Co-product markets: Demand limitations for chemicals

v Solution: Diversified product portfolio, market analysis




Recent Advances & Future Outlook

State-of-the-Art Developments (2023-2025)

High-Entropy Catalysts Atomic Layer Deposition In-Situ Spectroscopy

NiCoFeMnCr for urea oxidation: Precise Pt coating on Ni: Real-time mechanism

1.32 V at 100 mA/cm? Enhanced methanol oxidation understanding for better design

Commercial Pilots (2024-2025)

Multiple demonstrations coupling H; production with wastewater treatment at 10-100 kW scale. Technology

transitioning from lab to early commercial deployment.




Recent Advances & Future Outlook

Emerging Directions

*Multi-substrate systems: Processing mixed waste streams (real wastewater)
 Al-driven adaptive control for varying composition

*Photo-assisted coupled electrolysis: Solar + favorable anodic reactions
» Further voltage reduction, daytime peak operation

*CO, co-utilization: Capture CO, from oxidation, reduce at cathode
« Carbon-neutral syngas production (H, + CO)

*Microbial electrolysis cells (MEC): Biological catalysts

« Very low voltage (<0.5 V), direct wastewater processing



Conclusions & Key Takeaways

Paradigm Shift in H, Production

Coupled water electrolysis transforms Hz production from a single-product energy consumer to a multi-

product value generator

l| Key advantages 'I

Energy Efficiency 47 Economics &
e 20-40% electrical energy savings » $2-3/kg H; achievable

* Lower operating temperatures possible » Valuable co-products offset costs

* Reduced cooling requirements » Waste treatment credits




Conclusions & Key Takeaways

Key advantages

Sustainability #§ Versatility

» Waste valorization (circular economy) » Multiple substrate options

* Pollution remediation * |Industry integration opportunities

¢ Carbon-neutral pathways ¢ Scalable (kW to MW)




Conclusions & Key Takeaways

Implementation pathway

1. Identify waste streams and available substrates
2. Match catalyst systems to specific applications
3. Pilot-scale demonstration (1-10 kW)

4. Economic validation with co-product markets

5. Scale-up to commercial deployment

Future Vision: Coupled electrolysis as standard practice for sustainable H, production

integrated with waste treatment and chemical manufacturing by 2030-2035
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