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Basing on: https://www.geeksforgeeks.org/energy-conversion/



»Production” or enengy

Conventional Non-conventional
The production of electricity and heat through the Obtaining electricity and heat from alternative sources,
combustion of fuels, which include, for example, including: flowing waters, geothermal waters, wind,
hard coal, lignite, oil, gas, biogases, biomass (plant sun, sea tides, green fuels, nuclear reactions, and
and animal), peat ambient heat.

Water turbine Photovoltaics Wind turbines

Steam turbine




Enerngy distribution systems
|

|
 Centralized

* Classic system, a few or a dozen large or very large sources °
generate energy.
* Energyistransported to consumers over long distances
through transmission and distribution networks. °
* Electrical energy is usually produced from conventional

energy sources.

|
Distributed

The generation of energy by small units or production
facilities, directly connected to distribution networks or
located within the consumer's power grid.

Usually producing electricity from renewable or non-
conventional energy sources, often combined with
heat generation (distributed cogeneration).




Share ot sources in electricity ,production”

Global primary energy consumption by source Our World

in Data
Primary energy is calculated based on the 'substitution method' which takes account of the inefficiencies in fossil fuel
production by converting non-fossil energy into the energy inputs required if they had the same conversion losses as

fossil fuels.
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Source: Our World in Data based on Vaclav Smil (2017) and BP Statistical Review of World Energy OurWorldInData.org/energy « CC BY



Various conversion energy technologies

Energy source Sposob generacji Theoretical Zagrozenie dla srodowiska

energii elektrycznej  efficiency[1]

Water Water turbine 90-95% Ecosystem change, methane emission
Hydrogen, amonia, | Fuel cells 40-60% CO, emission when hydrocarbon used
hydrocarbons

Coal/oil/gas Turbine 40-45% Emision of gasous and Particulate

Matter(PM) pulutions

Nuclear power Reactor, Turbine 40% Radioactive waste

Wind Wind turbine 35% Threat to fauna

Biomas Turbine 35% Emission of gases and Particulate
Matter(PM)

Sun Photovolatics 15-25% -

Geotermia turbina 15% Contamination of groundwater, soil
cooling

Basing on: [1] https://www.mpoweruk.com/energy_efficiency.htm



Fuel Cells - principles

unconverted combustion Load
and reaction gasses
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Fuel cells are classified primarily by the kind of electrolyte

Electric efficiency (LHV),[%]
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Fuel Cells - principles

Electrical
Efficiency Applications Advantages Challenges
(LHV)

Fuel Cell Common Operating Typical Stack
Type Electrolyte Temperature Size

« Backup power » Solid electrolyte

60% direct reduces corrosion .
Polymer . « Portable power 2 elactioivte * Expensive catalysts
[Tt {de)\i-0 Perfluoro o 2[, * Distributed y » Sensitive to fuel
. . <120°C <1 kW -100 kW 40% : management problems ; .
Tl l =izl sulfonic acid generation impurities
reformed . * Low temperature
(PEM) < * Transportation .
fuelii ! : * Quick start-up and
* Specialty vehicles .
load following
Aqueous
potassium * Wider range of stable + Sensitive to CO, in fuel
hydroxide « Military materials allows lower and air
Alkaline soaked in a <100°C 1-100 kKW 60%ii * Space cost components » Electrolyte management
(AFC) porous matrix, ’ * Backup power * Low temperature (aqueous)
or alkaline » Transportation * Quick start-up » Electrolyte conductivity
polymer (polymer)
membrane
Phosphoric
Phosbhorle acid soaked in 105(3) k?/\??nlc()mle * Suitable for CHP » Expensive catalysts
Agid a porous matrix 150 - 200°C (liquid PAFC): 20%v * Distributed * Increased toleranceto ¢ Long start-up time
(PAFC) or imbibed <10?<W( o m’er ? generation fuel impurities » Sulfur sensitivity
in a polymer poly
membrane)
membrane
_Molt_enmhiu_m,____________________T.__.f____-H_igh_tem_per;ure___l
Molten sodium, and/  Electric utility . E:J%Tﬁég%ﬁgcy corrosion and breakdown I
Carbohate or potassium 600 - 700°C 300 kW - 3 MW, 50%v » Distributed s Suitablefor CyHP of cell components
carbonates, 300 kW module ° generation : : * Long start-up time |
(MCFC) . » Hybrid/gas turbine .
soaked in a cicle * Low power density I
porous matrix y I
A iiliary poner * High efflqucy » High tgmperature
« Electric utility * Fuel flexibility corrosion and breakdown
Oxide Yttrla ;tablllzed 500 - 1000°C TKW - 2 MW 60%i . Distributed . SO!Id electrolyte of cell compongnts
(SOFC) zirconia generation . Swtaple for CHR . Lpng start-up time
» Hybrid/gas turbine  Limited number of
cycle shutdowns

Source: US DOE (2010). Fuel Cell Factsheet



High-temperature fuel cells

Molten carbonate fuel cells (MCFCs) are the one of the most el N

promising high efficiency and sustainable power generation Cenaral Heatng W

technologies. MCFCs convert chemical energy of fuel (hydrogen) (G [ [ ] u[

into electricity, heat and water through electrochemical reactions. -
o 1
,‘T-: -

=

<4V Residential

ELECTRICITY

Fuel Celi

V¥ Commercial

|

- N

Main features:

+ 300 kW-2.8 MW units, commercially available,

« combination of heat and power with gas expansion turbine
delivers up to 65% efficiency,

 fuels: natural gas, anaerobic digester gas with internal reforming,
sewage gas, natural gas and biogas compatible,

« average 10 000h lifetime,

* possible to employ in electrical utilities, industrial, and military
applications.

The world’s largest operating fuel cell power plant (59 MW), located in Hwaseong, South Korea

Source:E4Tech http://www.fuelcelltoday.com



Matterials for molten carbonate rfuel cells (MCFCs)

e T . . M S S MCFC STACK --

5 SINGLE CELL

Molten carbonate fuel cells are highly efficient chemical to electrical
energy converters and emerges as the one of the most promising
sustainable power generation technologies.

H; or Reformate (H,+CO)
v

-

Anode: H, + CO:» — H,0 + CO, + 2e
- = - CEE
Electrolyte COZ 1
Cathode .
Cathode: 20, +CO, + 280 = COyT- —+ g Matrix Anode
2 : 3]
1/202+C02+26'9CO32' 3:'-« ;- # 5 : e 3 B t ‘; ".' ‘-.‘ 2

A ,,\ _., X rwqe "‘»«\’-‘?‘._v'illv T K “;’- T ..‘ H +CO3 >H O+C02+Ze
Air and CO, ' TR % WM ¢ ety

MCFC stacks are assemblies of single cells, where
each single cell comprises of porous components:

- cathode,

- anode,

- electrolyte matrix.

Materlal N|/N|O Material: LiAlO, M T N ’C o
ateria i, Ni-Cr,

* catalyses O, reduction °holds molten carbonate
reaction electrolyte * catalyses H, oxidation

* high open porosity (70-80%) * high open porosity (~50%) LS (L

The electrolyte - mixture of (Li/K),CO; or (Li/Na),CO; - * mean pore size 7-15um * mean pore size ~0.3pm
is kept in molten state in MCFC operating conditions « thickness: 0.70-0.80mm + thickness: ~1.00mm
(600-700 °C).

* high open porosity (60-70%)
° mean pore size 5-7um
* thickness: 0.60-0.80mm



Concept for materials development

Slurry

Tape casting

Electrochemical reactor Substrates w Roller
(Norecs) — fuel cell testing rig ‘ 7
" e SN / Table Carrierfoil/ /
Manufacturing . Spray coating

7

/ / NOVEL MATERIAL

| Characterization

Structure and Properties

Model of MCFC cathode
microstructure

Atomic model of ionic transport

Porosimetry X-ray, FIB tomography



Concept ror materials development - falbrication

Two main factors governing the performance of MICROSTRUCTURE

molten carbonate fuel cell materials :

v

Isotropic

modification of pore size distribution,
porosity with porogen additions

CHEMICAL COMPOSITION

A 4
Layered

POROUS NICKEL STRUCTURE

mono-  VS.

ELECTROLYTE MATRIX

COATINGS

T r
OTHER PHASES (PARTICLES) Tape castlayers s o taop% gextsljgsort



Molten Carbonate Fuel Cell - Processes

TRIPLE PHASE BOUNDARY IN ANODE

B 1
8 1
: 1
1 °
s : ; _— Elemental reaction steps:
electrolyte : : electrolyte 208
; ' 4 O, @ Adsorption of molecules
' -
2.0 @ Surface diffusion
TRANSPORT

® Reaction at TPB

@ Desorption of products

TPB
CO,*+%H, —» H,0+CO,+2e"

1%0,+CO,+2e- > CO?

The open-porous microstructure, apart from the chemical composition, is of great importance for the fuel cel performance.



Manuracturing or green materials

Nickel#~,

=,

L
» N

Tape casting 2 s
SLURRY’BE‘?%E 2 POWDER(S)
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~ SLURRY

FORMING FORMING
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BE. _am
k. .48

ELECTRODE

1 _>
ANODE | AgNO.aq) ' cCATHODE

(Ni)

L LEEERRRRRRRY = Electrochemical treatment <rrnnnnnns
(Ni+Ag)




Heat treatment

GREEN TAPE Heat treatment of green tapes can be separated in two steps:
—y 1) removing volatile content and binder residues,
FIRING 2) sintering of powders

ELECTRODE

CHARACTERIZATION
) AND
) TESTING
ERIPararas s e e arar s asarnsart O 0 R A 1 > = !
S P o wouoma g g
o

Open-porous structure of MCFC components is obtained after sintering. g 7 :
Porosity level is an effect of slurry composition and parameters of heat & « ;
treatment: temperature (800-1000°C), time and atmosphere (commonly B
100% hydrogen).

Sintering temperature, °C

In the present work we sintered nickel-based porous electrodes using N, + 5%H, atmosphere.



Falorication - QU U OIMENT https://www.wim.pw.edu.pl/Badania-i-nauka/Aparatura-badawcza

Tape caster High-temperature atmospheric tube furnace
Czylok, Poland

Planetary Centrifugal Vacuum Mixer
Thinky ARV 930 TWIN

Planetary ball mill
Retch PM400

Programmable, atmosphere
furnace Czylok FCF-V70C/R

Ultrasonic spray coater Exacta Coat
SONO-TEK

Microwave reactor
MAGNUM I, ERTEC-Poland

Y

MAQNHM’ 1y



https://www.wim.pw.edu.pl/Badania-i-nauka/Aparatura-badawcza

Characterization technigues

MICROSTRUCTURE CHARACTERIZATION PERFORMANCE TESTING

SEM
(morphology)

uCT
(3D imaging)
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M ﬁ ”@St@@ @ 1 Wejrzanowski T., Haj Ibrahim S., Cwieka K., Loeffler M., Milewski J., Zschech E., Lee C-G., Journal of Power Sources 373 (2018) 85-94

Application of porogens
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Milestone 1
Application of porogens

Multimodal
poresize
distribution

Monomodal
poresize
distribution

TPB + Thin film mechanism

TPB\[

Electrolyte

ol
\

1]

o 7l

Il

. (1) O,(g)=0,(e)

(1) 0,+ 2e: 0, 2 (2) CO,(g)=COj(e)
(2) CO,+0,* =CO;4 (3) 0O,(e)=20,4

(4) O,q+2e-=07%(e)
(5) 0% +CO,=C0*>

Electrolyte

Multi-modal porosity of the cathode is beneficial for MCFC operation

Thin
Film

200
o —Ref
£ P1
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= 100 -
-g.l\ 1=
oy
=
a1
T 50
L.
@
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Mono-modal

Initial cathodes

50 100
Current density, i [mA/fcm?]

o &

150

In-situ oxidation

Infiltration by electrolyte

NE 200

=2 5 .
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E 150
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0 !
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Sample

Samih Haj Ibrahim, Tomasz Wejrzanowski, Pawel Sobczak, Karol Cwieka, Aleksandra Lysik, Jakub Skibinski, Graeme John Oliver, Insight into cathode microstructure effect on the
performance of molten carbonate fuel cell, Journal of Power Sources 491 (2021) 229562



Milestone 1

Application of porogens FIB-SEM

Nieprzewodzacy
spiek LiAIO,

Przewodzgca zywica z
dodatkiem nanorurek
weglowych

Figure 4. 3) Reconstruction of the 3D microstructure of the cathode after operation, b)
dustration of pore infiltration by the electrolyte — pores [transparent). NiO (green), electrolyte
(yelow).

T. Wejrzanowski, J. Gluch, S. Haj Ibrahim, K. Cwieka, J. Milewski, E. Zschech, Advanced Engineering Materials 20 (2018) 1700909.



Milestone 2
Application ot nickel roam support

Bi-modal

_—_—__J

Support | Top layer

thickness | thickness

g 30,6682 [mm]
= 25 22,0697
s 05 o4
2 3 5061 4 4
150 0,0895 A,il I 6.. 3,6071 41,7744 02479 0,1496 80 0,5 0,
0 - 250 0,5 0,3
9P P ‘-L‘L-b‘ fL‘bfb .,;;'.” bf"b d 6&{”‘ bo‘.b ar ,\'7,3’
A ef e YR o o e ¥ 480 0,5 0,3
Wielkos¢ [um] 250 0,5 0,6
e 480 0,5 0,6
Pore size distribution in foam suport (480g/m?)

ail 37,7002 Open porosity
da 0/0

24,1003

b 5] .
T 17,554 Archimedes K-XCT
122 10,1715 6, 3670 .

v o0 [ 2T 4 4036 3463 g ppsT g 228

o i 89,02 80,19

e h_*:b ot ek R h,b?* ot gk ol
L L e RN
o s e . 81,60 78,60

67,35 n.a.




Milestone 2
Application ot nickel roam support

/TBOpm

b) 3
—FOAM
—NO FOAM
5.0kV 11.7mm x70 LM(L) 5
AL 66y
: 2
L
o
1
0
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c) 9
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@
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o e
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T. Wejrzanowski, K. Cwieka, J. Skibinski, T. Brynk, S. Haj Ibrahim, J. Milewski, W. Xing, Displacement [mm]

Metallic foam supported electrodes for molten carbonate fuel cells, Materials & Design 2020

Patent: Pat.241140 ,,Elektroda weglanowego ogniwa paliwowego o zwiekszonej wytrzymatosci mechanicznej”




1.2 T : - T 0.30
i - = NiO

Milestone 3 1oL - — Niowag Loz
Application of silver coating o SRR -

2 .0 ~ o 4 - V.
= 064 ™ 10.15
a) CO, + air L 044 \\ 40.10
current collector: stainless steel = NiO ] e

: —_ i0——
NiO+Ag —»>

0.0 I 0.00

0.0 0.1 0.2 0.3 0.4 0.5
Current density i (A cm'z)

l_UfU_u_U‘u—”
SRR cathode: NiO

3 Y matrix + electrolyte: LIAIO_+ Li/K(CO

Aleksandra Lysik, Karol Cwieka, Tomasz Wejrzanowski, Jakub Skibinski, Jaroslaw Milewski,
Fernando M. B. Marques, Truls Norby, Wen Xing, Silver coated cathode for molten carbonate fuel
cells, June 2020, International Journal of Hydrogen Energy 45(38)

Karol Cwieka, A Lysik, Tomasz Wejrzanowski, Truls Norby, Wen Xing, Microstructure and
electrochemical behavior of layered cathodes for molten carbonate fuel cell, Journal of Power
Sources 500 (2021) 229949

Patent: P.430869 Katoda weglanowego ogniwa paliwowego z warstwa spieku srebra

(,.wo p) d Aysuep Jemod



Milestone 4
Hybrid MCFC/SOFC = COFC (Carbonate oxide fuel cel)

@ Electric current

0,+4e>20> H,+CO,2 >H,0+CO,+2e"
CO+ 0 >C0, - H,+0% >H,0+2e
@ nio Ni @ sbc Li,CO5+K,CO, @  Reaction gases

Komorowska, G.; Wejrzanowski, T.; Jamroz, J.; Jastrzebska, A.; Wrébel, W.; Tsai, S.-Y.; Fung, K.-Z.
Fabrication and Characterization of a Composite Ni-SDC Fuel Cell Cathode Reinforced by Ni
Foam. Materials 2022, 15, 4891. https://doi.org/10.3390/ mal5144891

Gabriela Komorowska, Jan Jamroz, Tomasz Wejrzanowski, Kamil Dydek, Rafat Molak, Wojciech
Wrébel, Shu-Yi Tsai, Kuan-Zong Fung, Thermal treatment and properties of Ni-SDC cathode for
high temperature fuel cells, Materials Science for Energy Technologies 6 (2023) 105-113

' Srien (100 SFM) S IR .-:.l.ll"‘l."l




Multiscale modelling

co, POSSIBLE ADSORPTION

' Adsorption CO,/Ni(110) CONFORMATIONS .= -0.33eV MECHANISM OF CO, DECOMPOSITION ON Ni(110)

Eags= -0.27eV

9

© Eaqe= -0.27¢V & | '

(8] \

n h -

v | SURFACE DIFF BREAKING OF C
.E ‘//

S L

0.44eV
< —_—
/" ENERGY *\_ .
Ew= 025V @o¥4yy  CO/Ni(110) -------- <" BARRIER ------ + (CO+0)/Ni(110)
Eqge= 0.22eV
Czelej, K., Cwieka, K., Wejrzanowski, T., Spiewak, P., Kurzydlowski, K.J., Catal. Commun. (74) 2016
ANRYS

w Academic

—

©

S ]

7]

(o)

(7]

Q

=

Gas flow Liquid electrolyte infiltration

S. Haj Ibrahim, T. Wejrzanowski, P. Sobczak, K. Cwieka, A. Lysik, J Skibinski, G.J. Oliver, Journal of Power

Haj Ibrahi LN M., Kli F. hmidt V., Wej kiT.,M i Design 1 2017
aj Ibrahim S., Neumann M., Klingner F., Schmidt V., Wejrzanowski T., Materials and Design 133 (2017) Sources 491 (2021) 229562.



Microstructure mocdeling = general concepft

Step 1. Definition of the size Porous materials

distribution of spheres

fraction [%]

Porogen

Step 2. Packing of @ rgmoyal +
sintering
spheres

20 40 60 80 100 120 140 160

size 7 a

A

4 A‘\,J
Tessellations /

v

2

Polycrystals ,
Composites




Porosity [%)]

-~

Mean pore size [pum]

Molten Carbonate Fuel Cell ;
Modeling capillary errect

Nickel powder particles
N Y

b)

Electrolyte —

70

Electrolyte/m

60 interface

50 % % % $

O Model
OuCT

40

30
0 2 4 6 8 10 12

Porogen content [%]

i % O Model

0uCT (polymeric base)

0 2 4 6 8 10 12
Porogen content [%)]

Wejrzanowski T., Haj Ibrahim S., Cwieka K., Milewski J., Kurzydlowski Haj Ibrahim S., Neumann M., Klingner F., Schmidt V.,
K.J., Journal of Power Technologies 96 (2016) Wejrzanowski T., Materials and Design 133 (2017)



Syntectic fuels

The concepft

f H,0 co : P
A 1.) 2 2) 2 ,Power-to-Gas

N

Renewable Electricity Electrolysis Methanation J
1) Hzo 2) c02 3) ,,Power-to-l.uqund”
Synthesus gas
— — = [radll)
Renewable Electricity Electrolysis Gasification Fischer-Tropsch-Synthesis !
C l 1) 2) N, ,,Power-to-Ammonia”\
/ \ "
ﬁ ety > ) (N
i

Renewable Electricity Electrolysis Haber-Bosch



http://dx.doi.org/10.3390/en11020392

Hierarchical porous materials = 3D printin
The concept

Thermoplastic Catalyst
STIRRING

polymer e : -«ll Extruder
i I Vl_\DCEUM

M - CATALYST 4
POWDERS | . y
‘ F Composite

filament

HEATER

Fabrication of hierarchical open porous materials by application of 3D printing
MACROSCOPIC GAS CHANNELS

Microscale flow Macroscale flow

- ——

1
MICROSCOPIC |
GAS CHANNELS 1

AN BACKBONE OF SINTERED
‘\\ MICROPARTICLES 2 ,
Schematic illustration  of hierarchical ~ open-porous Multiscale modeling of reactive flow in hierarchical

microstructure of catalytic materials fabricated via 3D printing microstructure.



3D printing o hierarchical open-porous materials by FDM (Fused Deposition Modeling)

Precision 350

Extruder

Cooling

Control
panel
Diameter
sensor
Winder
Filament diamater — 2,85 um
Positioner

SEM analysis

\('

| /4

ABS-Ni 25% granulate ABS-Ni 25% filament distribution of Ni

x1,0k 100 um

L
particles



Porous structures in FDM 3D printing technology

Uniform distribution of Ni
particles in the composite ->
controlled porosity

The produced materials are
characterized by an open pore
structure.

o - V x2,0k 30 um L ) x2,0k 30 um . ' >L' x2,0k 30 um
PLA-Ni 5% on Ni faom (a) PVB-Ni 25% (b) PVB-Ni 25% on Ni foam (c)
% s % " N o e 7 . _'& p ﬁ,‘;"'-, O‘ o 3 o 00,000 —
g !’é'eﬁ'» U.:" ‘o_.)‘ty.v"*.a‘;"_ 5 ets P E
T e A 4 2 'ﬁff:ﬁ’ o Ky =
‘:?:’:'53 :..': .}'\"".l""." W e 300,000
e P [ > ¢ 2 —;:-
8 =)
Z S
g 200,000
= 5 =
100,000 J E-
; : . 1
) L X2,0k  30um . .'- x2,0k 30 um 10 20 30 40 S0 60 70 80 90 100 110 120
ABS-Ni 25% (d) ABS-Ni 25% on Ni foam (e) 2 Theta (Degree)
32

E. Mackiewicz, T. Wejrzanowski, B. Adamczyk-Cieslak, G.J. Oliver ,Polymer—Nickel Composite Filaments for 3D Printing of Open Porous Materials”, Materials 2022, 15, 1360



Impregnation of 3D printed structures

Heat treatment 3D printed samples infiltrated by different sodium silicate solution concentrations
900 4
] 100% sod. sil. 75% sod. sil 50% sod. sil. 25% sod. sil. 0% sod. sil.
0,5h@800°C
800 1
700 A 5°C/min
600 ] 1h@600°C
9
o 500
> ] A Cooling in
© 400 reducing
= v elmin atmosphere Before HT, 50% sod. sil.
@ 300 after infiltration 50°C solution
20 1h@200°C
100 A 5°C/min
1 Air Reducing atmosphere (95% N, + 5% H,)
O T T T T T T T 1 l :!() "]']1 I
0 1 o3 4 6 | |
Heating time [h]
a) - g
non-impregnated sample 3 s 3 g ] impregnated sample
(00/0 sod. Si“cate) 'cz-:‘ = - g V/ 620 a4 a8 3 a6 40 (1000/0 sod. S|l)
JLJ& Jl ‘ N | J
70 80 90

; 100 110 120 10 20 30 40 50 60 70 80 90 100 110 120
26 [ 207

10 20 30 40 50 60

E. Mackiewicz, R. Nowacki, G. Komorowska, T. Wejrzanowski ,,/mpregnation of composite 3D prints obtained by material extrusion technology as an effective method of preserving the spat}?uB
geometry of the material”, International Journal of Precision Engineering and Manufacturing-Green Technology 2025 (under review)



Porous 3D printec materials = Direct Ink Wiriting (DIW)

Preparation of silica-nickel 3D structures using Direct Ink Writing technique
Heat treatment

DI.W .3D R aR gk 900 1 Atmosphere: 0.5h€@850 C |
printing O MPS R 750 { N,+H,
rauNn O600
WA TTTH - 1h@600°C
WY LRI 240
LS LIS/ 5300 Heating rate:
2150 2°C/min
3D printed A — Porous
structure 0123 4586 7 8 910 structure
Heating time [h]
Catalysis | T7=——_ —
Ru 6)2(%) + HZ(g) . o CH4(g) + Hzo(g) S (SiOQ-Ni)‘FRU .
modification g
SiO,-Ni ) — etal catalyst E> 5
: (Impregnation ostly Ni, Ru) g
Process) i o

Temperature (°C)

Mackiewicz, E., Wejrzanowski, T., Nowacki, R., Jaroszewicz, J., Marchewka, J., Wilk, t., Bezkosty, P., & Sitarz, M. (2023). 3D hierarchical porous structures printed from a silica-nickel composite
paste. Applied Materials Today. https://doi.org/10.1016/j.apmt.2023.101859

R. Nowacki, E. Mackiewicz, G. Komorowska, T. Wejrzanowski, J. Marchewka, t. Wilk, M. Sitarz, M. Pietrowski, Exploring the Properties of DIW 3D Printed SiO2-Ni Structures Impregnated by Ruthenium:
Influence of Sintering Atmosphere and Initial Tests for Catalytic Applications, 2025 (submitted)


https://doi.org/10.1016/j.apmt.2023.101859

Porous 3D printec materials = Direct Ink Wiriting (DIW)

The catalytic activity tests for the Ni catalysts and Ru-promoted catalysts :

CO, conversion and carbon balance selectivity to CH,
100 ___a-_.u_.u_...d,gﬁ:_:u_l_3____3_____0_____0 ______ T10 100
T L = S 095
------------ B8
g0 Lk [ thermodynamic| - o 30
X restriction 1vs °
S [ |--Ar | S e Q i
o O60F +AI‘_RL1 106 _E«‘ E:) 60
S - -® - N,+H, - = Q
.E —=—N,*H, Ru S 2
2 40 o4 = Z 40
U - '..4 6
> ~ L
g ©
O N
20 40.2 20
_-®
ozl
________ gz===- *-
0 2 1 L 1 L 1 [)[) 0 1 . 1 . 1 . 1 . 1 . 1
200 250 300 350 400 450 500 250 300 350 400 450 500
Temperature [°C] Temperature [°C]

At 400 °C CO, conversion reached almost 75% and 66% for Ar_Ru and H,+N,_Ru, respectively

) Monolithic catalysts - tests

R. Nowacki, E. Mackiewicz, G. Komorowska, T. Wejrzanowski, J. Marchewka, £. Wilk, M. Sitarz, M. Pietrowski, Exploring the Properties of DIW 3D Printed SiO2-Ni Structures Impregnated by Ruthenium:
Influence of Sintering Atmosphere and Initial Tests for Catalytic Applications, 2025 (submitted)



Storage ot Energy - Technologies

!

Batteries

Electrochemical

A

Flow batteries
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|

l |
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y
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Super conducting
magnetic storage

Mechanical

A

A

Pumped hydro

Compressed air
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Flywheel

v

}

Thermal

y

Latent phase
change material

Thermochemical

h

Sensible Thermal

Chemical

Hydrogen, Amonia, synthetic

fuels

A.A. Kebede at al.., A comprehensive review of stationary energy storage devices for large scale renewable energy sources grid integration, Renewable and
Sustainable Energy Reviews, 159, 2022, 112213, ISSN 1364-0321, https://doi.org/10.1016/j.rser.2022.112213.



https://doi.org/10.1016/j.rser.2022.112213

Discharge Time (H)

Storage ot Energy = Technologies

Power-to-Gas
Methane
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Power-to-Gas: The Case for Hydrogen White Paper
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Power quality Load shifting
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Flow batteries: Zn-Cl, Zn-Br
Vanadium redox New chemistries

Nas$S battery
Advanced lead-acid battery

High-energy
supercapacitors NaNiCl, battery

Li-ion battery

Lead-acid battery

High-power flywheels

High-power supercapacitors

Discharge time at rated power
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UPS T & D grid support Bulk power
management

Compressed air
Energy storage
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System power ratings, module size

B. Dunn, at al., Electrical Energy
Storage for the Grid: A Battery of
Choices, Science 334, 6058
(2021), 928. DOI:
10.1126/science.1212741

1GW



https://doi.org/10.1126/science.1212741
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Hydrogen vs batteries

Batteri Direct electrification Hydrogen Power-to-liquid (diesel) Power-to-liquid (petrol)
atteries 2020 2050 2020 2050 2020 2050 2020 2050
Well-to-tank
Battery electric l Energy Transmission I ici 100% renewable electricity il 100% renewable electricity il 100% renewable electricity
vehicle ¢ ¢ ¢
® |\
L A
.@. =§= > > ’— Electrolysis
(r—— x
8 €O, air-capture and
100% Iel FT-synthesis
Tank-to-wheel =
= Transportation,

[ Battery

. storage
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and distribution

<P > Fustproduction 90/, 68% 55% 55%

E-engine

—

Charging

Overall efficiency equipment
(around 70%-80%)

Battery

charge efficiency

Hydrogen 7
[

£ H, to electricity

S conversion
Hydrogen fuel cell Energy Electrolysis Compression & Transportation § =
vehicle liquefaction filling s

Inversion DC/AC

> i) > Engine/motor

efficiency

100% Overall efficiency 770/0 8 10/0 330/0 420/ 0 200/ 0 220/ 0 160/0 1 80/ 0

Battery i
(low-capacity) E-engine

Fuel cell

Notes: To be understood as approximate mean values taking into account different production methods. Hydrogen includes onboard fuel compression. Excluding mechanical losses.

- ==
> = > “T= TRANSPORT & w H [in) Sources: Worldbank (2014), Apostolaki-losifidou et al. (2017), Peters et al. (2017), Larmanie et al. (2012), Umweltbundesamt (2019),

= ENVIRONMENT @ transportenvironment.org National Research Council (2013), Ricardo Energy & Environment (2020), DOE (no date), ACEA (2016).

| s S — |

Overall efficiency
(around 25%-35%)
https://creativecommons.org/



Hydrogen vs batteries

Batteries

* Energy density (0.5 kWh/l - 0.5 kWh/kg)

» Battery power density (>500 W/kg)
 Electrical efficiency (>90%)

* Durability (warranty - 10-15 years)

* Low charging speed

* Currently high battery purchase price

» Availability of raw materials (lithium, cobalt)

* High technological maturity

Lithium Metal

Battery

]

Lithium

@ 6

Metal

(Reactant)

Oxidant
@ O
(Reactant)

®
=

® e

https://www.fuelcellstore.com/blog-section/what-is-a-fuel-cell

Fuel
(Reactant)

Hydrogen (fuel cells)

Hydrogen energy density (30 MPa - 0.6 kWh/l - 33 kWh/kg)
Fuel cell power density (<100 W/kg)

Electrical efficiency (40-50%)

Fuel cell durability (warranty - 6 years)

High charging speed

Currently high fuel cell purchase price

Availability of raw materials (precious metals)

Medium technological maturity

Fuel Cell

@ Oxidant
: (Reactant)




Emernging hew obattery technologies

Solid State Batteries Flow Batteries Na-ion Batteries Li/Na-air Batteries

aqueous
Electrolyte

o —
3] =
@© @
‘£ =
E d, m
= o
£ o

Membrana jonoselektywna

Li Metal Cubic Garnet  Cathode mgsoklgﬂépiecle.pl
e Katoda Elektrolit Anoda
Garnet-Type Solid-State Electrolytes: https://wysokienapiecie.pl/1254- https://www.azom.com/article.aspx? https://deb‘ugligs.Fom/2018/07/24/ngw—
problem-with-lithium-oxygen-batteries/

Materials, Interfaces, and Batteries brakujace-ogniwo-energetyki/ ArticlelD=22278

Chengwei Wang et al. Chemical
Reviews 2020 120 (10), 4257-4300 DOI:
10.1021/acs.chemrev.9b00427



Hydrogen or/and batteries ?
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Maybe something else? Supercapacitors

Supercapacitor: An advanced energy storage device.

4 )

> High power density ( higher than batteries)

> Wide operating temperature range
> Long cycle life (over 10 years)

» Fast Charging

> Less weight

> Low cost

. /

/Active materia

//

44
\ o Separatoy

Typical construction of supercapacitor devices

42



Applications or supercapacitor devices

Supercapacitor Technology > Appllcatlon V/INATech

“Environment-Friendly”

I

Smart Meter Copy Machine Motor Starter

Robot Golf car

_ Wind Mill
| N F
Fresh Water Controller  Hybrid Car o ey Elackde car ‘. '
Flashhght Solar Watch Mobule Phone
ereless
Trams in Germany powered by supercapacitors use 30%
| MP3 PI . . . .
Remotecontiol | romd Sen Solar Energy e a"e'/ less energy than their equivalents in other regions.

Ref: Supercapacitors take charge in Germany By Philip Ball Feature

Editor Yury Gogotsi03, (2012) 43
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. . Conducting Metall Oxides

Objectives (& ] _

Types anad Classitication of Supercapacitor

» Microwave-assisted hydrothermal method
prosioeoic || omote || bty |
» Fast and energy efficient , )
Types of supercapacitor devices
» Processing time few minutes 107
. . . 6
> Synthesis of various metallic/carbon compounds -
= 10| Capacitors
» Novel porous nano architectures ?,: 104
[
>
. (=]
> High surface area g 10°
T 102
» High electrochemical activity .
102 10 100 10! 102 103
Specific Energy (Wh/kg)

Towards establishing standard performance metrics for batteries, supercapacitors and beyond DOI:

Ragone plot showing the specific power vs. specific
10.1039/c8¢s00581h. Chem. Soc. Rev., 2019, 48, 1272

energy of various energy storage devices.



Nickel Hydroxide phases and electrochemical characteristics

(a) B-Ni(OH), (b) a-Ni(OH),
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464 m_ 234 E\\\VVVVVE
= "
L I
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Microwave-assisted hydrothermal synthesis of af3-Ni(OH), nanoflowers on nickel foam for ultra-stable electrodes of
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Chem. A, 2023, 11,789
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Muhammad Saleem Akhtar, Tomasz Wejrzanowski et al. Microwave-assisted hydrothermal synthesis of ap-Ni(OH)2 nanoflowers on nickel foam for ultra-stable
electrodes of supercapacitors https://doi.org/10.1016/j.electacta.2024.145284



Novel 2D hexagonal nanoflakes Cerium/Nickel Sulfide in situ grown on nickel foam - Anode

X/ "{1 ’ 50 pm i A S AL ) ‘
MW-HT reactor () T N }

Metal Salts\
CO(NH:):
NH,F 5
+ (4
7y
N2,S9 H,0 ol

b3

N>

Comparative CV curves of bare Ni CV curves of 2D nanoflakes @ Ni foam at
foam and 2D nanoflakes @ Ni foam different scan rates
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Novel 2D hexagonal
nanoflakes Cerium/Nickel
Sulfide anode + GNP cathode

GNP - Graphene nano-pellets

The device - Full
asymmetric cell

The 2D nanoflakes @Ni foam//GNPs @Ni foam
asymmetric supercapacitor exhibited an high
energy density of 77.51 Wh/kg and a power
density of 797.25 W/kg at a current density of 1
Agl. Furthermore, the asymmetric device
demonstrated exceptional cyclic
performance, retaining approximately 84%
of its initial capacitance after 10,000
continuous charging/discharging cycles

To be published
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performance of asymmetric supercapacitor



Hyarogen storage = new CoOncepts

Fraunhofer Institute for Environmental, Safety, and Energy Technology UMSICHT | Germany
AMAZEMET | Poland

NEW PROJECT: o JA-Gastechnology GmbH | Germany
Cost- and resource-efficient storage of hyd rogen at VSB-Technical University of Ostrava, CEET; Energy Research center | Czech Republic
ambient tem perature and at a maximum pressure of Faculty of Sciences of Monastir, University of Monastir | Tunisia

_ Warsaw University of Technology | Poland
3.5 MPa’ NCDR’ European’ 2024-2027 Institut fiir Nichtklassische Chemie e.V. | Germany

Fraunhofer-Gesellschaft zur Forderung der angewandten Forschung e.V. | Germany

Aerogel H, storage HEA H, storage

H2 Unloading H2 Unloading




Recent projects

NCBR»

Mational Centre for Research
and Development

1. High-performance molten carbonate fuel cells (MCFC), 2015-2018, PBS, NCRD

2. Innovative matrix materials for molten carbonate fuel cells (MATRIX), 2016-2019,
Poland-Taiwan bilateral project, NCRD

3. Improved fabrication of fuel cells for extended durability, improvement of
working parameters, in particular power per volume/mass unit of the fuel cell and
reduction of investment and exploitation costs by application of alternative
catalytic systems in printing technology (AUGUSTINE), 2016-2019, POIR.01.02.00-
00-0045/16, NCRD

4. Development of technology for noble metals and rare earth elements recycling for
fabrication of molten carbonate fuel cell elements (RECREATE), 2017-2020, POIR.
01.02.00-00-0086/17-00, NCRD

5. Novel molten carbonate/ceramic composite materials for sustainable energy
technologies with CO, capture and utilization (MOCO3), M-
ERA_NET2/2016/04/2017,2017-2020, NCRD

6. Development of the industrial scale of molten carbonate fuel cells and solid oxide
electrolysers for integration into power-to-gas installations (TENNESSEE), 2018-
2020, POIR, NCRD

7. Cost- and resource-efficient storage of hydrogen at ambient temperatureand ata
maximum pressure of 3.5 MPa, NCDR, European, 2024-2027

National

gdet“ce UCZELNIA
anie BADAWCZA

Poland INICJATYWA DOSKONALOSCI

\

. Study of the influence of microstructure and chemical

composition on catalytic properties of open-porous components
of molten carbonate fuel cells, 2018-2021, OPUS, NSC

. Study of the influence of microstructure on reactive flow process

in open-porous components for high-temperature fuel cells,
2018-2021, PRELUDIUM, NSC

. POB Technologie Materiatowe of Warsaw University of

Technology within the Excellence Initiative: Research University
(IDUB) program

. Hierarchical porous structures fabricated by 3D printing

technology 2019-2024, OPUS, NSC

. Carbonate-oxide fuel cell, 2023-2026, OPUS, NSC




International cooperation

Prof. Choong-Gon Lee, South
Korea, Department of Chemical

Prof. Peter Dolt, Prof. Ehrenf”_Ed ZSChVECh'V and Biological Engineering, Hanbat
Germany, Fraunhofer Germany, Technische Universitat, National University
Prof. Ali Dolatabadi, Canada, Center for Silicon Dresden
Department of Mechanical and Photovoltaics, Halle Prof. Truls Norby, Prof. Manabu Ihara, Japan,

Norway, University of Department of Chemical

—_

= Oslo === Dr.Wen Xin - Science and Engineering,
_ Norway, SINTEF, - - Tokyo Institute of Technology
‘ I_:.‘---"--.' T heim )

Industrial Engineering, Concordia
University, Montreal

«
& N
o | 4

Prof. Jing-Chie Lin,
Taiwan, National
Central University,
Taipei

{\ Prof. Kuan-Zong Fung,

Taiwan, Department of

Materials Science and

Engineering, National Cheng

Kung University, Tainan
-

ngland, Theory and Modelling
Department, Culham Centre for
. Fusion Energy (CCFE)

T

- -

Prof. Fernando Marques,

Prof. Linda Barelli,
Itally, University of
Perugia, Department of

ugia, | Dr. Teck Leong,
Engineering [ | Singapore, Institute of High
Performance Computing,
ASTAR

Prof. Siew Hwa Chan, v /
Singapore, School of

Mechanical and Aerospace

Engineering, Nanyang

Technological University

Prof. Graeme Oliver,
South Africa, University of
Cape Peninsula,
Department of Mechanical
Engineering, Cape Town



Thank you !

tomasz.wejrzanowski@pw.edu.pl
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