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STATE OF THE ART - European Green Deal

Million tonnes of CO, equivalent (Mt CO.e)

1990-2017: 2017-2030: 2030-2050:

H H H 6000 - -46 Mt CO,e./year -81 Mt CO,e./year -114 to-157 Mt CO,e./year
Main objective
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4000
1. Ensuring a secure and affordable EU energy supply o
Target:-40% ™
. . . 3 000
2. Developing a fully integrated, interconnected
and digitalised EU energy market .
20001 Carbon neutrality by 2050
. i e . o . . '~.‘__2050goal:
3. Prioritising energy efficiency, improving the energy e R
performance of our buildings and developing a power 1900+ ..,
sector based largely on renewable sources 2050 goat:-95% 8
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Gas firms may face windfall tax as

energy crisis hits more households NEWS | 11 May 2020 | Brussels | Energy

Energy storage is key for incorporating renewables
into EU grid, new study suggests
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STATE OF THE ART — New era: Material Science and Manufacturing
Electrochemical storage system — Energy required for the production of a 1 kWh

Materials production
/ - Sustainable source materials

Biomass derived
carbon materials

- Within 2D materials,
graphene-based composites
exhibited a wide application
range in energy storage

systems. [y

Current collector coating

Conductive additive
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Graphene-inorganic
composites

Catalyst hybrids

Enemyy required (kVWh per kWh produiced )

All Graphene electrodes

Graphene-polymer
composites

Flexible electrode Heteroatoms doped Sulfur encapsulated
Li/Na-ion Supercap- Electo- Li-S
battery acitor catalysis battery
Larcher, D., & Tarascon, J. M. (2015). Towards greener and more ) ) ) . )
sustainable batteries for electrical energy storage. Nature Chemistry, 7(1), Xy, B., Qi, S., Jin, M., Cai, X., Lai, L., Sun, Z,, Han, X,, Lin, Z., Shao, H., Peng, P. (2019). 2020 Roadmap
19-29. https://doi.org/10.1038/nchem.2085 on Two-Dimensional Materials for Energy Storage and Conversion. Chinese Chemical Letters,

30(12), 2053-2064. https://doi.org/10.1016/j.cclet.2019.10.028
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3D PRINTING

STATE OF THE ART — New era: Material Science and Manufacturing e P

o~

3D PRINTING TECHNOLOGIES

Battery production
/\% V - Additive manufacturing can lead a N g
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Energy required for the production of a 1 kWh electrochemical
storage system

PARTCLES  LQUDPOLMER

CHALLENGE OF THIS WORK -~

METALS, CERAMICS POLYMERS HYBRIDS,
POLYMERS PHOTOCURABLE PAPER WETA
- Mi-MH V BIOBASED PLASTICS BIOBASED PLASTICS
PLAPLL PLGA, TPC, PAT1,PLA,PLGA, PHBV
Tos,pa1T

RESINS
L.A. Verhoef, B.W. Budde, C. Chockalingam, B. Garcia Nodar,
A.J.M. van Wijk, The effect of additive manufacturing on
global energy demand: An assessment using a bottom-up
approach, Energy Policy. 112 (2018) 349-360.
https://doi.org/10.1016/j.enpol.2017.10.034.

$\

8 s

Enemyy required (kVWh per kWh produiced )

Devices Designs Methods Materials

Larcher, D., & Tarascon, J. M. (2015). Towards greener and more sustainable batteries for electrical
energy storage. Nature Chemistry, 7(1), 19-29. https://doi.org/10.1038/nchem.2085

U. Gulzar, C. Glynn, C. O’'Dwyer, Additive manufacturing for energy storage: Methods,
designs and material selection for customizable 3D printed batteries and supercapacitors,
Curr. Opin. Electrochem. 20 (2020) 46-53. https://doi.org/10.1016/j.coelec.2020.02.009.
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RAW MATERIALS

Commercial Electroactive Inoreanic precursors
sustainable powders synthesis materials g P
Graphite (CMO3) Graphene (GPA) Ni(OH)2 & NiO Si02 & Zr02
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NiO
nanoplatelet

: ‘ <50 nm thick

,T. 150-200nm width

Morphological 2. Surface
" characterization characterization

3.Colloidal stabilization
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1. Morphological characterization - Particle size

Commercial Electroactive I - - BET area
. . . norganic precursors
sustainable powders synthesis materials & P
- SEM analysis
a %0- Table 1. Properties of synthetized nickel hydroxide 6
b 100 (Ni(OH),) and nickel oxide (NiO) 100
” 2 Ni(OH), NiO _
%‘ < Diameter (nm) 100-200 100-200 s
3 0 < 3
5 20 gé Graphene Graphite E Thickn 10-1 10-1 9
2 . gg D,50 = 0.9 um D,50 = 22 ym 2 ickness (nm) = = =
=R - gé 77777777777777777777777777777777 0 5 BET SSA (m2.g™) 39,9 189,5 £
> 7 e . 2 e [5}
0 gg o < Open SSA bl);t plot (m2.g 371 175.6 <
. = 0 i
% SSA .contrlbuted by 7% 7.30%
micropores
Total N2 porf volume 0.205 0.42
(em’.g™")
Micropore volume by t- .
plot (cm®.g) 0,001 0,0034 S
0. Ve
"0 Micropore on N, pore 0.50% 0.81% E
volume ©
. >
Interplanar distance ¢ (A 7.1 243 g
+0.2) 3
3 <
Crystal size Lklm (nm + 24 9.54
0.3)
100 ) 1000
Size (d.nm)

- Provide us with information for the colloidal stabilization of the inorganic particles
- Even so, the surface modification will be finally defined by Zeta potential measurements
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2. Surface characterization

Commerecial Electroactive - Zeta potential
sustainable powders synthesis materials Inorganic precursors - Vs pH

pH range selection
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o -20- - o
_,(E \ﬁ 8 -104 = NiONi -20 -
D -40 - Grahit r?l ] = NiONi+PE|
" raphite -204 -40 -
.601 *  Graphene 1
i i : : i i -30 T T e e————_ -60
; J - . j ! ' 2 3 4 5 6 7 8 9 10 11 12 13 14

-

2 4 6 8 10 12 14
pH
- The working pH range in the aqueous medium will be selected depending on the surface modifier charge

pH
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Zeta Potential (mV)

3. Surface modification
Commerecial Electroactive I - Zeta potential
. . . norganic precursors
sustainable powders synthesis materials ganicp -Vs PEl wt.%
% 40
80 1
40 M%\\\% *f%*f 777——74 o B T } [ ?F\ﬁi
t z 1 BN SRS S
s P =
L E 104 * E 0- —=— Si0,
0 DO_ 3 I o +Zr02
© r -40 -
201 —=— Grapllite & -104
—— Grap|ene -80
-20 T | T T T - T T
RS A 05 00 05 10 15 20 25 30 35 4.0
PEI (%) PEI (%) 0 1 2
%QNQ’L}L PEI (Wt.%)
HoN H ; NH,
W oSl o3gee - Electrosteric repulsion forces
é.,’.- 2 Electrostatic + Physical
®s0 &
£
- Polyethylenimine (PEI), amine functional groups generate electrostatic interaction forces with negatively charged inorganic
particles
- Once adsorbed on the surface through hydrogen bonds, electrosteric repulsion forces are generated between particles,

obtaining completely stabilized
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From inorganic particles to a colloidal feedstock for different AM technologies

a5 F
ﬁﬁdﬂ?ﬁ#’#

L
Composite

[ELFEED feedstock @

Thermoplastic polymer (PLA)

PEI
Conductive thermoplastic-

4 1‘ based filament with highly

loaded-oriented graphite and

graphene platelets (25 vol.%)

g ADDITIVE
MANUFACTURIN
TECHNOLOGIES

Material thermal extrusion
MTE
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Electrophoretic
deposition

_ Functionalization
Technology
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Yield
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Homogeneously

distributed "

for optimized solid-
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Direct ink
writing

ADDITIVE
MANUFACTURIR
TECHNOLOGIES

CI(GA C lod | r Cc si g ANERZEER:




From inorganic particles to a colloidal feedstock for different AM technologies

;“‘ﬁ; ai?'# e Material thermal extrusion
s P MTE

Complex conductive frameworks: Variable
mesh and different architectures

Composite
4 C
(LD feedstock @

Grid
Mesh opening > 1mm

with oriented

T an du .
" graphite/graf
'_,.h,L,FT. 1 s
o eer. to design the
*r}'r‘.‘ﬁ -

h
o the Grid

Mesh opening < 0.5 mm

Gyroid
Filament distance <1 mm

- Increase the exposed specific surface area
- Modulate the permeability of the electrolyte

T cCSsIC
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From inorganic particles to a colloidal feedstock for different AM technologies

-

fﬁﬂ; ﬁg',, " T | Material thermal extrusion
a5 Lt
% 350 MTE —
. Modulating the orientation of the inorganic
Composite g f g

filler on the 3D-printed electrodes

[BLFEED feedstock @

Thermoplastic polymer (PLA)

Horizontal configuration  Vertical configuration

B,
i)

Conductive thermoplastic-

based filament with highly

. . A
loaded-oriented graphite and » 23
R, SR, SRR, TR, <,

graphene platelets (25 vol.%) <Ry, SRR, STy, T @,@‘:
s

T

AT

- Define the microstructure to obtain the desired
electrical or electrochemical properties
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From inorganic particles to a colloidal feedstock for different AM technologies

Modulating the orientation of the inorganic Electrochemical performance of 3D-printed
filler on the 3D-printed electrodes electrodes in symmetric solid-state
capacitors

Horizontal configuration  Vertical configuration 15 wt.% PVA — 200 wt.% H3PO4

L
e.l.,:‘,':‘é%i’% ,
2 Fg Additive Manufacturing
,‘.’;fx"%fggi ‘L&"L Volume 72,25 June 2023, 103643

*’ﬁ%% Material thermal extrusion of conductive 3D
,_.;g.-g}?;;, electrodes using highly loaded graphene and
% | graphite colloidal feedstock

A, N
‘.:“ Oxel Urra Sanchez* 9 &, Hossein Besharatloo , Joaguin Yus iy
Antonio Javier Sanchez-Herencia *, Begofia Ferrari *

;

L

b i)
J’i‘t‘”"il

Drop casting

R, EE, T, TEE
R, <R, TR, TR,
% R, 2

SR, ' —— Graphene
77777 Graphite - .
/ cra phene AT, —— Graphite
> —~~
< 20+
(@)
The graphite electrodes with a more <3_ 10 -
pronounced orientation of flakes, due to ‘;
their  stronger  structural strength, ‘%’
achieves higher conductivities ( 9 S/m) c 0
when the current is applied parallelly %
-
c -10
However, the graphene electrodes g
generate more conduction paths when the S 20-
current is applied perpendicular to the O

orientation of the graphene nanoflakes -d,8 _0',4 0:0 0:4 08

Potential applied (V)
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From inorganic particles to a colloidal feedstock for different AM technologies
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Composite
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Conductive thermoplastic-

4 1‘ based filament with highly

loaded-oriented graphite and

graphene platelets (25 vol.%)
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From inorganic particles to a colloidal feedstock for different AM technologies

SRS ||
G ; ’{/‘-\” A
: _'1"" > S __ Functionalization Electrophoretic
By, artal Technolo .-
SIECATIEN deposition
ngUld Functionalization of conductive 3D structures for
feedstock i der- : .
3Dfrinted conductive binder-free hybrid electrodes Com(;ne:.qal
. . Pri h | conductive
| 5. o3 Stabilized suspension frameworks rg,ed graphene e ?‘Ctmde . Eese frameworks
3 o with the desired Commercial carbon fibers
° o o § surface charge on the
O o i
W particles Ni(OH)2
O
+== Electrosteric s Ni(OH)2 coating
PROGRESS ;-» ! Bid
= o

- Functionalization of commercially used carbon fibers (Automotive and aerospatial)
to fabricate thin energy storage devices with major mechanical properties
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From inorganic partlcles to a colloidal feedstock for different AM technologies

Commercial
Commercial carbon fibers conductive 'S Carbon Fiber Electrolyte  Glass Fiber  NiO
frameworks -

Ni(OH)2

5cm

4 cm

100004 [X
= @Xm Klgm@
8000 - '\"%
o7
6000 -

Symmetric cell: Coated Carbon
fiber/Solid electrolyte/ Coated

carbon fiber i 0. 4mAg-! ]
BRI
2000+ 0. 8mA-g-"1 A

A— 1.6 MA -
Mg

Solid = XB3473 + Curing 1 I
==_DDS_, B 0 20 40 60 8 100 120
Electrolyte “(hardeners) -
140°C 8h Cycles

i< EM'MTFS“T'O‘ NPs <3y - Fabrication of thin solid-state pseudocapacitor with major mechanical
and thermal properties
- Good electrochemical stability

o

Specific Capacitance (uF/g)
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From inorganic particles to a colloidal feedstock for different AM technologies
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From inorganic particles to a colloidal feedstock for different AM technologies

2L
S Direct ink P ‘
L writing
Yield
Development of complex NASICON patterns with defined interlinear spacing
feedstock : e

i . .
| f rheol | f NASICON
Homogeneous y mprovement of rheological properties o SICO

S CMC-based ink to print 1 dense layer impacted
distributed precursors g®:
% between 2 complex patterns

for optimized solid-

C state reactions Increased electrode/electrolyte

interface for high-performance energy
SSR of NASICON precursors colloidal mixture to obtain

storage devices

a thin (40um) NASICON phase powder for DIW
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From inorganic particles to a colloidal feedstock for different AM technologies

Increased electrode/electrolyte

70% 82%
__3x10*-
interface for high-performance energ = —_
O 2x107
storage devices @
2 2x10
b= 68%
§ 1x104+
o
S sx105| O
.
Densification of 3D-printed o NN NS T
-1 0 1 2 3 4 5 6 7

electrolytes to increase its Sintering Time (h)

electrochemical performance

10,02

05 ‘ Ko Lf" X » . TS rtﬂ" 6h densification process 82% of

0,0 * 4 i o 18 ‘ p . s ..

05 10,00 i & § g | density and a major ionic conductivity
— ()
X 1,0 = of 3E-4 S/cm were achieved for 3D-
Q 1,51 0,02 >
2 0] 8 printed NASICON solid electrolytes

2,5 -0,04 —

-3,0 el ¢ WORK

3,51 i i i i i —1.0,06 : :'m X gtk - o, % IN

0 200 400 600 800 1000 1200 SN P R e mmy . b - - PROGRESS
Temperature (°C)
NNNNNNN
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CONCLUSIONS Conductive logo printed

with 25% Graphene
o Colloidal approach allows us to: filament
Composite Material thermal —
feedstock extrusion z ANGEACTUm
MTE

o Introduce high content of 2D nanoflakes into a biodegradable thermoplastic matrix (PLA).
o The oriented filaments allow the configuration of the microstructure of the electrode during the material

extrusion 3D printing increasing the electrical properties up to 22 S/m in printed graphene-based electrodes.
=
Electrophoretic

Liquid p -
eposition . Functionalization
feedstock EPD Fp Technolo

o Fabricate binder-free coatings (100% active material) over conductive frameworks.

o Homogeneous coatings are formed over complex conductive architectures without damaging the original
properties of the deposition substrates.

o Electrochemically stable thin (<500 pm) solid-state pseudocapacitors were fabricated with major mechanical
and thermal properties.

SSR previous . . - N
. Direct ink writing ADDITIVE
_‘Ze’d . DI I ! TECHNOLOGIES
feedstoc DIVY

=

o Green homogeneous mixture of NASICON precursors for solid-state reaction (SSR) was developed by colloidal
stabilization.

o Obtained thin NASICON pure powder was printed using CMC-based ink by DIW. Complex patterns separated
by a dense layer (Acting as a separator in the battery) were developed. o

o Novel ionic conductivity of 3E-4 S/cm was achieved at room temperature. PROGRESS
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