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"Solar fuels are fuels made from common substances like water 9¢°

and carbon dioxide using the energy of sunlight.” DOE LNEG



Tecnologias de producao de H, verde com energia solar

How to Get Hydrogen

Electricity can be used to collect hydrogen from water.
Scientists are looking for smarter ways to make this happen.

Electrolysis Current
An electrical current
passed through water — ==
can split water into its
components—hydrogen
and oxygen. Researchers
worldwide are studying
catalysts to make the
process more efficient 8 ) L4 L]
d : . o .9
and cheaper. Bl °® VWater . ..
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Photoelectrolysis . £
Some scientists are =====
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and oxygen. And other
methods don’t use
electricity as an Water
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Biological Methods
Algae naturally produces
hydrogen. It could be
used to split water into
hydrogen and oxygen for
human use. Don’t plan
on it anytime soon,
though: The research
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photosynthesis ¥ ()
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Ciclo termoquimico solar
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Tecnologia de producao de H, e ‘syngas’ pela via termoquimica solar

Vantagens Inconvenientes

Utilizag&o direta da energia solar

Conversao da energia solar em energia quimica
Armazenamento de energia

Producao de gases combustiveis (H,, syngas)
Producéao de hidrocarbonetos liquidos (querosene,
via processo Fischer-Tropsch): SUN TO LIQUID

» Temperaturas elevadas (>1400 °C)
Eficiéncia do processo

» Durabilidade dos materiais

» Design robusto de reatores

Custo dos sistemas de concentracao

H.l. Villafan-Vidales et al. Renewable and Sustainable Energy Reviews 75 (2017) 894-908
Unidade de demonstragdo SUN TO LIQUID
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Materiais para a Produ¢ao de H, verde

Pares redox volateis:

Zn0O/Zn

Sn0,/Sn0 Critérios de selecao
CdO/Cd - Estabilidade térmica
Ge0,/GeO  Baixa temperatura de redugéao

» Cinética rapida
* Baixo custo e baixa toxicidade

_—

Pares redox nao-volateis:

Fe,0,/FeO (Nakamura, 1977)

Ce0,/Ce,0; | (Abanades e Flamant, 2006)

Ferrites, MFe,0, with M = Ni, Co, Zn, Mn
Perovskites (ABO,;) YMnO,, LaMnO,,LaFeO;,LaGa0,

Scheffe, Steinfeld, Mat. Today 17 (2014) 341-348 LNEG
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O = deficiéncia de oxigénio CeO, (cfc)
0,001 <6<0,32
1073 K < T< 1773 K 7,2 g/cm3
1 bar < pO,< 10 =3 bar
T:=2400 °C
Ce, 04 (hex)
0 =0,50
6,2 g/cm3 e®0
c/a=1,55 0!.:

T = 2177 °C U;EG



Ciclo termoquimico solar

1° passo: Redugio Solar 2° passo: Oxidagao
(~1400 °C) (~1000 °C)

502 | 6802_5 HZO

Cco,

SH,
5CO

CEOZ

© Romero, Steinfeld, Energy Environ. Sci., 5 (2012) 9234-9245.

Grau de nao-estequiometria 6 indica extensao da reducao

A eficiéncia da dissociagao de H,O pela via termoquimica %0
é baixa (0,24 mmol/g H, , a 1045 °C, para Ce ;:Zr; ,:0,_5) @ .:
LNEG

Abanades, S., Legal, A., Cordier, A. et al. J Mater Sci (2010) 45: 4163. 9



Ciclo termoquimico solar

Céria é adequada a producgao de H, ?

« (CeO,_; acomoda na estrutura deficiéncia de oxigénio ate 0,5.
- A mobilidade de ibes O% nas lacunas da CeO, ;5 é elevada.

« Céria é estavel a temperaturas elevadas (T g5, = 2670 K)

« A oxidagao da CeO, 5 € mais favoravel que a das perovsquites
ABO,_5

« Todavia, os teores de H, produzidos sao baixos — processo
termoquimico é (ainda) ineficiente ( Nggjar-to-fuel < 2%)

» As cinéticas da reagao mais rapidas usando 3-DOM* CeO, o®0

®

* “Three-dimensional ordered macroporous structures” ® a®
LNEG

10



Objetivo Energia Renovavel e a Produgao de H,

Comparar o desempenho de estruturas tridimensionais de
céria - fabricadas por diferentes métodos - nos teores de
CO e H,, produzidos pela via termoquimica, usando a
energia solar concentrada, como fonte de aquecimento:

* Granulos de ECOceramica de Céria (método de
impregnacao de cortica pirolisada, UA)

« Espumas de Céria (método de replicacao de esponjas
de poliuretano, LNEG)

* Placas de fibras de Céria (método de fabrico de fibras
sob vacuo, Zircar, EUA)




O que sao ECOceramicas?

Environmentally conscious ceramics, Singh (2003)

Nova classe de materiais ceramicos produzidos a partir de matérias-primas
naturais, como sejam a madeira e os respetivos desperdicios

Pretende-se replicar a estrutura celular de madeiras: material biomimético.

tural Wood Wood Saw Dust
Na . | (miboad with birder
(formed into net shape) and made Into net shapes)

N o

u . r "
SO Pirdlise

e Q=

i - (quid or gas) (Rcpid-n. e}
Infiltracao | "
(Porous & Densa

© Singh et al. Current Opinion in Solid State and Materials Science 7 (2003) 247-254




Estrutura da Cortica

Recurso nacional renovavel com estrutura 3-DOM (Three-
Dimensionally Ordered Macroporous structure) anisotropica

Tangencial e axial ~ 40 milhdes de células/cm? Radial

of
NR direction 3D - Cork Structure ~ Rdirection

Células retangulares e hexagonais fechadas :..:

Lﬂ.EC.

E.M. Fernandes et al., Materials and Design 82 (2015) 282—-289 13



Céria com estrutura celular da cortica

CTCe17




Experimentagio
@ at 900 °C

AMORIM pnder)

AMORIM CORK COMPOSITES Pyrolysed
cork
(2) Infiltration with \
Rotary / cerium nitrate

evaporator

(1) Pyrolysis

Isostatic press
(20 MPa; 30 s)

.--..\ s,
Ce(NO3)3.6H20’ 99%’ Cycle repeating Cycle repeating
Sigma Aldrich (up to 4 times) Pyrolysed cork [up to 4 times)
(55 °C and 60 mbar) L = L

Cerium nitrate

(3) Heated to
1000-1600°C
(in air)

¥ oo %

R. Novais, R.C. Pullar: Journal of the European Ceramic Society 39 (2019) 1287-1296 15



SNt Estrutura da Cortica Pirolisada

Tal-qual (a, b e )

a) L/

I T
\f\ ;

ove
Apos pirdlise (d, e, e f) @ .:

LNEG
R. Novais, R.C. Pullar: Journal of the European Ceramic Society 39 (2019) 1287-1296 16



Experimentagao Analise microestrutural

Cortica apos pirdlise CeO, ecoceramica (1000 °C)




H=6O)

CORK
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Experimentacio Otimizacao da sinterizacao

1000 °C
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SCEHNELIELEE  Método de replicacao

Manufacturing process

Polymeric Foam
i
Shaping

Immersion of foam into
ceramic suspension

i
Removal of excess slurry
i
Drying
|
Burning out of PU foam

|
1450 °C, 30 min Sintering

| (Mechanical post-treatment) |

“accv Det wp ——— 200

200kV SE 97 LNEG

|  (Thermal poa;t-tmnnnantj |
CeO, (Aldrich Chemistry, dsy< 5 um (99,9%), He pyc=7.15 g cm™3 20




Experimentacio Otimizacao das suspensoes ceramicas

Ligante(s)
N 1,03+0,03 g cm3 (86%)
OH ) < 1CeF5
5 % PVA, Riedel-de Haen
Dolapix CE64,

Zschimmer & Schwarz

Agitador, 700 rpm, 30 min

1 % caolinite

Al,Si,05(0H), CF
1 % bentonite (K)
KyAI,Si,045(0H),,
Rauschert Portuguesa
Targon 1128, BK Giulini
Moagem, 12 h - ...
| 100 pm L _ _..
@ 1,01+£0,13 g cm3 (86%) LNEG



Aq ueciT mento
Direto

SCEGIGEhiclEO8 Forno solar de eixo vertical




Aq ueciT! fnento
Direto

SNt e Configuracao do reator solar |
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Oliveira et al. Journal of CO, Utilization 26 (2018) 552-563 25



Resultados

Analise termogravimeétrica
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Resultados Dissociagao termoquimica solar de CO, [ysmIr =
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Oliveira et al. Journal of CO, Utilization 26 (2018) 552-563 27



NI Dissociacao termoquimica solar de CO,
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Dissociacao de CO,: CTCel7 vs RPC CeO,

: A - § : =) \h’ «_},‘-l
Oliveira et al., Journal of CO, Utilisation 26 (2018) 552-563

Taxa de produgdo CO: 1.43 ymol s' g

i.e. 2.5x superior a reportada na literatura! er

Dual-Scale RPC Structure

Porosity

Marxer et al., Energy Fuels 29 (2015) 3241-3250.

Taxa de produgdo CO: ~ 0.56 pmol s-'g-"



Aq ué_cj mento
Direto

NG Dissociagcao termoquimica solar de H,0
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Oliveira et al. Sustainable Energy Fuels, 2020, 4, 3077-3089 30
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Conclusoes

« Taxas medias de producao de hidrogénio:

« granulos de céria (1,3 £ 0,2 mL min~1 g™1) 60%1
+ espumas de céria (0,8 £ 0,3 mL min~' g~ i

 Amorfologia e o tamanho das células afeta a
cinética da reacao de dissociacao!

* No caso da dissociacido de dioxido de carbono,
observou-se um comportamento analogo.




Trabalho futuro

Desenvolver um reator que minimize perdas de
calor através da janela de quartzo.

Explorar outros materiais que maximizem a cinética
das reacoOes de reducao e oxidacao.

Equacionar a utilizacao de bombas de vacuo
acopladas ao reator termoquimico.

Demonstrar a durabilidade dos materiais para um
numero significativo de ciclos.




This project has received funding from the European
Union's Horizon 2020 research and innovation
programme under grant agreement No 823802

15 June 2020

Subject: SFERA-IIl Transnational Access Programme
Call for proposals: Second Access Campaign of SFERA-III
Proposal: SURPF2001160002 - H2GREEN

Dear Dr. Oliveira,

This letter is to inform you that your proposal has passed all three phases of the evaluation process, which
means that your User-group has been granted access to the MSSFs installation at CNRS-PROMES within
the framework of the H2020 project: “Solar Facilities for the European Research Area - Third Phase
(SFERA-II)'. This activity is requlated by the Grant Agreement no. 823802 between CIEMAT and the

European Union.

Solar-driven thermochemical water splitting using three-dimensional
ceria structures made by robocasting / additive manufacturing
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