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Renewable energies and energy savings

CIEMAT is working on the following lines:

» Photovoltaic solar energy
» Solar thermal energy

e Aplications of solar radiation

 Wind power
 Bioenergy

 Marine power generation

* Energy efficiency

e Other technologies: energy storage,&uel celi;>and Geographic
Information Technologies (GITs) for integrating renewable energies




The fuel cell research at Ciemat

Fuel cells Unit

ow Temperature FCs High Temperature FCs FC systems and
A integration

H,-operated fuel cells with Nafion Proton Exchange Membranes
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H,-PEM Fuel Cells
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H,-Single PEM Fuel Cell

Components:

 Endplates

 Fasteners

e Insulators

e Current collectors

e Gaskets

 Flow-field plates

e Membrane-electrode assembly (MEA):
» electrodes (catalytic layer (CL),
 microporous layer (MPL),
e gas difussion layer (GDL),
» proton exchange membrane (PEM)



Research activities in PEMFC

Electrocatalysts

Catalytic layers

Ink deposition
techniques

Membrane-
electrode
assemblies

H, -PEMFCs
and stacks

Synthesis, characterization, activity tests.

Catalytic inks preparation, and deposition on gas
diffusion subtrates or on polymer membranes.

Thin film preparation for catalytic layers and
coatings for other components.

Evaluation of MEAs in single fuel cells and in stacks.

Air-breathing fuel cells: design, fabrication,
evaluation od cells and characterization of
materials and components.



Synthesis of electrocatalysts

Electrocatalysts

Catalytic layers A

Support + H,PtClg/H,0 B l.
Ink deposition Pe
techniques

Highy surface area
Good electrical conductivity
High chemical stability

Formation of small and well dispersed Pt particles

High activity for H, oxidation, for O, reduction
High chemical stability
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Electrocatalyst synthesis procedures

Precipitation-reduction method

Catalytic layers

I pH=9
Ink deposition . 8 T=90°C 2

techniques

> i {j{-;
NaHCO, p ‘
'\’ P : Dry catalyst
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Pt/C

A
Filtration and washing a

NaHCO,/H,0

1

The duration of this step is key
for particle size control
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Pt(20%)/Vulcan XC72:
synthesis procedure and characterization

TEM CATPEMXC-PR20-L1
Electrocatalysts
Long step
Catalytic layers (30 min)
__ Aggregation ||
Ink deposition of small =227~
techniques particles

CATPEMXC-PR20-L2

Short step
(15 min)

The control of duration of the precipitation-reduction step in
the synthesis is the key for obtaining well dispersed particles
and reducing the average Pt particle size
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Pt(20%)/Vulcan XC72: characterization

H, Chemisorption XRD
Electrocatalysts 0.8
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Electrocatalysts

Catalytic layers

Ink deposition

TPO: A uselful characterization tool
Catalyzed oxygen diffusion from Pt particles

The temperature for the
support oxidation depends
on the size of the Pt
aggregates:
smaller particles
reduce T,

Increasing particle size

K
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Types of carbon supports

« Carbon Blacks » Graphites

Electrocatalysts Vulcan XC72 (Cabot Corp.) HSAG300 (Timcal, Imerys)
Ensaco 350G (Timcal, Imerys)
DRX DRX
Catalytic layers ] e
g :: v.:u- xc‘rz- ;-:_:’/// ;;; 2909
AV q S TS S P R P~
Ink deposition e e s PCTENN ey N
- b
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g %01 Ensaco 350G A %rﬂvﬂw
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Electrocatalysts

Catalytic layers

Ink deposition

Properties of supports

TGA (N,/O,) - Temperature programmed oxidation

dm/dT (s™)
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Graphites are more stable against corrosion than CBs
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Electrocatalysts

Catalytic layers

Ink deposition
techniques

HSAG vs CB supported catalysts

Catalyst properties synthesized by the precipitation-redu ction method.
Pt dpry Aprx H/Pt Aquim
Catalys! %) (nm) (M2, auim (m2lge,
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Electrocatalysts

Catalytic layers

Ink deposition
techniques

PEMFC electrodes

Catalytic layer (CL)

Microporous layers (MPL)

Gas diffusion layer (GDL)

19



Electrocatalysts

Catalytic layers

Ink deposition
techniques

Catalytic layers

Electrocatalyst + ionomer = Catalyst Ink
(Nafion)

Deposition procedures for catalyst layers

Aerography Electrospray

20



The electrospray technique for carbon inks

Electrocatalysts
Colloidal inks: deposition of particles for nanostructures

Catalytic layers
Usually applied to produce catalytic layers or

gas diffusion layers.
Ink deposition
techniques

More recently, we are applying this technique to produce
superhydrophobic protective coatings.

Membrane-
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The electrospray process

Droplet
no electrical
Electrocatalysts High voltage charge
3|_:>p||cat|onI _to ¥ o Nebuiser {f | :E;J“scead Taylor—cone
Catalytic layers ISDEI_’SE a liqul \) gas (N) ¢ capillary electrical
supplied through an charge
emitter.

Ink deposition
techniques

The liquid reaching

the emitter tip forms
a Taylor cone. A 2
liquid jet is emitted Ry
through its apex. |

- 3 25 ’
Small and highly [

CharQEd quUid droplets Coulomb repulsion v e

® 9%,

are radially dlspers_ed Charged micro /nano-sized
by Coulomb repulsion. particles sprayed towards
grounded electrode
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Electrosprayed CB/Nafion colloidal
inks: particularities and properties.

Electrocatalysts

Conventional CL

Electrosprayed CL

Catalytic layers

Ink deposition
techniques

- Hydrophobi

- Porosity

Fractal-like structure
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The electrospray process for
CB/Nafion colloidal inks :

Electrocatalysts ]
Deeper knowledge on factors affecting the structure

of electrosprayed layers to tailor their properties.

Catalytic layers

Ink deposition
techniques

« Which is the effect of the electrospray ionization on the Nafion solutions?

« Is the CB-Nafion interaction relevant for the electrosprayed layers?
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The electrospray ionization process for
Nafion solutions: ESI-MS technique

Electrocatalysts

-+ i
+ |+
& &5
W

lonization
mode

Catalytic layers

Solvent

Ink deposition
techniques

Isopropyl alcohol (IPOH)
Acetone (AC)
Water (W)

Larger fragments are
obtained for:

AC > IPOH > W

Under negative
ionization mode
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The electrospray process for Nafion solutions.

. . . . B)=664 A) =338
Electrocatalysts  Positive ionization m/z () m/z (A)
I_IC11F22505+ C6F14+
Catalytic layers AL Je i § & ¢ e 2
3 1 ‘.. \ . . ‘. “,‘ : . )% f,.‘q o "
¥ .:-' 9 C, N
- | . IR & & &F & & > L
Ink deposition < o Yy - b/ Y N y:
techniques X Vs O
Negative ionization
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lonization of CB-Nafion inks:
applied voltage & ionization mode

Electrocatalysts

Negative
lonization
Catalytic layers
Ink deposition
techniques
Membrane- Positive

ionization

Superhydrophobic films
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Electrocatalysts

Catalytic layers

Ink deposition
techniques

m/z intensity x10™'(a.u.)

Interaction of Nafion - CB:

TG/MS - Nafion thermal decomposition under N,

Nafion ionomer

CF; groups  miz=69 SOsH groups

m/z=64

N

Positive ionization

\

m/z intensity x10™'(a.u.)

Negative ionization

-

ﬁ\

|  No ionization

2

300 400

T (°C)

400 100 200 500
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Interaction of Nafion - CB:

TG/MS - Nafion thermal decomposition under N,

Nafion vs Nafion-CB
Electrocatalysts
CF3 groups The fluorinated chains
m/z=69
—— decompose at lower
' temperatures in the presence
of CB when applying ESI

Catalytic layers

Ink deposition
techniques

Positive ionization

m/z intensity x10™'(a.u.)

Negative ionization

No ionization

100 200 300 400 500
T(°C)
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Interaction of Nafion - CB:

TG/MS - Nafion thermal decomposition under N,

Nafion vs Nafion-CB
Electrocatalysts

The most labile sulfonic groups are
Catalytic layers always stabilized in the presence of
CB, even when no ionization is
applied

SO3H groups  miz=64
s

Ink deposition
techniques

Positive ionization

m/z intensity x10™(a.u.)

Negative ionization

No ionization

300 400 500

T (°C)

100 200
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XPS analysis of CB-Nafion films

Electrocatalysts Cls o
Catalytic layers
C=0 A h
| e or c.o | Aerography
‘§ -CF, F/C ratio : 0.28
techniques 2

C-C

Electrospray

300 295 290 285 280
Binding energy (eV)

Perfluorinated chains are better
distributed on the CB surface in
S samples

F/C ratio : 0.53

Ols

S/F ratio: 0.024

4 S/F ratio: 0.012

545 540 535 530 525
Binding energy (eV)

A higher proportion of ether groups
as compared to sulfonic groups is
always found for ES samples
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eI for ES Cl Nafion films

groups above the first monolayer are more
labile but they remain oriented towards the CB
surface: multilayer structure

Propos_leg:l‘_

1* .

Electrocatalysts

Catalytic layers

Ink deposition
techniques

Membrane-

Very stable groups interact
strongly with the carbon surface in the
absence of solvent



Electrospray
application to fuel
Electrocatalysts Ce” teCh n0|09y

Catalytic layers

Ink deposition
techniques

Property of interest: superhydrophobicity

New focus of research:

application of electrosprayed films to
produce superhydrophobic protective
coatings on metals.
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XPS analysis:

protection against corrosion of CB-Nafion films

Electrocatalysts SS plate covered with a thin film of 20wt% Nafion-CB
Corrosion test
Catalytic layers Before After corrosion test
Ols O1ls
Ink deposition C=0
techniques
Oxidized
film
Corroded
Aerography plate
Continuous
CV (0.1-0.9 V .
f(or 30 h ) Stable film
Protected
Electrospray plate
545 I 5210 I 5(|35 I 5é0 I 5é5 545 ' 5210 ' 5'35 ' 5é0 ' 525

Binding energy (eV)

Binding energy (eV)
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Membrane-electrode assemblies

Electrosprayed CLs 0,25 mgp, /cm?
Catalytic layer Cathode CL Pristine MEA

Electrocatalysts
surface cross-sections cross-section

Catalytic layers

Ink deposition
techniques

GDE30 gty
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Electrocatalysts

Catalytic layers

Ink deposition
techniques

Membrane-electrode assemblies
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Accelerated stress tests by

start-up/shut-down of the cells

Improved mass
transport for
ES-CLs
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Mass transport limitation
~ at the cathode outlet at
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15

%m GDE30 ES60

§ ] ES40

E ) ES20
o @ ®

Ny ,o(Cdes)

Lower
degradation rate
for ES-CLs

36



PEMFCs stacks assembly

Final plate for gas inlet
H, Oy Anode monopolar flow-field-plate

™ PEM Membrane
... Bipolar flow-fiel pplate

*a

Electrocatalysts

Cathode
“s.._, monopolar flow-
o fieldplate

Catalytic layers

Ink deposition
techniques
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PEMFC stack tests

Electrocatalysts

Catalytic layers

Ink deposition
techniques

» PEMFC bench for performance evaluation of
cells and stacks following standard
protocols.
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New designs for PEMFCs

Electrocatalysts

« Fuel cells are apparently simple devices.
NG TR
[PEMFC}'{II:'eIements
Fuel =~

humidifiers, pumps, compressors, fans,
- \ electronics for systems management./

Catalytic layers

Ink deposition
techniques

heat exchangers, coolant systems,

e They need many auxiliary elements to obtain high performance.
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Electrocatalysts

Catalytic layers

Ink deposition
techniques

New designs for PEMFCs

Conventional PEMFC systems:

« Very complex
* Very heavy
* Very voluminous

( FueLceLt
( DOESN'T REALLY

PARKING -

“THAT

SoLVE THE

4

Demanding
higher
autonomy
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Increasing energy density in PEMFCs

Auxili
Electrocatalysts  « Fuel cells towards + PEMEC e e +

m i n |atu r| Zatl 0 n humidifiers, pumps, compressors, fans,

heat exchangers, coolant systems,
electronics for systems management.

Catalytic layers
e Passive systems will

==

~—_ of ambient
‘ air

. : - _Natural
Ink deposition yield lower .ﬂ,[PEMFC +sz£i§§] l//:.\:convection

techniques

fans, heat exchangers, electronics.

performance but

higher energy density

Electronics

Water %arator

Fuel Cell Air cpnpresor
Ba
w - " —Water coggnt pump
~
H, re@&ulating &’ 5
pump Air flogéneter ’ Radi*ar
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Open cathode architecture

Electrocatalysts Progressive modification of the concept of a
conventional PEMFC.

Catalytic layers

Ink deposition Current
. collector mesh
techniques

Non-conductive
film

" Clamping
torque

Cathode

Final plate
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Open cathode architecture

Electrocatalysts - Cathode plates allowing

Catalytic layers

Ink deposition

Homogeneous

Efficient current
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Open cathode architecture:
End plate thickness and clamping pressure

Electrocatalysts

Material properties (stiffness, flexural strength)

of the cathode open area

Alummlum Stalnless
Steel

ABPEMFC-A ABPEMFC-B ABPEMFC-C Tra”SVefse d"-f'ewo"

— Clamped, Square Isotropic Plate
(A

Catalytic layers

Ink deposition
techniques

' 10 mm 5 mm

XYY )

With a Uniform Pressure Load

17/01/2018 444



Open cathode architecture

Electrocatalysts

Catalytic layers

Ink deposition

The evolution
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Water management in PEMFCs

Electrocatalysts

Catalytic layers

Ink deposition

100 % RH
Optimal operation: H, IN
usually achieved with fully
humidified flow-through
anode (FTA).

Dead-Ended Anode
(DEA) mode and natural
air convection cathode
are preferred for
compact FC systems.
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DEA operation mode for PEMFCs

Electrocatalysts

Catalytic layers

Ink deposition
techniques

For completely passive air-breathing PEMFCs, water

management poses a big challenge under DEA operation.
This new configuration allows continuous stable performance.

Sealing &

drying anode

plate

Gas-tight
hydrophilic
membrane

Perforated anode colector &
flow field plate
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Electrocatalysts

Catalytic layers

Ink deposition
techniques

AIR BREATHING FUEL CELL:
A NOVEL HARDWARE CONFIGURATION

(12) SOLICITUD INTERNACIONAL PUBLICADA EN VIRTUD DEL TRATADO DE COOPERACION EN MATERIA
DE PATENTES (PCT)

é AT T R

= (10) Niimero de Publicacién Internacional
(43) Fecha de publicacién internacional
26 de febrero de 2015 (26.02.2015) WIPO | PCT WO 2015/025070 A1

(19) Organizacion Mundial de la
Propiedad Intelectual
Oficina internacional

Medi Y T (ciemat), Cindad
Universitaria de Madrid, Avd. Complutense 40, E-28040
Madrid (ES). FERREIRA APARICIO, Paloma; Ceniro
De  Investigaciones  Energética ledipambientales Y
Tecnologicas (ciemat), Ciudad Universitaria de Madrid,
Avd. Complutense 40, E-28040 Madrid (ES).

Mandatario: ARIAS SANZ, Juan; ABG Fatentes, S.L.

(51) Clasificaciin Internacional de Patentes:
HOIM 882 (2006.01) HOIM 822(2006.01)

(213} Namero de la solicitud internacional:
PCT/ES2014/070660

ES 2466590 A1
10/04/2014

(22} Fecha de presentacion internacional:

18 de agosto de 2014 (18.08.2014) (74)

(25) Idioma de presentacion: espaiol Avenida de Burgos, 16D, Edificio Euromor, E-28036 H
ol i E5. o Completely passive.
(26) Idioma de publicacion: espaiiol
@30 D ehatty 12 prtoridsd (81) Estados designados ja menos gue se indique otra cosa,
atos relativos a la prioridad: para toda clase de proteccion nacional admisible): AE, 1

P201331258 19 de agosto de 2013 (19.08.2013) ES AG, AL, AM, AD, AT, AU, AZ, BA, BB, BG, BH, BN, hd Novel OnOde deS|gn fOI’
(71) Solicitante: CENTRO DE  INVESTIGACIONES BR, BW, BY, BZ, CA, CH, CL, CN, €O, CR, CU, CZ, .

ENERGETICAS,  MEDIOAMBIENTALES Y DE, DK. DM, DO. DZ. EC, FE, EG, S, FL GB, GD, GE, dead-ended o P eration

TECNOLOGICAS  (CIEMAT)  [ES/ES|:  Ciudad G, GM, GT, HN, HR, HU, ID, IL, IN, IR, IS, JP. KE,

Universitaria de Madrid, Avd. Complutense 40, E-28040 :{iﬁ.)x;]K:(KZL:{}(AM L}E‘ I]:::V LIE‘X LI?\:TT;T.I\IEE‘ IN_}

i 3 g o 1. 5 - - S B o . . (3

Madid (ES). , NG, NI, NO, NZ, OM. PA, PE, PG, PH, PL. PT, QA, RO, L3 S‘I’Olc h 10 mei’"c H 9
(72) Inventores: MARTINEZ CHAPARRO, Antonio RS, RU, RW, SA, SC, SD, SE, $G, SK, SL, SM, ST, SV,

Alfonse;  Centro  De  Investigaciones  Energéticas,

consumption.

[Contintia en la pdgina siguiente]

(54) Title: FUEL CELL
(54) Titulo : PILA DE COMBUSTIBLE

(57) Abstract: The invention relates 1o a fuel cell comprising: a cathode clectrode
(2), in trm comprising a catalyst layer (4), a current collector (6), a gas-iffusing
layer (5) disposed between the catalyst layer and the current collector, and a plate
(7) placed in contact with the current coll {6) and p ded with through-holes;
and an anode electrode (3), in tum comprising a catalyst layer (8), a current




SRHA - DEA vs. CA - FTA

Self-Regulating Humidity Anode Conventional Anode (CA)
under Dead-Ended operation operating with flowing -
Electrocatalysts  ijth dry H, (SRHA-DEA) 0 through dry H, (CA-FTA)
Catalytic layers _ _
Cllrfclla_lt_lc chamber More efficient water
conditions: .
. management and improved
Ink deposition 40% RH erfo?mance P
techniques 298 K P |
1.0 2.0
_ SRHA - DEA |
CA-FTA -1.6
12 2
=
0.8
0.4
0.0
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Temperature impact - EIS analysis
SRHA-DEA vs CA-FTA

104

2.0

Electrocatalysts

SRHA - DEA

r1.6

i<0.2 A-cm~2: ANODE flooding conditions

> 12 2
. Fo o5 = SRHA-DEA performance is less
Catalytic layers
_ 0.4 dependent on external temperature
oo than CA-FTA up to 40°C.
Ink deposition i/ A-cm?
techniques
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Portable applications

System components and assembly
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E-LIG-E project (2016-2019)
Efficient and LIGght Energy

8
¥ COMPETITIVIDED

e Improving the cell

» Fabricating test planar passive stacks

 Demostrating their operation in portable
applications




E-LIG-E: improving the cell

() Applications of reduced ,  Copper grid
graphene oxide (rGO) and |
graphene oxide (GO) on FC
contacts and other surfaces:
water management

Applications of electrosprayed carbon
coatings in contacts and electrodes:
corrosion protection and hydrophobicity

Applications of additive manufacturing
(FDM) to reduce cost, and weight.

Tests with different termoplastic polymers.
3D printed PEMFCs




E-LIG-E:
participants from 4 CIEMAT units

Fuel Cells - PEMFC group
Microscopy and Surface Analysis




E-LIG-E project (2016-2019)
Efficient and LIGght Energy

Next application:

Zeppelin with 3 motors.
powered by

Ciemat’s air breathing
PEMFC stack.
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