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Introduction

The energy gap between the capacity of the curbatiery
technology and the power requirements of mobileiabsvis
increasing year by yedr This energy divergence brings a new
challenge on unlimited portable power generatioat thpens
new opportunities for technologies beyond Li-iorttbaes. In

Full ceramic micro solid oxide fuel cells: Towards
more reliable MEMS power generators operating at
high temperatures

|. Garbay8®, D. PI&, A. Moratd, L. Fonsec} N. Sabat® A. Tarancéf

Batteries, with a limited capacity, have dominatee power supply of portable devices fc-
decades. Recently, the emergence of new types ofilyhiefficient miniaturized power
generators like micro fuel cells has open altenetifor continuous operation on the basis ov
unlimited fuel feeding. This work addresses foe tfirst time the development of a full
ceramic micro solid oxide fuel cell fabricated iicon technology. This full-ceramic device
represents a new generation of miniaturized powenegators able to operate at high
temperatures, and therefore able to work with hgdrbon fuel supply. Dense yttria-stabilized
zirconia free-standing large-area membranes on amiachined silicon were used as
electrolyte. Thin-film porous electrodes of d¢5r, 4C00;; and gadolinia-doped ceria were
employed as cathode and anode materials, respbctiMee electrochemical performance of all
the components was evaluated by partial charaetgoiz using symmetrical cells and yielding
excellent performance for the electrolyte (area cHpe resistance of 0.15Q.cnf at
temperatures as low as 450°C) and the electrodes @pecific resistance of the cathode anu
anode below 0.2 cn? at 700°C). A micro solid oxide fuel cell with actave area of 2 mfm
and less than 1 micrometer in thickness was charizetd under fuel cell conditions, using
hydrogen as a fuel and air as an oxidant. A maxinpower density of 100 mW/cimand 2
mW per single membrane was generated at 750°Cngaai open circuit voltage of 1.05 V.
Impedance spectroscopy of the all-ceramic membsimaved a total area-specific resistance
of ~3.5Q-cnf.

efficient power generators able to operate in cawdus (by
using a fuel) are receiving renewed attention. &hexr an

increasing interest in micro Solid Oxide Fuel C&|lsSOFCs)
fully integrated in silicon, especially after retemvances that
make this disruptive technology a serious candidatpower

next generations of portable devices

In the last decade, several groups have presemmudiging

this new scenario, novel developments on the miniztion of

Broader context

Solid Oxide Fuel Cells (SOFC) are efficient electmmical devices that convert chemical energy (inftim of fuel) into electricity.
They are traditionally used for stationary powenepation, but recent advances in their miniatuidrahave shown them as a promising
alternative to current batteries for portable posuguply. Micro SOFCs (uSOFC) have high energy deifsfiyto x4 compared to Li-ion
batteries) and instant refill capability, which Mallow increasing the limited out-of-grid autonorf/current high performance devices.
Moreover, pSOFC capability of working with hydrocanbfuels is an advantage, due to their availabiégsy handling, high specifi¢
energy and well-established regulations. Hydrocarbeforming typically requires high temperatureo\ah 600°C. Imposing such
temperatures on a uSOFC is feasible with low powasemption, by integrating its functional layerg¢mlow thermal mass nanometrig
free-standing membranes. However, fast degradafitime state-of-the-art metallic electrodes takasgat those temperatures. Here,
full ceramic pSOFC is presented for the first ti,lmeaghermally stable system, up to 750°C. Poroygdg,Co0; 5 is used as cathodg,
dense yttria-stabilized zirconia as electrolyte pntbus CggGdy 50; 95 as anode. This work opens new insights for theeldgwment of
a new generation of more reliable full ceramic pSOF
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results on Si-integrated pSOFC systems. Evans &taliewed
in 2009 the main achievements of the different geodealing
with pSOFC, i.e. ETH Zurich® Stanford University® EPF

500°C). By direct analogy with bulk SOFCs, ceramiceblas
electrodes would be the first choice. Several wonkve been
recently published devoted to the development o€ mxide-based

Lausanné and KIST. Power outputs listed there ranged frorthin film cathodes*%2 however, only a few have focused on their

values below 1 mW/cf(ref. ) to a maximum of 861 mw/chn
at 450°C using corrugated membranes {jefSince then, main
achievements prior to this work were carried outinlyaby
Prof. Ramanathan and co-workers at Harvard Unityefsi 24
who published several articles showing power dessitip to

implementation in pSOFC configurations (i.e. in efistanding
membrane configurationgf*436 Among them, the authors have
recently published the fabrication and integratdithin and porous
Lag ¢S1.4C00;5 (LSC) films into pSOFC devices showing aree
specific resistances of 0Q-cnf at 700°C%. In contrast to this

1177 mW/cm at 520°C*. Table 1 updates and extends Evanseries of publications devoted to thin film cathmdéhere is an

review by summarizing the complete series of poaetputs
(and corresponding fabrication parameters) pubdishe to

alarming lack of works devoted to the developmehthin film
anodes, being Pt the only material tested up to inqwSOFC (with

now on PSOFC devices based on functional free-gtgndthe only exception of Ramanathan and co-workerskveor the use

membranes integrated in silicdh®’.

The pSOFC operation temperatures covered in theatlitee are
below T<560°C (see Table 1 - Temp.). These low djoera
temperatures are beneficial from the materials tpafimiew *® but do

not allow the integration of the cells into reabgms fuelled with
hydrocarbons, i.e. including a reformer unit (ofiera under pure
hydrogen is out of consideration for portable aggilons for safety
and practical reasons). Typical reforming reactoith the required

high conversion and selectivity rates usually watrkemperatures of al.

of alternative metals Pd and Ru, see Table 1- Anode)

Two main strategies appear to be the most suitabléabricating

more reliable thin film anodes for PSOFC, namely) (he

implementation of cermets based on stable ceracaiffadds or (ii.)

the use of more stable fully ceramic anode materi@nly a few
works dealing with thin film cermet anodes (belowr) have been
published up to now®®% and among them, there is only one
report on their implementation on uSOFC membrafehiiiller et

prepared Ni-CGO by sol-gel chemistry observingicky

ca. 700°C**™L Alternative conversion pathways, based on partiebnductivity degradation above 400°C (see suppleangrinfo of

oxidation of hydrocarbons, have been recently pseddby Santis-

the referencé®). Takagi et al® fabricated a Ru-CGO composite

Alvarez et al.*****3to reduce this high conversion temperature whserving a quite fast degradation of the so-falteit pSOFC with

T<600°C. However, this promising route still reqaire significant
catalyst optimization to reach competitive perfoneg compared to
classical steam or dry reformers. The operatioragfiSOFC at
T>600°C introduces new thermal stability needs foe tself-

supported electrolyte membranes and thin film ebelets.

About the membranes, the authors have recently riegpothe

fabrication of thermo-mechanically resistant andedefree large-
area yttria-stabilized zirconia (YSZ) electrolyteembranes®*—¢

stable up to 750°C overcoming historically repoiigsilies’™° On

the other hand, although poor stability of thinrfimetals like Pt
above 400°C has been extensively proved in bulkgtsaes® >3 Pt

continues being the material of choice for all teported results for
at least one of the electrodes of the pSOFC (seke TalAnode and
Cathode). The quick degradation associated to dieggtrocesses
and subsequent loss of performance have been epamted for

time (62% of the initial power density within 3 hifrom these
results, it is clear that direct transferability lmflk SOFCs state-of-
the-art anode materials is still a challenge fa thin film uSOFC
community. On the other hand, it is well-known tipatre ceramic
electrodes typically used in bulk SOFCs do not presewetting,
thus being a promising alternative to metals ferahode side too (at
higher operating temperatures). A recent publicalip Jung et af®
has already shown the superior performance of amdunporous
samarium-doped ceria (SDC) films for hydrogen eeactxidation.
This suggests columnar doped ceria as an excekeamic anode in
the intermediate temperature regime, with no ndegktva metallic
component due to its high electronic conductivityder reducing
conditions.

In this work, large-area self-supported membranksy 2
((Y203)0.0dZr0O2)092) have been integrated in silicon

HSOFCs?® showing a rapid drop on the maximum power densitgicrotechnology. Thin film porous electrodes werpdsited

after few hours of operation at temperatures as dswb00°C (see
Table 1 - Power stability). Presumably, this métatability is also
in the origin of the variability on the maximum pemreported for
analogous devices (see Table 1 - Power output)ekample, Prinz
et al. reported power values of 270 mWdm 2007, 120 mW/cfh
in 2009, 520 mW/chin 2011 and finally 198 mWi/chin 2012,
always using the same Pt/YSZ/Pt structure. A simvidiability can
be observed in Ramanathan et al.’s work (from cam®@cn? in
2011 and 2012 to more than 1000 mW/ém2012, although in this
case the functional materials were slightly variedeach case) or
Gauckler et al.’s publications (from 10 mW/tim 2008 to values
above 150 mW/chin 2008 and 2012).

In order to address this big issue, more reliabbctdes are
required (in fact, also for uSOFC operating at terapees below

2 | Energy Environ. Sci., 2014, 00, 1-3

on both sides of the membranes by using pulsedr lasc
deposition (PLD). In particular, LSC was employed a
cathode and GgGdy:0,95 (CGO) as an anode.
Microstructural ~ characterization, in-plane  condutyi
measurements and electrochemical performance stodi®oth
electrodes tested in symmetrical configuration haween
carried out in order to determine their suitabilitr pSOFC
integration. As an outcome, first results on deyegformance

of a fully-ceramic based pnSOFC are presented. Hiewas
evaluated under pure ,Hatmosphere at temperatures up to
750°C.

This journal is © The Royal Society of Chemistry 2014
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Table 1 Comparison of previously reported results on uS@#€orrugated membrane; power density calculat#l respect to the projected area).

Grou Pub. Anode Electrolyte Cathode PEN total Max. active area ocVv Power output T:vtvegr Temp. Power stabilit Ref
P year (dep. tech.) (dep. tech.) (dep. tech.) thickness (nm) (mn?) v) (mwWcemm?) '()mW) (°C) Y ’
Pt (sp. YSZ (sp. Pt (sp. 80+50+8( 1.0 13C 0.01% ; 6
2007 Pt (sp. YSZ/GDC (sp Pt (sp. 80+100+8( 0.01 1.1C 20C 0.02( 350
2007 Pt(sp) YSZ (ALD) Pt (sp) 80+60+8( 0.01 1.1C 27C 0.027 350 - 7
200€ Pt (sp. YSZ (ALD) Pt (sp. 120+70+121 0.3* 1.0¢ 861 * 2.44 450 - 8
Stanford 2009 Pt (sp. BYZ (ALD) Pt (sp) 80+110+8( 0.0l 1.0¢ 136 0.01< 400 ) 2
Univ. Pt (sp. BYZ (PLD) Pt (sp. 80+130+8( : 1.12 12¢ 0.01: 450
(Prinz etal.) 2011 Pt (sp) YSZ (ALD) Pt (sp) 60+80+60 0.01* 1.11 BSZ%C* 8'822 450 - z
2011 Pt (sp) YSZ (ALD) Pt (sp) 120+70+121 4 (58.9% 1.12 198 2.9¢ 450 - 2
2012 Pt (sp. YSZ-YDC (ALD) Pt (sp. 80+70+8( 0.00z ~1 104¢ 0.03¢ 500 - 3
o202 C YSZYDC (ALD) _________Pl(sp)________: 8o+e0+8( 00020 10t . 13007 . 0.02¢ 450 . 70% Py~ 1F . =
Pt (sp) YSZ (PLD) Pi(sp) 50+550+5( 0.77 26 0.00¢
2008 Pt (sp) YSZ (PLD) LSCF (s.pyr) 50+550+200 0.03 0.55 10 0.003 500 - 4
ETH Zurich Pt(sp) YSZ (PLD)/YSZ (s.pyr Pt (paste 50+750+1( 1.0€ 15C 0.04t
(Gauckler 2012 Pt (sp. YSZ (PLD)/YSZ (s.pyr Pt (sp. 80+500+8( 0.0¢ 0.57 209 0.06: 550 - 3
etal) 2013 Pt (sp) 3YSZ (PLD) LSC (s.pyr) 80+300+250 0.15 1.02 12 0.018 500 - 8
2014 Pt (sp) 3YSZ (PLD) Pt (sp) 60+300+60 0.15 1.07 a7 0.070 565 - 3
TETH Zarier T T T YSz(Cvpy LT go+ioo+s( T T 084 T TT1ee T 0227 a0 T .
_(Prestatetal 2% P vszcgo(cvo PR gostrovg %™ a0 s 02: 448
EPFLausanne 2008 Pt (sp) YSZ (sp) Pt (sp) 25+750+25 20 (with Ni grid) 0.28 - - 400 - °
Murattetal) - 201c PSP ... YSZ(Sp, ... Pt(sp._______100+400+10 __ 0.8(with Nigrid) ___ 088 0.02 ... 0.000: 500 =
201C Pt (sp YSZ (sp LSCF (s 120+60+6 0.0€ 0.6C 12¢ 0.07: 560 - o
2011 Pt (sp) YSZ (sp) Pt (sp) 80+100+80 0.03 0.97 1037 0.31 500 57;%‘:”3*: 110rr 12
max
2011 Pt (sp) YSZ (sp) BSCF (sp) 80+100+100 0.03 1.08 35 0.011 520 - 13
2011 LSCF (sp YSZ (sp. LSCF (sp 65+60+6¢ 0.0¢ 0.1€ 0.21 0.0000¢ 500 - u
2011 Pt (sp) YSZ (sp) LSCF (sp) 30+54+47 25 with Nigrid) ~ 0.75 155 21.1 510 E?Off;f:ma*: 110rr 2
max
Pd (sp YSZ (sp; Pt (sp. 1.02 145 0.04¢ 400 ] 5
2011 Pd (sp YSZ (sp, Pt (sp 50+100+70 0.03 077 385 (with Cky) 0.12 550
2011 Ru (sp) YSZ (sp) Pt (sp) 30+80+70 0.03 0.71 450 (with) CH 0.14 500 - 1
2012 Pt (sp. YSZ-CGO (sp Pt (sp. 80+100+8( 0.03 0.41 102t 0.31 510 Stable OCV fo 17
Harvard Pt (sp. YSZ/YSZ-CGO (sp Pt (sp. 80+120-80 : 0.72 93C 0.2¢ >50F
Univ. 2012 Pt (sp. ZrO; (sp) Pt () 55+50+5! 0.0z 0.91 33 0.01¢ 450 - 1
(Ramanathan 2012 RU-CGO (sp YSZ (sp, Pt (sp. 30+100+4( 0.04 0.99 275 (with Chy) 0.11 485 62% Frpain 3 1
etal) Pt (sp) :1 ~10 0.002
2012 VO,/Pt (sp) YSZ (sp) Pt (sp) 25+95+25 0.02 - 6.6 0.001 360 - 2
VO, (sp) o7t ~1 0.0002
Pt (sp) 0.6 1177 0.3¢
2012 Pt (sp) CGO/YSZ (sp) Pt (sp) n/a+85+n/a 0.03 0.95 412 0.11 520 - 2
Ru (sp 0.85 665 (with Cly) 0.17
Ru (sp YSZ (sp. Pt (sp. 0.92 440 (with Chy) 0.1€ ) 2
2013 Ru (sp YSZ (sp Pt (sp 50+110+70 0.04 0.9€ 410 (with nat.ga: 0.1€ 500
2012 Pt (sp. YSZ (sp' Pt (sp) n/a+100+n/ 0.0¢ ~1 108 (with Chs) 0.02¢ 405 - 2
2012 Pt (sp. YDC (sp Pt (sp. n/a+100+n/ 0.0¢ ~1 125 0.03: 500 - 24
oo 2024 ] PSP, .. YSZ(sp, ... .. Pt(sp________] Wa+l00+n/ 314 . 0.87 ... 7S ~8 U500 . -
011 Pt (sp. YSZ (PLD) Pt (sp 80+200+8( 001 1.0€ - . 200 ] 2
KIST Pt on AAO (sp YSZ (PLD) Pt (sp. 80+900+8( : 1.02 35C 0.03¢ 500
(Sonetal,) 2014 Pt (sp) BCY/BZY (PLD) Pt (sp) 100+200+100 0.02 0.98 145 0.029 400Abr“ptodg\‘jrease o=
T TThiswork 2014 "ceo(PLp) T YSZ(®PLD) T Isc(pib) 250+300+20 "1ec T TTidc i T i9c 750 T TTITTTTLTT
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Experimental dense YSZ thin electrolyte films. The whole seriésdepositions

were carried out on a PLD5000 equipment from PVDdBcts,
Large-area self-supported electrolyte membranes ingrated in which allows the deposition of functional layersaatwvafer level (4"
silicon microtechnology substrates). Deposition conditions for YSZ and L8€re adapted

The fabrication of free-standing low-thermal maasgé-area TOM Previous works already published by the authon the
membranes is described in detail in referenfe& and is development and optimization of these materials fBOFC
briefly summarized in Figure 1. In order to incredbe active ©lectrolyte 7 and cathode®, respectively. Meanwhile, the
free-standing area of the device, the total arem evdarged by fabrication and characterization of ceria-based dandiims for
using a grid of doped-silicon slabs as mechanioppert. A HSOFC were specifica!ly developed !” this WOI‘!(. _ o
photolithographic step in the first stage of themiabrication Electrode/electrolyte bilayers were first deposited SiN,/SiO./Si
flow was used to define certain zones to be dopethe initial bulk substrates for their microstructural and iang electrochemical
silicon wafer (see Figure 1a). Since heavily p-dbpiicon is characterization (this particular study is preserde supplementary
not affected by anisotropic etchants used in gilicdnformation). A porosity control (from full density the electrolyte
micromachining’® these regions define the future supportin@ high porosity in the electrodes) was accomptisbye changing the
slabs. After doping, a SifBi;N, dielectric bilayer was background pressure on the deposition chamber, 6@85 mbar
deposited on both sides of the wafers (Figure Then, by for the YSZ to 0.13 mbar for either CGO or LSC. Trepakition
selectively etching the Si substrate from the biaiekdarge area €Mperature employed for YSZ was 600°C while 100°C tfe
Si;N, free-standing membranes were released on thedopsi electrode films. The growing rates for the diffdr&mctional layers
the Si wafer (reinforced by the non-etched doptidasi slabs). Were found to be ~2.5 nm YSz/min (wafer level defors, laser
These membranes were then used as a substratendor€pergy 0.75 Jichat 10 Hz), ~10 nm CGO/min (small area
electrolyte deposition, carried out by means of PUuSing deposition, laser energy 0.5 Jfcat 10 Hz) and ~3.2 nm LSC/min
previously reported conditior®®“S (Figure 1c-d). Afterwards, (small area deposition, laser energy 0.3 3/am20 Hz). Scanning
the electrolyte free-standing membranes were retéady electron microscopy (SEM, Zeiss Auriga) was usedlie study of
removing the remaining silicon nitride layer frometbackside the microstructure of all the deposited films. Crsgstional images
using reactive ion etching (RIE) (Figure 1e). Ontgained the Were always taken from fractured samples.

free-standing electrolyte  membrane, the electrodesre The performance of the here developed CGO anoddesssd
deposited on both sides (cathode topside, Figurarkf anode Under real uSOFC operating conditions by fabrigatin
backside, Figure 1g). For the final measurementgtemed symmetrical CGO/YSZ/CGO free-standing membranes.
metallic dense films were additionally implemented both ©OPtical microscopy (Nikon Eclipse ME600) was usedheck

sides of the tri-layer ceramic membrane by nanmﬂohénembranes state during the fabrication processf-dédl
64,72

lithography®*72 serving as current collectors. measurements were performed under single 5% 195% Ar
reducing atmospheres and the electrochemical respohthe
thin film anode was characterized by impedance tspsmmpy
(EIS). The electrochemical characterization wasieadrout on
a Probostat cell inside a high temperature furn&tecurrent
collectors were deposited by sputtering (Alcatel 186
sputtering equipment a},30.01 mbar, P=100 W ang=13.6
MHz). EIS across the membrane was performed byyappl
small AC voltages of 50 mV in order to keep theeéinregime
at the measurement temperature range, in the freguange
from 30 MHz to 0.1 Hz (Novocontrol Alpha-A frequenc
analyzer with ZG4 test interface). Measurements ewel
performed at temperatures between 150°C and 708%@y u
heating/cooling rates of 5°C/min, in order to pmbypaseparate
the contribution of each component of the cell frdme total
resistance.

(d)

@ si
YSZ
7 Doped Si ®

@ sio: @ Lsc
® sine P C6O

Fig. 1 Main steps of the fabrication process flow of &ayea uSOFC Full ceramic-based free-standing membranes werdctabd

Fabrication and characterization of full ceramic pSOFC
membranes

self-supported membranes. by using the materials previously developed andlistl as
either the electrolyte (dense YSZ), anode (poro@OL or
Thin film functional layers deposition and characteization cathode (porous LSC) thin films. Pt-based curresitectors

Porous CGO and LSC thin film electrodes (anode arttioda, We'® also added on both sides of the membranesizkeof the
respectively) were deposited by PLD on top of mesly deposited SilicOn chips containing single large-area membsaweas

4 | Energy Environ. Sci., 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014
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10x10 mm. The final PSOFC  structure  wasmembranes can be found on refererféds This capability of
Pt/LSC/YSZ/CGO/Pt and Table 2 summarizes the mdmbricating thermally stable YSZ membranes at metiate-to-
fabrication parameters used for each functionakrday this high operation temperatures (up to 800°C) is thheerstone for
work. the integration of ceramic electrodes presented farthe first
In order to measure the fuel cell performance, Basmwere time.
sealed to an alumina tube by using an Ag O-ringlsated up

to 750°C (5°C/min). Pure Ar was fed to the anodesfmling,

while synthetic air was employed at the cathode.s@hce the
sample was properly sealed, purg Was introduced in the

anode side. Open circuit voltage (OCV) of the celas e %
measured on galvanostatic mode by applying a riblgig e ST A 5747
current flow between the electrodes and measuring t U VLY g, V¥ 4
generated voltage using a Keithley 2400 sourcemétece an % L% VBV S0

OCV close to the theoretical one was obtained, nisite-

Voltage (I-V) curves were performed on galvanostatiode,
again by means of a Keithley 2400 sourcemeter.llFinBIS

experiments were complementarily carried out onntleasured
membranes in order to evaluate the associatedtaeses to
each component of the fully ceramic-based pSOFR&y(fency
range from 30 MHz to 0.1 Hz (Novocontrol Alpha-Afuency
analyzer with ZG4 test interface)).

Results and discussion

Fabrication and characterization of large-area seksupported
YSZ membranes as pSOFC electrolytes

Self-supported membranes of 3$j were successfully
fabricated by silicon micromachining. PLD depositiof YSZ
and subsequent RIE etching of thgNgilayer were carried out
to fabricate and release the YSZ membranes. Figushows
top and bottom views of the typically obtained selpported
large-area electrolyte membranes, and a real inagéhe
fabricated Si-based devices. Although other menrsizes
were fabricated in the same wafer (with a totalaaranging
from 2.20 mm up to 11.30 mA), in this work, the evaluated
membranes have a total area of 2.50°nion an active area
(only YSZ free-standing area) of 1.90 rhrithis represents an
enhancement afa. 20x over previously reported basic squared
free-standing membrane configuratidn¥he buckling patterns
observed in the free-standing part of the membrésess Figure
2a) correspond to a compressive strain introdugedtbmic
impingement during the PLD deposition together vifita TEC
difference between the YSZ layer and the silicdmsgate. This
strain field is required for avoiding membrane lreluring Fig. 2 (a,b) Top view (optical image) and bottom view kSEnage) of a
thermomechanical cycling since the silicon substréghtens |arge-area free-standing membrane (already indiuttie electrodes and

the membrane during the heating step. Further ldetai the ¢yrent collectors). (c) Real image of one of thbricated free-standing
origin and thermomechanical response of the sdrsWla mempranes supported on a Si-based substrate.

Table 2 Materials and main fabrication parameters usedh®fabrication of full ceramic-based puSOFC (Ribem temperature).
Deposition Deposition

Material technique temperature Microstructure Film thickness
Curr. collector Pt Sputtering RT Dense patterned &0
Cathode LaeSr .Co055 PLD 100°C Porous 200 nm
Electrolyte (Y203)0.06(Zr02)0.9: PLD 600°C Dense 300 nm
Anode Cg:Gdy ;01 c5 PLD 100°C Porous 250 nm

This journal is © The Royal Society of Chemistry 2014 Energy Environ. Sci., 2014, 00, 1-3 | 5
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As shown in Figure 3, large-area membranes exldibitdues treatment was carried out for CGO films in orderettsure good
of conductivity similar to those previously repattéor basic crystallinity and enough porosity. A columnar anellvordered
square membranes (where the maximum area achiewatsie grain growth similar to the YSZ electrolyte and L8&thode films
limited to ca. 0.5 mA) *® and also for bulk YSZ* These was observed for the CGO layer (see Figure S3).fdimation of
results confirm the reproducibility of the fabrimat of large- this type of microstructure was driven by a higlekzgound pressure
area YSZ membranes, maintaining the exceptiordlring the PLD deposition that increases the mighdf species on
electrochemical performance achieved with  smallére ablation plume and allows the formation of sefal clusters
membranes. The typically ascribed target valuether Area that generates a porous networR In-plane conductivity
specific resistance of SOFC electrolytes (ASR =5AXcn?, measurements carried out by using the Van der Pmsthod
%) was reached at temperatures as low as 450°G:3f@® nm- yielded values comparable to the ones reportetianiterature for
thick YSZ films), proving the fabricated YSZ membes as an CGO under reducing condition€ (6=0.04 S/cm at 700°C, see
excellent electrolyte on the whole range of intediate Figure S6). Despite this low conductivity, a neiliig resistance
temperatures (450°C<T<800°C). associated to the current from the reaction panthe collector
(typically few micrometers away in pSOFC configuras) is
expected. This short distance to be covered by d¢heent,
characteristic of uSOFCs, allows employing materjaisviously
discarded for bulk SOFCs due to a low conductivity.

The CGO thin film anodes were then implemented i@e-f

T(C)

550 500 450 400 350 300 250 200 150
01

Page 6 of 20

€34 “. g

B Large-area membranes (this work)
O Standard squared membranes [45]

301

T T oL i Lo T standing membranes and tested under real pSOFGtioosd

1844 .\‘u (- sonm : Figure 4 shows the as fabricated CGO/YSZ/CGO symicaét
—.‘g — s =1_osm:v\\ 1 N(_EJ free-standing membran_es including pgtterned dgmgajrlfent
2 . ‘H\\ i, nE‘;, collectors. Cross-sectional SEM images with differe
= _— .o @ maghnification of the same membrane are presentetheén
E = 3100 figure. A similar microstructure than the one ob&al on bulk

1871 YSZ conductivity o substrates was observed (i.e. porous and columG& ims

and highly dense and columnar YSZ film, see FigsBg Film

2 1000
] - - - YSZ bulk [74] |
1E-8 ; =

1.2 1.4 1.6

homogeneity was excellent along the whole freeditan
membrane. YSZ fiims of 300 nm and CGO of 250 nm are
complemented with dense patterned 150 nm-thickilfs fon
both sides of the membrane for a total thicknessaofl pm.
The obtained membranes showed the same typicallibgck
pattern already observed on the YSZ membranes Kgpee
2a) indicating a negligible strain contribution tife porous
anode film to the field of strains from the YSZ manane itself.
Therefore, the overall mechanical behaviour will bgll
controlled by the electrolyte.
Figure 5 depicts a Nyquist plot corresponding ® ithpedance
Porous LSC thin films as a cathode for uSOFCPorous LSC thin spectrum obtained for a symmetrical membrane at@50nder
film layers were deposited by PLD directly on thafsupported a reducing atmosphere (5% H95% Ar). Two separated arcs
YSZ electrolyte membranes. Details of the optimaratof the were clearly observed with resistance values ofstree order
deposition and performance of the LSC layer in pSOFRZ magnitude, but clearly separated due to theedifice on
configurations can be found elsewhere in a recemk wublished by their associated capacitance, i.e. time constamé. data was
the author$* SEM images (top view and cross-section) of amrofitted according to the equivalent circuit depictadthe inlet of
LSC layer fabricated by PLD on top of dense YSZraitmealing up Figure 5 (R corresponds to a series resistancg:Qre and
to operating temperatures, i.e. 700°C, can be alsudfin Figure S1 RLFQLr correspond to the in-parallel resistor-capacitements
(Electronic Supplementary Information). As showrréf ®, the in- associated to the high frequency and low frequeaoys,
plane conductivity of the so fabricated LSC layethis one expected respectively). Resistance and capacitance valueslated for
for the bulk material (700°C)~200 S-ci) while the commonly €ach artefact appeared on the Nyquist plots arkeated in
accepted Area Specific Resistance target for SOFA@ble 3. Values from the high frequency and lowqgérency
electrode/electrolyte bilayers (ASR=0.88cn?, ) is achieved at arcs are normalized to the membrane active areae T
700°C indicating the optimum temperature of openatio capacitances are calculated from the constant pbleseents
used for fitting according to ref.
Porous CGO thin films as an anode for uSOFCAs presented in It is important to notice here that the contribntivom the dense
the Electronic Supplementary Information file (Figsi S2 to S5), an YSZ electrolyte is expected to be negligible atstemperatures, as

optimization of the PLD deposition conditions anospannealing Shown in previous studies on the same type of satest® and in
Figure 3. Therefore, the series resistance islyaakociated to the

1:&
1000/T (K')
Fig. 3 Arrhenius plot of cross-plane electrical condutyivf large-area
YSZ membranes. Previously reported values for YSWdactivity
measured on standard squared membréfieand also bulk YSZ
conductivity ™ are also included for comparison. Values of apgific
resistance (ASR) plotted on right Y axis are calted for 300 nm-thick
YSZ films.

2.0 2.2 24

Electrochemical characterization of thin film porouselectrodes

6 | Energy Environ. Sci., 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Impedance spectra of a symmetrical PY/CGO/YSZ/G&O/
membrane, measured at T=650°C. Solid red line septe the fitting
using the equivalent circuit depicted. The numlefer to the frequency
decades covered by the EIS analysis.

back to the low-frequency arc, the obtained largpacitance
exceeding the typical values for electrochemicakttiens at planar
surfaces (C=18 F/cnf) reinforces the idea of a CGO working as a
MIEC, i.e. extending the active surface to the butk.simple
calculation of the surface extension achieved higgua columnar
CGO like the one presented here yields a 20- tookDincrease of
Fig. 4 Different magnification crossectional SEM images of athe active area. Therefore, the larger values phcitance obtained
PYCGO/YSZ/CGO/Pt free-standing membrane, aftemthaétreatment at S€eM reasonable and are in good agreement witfopséy reported
700°C. columnar samaria-doped ceffa The MIEC behaviour observed in
the impedance spectra also illustrates that Ptdayeposited on top

current collection and cable resistances. The tws abserved in the are simply acting as current collectors, while @@O is playing the
spectrum can be associated to the CGO electrode.cBpacitances electrode role.

measured for the high frequency (CHF = 10-6 F/cm®) bow Figure 6 shows an Arrhenius plot of the Area Speci
frequency (CLF = 10-4 F/cm2) arcs suggest a coomsgnce Resistance corresponding to the high frequency (#»p5Bnd
between (i.) the HF-arc and the oxygen transpdit&ion in the low frequency (ASK:) arcs as a function of the temperature. I1i
CGO electrode; and (ii.) the LF-arc and the elettentical reaction Poth cases, the ASR dependence on temperaturevéolém
for the oxidation of hydrogen at the ceria surfaifee appearance of Arrhenius-type law, with activation energies f*0.9 eV and
high frequency arcs with resistances associatethe@atransport of Ea = 1.5 eV, respectively. Activation energies aro@n8 — 1.0
ions across grain boundaries has been extensiegyprted for €V were previously reported for oxide-ion conduetan CGO
composite electrodes based on CGO with charactedapiacitances films °2 while activation energies of the order of 1.5 eV o
of the order of magnitude here reported, i.e. C =6 cm2,”%% higher were reported for thin film MIECs in theelititure
Since similar values of capacitance are also ergeftr a double- - °*®°°>This correlation reinforces the association pegub
layer capacitance formed between CGO and ¥SZhe resistance On the basis of the impedance spectrum analysisatidg that
associated to the HF-arc could be alternativelypaated to the the CGO is fully acting as the electrode in the setrical
oxygen transport through the electrode-electrdhyterface. Coming cells.

Table 3 ASR and capacitance values calculated for eacliaattappeared on the Nyquist plots of a symmetiACGO/YSZ/CGO/Pt membrane,
measured from T=400°C to T=650°C by EIS.

T Q) Rs High Frequency (HF) arc Low Frequency (LF) arc

(Q ASR@cmd Q(Flcnt) n  C(Flcrd) ASR Qcn?P) Q (F/cnd) n C (Flcrd)
650 23 0.50 35.170 088 6.6-10 1.0 1.2-18 0.73 1.3-19
600 23 1.1 3810 084 4.1.10 1.6 5.9-19 0.78 1.1-19
550 29 1.7 27-1®6 085 3.4.10 4.6 8.4-10 0.72 1.2-19
500 27 2.8 2316 085 3.1.10 18 1.3-16 0.61 2.0-19
450 25 6.6 1.9-10 086 3.4-10 130 8.6-17 0.59 3.0-19
40( 3C 1¢ 1.2.1¢5 08¢ 35.1(7 37¢ 4.0-1¢1 0.5¢ 1.7-1¢

This journal is © The Royal Society of Chemistry 2014 Energy Environ. Sci., 2014, 00, 1-3 | 7
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Fig. 6 Temperature evolution of the ASR of the two acde&faappearing
on the EIS analysis of symmetrical Pt/CGO/YSZ/CQAdrBe-standing
membranes, i.e. high frequency arc (HF) and logUeacy arc (LF).

As shown in Figure 6, polarization resistances iaregood
agreement with the ones reported by Jung et®dbr similar
SDC films at the same temperature (ASR=5X3n? at 650°C
for Jung’s 220 nm thick layers) indicating the pb#isy of

integrating the CGO as an anode in a real uSOR&tate
without performance loses. In particular, targduga of ASR
for anode/electrolyte interfaces in SOFCs (ASR=@X307, 7°)

Energy & Environmental Science

‘f"' - p Pt"‘_,
B ST S

I
.

were attained at temperatures of ca. 700°C. Sirde tFig. 7 Different magnification crossectional SEM images of a

temperature is similar to the one obtained fortdrget ASR in

Pt/LSC/YSZ/CGO/Pt free-standing membrane, aftersueag at 750°C.

LSC/YSZ %, a full ceramic uSOFC based on CGO as anode,

YSZ as electrolyte and LSC as cathode is shownetdotally
feasible.

Fabrication and characterization of full ceramic-based uSOFC

Highly buckled membranes were obtained after cathadd
anode deposition (see Figure 2a) due to the clelmiyinating
compressive strain of the YSZ free-standing fil#4> No
change on the buckling pattern was observed suggest
negligible stress contribution of the two poroucélodes.
Figure 7 shows cross-sectional view images of #imicated
large-area uSOFC. The different microstructure athelayer
can be distinguished in the cross-sectional SEMganadigh
porosity was observed on both LSC (top) and CGGtd¢bo
electrodes, while high density and packed columgiains
arrangements were evident for the YSZ electroliptecurrent
collectors were implemented at both sides of theetional tri-
layer. The pSOFC membranes were found to be staider
operating conditions since no cracks appeared daftermal
cycling up to 750°C. Similar microstructures thamose
observed on post-annealed thin films deposited dwalk
substrates (see Figures S1 and S3c-d on the Hiectr
Supplementary Information file) and half-cell measuents
(see Figure 4 for the anode and refereffctor the cathode)
were observed on the final full ceramic uSOFC atiésting at
750°C. Even ultra-rapid thermal cycling was sucitilys

8 | Energy Environ. Sci., 2014, 00, 1-3

Q

applied, as shown in the video file included in thgplementary
information.

As shown in Figure 7, the free-standing pSOFC veaslqum thick
(including the Pt current collectors). The functbn
cathode/electrolyte/anode ceramic tri-layer showedtal thickness
of ca. 750 nm, with an electrolyte of 300 nm. Desphinner
electrolyte layers were commonly employed in thstpaven by the
authors®, in this work the thickness of the YSZ layer wasreased.
An electrolyte thickness of several hundreds ofomaetres enhances
its reliability without affecting the electrocheralc performance.
Thicker electrolyte layers (deposited in two stagéth a cleaning
step in between) reduce the formation of througthpies and
increase the thermomechanical stability of the nrambd while
keeping a negligible associated resistance at tperation
temperature. For an electrolyte of 300 nm the apegific resistance
can be as low as 0.X%cn? at temperatures below 450°C (see Figure
3). Considering electrodes operating at 700°Cilikénis case, even
thicker electrolyte than the one employed here wit limit the
USOFC performance.

Figure 8 shows |-V curves obtained for one of theasured
Pt/LSC/YSZ/CGO/Pt free-standing membranes at differ
temperatures, up to 800°CAn Open Circuit Voltage (OCV)
close to the theoretical value was obtained onakedgOCV =
1.05 V), using synthetic air as oxidizing atmosghéathode
side) and pure H as reducing atmosphere (anode side).
Although specific long-term tests have to be ddahese values

This journal is © The Royal Society of Chemistry 2014
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of OCV together with stable power densities weréntained phenomena involved in both electrodes, i.e. capacés
for more than 5h at the operating temperatures QU=/50°C, associated to oxide ion transport (likely in the@@node) and
see Figure S7), thus ensuring the reliability a¢f thembranes non-charge transfer phenomena typical of high serfactive
from an electrochemical point of view, i.e. no piftgs or areas of a MIEC (in the CGO anode and the LSC dathdt is
cracks appeared on the membranes during heatingeaing important to notice here that no significant effetsi diffusion
and measuring. The importance of sealing problemd an the electrolyte or electrode films was obseriredhis work
leakages due to pinhole formation can be clearlyenled in (see Figure S8), neither LSC-YSZ interdiffusion atéans .
the wide range of reported OCVs for different uS@H8ee Since the series resistance contribution is ndg#giin

Table 1 - OCV), some of them far away from the tie&oal

comparison with the total resistance of the cdlgé thin film

value (~ 1.1 V)?4911141730 Tha power output was calculatedceramic electrodes represents the main source siftaace

as a function of the current density, showing a imaxn value

of 100 mW/cni at 750°C and 65 mW/civat 700°C. The total
power output extracted from a single cell was can\®/ at

750°C, which is in the upper range of power pelrmaviously

reported for uSOFCs (see Table 1 - Total Powergs&tpower
output values are in the typical range for bulk €OB&nd

metallic-based uSOFCs (see Table 1 - Power Outmit)g a

clear proof-of-concept of the feasibility of a fakramic

USOFC operating at the required high temperatures.

1,2 +——————————1——1——7— 128
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4 = 0
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{ == oPP%o g
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f u u 425
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Current density (mAlcm’)

Fig. 8 |-V curve (closed symbols) and power density otitfopen
symbols) obtained from a PtY/LSC/YSZ/CGO/Pt freexdlag membrane
at 700°C and 750°C.

Figure 9 shows a Nyquist plot corresponding to
Pt/LSC/YSZ/CGO/Pt free-standing membrane at 7508@eu
high power output (applied bias of 0.7 V). Sinceleast, two
separated arcs can be identified in the plot, arivatent circuit
Ry(RHrQHE)(RLEQLF) was proposed. The series resistance
includes the resistances associated to the YSZ#elge, the Pt
current collectors and the cables and contactsuasabf R of

several ohms were measured (see a detail of tinefféguency
range in the insert of Figure 9) mainly correspogdio the
current collector and cable resistances (as conedebéfore
and according to previous studi®sa 300 nm-thick YSZ film
at T > 700°C presents a negligible resistance ofGaQ- cnf).

The arcs observed in the plot can be associateithetotwo
electrodes of the uSOFC. High frequency and lowUdency
arcs present resistance values of the same orderaghitude
(see listed values on Table 4) with associated aitgreces of

loses in the cell. The high frequency arc assodiaig¢he oxide-
ion transport inside the CGO electrode and the fi@guency
arc corresponding to the electrochemical reactiemesent
almost half-half of the total resistance (ASR=Q.&nt and 2.0
Q-cnt, respectively). These values of ASR are one ouoder
magnitude higher than the expected from symmetrazil
measurements (either for CGO or LSC films) indregtihat the
integration of both ceramic electrodes in the uSQEQuires
further optimization. On-going work is being dewbtdo
explore different alternatives to reduce the anadé cathode
polarization resistances, and especially the @sist associated
to the oxide-ion transport through the porous C@®.f

Ree

Z" (o-cm’)

Z' (-cm’)
Fa{g. 9 Nyquist plot of a Pt/LSC/YSZ/CGO/Pt free-standimgmbrane at
750°C and voltage offset of 0.7 V. The inlet shavsoom of the high
frequency part of the plots. Solid red line represehe fitting using the
equivalent circuit depicted. The numbers referhe frequency decades
ﬂ)vered by the EIS analysis.

Table 4 ASR values calculated for each artefact appeanetth® Nyquist
plot of a Pt/LSC/YSZ/CGO/Pt membrane at 750°C amithge offset of
0.7 V (c.c.: current collectors).

BIAS: 0.7 V
ASR (Qcnt) C (Flend)
High frequency arc 15 1.10¢
Low frequency arc 2.0 3.170
Electrolyte + c.c. <0.02 -
Summing up, the goal of fabricating reliable laayea

MSOFCs able to operate at temperatures above 780°C

Cur = 10° Flenf and Ge = 10° F/enf. These values of aqdressed here for the first time on the basisucdlale ceramic

capacitance suggest a double contribution from diferent

This journal is © The Royal Society of Chemistry 2014
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electrodes and robust self-suspended YSZ membr&igste
10 shows a plot of the total power per single pSQf€&us
power density and operating temperature publishyedifferent
authors, compared to this work (based on Tablértig novel
strategy for increasing the active area above 2nim. high
power per unit cell (>2mW), overcomes the limitegented by
most of the published devices (with total powerobell 0Q.\W)

while operating at temperatures 200°C higher. Sitlce
stability of the employed ceramic electrodes isafudiscussion
(stability tests of the independent electrodeshin film form

carried out in the past, i.e. referenéé® see also Figure S9 on

the Electronic Supplementary Information), the izsion of
this full ceramic pSOFC reinforces the feasibiliof this
technology and opens a new avenue in the implerientaf
novel strategies for improving the power densitgdonpetitive

values above 500 mW/dmAlso, although the reproducibility

and thermomechanical stability of
membrane is ensured, specific long-term tests lpéllcarried
out as the ultimate study of reliability of the éeeported full
ceramic HSOFC.
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Fig. 10 Representation of the state-of-the-art in pSOF@nms of total
power per single device, power density obtained aperating
temperature.

Conclusions

A full ceramic-based pSOFC has been presented foeréne
first time, opening a new family of robust uSOFQdeato
operate at high temperature (where hydrocarborrmefig can
be considered for fuelling). Large-area (> 2fifree-standing
USOFCs were fabricated using a porous LSC thin fids
cathode, a dense membrane of YSZ as electrolyteagudous
CGO thin film as anode. The thermo-mechanical Btalif the
USOFC membrane was proved up to 750°C, thus exignhée
up-to-now reported operating temperatures of USORC
550°C). Pure ceramic cathode and anode films shayoed
electrochemical performance in real uSOFC configoma at
temperatures of 700°C (ASR<0.2® cnf). Measurements of
the fuel cell performance of the device were cdraat at 700 —

10 | Energy Environ. Sci., 2014, 00, 1-3

the whole ceramiC

Page 10 of 20

750°C. A maximum power density of 100 mWfcrwas
measured at 750°C, under purgds a fuel and synthetic air as
an oxidant, for a total power per cell of 2 mW. figfere, a new
generation of more reliable pSOFCs, based on cesanig
presented in this work as a promising candidate oreal
implementation of these miniaturized MEMS power granors
in portable devices.
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Full ceramic micro solid oxide fuel cells: Towardsmore
reliable  MEMS power generators operating at high
temperatures

|. Garbayo, D. Pla, A. Morata, L. Fonseca, N. S&bat Tarancon
- ELECTRONIC SUPPLEMENTARY INFORMATION -

In-plane microstructural and electrochemical charaterization of porous LSC films

The particular study of porous LSC films deposibgdPLD for their use as cathodes in Si-integrat8®gC
is reported in referenc (in the main manuscript). Here, top and crossisestiews of one of the fabricated
LSC cathodes are also included, for easy finding.

Fig. S1Top view (a) and cross-sectional view (b) SEM insagka porous
LSC cathode layer deposited by PLD, after thermegtent up to 700°C.
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In-plane microstructural and electrochemical charagerization of porous CGO films

The microstructural study was made by scanningtreleanicroscopy (SEM) on a Zeiss Auriga equipment.
The evolution of the microstructure with temperaturas characterized by imaging samples before tied a
thermal treatments up to uSOFC operating tempearat{ir=700°C). In addition, phase identification @sd
evolution with temperature was made by means diitin-X-ray diffraction (XRD) on a Brucker-D8
Advance equipment. Data acquisition was performeedrye 50°C for studying pattern evolution while
heating up.

In order to evaluate the electronic conductivitytleé thin CGO, in-plane conductivity measuremenésen
carried out on as-deposited porous CGO films (2®0thick), by using the Van der Pauw technique. Four
gold electrodes were defined on top of the CGO¢ilwiose to the corner edges) for their use adraak
contacts. Measurements were carried out at diffetemperatures from 25°C to 700°C by means of a
Keithley 2400 sourcemeter, on a Probostat cellgndoside a furnace and using slow heating andirggol
ramps (1°C-mith). As intended to be used as anode, a reducingspimeoce based on 5%, H 95% Ar
mixture was fed inside the furnace.

Figure S2 shows the evolution with temperaturehef XRD pattern of a CGO/YSZ bilayer deposited over
bulk Si/SiQ/SizN, substrates, where the spectrum marked as RT (teorperature) corresponds to the as-
deposited sample and consecutive annealing tempesaare shown, from 400°C to 700°C. Diffraction
peaks from both crystalline YSZ and CGO diffractjpaiterns (cubic Fm-3m structure from JCPDS-ICDD
#30-1468 and #75-0161, respectively) were alrediberved on as-deposited samples, despite having bee
prepared with very different conditions, i.e. 100€ the CGO and 600°C for the YSZ. As expectedesin
deposited at high temperatures, YSZ layer was fatlstalline as-deposited and no peak evolution was
observed when heating up to 700°C. However, shanmpgmore intense peaks were observed for the CGO
when increasing the temperature (see the incremenf, on Figure S2). This observation points to the
crystallization of a certain amount of the amorph@GO expected to be present in the as-deposited fi
due to the lower deposition temperature. In terffalbrication, this improvement on crystallinity stich
intermediate temperatures is considered very cdameénMore crystalline films are expected to presen
better electrochemical performance, due to the avgmment on mass transport properties of the ctitstal
compared to the amorphous form.
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Fig. S2 X-Ray diffraction patterns of a porous CGO film defsus over
dense YSZ on a $N4/SiOJ/Si substrate, measured at different annealing
temperatures (J.

Figure S3 shows top view and cross-section SEM @sayf as-deposited (a,b) and post-annealed at 700°C
for 5 h (c,d) CGO porous layers deposited over defS8Z films, as complementary microstructural sttmly

the XRD experiment. The experiment was carriedunder reducing atmospheres (5% %5% Ar), using
heating/cooling rates of 5°C/min. No significanffeliences were observed on the YSZ film before aifiber

the thermal treatment, showing a great stabilitthwiemperature (consistent with previous XRD
observations). Meanwhile, more faceted grains wdreerved on the CGO film and a much more open
porosity was attained (see Figure S3c). The cyztibn of the partially amorphous CGO is probatig
reason for the microstructural change promotedeloyperature, and it is considered to be benefioiatte
electrode performance as it facilitates the diffnsbf gas species through it.
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Fig. S3Top view and crossection SEM images of aeposited (a,b) and pestnealed (c,d) 250 nthick porous CGO layers
over previously deposited dense YSZ.

As can be observed in Figure S4, good step covevwage found on the backside of the wafer when
depositing the porous CGO anode. This was possihke to (i.) the typical step profile generated by
anisotropic etching the Si with KOH (following tHd. 1 planes, i.e. 54° versus the substrate surfatieh
was 100-oriented), and (ii.) the relatively higickmess of the CGO films deposited in this work2@8 nm)
which ensured a good coverage.

Fig. S4 Cross-section SEM image of the porous CGO anode
showing the covering of the backside tilted proff®) on the Si-
based supporting platform.

Porous CGO films of both 250 nm and 1 pm thick witericated, for testing the maximum thickness
achievable while remaining thermomechanically salroblems of detachment and cracking appeared
under operating conditions (T=700°C) on the thidkers, while the thinner ones remained stable uFégS5
shows top view and cross-sectional images of a 4hichk CGO/YSZ bilayer delaminated from the Si-bdise
substrate after thermal treatment, opposed to Hter2n-thick films shown in Figure S3 (c,d). Maximum
CGO thickness for fabricating reliable thin film ©®Y'SZ bilayers was therefore limited to less thguom.
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Fig. S5Top view and cross-section SEM images showing delation when increasing CGO thickness up torl

Figure S6 shows an Arrhenius plot of the CGO cotidilg as a function of temperature. As expectedy |
conductivity values (less than 0.1 S/cm) were messon the porous films in the whole range of ofilega
temperatures, i.e. up to 700°C. Although still simgarthe anode functionality of the fabricated CGln$,
that low conductivity was clearly insufficient fourrent percolation. Therefore, for effectiveneparous
CGO thin film anodes, adding an electronic conduei@ment on top (current collector) was definitely
needed, reducing as much as possible the distataedn the reaction points and the collector.
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Fig. S6 Evolution of the in-plane conductivity of a 250 rihiek porous
CGO anode deposited over dense YSZ on #N,8i0,/Si substrate,
measured by the van der Pauw method.
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Thin film electrolyte chemical composition

The chemical composition used in this work for éhectrolyte was 8YSZ ((303)0.04Zr0,)0.02). According

to a previous publication by the authors (referefiége the main text), 3YSZ ((303)0.04Zr05)0.92 Would be
however a better choice, mainly due to the bettechmnical properties of the PLD targets and the
corresponding reduction of particle ejection.

In this work, we used a large-area PLD equipmentrder to develop an industrial process (able toyaaut

depositions at a wafer-level). Unfortunately, thavailability of a proper 3YSZ target (preparedRRS as
suggested in the cited reference) for its useripelarea PLD forced us to use 8YSZ instead. Desipgethe
new equipment presents a 60° angle configuratisnthe typical 45°) that greatly reduces the presaf
particulates in the membranes. In addition, a d@algposition process (with a cleaning step in tiddi®)

was also implemented with the same objective. Bintie results (although following a more cumbengo
process) were comparable to the ones employing 33152 targets.
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Open Circuit Voltage and power density evolution othe uSOFC during the test
experiment

Figure S7 shows the evolution of the open circaltage (OCV) of the cell and the power density aOwV
during the test experiment. As shown in the figune,OCV close to the theoretical one (OCV>1.0V) was
obtained after heating up to 700°C and sealingndwa. 2h at such temperature (Ag O-ring was used for
this purpose). After that, the cell was heateda@30°C and the OCV was maintained at ~1.05V foremo
than 2.5 h. No drop of OCV was observed during ttme. Stable values of power density around
P~85mW/cm were maintained during dwelling time at 750°C.tA460min (>7.5h), the cell was heated up
to 800°C, showing membrane failure and final drbfhe OCV.
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Fig. S7 Evolution of the Open Circuit Voltage (OCV) andwsy
density at V=0.7V (P) of the uSOFC during the tegieriment.
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Disambiguation of the possible silicon diffusion though thin functional films deposited
over Si-based substrates

Silicon diffusion into YSZ is a potential problem thin film puSOFCs based on silicon technologycsiit
blocks the ionic conductivity by increasing theigrboundary resistance (where Si accumulates).oigh
previous studies have shown a negligible grain Hamn contribution to the total resistance of YSZ
membranes in silicon platforms, for this study, SIMepth profiling carried out at the Imperial Cgke
London (in collaboration with Dr. M. Burriel and &r J. Kilner) showed that Si does not diffuse @D%C

through the YSZ layer (see Figure S8).
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Fig. S8 SIMS depth profile coming from a LSC/YSZ thin filbilayer
deposited on a $N/SiOJ/Si substrate, similar to the ones used for the
USOFC fabrication.
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Electrode microstructural stability under operating conditions — Comparison with thin
film Pt electrodes

Figure S9 shows top view SEM images of the heredated electrodes, before and after thermal treatm
at 700°C for >10h, compared to one of the traditiometallic electrodes used on Pt/YSZ/Pt uSOFC
configurations. The images are taken on thin fileceodes deposited over YSZ electrolytes on butk S
based substrates ¢Ni/SiO./Si). Oxidizing atmosphere (synthetic air) weredise LSC and Pt electrodes
thermal treatments, while a reducing atmosphere 6%5% Ar) was used for the CGO anode. As it can be
observed, the ceramic nanostructure remains statiieeemperature (porous but continuous layer) wkiile

Pt drastically agglomerates from starting denseery(room temperature) into isolated particlesrafte
annealing, thus losing the electrode performanceafllown of in-plane percolation). A similar belwawi
was observed on the Pt films when annealing uretiraing atmospheres (not shown here).

Fig. S9Top view SEM images of the different electrodegifaied in this work as-deposited (a, c, e - laaland post-annealed
(b, d, f - labepa) at 700°C.



