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ABSTRACT

Development of Submicron YSZ
Electrolyte Fuel Cell Structure of 25 mm?

on Nanoporous Anodized Alumina

Joonho Park
Department of Mechanical and Aerospace Engineering
Seoul National University

Student Number: 2008-20746

Intermediate temperature thin—film fuel cells have received a
great deal of attention as a novel fuel cell system owing to their

high energy density at operating temperatures lower than

500 °C. Also, recent advances in micro/nanoscale fabrication

process and analysis technology facilitated various approaches
regarding the architectures of thin—film fuel cells. Meanwhile,
porous templates have been suggested as supports in order to
overcome the mechanical limitations of the membranes with
thicknesses of only tens or hundreds of nanometers.

In terms of activation overpotential, oxygen reduction reactions



are more dominant than hydrogen oxidation reactions. Thus,
many researches on thin—film fuel cells have been concentrated
on the design of cathodes and the improvement of interfaces
between electrolytes and cathodes rather than anodes. In the
porous substrate based thin—film fuel cells, however, the anode
1s directly deposited on the array of nano—pores, so that the
effects of the deposition conditions on the morphological
properties of the electrode and eventually on the fuel cell
performance can be thoroughly studied. It was revealed that the
anode structure greatly affects the electrochemical reactivity
and mass transfer rate by determining distribution of triple—
phase boundaries (TPBs) and porosity in the electrode.

Previous researches on the porous substrate based thin—film
fuel cells have greatly contributed in preventing pinhole defects
in the electrolytes. Recently, it has been reported that open
circuit voltages (OCVs) higher than 1 V could be achieved by
applying atomic layer deposition (ALD) to fabrication of nano—
thin electrolyte membranes. The yttria stabilized zirconia (YSZ)
electrolyte thin—films produced by ALD reportedly shows
improved electrochemical characteristics compared to those
produced by traditional processes. In this study, fabrication and
characterization of thin—film SOFCs supported by the porous
substrates were examined in terms of electrolytes deposition

techniques, which were sputtering and ALD. The results of
II



electrochemical evaluations showed that the fuel cell power
density could be more than doubled by employing the ALD YSZ
electrolyte rather than the sputtered YSZ. Moreover, it also
showed that the ALD YSZ interface at cathode side could
mitigate the degradation of porous Pt electrode, eventually
improving the durability of the thin—film fuel cells based on the
porous substrates.

The porous substrate based structures have been proposed for
scale up of micro fuel cells by improving thermos—mechanical
stability of the thin—films. In this study, the thin—film fuel cells
with active area of 25 mm? were successfully demonstrated.
Furthermore, even though the scaling up of nano—thin electrode
caused additional ohmic losses, the total power output
generated by a single cell was about 25 mW, which is enhanced
by ~18.5 % compared to the previous study reported by
Tsuchiya et al. (the total power of 21.1mW and the active area
of 13.5 mm?).

This study examined the effects of the design of anode
structures and the deposition technique of electrolytes on the
electrochemical performance and the long—term durability in

the thin—film fuel cells supported by the porous substrates.

I



CONTENTS

ABSTRACT et a e e e e e I
CONTENTS .ttt e e e e e e e e e v
LIST OF FIGURES ..o VII
LIST OF TABLES ..ottt IX
CHAPTER 1 INTRODUCTION ...ccoiiiiiiiiiiiiee e 1

1.1 MOtIVATION toteiieeceeeeeeee e 1

1.2 Background Research: Architectures of Thin—Film SOFCs

.................................................................................................... 5
1.2.1 Free—Standing StruCture .....cooocvviiieiiiiiiiiiiieeieeieinns 5
1.2.2 Porous Substrate Based Structure .........cceeeeeeeennnnn. 8
1.2.3 Scale Up of Thin—Film SOFCS ...cooovviiiiiiiiien, 11

1.3 ODJECHIVES tiiiieiiiiiieeee e 13

CHAPTER 2 ENGINEERING MICROSTRUCTURE OF THIN—

FILM ANODES ON NANO—-POROUS SUBSTRATES ........... 15
2.1 INTrOAUCTION toutiiiie e 15
2.2 Experimental DetailS .o 18
2.3 Configurations of the Fabricated CellS...cccvivvviviveeneinannn.. 20
2.4 Results of Electrochemical Characterizations ................. 22
2.5 Morphological Analysis for the Cell Components............ 34
2.6 CONCIUSION .. it 40
v
-":lx_-i kl-. 1_.i



CHAPTER 3 ATOMIC LAYER DEPOSITION OF YTTRIA
STABILIZED ZIRCONIA FOR ENHANCED REACITIVITY

AND STABILITY OF SOLID OXIDE FUEL CELLS ............... 41
3.1 INtrodUCtION ..veeeeieiiiiiiiiiiiiiiiiii 41
3.2 Experimental DetallS oo 44
3.2.1 Thin—Film DepoSItiOn ...couvieeiiiiiieieee e 44
3.2.2 Cell Fabrication.......ccccouuiiiiiiiiiiiiiiiiiiiiie e, 46
3.2.3 Characterization.......ccccuuuuuiiiiiieeeiiiiiiiiiiee e 47
3.3 Results and DiSCUSSION ...uuvuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 48
3.3.1 Configurations of Fabricated Cells ........covevviinvinninnen 48
3.3.2 Electrochemical Reactivity of the Fuel Cells.......... 50

3.3.3 Enhanced Long—Term Stability of the ALD—YSZ .61
3.1 COnCIUSION . .. itiiieeeeeeeeeeeeeeeeeeean 72

CHAPTER 4 SCALE UP OF THIN—-FILM SOLID OXIDE FUEL

CELLS ON NANO—-POROUS SUBSTRATES.....ccccccccveeennns 73
4.1 INtrodUCHION tevveiieiie e 73
4.2 EXPEriMENtal covneen e 75
4.2.1 Sample Preparation .......ccccceeeeeeiiiiiiiiiiinneeeiiciiiiiinn, 75
4.2.2 Fuel Cell TeSt it 78
4.3 Results and DiSCUSSION ...uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 79
4.3.1 Morphologies of Fabricated Cells ...........cceevvvrrnnnnnn. 79
4.3.2 Effects of Cathode Porosity on Performance of
Thin—Film Fuel Cells with Larger Active Areas................ 81
4.3.3 Improvement of Current Collection ......coccoveeuvenenn... 36
4.4 CONCIUSION ..ttt 89
CHAPTER 5 CONCLUDING REMARKS ....ccooiiiiiiiiiiiiiiiiins 90
V
Sk



D] SUIMIMIATY ettt e 90

5.2 FUtUIrE W oK S e 92
REFE REN CE S .o 94
T A T e 105

VI

A& st



LIST OF FIGURES

Figure 1.1 Ionic conductivities of ceramic electrolyte
materials [3] .o 3

Figure 1.2 Schematics of (a) free—standing and (b) porous
substrate supported structures of thin—film SOFCs......... 6

Figure 1.3 Schematic of a pinhole in an electrolyte of an AAO
based thin—film SOFC......ccooiiiii e, 8

Figure 2.1 cross sectional images of the fabricated cells with
different anode StrUCTUIES couvveienie e 21

Figure 2.2 j—V curve of the fabricated cells (a) with dense
anodes deposited at 5 mTorr, and (b) with porous anodes
deposited at 90 mTorr. The values next to the plots (150,
300 and 450) represent the anode thicknesses in nm of
the corresponding cells [55]. .ot 23

Figure 2.3 Electrochemical impedance spectra measured at
the OCVs for the fabricated cells with dense anodes
deposited at D M T OrT . vie it 25

Figure 2.4 ohmic resistances and faradaic resistances of the
fabricated cells with dense anodes calculated by
equivalent circuit MOdelS ...coivviviiiiiiiie e 28

Figure 2.5 Electrochemical impedance spectra measured at
the OCVs for the fabricated cells with porous anodes
deposited at 90 M T OrT . it 30

Figure 2.6 ohmic resistances and faradaic resistances of the
fabricated cells with porous anodes calculated by
equivalent circuit MoOdelS ...coivviriiiiii e 31

Figure 2.7 Tafel (M. vs In(j)) plot based on the current
AensSity —VOItAZEe CUIVES civniiiie it 33

Figure 2.8 Surface morphologies of the anodes on the AAO
SUD S AT S ittt ittt 34



Figure 2.9 Surface morphologies of the electrolytes............ 36
Figure 2.10 Surface morphologies of the cathodes............... 39
Figure 3.1 Cross—sectional images of the fabricated cells... 48

Figure 3.2 Current density—voltage curves of the fabricated

Figure 3.3 Electrochemical impedance spectra of (a) the
fabricated cells at 0.5 V and (b) the sputtered YSZ cell at
OCV and 0.5 V, and (c) the plots magnified at high—
I QU I IS ettt e 51

Figure 3.4 Topography of the electrolyte surfaces of (a) the
sputtered YSZ cell, (b) the ALD YSZ cell and (c) the

multilayered YSZ Cell.i e 55
Figure 3.5 XRD patterns of the sputtered YSZ and ALD YSZ
before and after annNealing ......oovevvieeieiieiee e 59

Figure 3.6 Galvanostatic measurements of the sputtered YSZ
cell and the ALD YSZ cell.coiiiiiiiiiiiiiiiiiiiiiieiiieeiieec 61

Figure 3.7 Current density—voltage curves of the sputtered
YSZ cell before and after the galvanostatic measurement.

Figure 3.8 Electrochemical impedance spectra of the
sputtered YSZ cell before and after the galvanostatic

MEASULEITIEIT 1uutiintiiie ittt e et et e e e e e e 63
Figure 3.9 A STEM image and an EDS profile of the cathode
and the electrolyte of the sputtered YSZ cell. ................ 65

Figure 3.10 Morphologies of porous Pt cathode deposited on
the sputtered YSZ thin film (a) before and (b) after

annealing for 10 hours at 450 °C .vvniinvieie e 68

Figure 3.11 Morphologies of porous Pt cathode deposited on
the ALD YSZ thin film (a) before and (b) after annealing

for 10 hours at 450 °C it 69



Figure 3.12 Morphologies of the sputtered YSZ thin film (a)
before and (b) after annealing for 10 hours at 450 °C...70

Figure 3.13 Topographies of the Pt cathodes on (a) the
sputtered YSZ and (b) the ALD YSZ filmS....covveveevueneenn. 71

Figure 4.1 Schematics of (a) cell 1 and 2, and (b) cell 3 ..... 77
Figure 4.2 Cross—sectional imager of the fabricated cells... 79

Figure 4.3 Morphologies of the Pt cathodes of (a) celll and (b)

Figure 4.4 Current density —voltage curves of cell 1 and 2..83

Figure 4.5 Electrochemical impedance spectra of cell 1 and 2

Figure 4.6 Sheet resistance of the Pt thin films with variance
Of the SPULLEriNgG PreSSUIE couvinie it 85

Figure 4.7 Current density —voltage curves of cell 2 and 3..87

Figure 4.8 Electrochemical impedance spectra of cell 2 and 3

........................................................................................... 87

LIST OF TABLES
Table 1.1 Description of fuel cell types [13].coiiiveiieieeiiianae. 2
Table 2.1 Sputtering conditions for the cell components...... 19

Table 3.1 Surface properties calculated from the AFM

IMEASULECITIEIIES 1o tiutiineintiee ittt et et et e et et e e eaeeneenes 56
Table 3.2 XRD results of YSZ thin films ...ooooveeeeiiiiieieeenenn. 57
Table 4.1 Sputtering conditions of the electrodes and the

CUITENT COLLBCTOT ittt 76

IX



CHAPTER 1 INTRODUCTION
1.1 Motivation

A fuel cell directly produces electricity from electrochemical

reactions without complex and inefficient conversions among

mechanical, heat and chemical energies [1]-[12]. In a fuel cell,

the electrochemical reactions can be divided into two
electrochemical reactions: hydrogen oxidation reaction (HOR)
and oxygen reduction reaction (ORR). As water is the only
byproduct of these reactions, fuel cells are known to be a highly
efficient and eco—friendly power source.

In general, fuel cells are classified by their electrolytes, as
shown in Table 1.1, which are polymer membrane fuel cell
(PEMFC), phosphoric acid fuel cell (PAFC), alkaline fuel cell
(AFC), molten carbonate fuel cell (MCFC) and solid oxide fuel
cell (SOFC) [13]. Among these electrolytes, SOFCs use thin
ceramic membranes as the electrolyte and oxygen ions transfer
charge through the electrolyte membranes [14]. In SOFCs, the

basic electrochemical reactions are as follows:

H, + 0%~ - H,0 + 2e~

1
502 +2e” - 0%

1



SOFCs are widely used in stationary systems owing to their

high efficiency and fuel flexibility.

Table 1.1 Description of fuel cell types [13]

PEMFC PAFC AFC MCFC SOFC
Polymer  Liquid H.PO, Liquid KOH  Molten i
Electrolyte ; - Ceramic
membrane (immobilized) (immobilized) carbonate
Charge . . , 2- !
. H H OH co, o’
carrier
Operating 600-
80 °C 200 °C 60-200 °C 650 °C
temperature 1000 °C
) ) ) ) Perovskite
Catalyst Platinum Platinum Platinum Nickel )
(ceramic)
Cell Carbon Carbon Carbon Stainless Ceramic
components based based based based Based
Fuel
H_, methanol H H H_, CH H,CH,Kh CO
compatibility 2 2 2 z 4 z

The temperature dependence of the ion conductivity in most
ceramic electrolyte materials can be explained by the Arrhenius

behaviors, as shown in Figure 1.1 [3]. Thus, traditional SOFCs

typically operate at approximately 600—1000 °C to obtain high

ionic conductivity of the ceramic electrolyte represented by

yttria stabilized zirconia (YSZ) [15]-[19]. However, such high

operating temperature may have difficulties as thermal stress

and severe degradation. Moreover, it requires special materials



for gas sealing and heat maintenance, leading to significant
challenges in design and expense. Therefore, many researchers

have endeavored to reduce the operating temperature of SOFCs

[17]-[30].
Temperature [°C]
800 700 600 500 400 300
0 1 1 1 1 1 1
3
N
v,
A}
o)
0 ~<
—
1 1 1 1 1

1.0 1.2 14 16 18
1000/T [1/K]

Figure 1.1 Ionic conductivities of ceramic electrolyte materials

[3]

To compensate the higher ohmic losses owing to the low ionic
conductivity of solid oxide electrolyte at lower temperatures,

two kinds of approaches have been investigated: developing

3



new electrolyte materials which present higher ionic

conductivity than YSZ at low temperatures, and reducing the

electrolyte thickness to shorten the ionic path [30]-[37].

Although gadolinium doped ceria (GDC) and yttrium doped
barium zirconate (BZY) show higher conductivity than YSZ, as
shown in Figure 1.1, YSZ is known as the most stable material
in both highly reducing environment of the anode side and
extremely oxidizing atmosphere of the cathode side [13], [14].
Area—specific resistance (ASR), which is also known as area—

normalized resistance, is defined as:
L

ASR = —

o

where L is the length and o is the conductivity. Therefore, to
reduce the resistance, it is necessary to make the electrolyte
membranes as thin as possible. For this reason, extensive

researches have been carried out to demonstrate thin—film

SOFCs operated at lower temperatures (<500 °C).

’;r“‘-'! ) C':l -L ]
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1.2 Background Research: Architectures of Thin—Film

SOFCs

1.2.1 Free—Standing Structure

The architectures for thin—film SOFCs can be classified under
two groups: free—standing and porous substrate—supported
structures. Figure 1.2 (a) and (b) represent the schematic of
free—standing and porous substrate based @ structure,
respectively. Applying microelectromechanical system (MEMS)
processing allows the fabrication of free—standing SOFC
electrolytes in sub—micro scale [38]. In this research,

1.05~1.10 V of open circuit voltage (OCV) and 130 mW/cm? of

peak power density at 350 °C were reported. More enhanced

fuel cell performance was reported by a study about free—
standing thin—film SOFC with 60 nm thick electrolyte formed
by ALD (atomic layer deposition) process representing 270
mW/cm? of peak power density [39]. In these researches, the
enhanced charge transfer kinetics on the nano—crystalline YSZ
was observed. In addition, it was suspected that the higher
overall performance of the ALD YSZ fuel cell than one
containing the RF sputtered nano—crystalline membrane could
be related to the nano—grain morphology of ALD YSZ films

[40].



Figure 1.2 Schematics of (a) free—standing and (b) porous

substrate supported structures of thin—film SOFCs

Despite high power densities of thin film fuel cells based on
free standing structure, the absolute power output is too low for
practical use. This is because the electrochemically active area
is too small and the surface utilization is inefficient due to
crystallographic constraints on wet etching of (100) silicon
wafers. To increase the active area of free standing thin—film
fuel cells, a patterned membrane was employed instead of a flat
one. For this purpose, the corrugated electrolyte structure was
developed by cup—shaped patterning via deep reactive ion
etching (DRIE) [41]. The peak power density of the fuel cell
with 70 nm thick corrugated membrane and DC sputtered 120

nm thick electrodes was 677 mW/cm?, which is 1.9 times that

of the flat membrane at 400 °C. The sizes of both flat and

corrugated membrane in this result were 600 ym X 600 pm.

This result shows that the performance of free—standing

A& st



structured thin—film SOFCs can be improved by enlarging the
effective active area by MEMS patterning techniques.

The three—dimensionally patterned free standing membrane
was produced by applying nano—sphere lithography (NSL) to
increase the active area and improve the corrugated structure
[42]. The monolayer of Silica nanoparticles on the silicon
substrate was formed via Langmuir—Blodgett method to
fabricate metal mask and then, the three—dimensional
nanostructure surface on the substrate was achieved by several
etching steps. The thicknesses of sputtered platinum electrodes
and ALD YSZ electrolyte were 80 nm and 60 nm, respectively.

The peak power density of the nano—patterend cell was 1.34

W/cm? at 500 °C with a projected area of 10™* cm? which

means that the total power output was 134 pW. The peak power
density of the unpatterned cell with the same projected area

was 900 mW/cm?.

’;r“‘-'! ) C':l -L ]
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1.2.2Porous Substrate Based Structure

Another approach to develop thin—film SOFCs is applying

certain porous substrates in order to provide mechanical

stability and effective gas delivery at the same time [34], [43]-

[45]. Additionally, the electrode structure sandwiched by the
porous template and the electrolyte is expected to mitigate the
degradation of the fuel cell. Moreover, it is relatively easy to
fabricate cells based on the porous substrates compared to the
free—standing architectures. This is because the former does
not necessarily require complicated steps as photolithography

and chemical etching.

pinhole

/ cathode

electrolyte
anode
AAO

substrate

Figure 1.3 Schematic of a pinhole in an electrolyte of an AAO

based thin—{ilm SOFC

U



However, the thin—film SOFCs supported by porous substrates
has an inherent pinhole problem because of the structural
property of the substrate surfaces, as shown in Figure 1.3. The
porous structure of the substrate may cause selective
nucleation and grain growth, leading to propagation of pinholes
and voids [46]. As these defects can result in electrical
shortage or gas leakage, it is crucial to appropriately prevent
them. Accordingly, some of the previous studies were able to
apply ALD layers on the deposition of the electrolyte via
physical vapor deposition methods (PVD) such as sputtering
and pulsed laser deposition (PLD) technique, so that the
membrane becomes dense enough to clog the defects [47],
[48].

Kwon et al designed various self—supported and anodic
aluminum oxide (AAO) supported cell structures and measured
their OCVs to examine the pinhole problem which is one of the
most critical obstacles of the porous substrate supported fuel
cells [46]. They observed propagation of the pinholes and voids,
and demonstrated AAQO supported micro SOFCs with ALD
modified electrolyte layers. To clog the defects in PLD YSZ
layer on the electrode layer, Al,O5 layer was deposited via ALD
on the surface and removed by RIE to expose the first YSZ
layer followed by deposition of second YSZ layer. The OCV

values that were measured from the ALD-—-modified cells
9



increased when compared to the unmodified cells with same

total thicknesses. Maximum power densities of 30, 110, and

350 mW/cm? were obtained at 400, 450, and 500 °C from the

fuel cell with 900 nm thick ALD—modified YSZ. This result
shows that the fuel cell performance can be improved by
eliminating the pinholes in the electrolyte layer.

It has been reported that the combination of a sputtered
electrolyte layers and thin ALD YSZ layers can effectively
prevent the pinholes [47], [48]. Ji et al have successfully
formulated a nano—porous substrate supported thin—film fuel
cell, with a bilayered electrolyte composed of a sputtered GDC
layer and an ALD YSZ layer [48]. The GDC is known as an
electrolyte material, which has excellent oxygen ion
conductivity even at low temperatures [15], [18], [35].
Meanwhile, it also has the tendency of being easily reduced at
low oxygen partial pressures, which makes it more conductive
for electrons than ions [15]. It was shown that the thin ALD
YSZ protective layer between the anode and the GDC
electrolyte could prevent the reduction of ceria as well as the

pinhole propagation [35], [48].

10
&
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1.2.3Scale Up of Thin—Film SOFCs

Most researches on free—standing SOFCs have demonstrated
the fuel cells with lateral dimensions of micrometer scale. Thus,
to increase total power output for practical use, comprehensive
studies about scaling up of the active area are required.
However, scaling up free—standing structures poses a great
challenge because large—area membranes less than ~100 nm
are susceptible to mechanical failures.

A research about strengthening the large area of thin—film solid
oxide fuel cell membrane was recently reported. [49]. In this
study, a 200 nm thick free—standing fuel cell comprised of
platinum anode, YSZ electrolyte and LSCF cathode was
fabricated and supported by plated nickel grid. However, the

OCV and peak power density are only 0.2 V and 1 mW/cm? at

500 °C.

Tsuchiya et al. produced and characterized a free standing
thin—film SOFC with 13.5 mm? of active area applying about 1.5
(m grid layer on the cathode via additional photolithography
process [50]. The MEA of the fuel cell was composed of 30 nm
thick porous platinum anode layer, 54 nm thick RF sputtered
YSZ electrolyte, and 47 nm thick RF sputtered LSCF cathode

layer. They reported ~0.75 V of OCV and 155 mW/cm? of peak

11



power density, thus, approximately 21 mW of the total power
output from a single fuel cell chip. However, even though the
metallic grid had successfully functioned as mechanical
supports, there were a few cases of buckling of the membranes.
Although the feasibility of scaling the thin—film up SOFCs by
using porous templates has been reported in previous studies,

the active areas of the fabricated cells in those studies were

less than only 1 mm? [48], [51]-[53]. Therefore, it is

necessary to demonstrate thin—film SOFCs with active areas

larger than 1 mm? based on the AAO template.

12



1.3 Objectives

This study focused on the development of the thin—film SOFC
supported by the nano—porous substrate for reliable scale up.
First, the microstructure of the anodes on nano—porous
templates was investigated to reveal the effects of the porosity
and the thickness of anode layers on the electrochemical
properties in AAO based thin—film SOFCs. In thin—film SOFCs
supported by the porous substrates, a single cell is fabricated
by a sequential deposition of anode, electrolyte and cathode.
Thus, it requires a thorough examination on the structural
effects of the anode layer, which is the base structure of the
membrane electrode assembly (MEA).

Constructing the electrolyte is a key factor in the fabrication of
thin—film SOFCs because any defects in the electrolyte would
cause gas leakage or electrical shortage, eventually resulting in
a failure of operation in fuel cells. In addition, in the AAO based
thin—film SOFCs, surface properties of the electrolyte greatly
affect the formation of the cathode and interfacial kinetics of
ORR. In this study, thin—film SOFCs supported by AAO
substrates were fabricated with YSZ electrolytes deposited by
different thin film techniques to examine the effects of the
electrolyte deposition method on electrochemical reactivity and

long—term stability.
13



Lastly, thin—film SOFCs based on AAQO substrates were

successfully demonstrated with active areas as large as 25 mm?.

The best power density of the cells with active area of 25 mm?

was approximately 100 mW/cm? at 500 °C, which indicates the

total power output of the single cell was about 25 mW. It is
higher by ~18.5 % compared to the total power output reported
by Tsuchiya et al [50]. Moreover, the effects of the cathode
morphology on ohmic and faradaic resistances of the fuel cells
were assessed by characterizing the fuel cells with different
cathode morphologies. Finally, it is suggested that optimizing
current collections in the thin—film electrodes with extremely
high aspect ratio is a crucial factor to enhance the overall
electrochemical performance of the fuel cells with larger active

areas.

14



CHAPTER 2 ENGINEERING MICROSTRUCTURE OF
THIN-FILM ANODES ON NANO—-POROUS SUBSTRATES

2.1 Introduction

In consideration of the thermomechanical stability, nano—
porous templates were suggested as substrates to support thin
film fuel cells for their higher reliability as well as efficient gas
delivery. It has been demonstrated that in cases where thin
films are supported by nano—porous AAO templates, their

electrical and microstructural degradation could be significantly

mitigated even at elevated temperatures [34], [45]-[48], [54]—-

[56]. In most of early researches about thin—{ilm fuel cells with
the AAO templates, the open circuit voltages (OCVs) were
relatively low because of the pin—hole defects in the thin
electrolyte inherently caused by porous structure of the
substrates [46]. Extensive efforts therefore have been devoted
to producing defect—free electrolyte layers with thickness of
sub—micrometer on the AAO. As a result, the thin—film SOFCs
on the porous substrates have been successfully demonstrated
without any gas leakage, with the assistance of bi—layered

electrolytes and modified electrolytes with various thin film

deposition techniques [34], [45]-[48], [54]-[56].

15



To date, in most studies on the thin film SOFCs supported by
the AAQ, the anode layers have been deposited to form a dense
structure because the dense anode has been regarded as
helpful in preventing the pin—hole problems. Moreover, it has
been reported that there was no need for the anodes to form
porous microstructures because the pores of the substrate
were not fully clogged by thin—film anodes in spite of their
dense structures [34].

However, the porous electrode structure is known to be
beneficial for mass transport which is one of the main factors to
determine the fuel cell performance [13], [14]. Additionally, in
terms of the active area at the anode side, the thin film
structure based on the AAO can have disadvantages compared
to the anode—supported and free—standing structures. Thus,
more porous anodes may be favorable to the thin—film SOFC
supported by the AAO and the properties of the anode
microstructures should be further investigated in order to
optimize the performance of the cell.

In this study, the thin—film SOFCs supported by the AAO with
the porous anodes were demonstrated. To the extent of our
knowledge, this study is the first to examine the anode
microstructures for the AAO—based thin—film fuel cell
structures. In addition, various anode microstructures were

examined to find out the key effects of the porosity and the
16



thickness of anode thin films on

performance in this structure of fuel cell.

17
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2.2 Experimental Details

A commercial AAO (Synkera Technology Inc.) with a thickness
of 100 um and a pore diameter of 80 nm was used as a template
to support the thin—film SOFCs with thicknesses of hundreds of
nanometers. Platinum thin films were sputtered on the AAO
template with power of 200 W for the anode layers. To
fabricate a set of different anode layers, we varied the
sputtering time and the argon gas pressure in the sputter
chamber. The chamber pressure was regulated to 5 and 90
mTorr, and the sputtering time was also controlled to achieve
the platinum thin films with different thicknesses of 150, 300
and 450 nm each at 5 and 90 mTorr. Subsequently, YSZ
electrolyte and porous platinum cathode were sputtered on the
anodes under identical sputtering conditions for all cells to
investigate the effects of the anode structure on the fuel cell
performance, aside from the effects resulting from electrolytes
and cathodes. The YSZ electrolytes with a thickness of
approximately 500 nm were sputtered from an YigZrss alloy
target at 200 W. The YSZ deposition was conducted at 5 mTorr
of Ar/O, atmosphere and room temperature. A porous Pt
cathode with a thickness of 150 nm was deposited by DC
sputtering at 100 W at room temperature with an Ar pressure

of 90 mTorr. A shadow mask was used to produce the active
18



area of 1 mm? [48]. Polarization characteristics of the

fabricated cells were measured by a commercial analytical

interface Solatron 1260/1287 at 500 °C. The anode side was

fed by 100 sccm of dry hydrogen through the AAO pores, while
the cathode side was exposed to oxygen in ambient air during
the fuel cell test. The field emission secondary electron
microscope (FE—SEM: Supra 40, Carl Zeiss) was utilized to
examine the surface morphologies of the anode, the YSZ
electrolyte and the cathode of the fuel cells. The focused ion
beam and scanning electron microscope (FIB—SEM: Quanta 3D
FEG, FEI Company) were utilized to observe the cross—

sectional images of the fabricated fuel cells.

Table 2.1 Sputtering conditions for the cell components

Target  Background Sputtering  pressure Substrate

material Gas power [W]  [mTorr]  temperature
Anode Pt Ar 200 5~90 RT
Electrolyte W o Ar/QO, 200 5 RT
Cathode Pt Ar 100 90 RT
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2.3 Configurations of the Fabricated Cells

Figure 2.1 represents cross sectional images of the fabricated
thin—film SOFCs on AAQO substrates. In all cells, the deposition
condition of the electrolyte and the cathode were identical;
whereas the structure of the anodes was differently formed.
The thickness and the porosity of the anodes were controlled
by varying the deposition time and the argon pressure in the
sputter chamber.

As shown in Figure 2.1, the cells with the platinum anodes
which were sputtered at 5 mTorr of argon pressure showed
relatively dense structures. On the contrary, the cells with the
anodes deposited at 90 mTorr showed more porous cross
sectional structures. We fabricated three cells with 150, 300
and 450 nm thick anodes which were sputtered at 5 mTorr.
Moreover, we fabricated another set of cells with 150, 300, and
450 nm thick anodes sputtered at 90 mTorr. Finally, these six
cells were examined to discover how the difference in the
porosity and the thickness of the anodes affects the fuel cell

performance.
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Figure 2.1 cross sectional images of the fabricated cells with

different anode structures
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2.4 Results of Electrochemical Characterizations

In Figure 2.2, the current—voltage curves of fabricated cells at

500 °C are depicted. The open circuit voltage (OCV) values for

all cells were comparable, which had values between 1—1.1 V.
The measured OCV values were close to the theoretically
expected values at given conditions from the Nernst equation,
1.2 V, regardless of the anode structures [13]. These OCV
values indicate that the electrolytes were dense enough to be
free from pin—hole defects such as severe gas leakage or
electrical shortage, even though the cells were fabricated on
nano—porous substrates. Previous studies wusing AAO
substrates, however, have shown that YSZ electrolytes with a
thickness of several hundred nanometers sputtered on AAO
templates were likely to have serious pin—hole defects [46].
This is the reason why dense anodes were primarily used to
mitigate the inherent pin—hole problems in many previous
researches of thin—film fuel cells supported by porous
substrates. In this study, however, non—defective,
nanometers—thick electrolytes were successfully produced on
porous anodes. The fabrication of the AAO—based thin—film
fuel cells even on the 150 nm thick, highly porous anode layer

was successfully demonstrated, as shown in Figure 2.1 and
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Figure 2.2 (b).
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Figure 2.2 j—V curves of the fabricated cells (a) with dense
anodes deposited at 5 mTorr, and (b) with porous anodes
deposited at 90 mTorr. The values next to the plots represent
the anode thicknesses in nm of the corresponding cells [55].
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Moreover, with our simple fabrication of thin—film fuel cells,
composed of sequential depositions by sputtering on the anode,
the electrolyte and the cathode, we were able to fabricate thin—
film SOFCs in no less than 1 um.

Figure 2.2 (a) shows the j—V curves of the cells sputtered with
5 mTorr—sputtered anodes. According to the plots, the peak
power densities were 49, 83 and 58 mW/cm? for the cells with
the anodes of 150, 300 and 450 nm thickness, respectively.

The maximum power density of the fuel cell rose by 80 % as

the dense anode's thickness increased from 150 nm to 300 nm;

however, it rather dropped by 34 % as the thickness further
increased from 300 nm to 450 nm. Moreover, in the 450 nm
thick dense anode cell, a drastic voltage drop was observed at
the high current region of the polarization curve. It means that
the depletion of the reactant concentration at the
electrode/electrolyte interface was severe in this particular cell.
The j—V curves of the cells with the porous anodes of different
thicknesses which were sputtered at 90 mTorr of chamber
pressure are shown in Figure 2.2 (b). The peak power
densities of the cells with the porous anode thickness of 150,

300 and 450 nm were 65, 108 and 165 mW/cm?, respectively.
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Figure 2.3 Electrochemical impedance spectra measured at the
OCVs for the fabricated cells with dense anodes deposited at 5

mTorr.

In contrast with the dense anode cells, the performance of the

porous anode cells steadily increased along with the increase of
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the anodes’ thickness. Compared to the j—V curves of the

porous anode cells in Figure 2.2 (b), the remarkable voltage
drops at lower current densities were observed in the curves of
the dense anode cells in Figure 2.2 (a).

Figure 2.3 (a) shows the electrochemical impedance spectra of

the fabricated cells whose anodes were deposited at 5 mTorr.

The EIS results were measured at 500 °C under the OCVs. AC

perturbation of 30 mV was applied at frequencies between 2
and 2 x 10° Hz. Figure 2.3 (b) shows Nyquist plots fitted by
equivalent circuit fuel cell models. The data were fitted by a
least—squares fitting procedure (Z—plot, Scribner Associate,
Inc.). The complex (real and imaginary) data were fitted with
data weighting given by the calculated modulus of each point
[57]. The each plot in Figure 2.3 (a) contains the ohmic
resistance and three arcs, so the equivalent circuits consisted
of four series elements: one resistance element and three
elements comprised of a parallel resistor and a constant—phase
element (CPE). A CPE is used to model an imperfect capacitor
to compensate for non—homogeneity in the system. As shown
in Figure 2.3 (c), high—frequency intercepts of the three plots
are almost identical, which means that the ohmic resistances of
the three cells are very close. As represented in Figure 2.4, the
calculated ohmic resistances were about 0.44 and 0.42 Q-cm?
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for the cells with the anodes of 150 and 300 nm thickness,
respectively. The high—frequency region in the measured plot
of the 450 nm anode cell was a little unstable to be fitted by the
circuit model. Thus, the ohmic resistance value of the cell with
450 nm—thick anode was fixed to 0.42423 Q -cm? which is the
values of the 300 nm anode cell. In general, the ohmic
resistance of SOFCs is dominated by conduction of oxide ions
through the electrolyte [13]. The thicknesses of the YSZ
electrolytes of the three cells are identical, so the almost same
ohmic resistance values are quite reasonable. Moreover, the
magnitudes of the first arcs of the plots are quite similar. High—
frequency arcs of impedance spectra are known to come from
the electrolyte such as the ion diffusion into the grains on the
electrolyte surface [58]. Therefore, the similar magnitude and
shape of the high—frequency arcs in the spectra confirm that
the YSZ electrolytes of the three cells were deposited under
identical conditions. On the other hand, the magnitude of the
low—frequency semicircles in Figure 2.3 (a) and (b) depends
on the anode thickness of the cells. As shown in Figure 2.3 (b),
the low—frequency semicircles were fitted by the equivalent
circuit models and the complex values at lower frequencies than
2 Hz were extrapolated by using fitting results. From the
predicted low—frequency intercepts and the ohmic resistances

(the high—frequency intercepts), the faradaic resistance values
27



were calculated (Figure 2.4). The computed faradaic
resistances were approximately 17.36, 9.04 and 27.96 Q- cm?
for the cells with the anodes of 150, 300 and 450 nm thickness,
respectively. As thickness of the anodes deposited at 5 mTorr
increased from 150 nm to 300 nm, the faradaic resistance
decreased by about 48 %. However, the faradaic resistance of
the cell with 450 nm thickness was about three times larger

than one of the cell with 300 nm—thick anode.
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Figure 2.4 ohmic resistances and faradaic resistances of the
fabricated cells with dense anodes calculated by equivalent

circuit models

Figure 2.5 (a) demonstrates the electrochemical impedance
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spectra of the fabricated cells whose anodes were deposited at
90 mTorr. Figure 2.5 (b) shows the fitting results and Figure
2.5 (c) depicts the detailed behaviors at high—frequencies. The
ohmic resistance and the faradaic resistance values which were
calculated by the equivalent circuit model are represented in
Figure 2.6. The ohmic resistance values of the cell with the
porous anodes of 150, 300 and 450 nm thickness were
approximately 0.65, 0.60 and 0.51 Q -cm?, respectively, while

the faradaic resistance values were evaluated as about 10.78,

4.10 and 3.58 Q-cm? As the porous anode's thickness

increased, the ohmic resistance slightly decreased. However,
the difference in the ohmic resistance was minor compared to
the variation in the faradaic resistance. The faradaic resistance
dropped by approximately 62 % as the anode thickness
increased from 150 nm to 300 nm while it decreased by only
13 % as the anode thickness increased from 300 nm to 450 nm.
As shown in Figure 2.5, the high—frequency semicircles of the
porous anode cells have similar magnitudes. It indicates that the
high—frequency impedance behaviors originated in the bulk
grains and the grain boundaries on the YSZ interfaces [58].
Thus, the tendency that the thicker anode cell showed the
smaller faradaic resistance was dominated by the difference in

the electrode processes, which were represented by the low—
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frequency arcs in the Nyquist plots.
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Figure 2.5 Electrochemical impedance spectra measured at the
OCVs for the fabricated cells with porous anodes deposited at

90 mTorr.
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Figure 2.6 ohmic resistances and faradaic resistances of the
fabricated cells with porous anodes calculated by equivalent

circuit models

The electrochemical characteristic of the cells with the porous
anodes is further investigated by Tafel analysis. The voltage
output of a fuel cell could be written by starting with the
thermodynamically predicted voltage and then subtracting the
various overvoltage losses. Excluding mass transport
overpotential term, the resuling fuel cell output voltage can be

described as [13]:

Veeu = Vocv — Nact — JASRonmic

where Vyep is the Nernstian OCV, n,. is the activation losses
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due to reaction kinetics, j is the current density, and ASR,nmic
is the electrolyte area specific resistance. When n,. is larger
than the exchange current density (j,), the relation between the
activation overpotential and the current density can be

described by the following Tafel equation [13], [59], [60]:

RT RT
Nact = _an_Fln]O +an_Fln]

where a is the charge—transfer coefficient, j is the generated
current density, and R, T, and F represent the gas constant,

temperature, and the Faraday constant, respectively. Figure 2.7

shows the Tafel plot (N, vs In(j)) obtained from the current

density —voltage curves shown in Figure 2.2 (b).

The exchange current densities (jo) of the cells with the porous
anode of 150, 300 and 450 nm thickness were about 9.7, 38.0,
36.1 mA/cm?, respectively. The slopes of the three plots were
approximately 6.06, 5.10 and 6.09 for the cells with the 150,
300 and 450 nm-—anodes, respectively. Thus, the charge—
transfer coefficient values were evaluated as 0.20, 0.17 and

0.20 for each cell.
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2.5 Morphological Analysis for the Cell Components

450

300

Anode thickness [nm]

150

Anode sputtering pressure [mTorr]

Figure 2.8 Surface morphologies of the anodes on the AAO

substrates

To investigate the reason of the difference in the
electrochemical performance, morphologies of surfaces on the

anode, the electrolyte and the cathode layers were examined by
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FE—-SEM images, as respectively shown in Figure 2.8, Figure
2.9 and Figure 2.10. The morphologies of the anode surfaces
were fairly different from one another as shown in Figure 2.8,
while the electrolyte and cathode layers showed no noticeable
difference in the surface morphology as shown in Figure 2.9
and Figure 2.10. Consequently, the formation of the
electrolyte/cathode interface and the cathode morphology do
not seem to be significantly influenced by the different anode
structures. Thus, it can be concluded that the contrasting
electrochemical behaviors among the fabricated cells shown in
Figure 2.2 may come from the difference in the anode
structures.

The performance of the SOFCs is known to be evaluated by
numerical approximations to a standard polarization model
including activation, ohmic and concentration losses [13].
Considering the ionic charge transport in electrolytes tends to
be more sluggish than the electronic charge transport in
electrodes, the ohmic resistance is heavily relied on the ionic
contribution. Therefore, the difference among the ohmic
resistances 1n every cell 1s negligible, because the
microstructures of the surfaces and the cross—sections of the
electrolytes were highly similar as shown in Figure 2.1 and

Figure 2.9.
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Figure 2.9 Surface morphologies of the electrolytes

In terms of the concentration overportential, poor mass
transports lead to significant losses of the fuel cell performance.
The mass transport in porous media is closely related to its

pore distribution properties, so the electrode morphology can
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substantially affect the concentration loss. In Figure 2.8,
compared to the platinum films sputtered at 90 mTorr, the
dense films deposited at 5 mTorr showed that the surface
morphology consisted of larger clusters and less pores. As the
films became thicker, the number and the size of the pores on
the dense platinum film surfaces greatly decreased. On the
surface of 450 nm thick dense platinum anode, the pores were
hardly observed and their sizes were far smaller than those on
less thick dense films. This fully dense morphology of the cell
might have hindered the gas supply to the interface between
the anode and the electrolyte, causing the reactant depletion at
reactive sites and the severe voltage drop at high current
densities, as shown in Figure 2.2.

Electrochemical reactions in fuel cells are known to take place
at the triple phase boundary (TPB), therefore the activation
overpotential which governs the fuel cell performance in the
low current region is closely related to the TPB density at the
electrode/electrolyte interface. As previously indicated in
Figure 2.9 and Figure 2.10, the morphologies of the
electrolyte/cathode interface and the cathode surface were
adjusted to be similar. Consequently, the TPB densities at the

cathode sides for the oxygen reduction reactions (ORRs) do not

seem to be the fundamental reason for different cell reactivities.

By contrast, in Figure 2.8, the TPB density at the
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anode/electrolyte interface seems to differ according to the
porosity and the thickness of the anode. The anodes sputtered
at 90 mTorr seemed to have higher TPB densities than those
sputtered at 5 mTorr. This could facilitate the hydrogen
oxidation reactions (HORs) at the anode side, contributing to
lower activation overpotentials of the porous anode cells as
shown in Figure 2.2. Moreover, in the surface image of the
platinum film sputtered at 90 mTorr with thickness of 150 nm,
the porous platinum was only deposited on the rib of the AAOQO,
leaving the AAO pores not to be fully covered. The thicker the
porous platinum became, the more the AAO pores were clogged
by the porous catalyst layer increasing the TPBs. The
increased TPB density at the anode side was attributed to the
performance enhancement shown in Figure 2.2 (b) by
promoting the HORs.

Consequently, in the architecture of the thin—film SOFC based
on the AAO, a more porous structure of the platinum anode can

provide more efficient reactant deliveries and higher TPB

densities that reduce the activation and the concentration losses.

The cell performance can be furthermore enhanced by
optimizing the porous anode structure in consideration of the

AAO pore size and distribution.
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Figure 2.10 Surface morphologies of the cathodes
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2.6 Conclusion

The AAQO based thin—film SOFCs by applying various
structures of anodes were successfully fabricated. All
components including the anode, the electrolyte and the cathode
were achieved by sputtering. In other words, the entire
fabrication of the cells was carried out in the same chamber.
This simple process can enhance the cost and time efficiency of
the cell fabrication, while it moderates possible contaminations
of the samples. It was demonstrated that the fully dense and
defect—free YSZ electrolyte with thickness of hundreds of
nanometers could be obtained by the sputtering process even
on the various anode structures. Moreover, the porous platinum
anode structure on the AAO template can improve the fuel cell
performance by enhancing the TPB density and the fuel gas
transport. Therefore, extensive researches on the optimization
of the anode structure and the anode/electrolyte interface are
furthermore required to improve the performance of the thin—
film SOFC with the cell architecture based on the AAO

substrates.
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CHAPTER 3 ATOMIC LAYER DEPOSITION OF
YTTRIA STABILIZED ZIRCONIA FOR ENHANCED
REACITIVITY AND STABILITY OF SOLID OXIDE FUEL CELLS

3.1 Introduction

Recently, the fabrication of thin—film SOFCs is in progress in

order to lower ohmic losses below 500 °C, which are composed

of only few tens or hundreds nanometer thick electrolyte [27],

[39], [41], [61]-[64]. In the process of the fabrication of

nano—sized thin—film SOFCs, the thermomechanical issues
should inevitably be taken into account [17], [46], [54], [64].
In consideration of these difficulties, nano—porous templates
were suggested as substrates to support thin—film fuel cells for
higher mechanical stability and efficient gas delivery [34], [44],
[48].

It has been demonstrated that where thin films were supported
by nano—porous AAO templates, their electrical and
microstructural degradation could be significantly mitigated
even at elevated temperatures [54]. In most of the early
researches about thin—film fuel cells with porous substrates,
low open circuit voltages (OCVs) were reported to be obtained
due to the difficulty of depositing a gas—tight electrolyte with
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the thickness of submicrometer on the porous substrates [43],
[44]. However, as the fabrication of thin—film SOFCs using
various deposition techniques has been developed, extremely

thin electrolytes on the porous substrates were successfully

demonstrated without any gas leakage [25], [26], [46]-[48],

[63], [65], [66]. It has been reported that successful
fabrication of the intermediate temperature SOFCs with only
100 nm thick YSZ which was obtained by spin—coating the
chemical solution on the porous anode support [25]. However,
compared to the wet—chemical deposition techniques, Iin
vacuum—assisted thin—film techniques, the atmosphere of the
deposition can be controlled more carefully and strictly because
the entire process takes place in the vacuum chamber [17],
[67]. Thus, vacuum—assisted deposition methods such as
sputtering, pulsed laser deposition (PLD) and atomic layer

deposition (ALD) are more widely used for the fabrication of

thin—film SOFCs [18], [29], [45], [68]-[70]. Unlike PLD

process, which is known to be difficult to scale—up the process,
sputtering and ALD methods, might be applicable to industrial
production because they are able to promote mass production
and uniform deposition over large scale of area. Moreover, ALD,
a modified CVD technique, can achieve isotropic deposition with
conformal covering over three—dimensional substrates without
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pin—holes by building one mono—atomic layer after another
[39]. Therefore, ALD has been reported as a key technique to

obtain comparable OCVs in the fabrication of the thin—film
SOFCs supported by nano—porous substrate [46]-[48], [56].

For nano—crystalline thin films, their microstructure and
electrical conduction properties, which can directly affect the
fuel cell performance, may vary with different deposition
techniques [17], [67]. Moreover, for thin—film SOFCs with free
standing structures, it has been reported that YSZ electrolytes
produced by ALD represented superior electrochemical
performance than YSZ electrolytes deposited by sputtering
[58], [71]. However, for thin—film SOFC supported by nano-—
porous substrates, the effects of the deposition technique on
the electrochemical performance of SOFCs have not yet been
explored, even though it is reported that ALD layers can solve
the pin—hole problems.

In this study, thin—film SOFCs supported by AAO substrate
were fabricated with YSZ electrolytes deposited by different
thin film techniques, and examined their differences in terms of
electrochemical reactivity with the reasons expected to cause
the differences. Furthermore, the effects of deposition
techniques for YSZ electrolytes on long term stability of thin—

film SOFCs on nano—porous AAO were demonstrated.
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3.2 Experimental Details

3.2.1 Thin—Film Deposition

In this study, YSZ films were produced by two different thin
film deposition processes: sputtering and ALD. First, the YSZ
films via sputtering were produced by using an Y;eZrss alloy
target at 200 W of RF (radio frequency) power. The
atmosphere of the sputtering chamber was 5 mTorr of mixed
gas which consisted of 80 % of argon and 20 % of oxygen. The
substrate was not heated during sputtering, thus the YSZ thin
film was deposited at room temperature. ALD YSZ thin films
were fabricated by the sequential deposition of zirconia and
yttria by wusing a custom—made ALD system. Commercial
tetrakis (dimethylamido) zirconium (Zr(NMey),) and tris
(methylcyclopentadienyl) yttrium (Y (MeCp);) were used as

precursors for zirconia and yttria, respectively. The zirconium

and yttrium precursors were respectively heated to 70 °C and

140 °C, while the substrate in the ALD chamber was heated to

250 °C. Both oxides were produced by the sequential deposition

of pulsing each precursor, purging ligands and residual
reactants, pulsing oxygen as oxidant, and purging byproducts

[39], [48], [56]. An YSZ deposition cycle consisted of
44



consecutive four zirconia deposition sequences and one yttria
sequence. The deposition rate of the ALD YSZ thin film was

about 1 A/cycle.
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3.2.2Cell Fabrication

For fuel cell test, commercial AAO (Synkera Technology Inc.)

with lateral dimension of 1 cm X 1 cm, a thickness of 100 pm,

and a pore diameter of 80 nm were used as substrates to
support the thin—film SOFCs. A dense Pt anode with a
thickness of 300 nm was deposited on the entire surface of the
AAO substrate by direct current (DC) sputtering at 200 W at
room temperature with an Ar pressure of 5 mTorr. YSZ
electrolytes were deposited on the anode layer with a total
thickness of 500 ~ 550 nm by different thin film techniques. A
porous Pt cathode with a thickness of 150 nm was deposited by
DC sputtering at 100 W at room temperature with an Ar
pressure of 90 mTorr. A shadow mask was used to produce the
active area of 1 mm X 1 mm, as mentioned in CHAPTER 2.

The anode side of the fuel cell sample was sealed on a custom—
made metal chamber where dry hydrogen of 20 sccm was fed
as the fuel. The patterned cathode electrode was exposed to
oxygen In ambient air. Polarization and impedance
characteristics were measured by a commercial electrochemical

impedance spectroscopy (Solatron Analytical, 1260/1287) at

450 °C with VAC = 30 mV and VDC =05 V.
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3.2.3Characterization

The focused ion beam (FIB) and scanning electron microscope
(SEM) were used to investigate the cross—sectional images of
fabricated cells. Surface topography and roughness of the
electrolyte layer were investigated under tapping mode of
atomic force microscopy (AFM). Chemical composition and
crystallinity of the YSZ thin films were analyzed by X-ray
photoelectron spectroscopy (XPS) and X—ray diffraction (XRD),

respectively. Change in morphology of porous Pt cathode

arising from operating at 450 °C was examined by field

emission secondary electron microscope (FE—SEM).
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3.3 Results and Discussion

3.3.1 Configurations of Fabricated Cells

To examine the reactivity and the stability for nano—porous
substrate supported thin—film SOFCs with YSZ electrolytes
produced by sputtering and ALD process, three cells of
different electrolyte were employed to each cell: YSZ
electrolyte deposited by sputtering, YSZ layer by ALD, and
multilayered YSZ composed of ALD layer on the sputtered
layer. For all cells, the anode and the cathode layers were
deposited under the same conditions, which were described in
previous section. Figure 3.1 shows the cross—sectional images
of the fabricated cells. In each cell, the thicknesses of the
electrolyte, the anode and the cathode were respectively

500~550 nm, 300 nm, and 150 nm.

(
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First, the YSZ electrolyte of the first cell was deposited by
sputtering, and that of the second cell was produced by ALD to
compare the fuel cell characteristics of the same electrolyte
materials made by different deposition techniques in terms of
reactivity and stability. Lastly, a multilayered YSZ electrolyte,
which is composed of the ALD YSZ layer on top of the
sputtered YSZ layer, was employed to the third cell. The last
cell was fabricated to confirm that the differences in
electrochemical performance between the first cell (the
sputtered YSZ cell) and the second cell (the ALD YSZ cell)
originated from the difference in the reactivity of the cathode

side.
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3.3.2Electrochemical Reactivity of the Fuel Cells

The three fabricated cells were electrochemically characterized

at 450 °C to investigate the effects of the electrolyte deposition

technique on the fuel cell performance. Figure 3.2 depicts the
current density—voltage curves of the three cells. The open
circuit voltage (OCV) values of all cells were measured to be
about 1~1.1 V, which are close to the theoretical values
calculated by the Nernst equation. It means that the YSZ
electrolytes of the three cells were well—produced and dense
enough to avoid the gas leakage and the electrical shortage,
although they are known as inherent problems in the thin film

fuel cells supported by the porous substrates [46].

Voltage [V]
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Figure 3.2 Current density—voltage curves of the fabricated

cells
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Figure 3.3 Electrochemical impedance spectra of (a) the
fabricated cells at 0.5 V and (b) the sputtered YSZ cell at OCV

and 0.5 V, and (c) the plots magnified at high—frequencies

The peak power densities of the sputtered YSZ cell, the ALD
YSZ cell and the multilayered YSZ cell were 66.2, 154.6 and
139.1 mW/cm?, respectively. The electrochemical performance
of the sputtered YSZ cell was much lower than that of the ALD

YSZ cell. It indicates that the electrochemical properties of the
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YSZ electrolyte produced by the ALD process were much
better than that of the sputtered YSZ membrane. Moreover, the
current density—voltage curve of the multilayered YSZ cell
shows similar fuel cell performance to that of the ALD YSZ cell.
Thus, it can be concluded that modifying the cathode side
interface by the ALD process significantly improves the
electrochemical performance in the AAO based thin—film
SOFCs.

The electrochemical impedance spectroscopy analysis was
conducted to assess the reason for the difference in the
performance as shown in Figure 3.2. Figure 3.3 (a) represents
Nyquist plots for three cells measured at 0.5 V. The high—
frequency intercepts and the magnitude of the high—frequency
semicircles were quite similar in all the cells, while the low—
frequency semicircle of the sputtered YSZ cell was markedly
bigger than the others. It means that the low—frequency
responses caused the difference in electrochemical
performance as shown in Figure 3.2. In general, low—frequency
semicircles in Nyquist plots are closely related to the
electrochemical kinetics in electrodes, while high—frequency
semicircles are related to the electrolyte processes [58].
Figure 3.3 (b) shows the electrochemical impedance spectra for
the sputtered YSZ cell measured at OCV and 0.5 V. The high—

frequency semicircle was independent on the variation of the
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voltage, while the magnitude of the low—frequency semicircle
noticeably varied with the DC voltage, which indicates that the
low frequency—responses were caused by electrode
polarizations.

It has been reported that the oxygen reduction reactions (ORR)
are much more sluggish than the hydrogen oxidation reactions
(HOR) [13]. Therefore, the electrode polarization impedance,
that is the magnitude of the high—frequency semicircle in the
Nyquist plots, is dominated by the electrochemical reactivity at
the electrolyte/cathode interface. Consequently, the most major
reason of the lower electrode resistance in the ALD YSZ cell
would be the enhanced cathodic reactivity at the interface
between ALD YSZ and Pt. Furthermore, the electrochemical
impedance spectra of the multilayered YSZ cell in Figure 3.3
also supports that designing the reactive interface at the
cathode side is crucial for the fuel cell performance. The low—
frequency semicircle of the multilayered YSZ cell was quite
similar to that of the ALD YSZ cell. It indicates that the only
100 nm of the ALD YSZ layer added between the sputtered
YSZ electrolyte and the Pt cathode could significantly enhance
the fuel cell performance. Therefore, in thin film SOFCs, the
ALD YSZ layer facilitates the cathodic reactions, consequently
improving the fuel cell performance.

Figure 3.4 shows the topography of the electrolyte surfaces of
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the fabricated cells. The root—mean—square (RMS) values of
the surface roughness for the sputtered YSZ, the ALD YSZ and
the multilayered YSZ were 26 nm, 13 nm and 17 nm,
respectively. In addition, the ratios of the surface area to
projected area were 1.19, 1.02 and 1.07, respectively. It has
been reported that the surface of the YSZ sputtered on Si wafer
was rougher than that of the ALD YDZ films deposited on the Si
substrate [67]. Thus, the results of the AFM analysis are quite

reasonable.
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Figure 3.4 Topography of the electrolyte surfaces of (a) the

sputtered YSZ cell, (b) the ALD YSZ cell and (c) the
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multilayered YSZ cell

It is known that the electrochemical reactivity is improved by
increasing the number of reaction sites per unit area [13]. Thus,
a highly rough electrolyte surface is more favorable for

electrochemical reactions than a smooth surface.

Table 3.1 Surface properties calculated from the AFM

measurements
Sputtered Multilayered
ALD YSZ
YSZ YSZ
Scan area [um?] 4 4 4
RMS [nm] 211 6.98 10.85
Surface area [pm?] 477 4.07 4.24

However, although the electrolyte surface of the sputtered YSZ
cell was rougher than those of the ALD YSZ cell and the
multilayered YSZ cell, later two cells showed much higher
reactivity than the sputtered YSZ cell as shown in Figure 3.2,
and Figure 3.3. Based on these results, it can be concluded that
another contributing factor, besides the surface roughness, was
responsible for the difference in the cathode reactivity among
the fabricated cells. As a result, besides the roughness of the

YSZ electrolytes, there was another factor to contribute to the
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difference in the fuel cell performance.

In general, the concentration of yttria in YSZ determines
oxygen vacancies and charge compensation effects [13]. Thus,
the strength of the yttria doping affects the ionic conductivity.
To examine the yttria concentration in the YSZ films, XPS
analysis was conducted for the sputtered YSZ and the ALD YSZ

on Si wafer. As shown in Table 3.2, the yttria concentration in

the sputtered YSZ film was 8.6 mol %, whereas it was 10.0 mol %

in the ALD YSZ film. While an YSZ film with the yttria doping
ratio of 8 mol % is known to show optimal ion conductivity,
Chao et al have reported that the oxygen incorporation at the
platinum—YSZ interface was enhanced at higher yttria

concentration than 8 mol % [72], [73].

Table 3.2 XRD results of YSZ thin films

composition Sputtered YSZ ALD YSZ
as as
) annealed ) annealed
deposited deposited
Y 3d 5.09 4.92 5.74 6.03
atomic
conc. Zr 3d 27.03 26.45 25.76 25.39
[%]
O 1s 67.88 68.63 68.50 68.58
yttria doping 8.60 851 10.02 10.62
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ratio [mol %]

Thus, one can expect that the ALD YSZ electrolyte may show
better oxygen incorporation because of its higher vacancy
density near the cathode—electrolyte interface. However, the
difference in the yttria concentration of the both films does not
seem to be significant enough to enhance the peak power
density of the ALD YSZ cell more than twice as the peak power
density of the sputtered YSZ cell [72]. Moreover, as shown in
Figure 3.3, the similarity of high—frequency semicircles of the
sputtered YSZ cell and the ALD YSZ cell implies that the
effects of the chemical compositions on the oxygen ion
conductivity through the electrolytes were negligible in this

case.
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Figure 3.5 XRD patterns of the sputtered YSZ and ALD YSZ
before and after annealing

Figure 3.5 shows XRD patterns for the sputtered YSZ and ALD
YSZ thin films. It represents that the microstructure of the ALD
film was amorphous, while the sputtered YSZ film was
polycrystalline. Shim et al has demonstrated superior
electrochemical properties of ALD YSZ films with amorphous
structure and nano—granular morphology [58]. It was reported
that the electrochemical performance of the thin—film fuel cell
employing the ALD YSZ thin film as an electrolyte was higher
than the cell employing the RF—sputtered YSZ membrane. In

addition, it has been reported that the grain boundary is more
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reactive for oxygen exchanges and incorporation than the bulk
grain [58], [71]. Thus, the high grain boundary density and the
amorphous crystallinity of the ALD YSZ thin film may improve
the oxygen reduction reactivity at the interface between YSZ
electrolyte and Pt cathode. Moreover, it can be also supported
by the j—V and the electrochemical impedance characteristics
of the multilayered YSZ cell. As shown in Figure 3.2 and Figure
3.3, they was fairly close to those of the ALD YSZ cell rather
than those of the sputtered YSZ cell. Therefore, the enhanced
cathode reactivity by the addition of the ALD YSZ layer on the
cathode side mostly originated in its microstructural superiority

compared to the sputtered YSZ layer.
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3.3.3Enhanced Long—Term Stability of the ALD—-YSZ

To examine the long—term stability of the cells with the
electrolytes deposited by different thin—film techniques,
galvanostatic measurements were conducted at constant
current density of 100 mA/cm? for the sputtered YSZ cell and
the ALD YSZ cell. Figure 3.6 shows the results of the

galvanostatic measurements of the sputtered YSZ cell and the

ALD YSZ cell. The measurements were performed at 450 °C

for about 45 min. The voltage of the sputtered YSZ cell
drastically dropped to 0 V at 100 mA/cm? in 45 min, while the
voltage of the ALD YSZ cell decreased by only 3.71 % (from

0.727 V to 0.700 V).
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Figure 3.6 Galvanostatic measurements of the sputtered YSZ

cell and the ALD YSZ cell
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Figure 3.7 shows the current density—voltage curves of the
sputtered YSZ cell measured before and after the galvanostatic
test. The maximum power density of the sputtered YSZ cell
was reduced from 66.2 mW/cm? to 17.6 mW/cm? in 45 min,
while that of the other cell hardly decreased from the initial
performance. Figure 3.8 shows the electrochemical impedance
spectra, which were measured before and after the
galvanostatic measurement for the sputtered YSZ cell. The
low—frequency semicircle increased remarkably after the aging
test, whereas the ohmic resistance and the high—frequency
semicircle hardly changed. It indicates that the fuel cell
performance degradation shown in Figure 3.7 was mainly

caused by the increase of the cathodic impedance.
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Figure 3.7 Current density—voltage curves of the sputtered

YSZ cell before and after the galvanostatic measurement.
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Figure 3.8 Electrochemical impedance spectra of the sputtered

YSZ cell before and after the galvanostatic measurement

It is known that the electrochemical reactions take place at the
triple phase boundaries where electrolyte, gas, and electrode
are in contact [13], [14]. Thus, it can be assumed that the
degradation of the cathodic reactivity of the sputtered YSZ cell
originates from any changes in the triple phase boundaries at
the interface of the YSZ electrolyte and the Pt cathode.

First, to investigate compositional and microstructural change in

the electrolyte, the sputtered YSZ film and the ALD YSZ film

were annealed for 10 hours at 450 °C. As shown in Table 3.2,

the changes in the results of the XPS measurements for both
sputtered film and ALD film became negligible after the
annealing. From the XRD results depicted in Figure 3.5, the
patterns became more distinct in both samples after the

annealing process, but there were yet some substantial
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differences in terms of crystallinity. Hence, the minor changes
in the microstructures could be partially responsible for the low
stability of the sputtered YSZ cell, but they do not seem to be
dominant.

Figure 3.9 shows the scanning transmission microscope image
and the energy dispersive spectroscope (EDS) profile of the
cathode and the electrolyte of the sputtered YSZ cell. As shown
in Figure 3.9, the intermixing of YSZ and Pt at their interface
during the fuel cell test was not observed. Therefore, the minor
changes in the YSZ electrolytes may not have been the main
reason to cause the great difference in the degradation
tendencies of the electrode processes in the sputtered YSZ cell
and the ALD YSZ cell.

Other possible mechanisms can include any changes in Pt
morphology or temperature driven agglomeration of Pt layer. Pt
has been known as one of the most commonly utilized electrode
materials due to its catalytic effect and low electrical resistance
[54]. Tt is known that Pt thin film electrode agglomerates to
form larger clusters at fuel cell operation temperature due to
the inherent thermodynamic instability of metal thin films on
oxidic substrates [74]. The agglomeration of Pt electrode
decreases the TPB length at Pt/YSZ interface, subsequently

leading to the degradation of the fuel cell performance [75].
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Figure 3.9 A STEM image and an EDS profile of the cathode

and the electrolyte of the sputtered YSZ cell.

Figure 3.10 and Figure 3.11 respectively show the secondary

electron microscope 1images of Pt morphologies on the
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sputtered YSZ and the ALD YSZ films before and after

annealing for 10 h at 450 °C. Before the annealing, Pt on the

sputtered YSZ film formed larger clusters and showed higher
surface roughness than the one on the ALD YSZ film. However,
the morphology of the sputtered YSZ surface was hardly
changed after the annealing as shown in Figure 3.12.

Figure 3.13 shows the topographies of the Pt cathodes of the
sputtered YSZ cell and the ALD YSZ cell. The roughness RMS
values of the sputtered YSZ cell and the ALD YSZ cell were
27.0 and 12.8 nm, respectively.

The relatively uneven surface of the Pt on the sputtered YSZ
film can be entirely ascribed to the rougher topography of the
sputtered YSZ shown in Figure 3.4, because the Pt sputtering
condition was identical for both samples. In spite of the
different surface topography of the two samples, the variation
of the porosity was not substantial.

On the other hand, the porous Pt cathode on the sputtered YSZ
film agglomerated more severely than the porous Pt cathode on
the ALD film after annealing, as shown in Figure 3.10 (b) and
Figure 3.11 (b). Thus, it can be speculated that the reduction of
the TPB length at the cathode side of the sputtered YSZ cell
was far more severe than that of the ALD YSZ cell. More

drastic reduction of the TPB length resulted in the performance
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degradation of the sputtered YSZ cell as shown in Figure 3.7.

When thin films are annealed, atoms will diffuse to reduce the
local excess chemical potentials by increasing the radius of
curvature at the points, and then, dewetting will proceed at

substrate—ambient interfaces, as described by Jiran and

Thompson [76]-[78]. The rougher surface of the sputtered

YSZ, which indicates smaller radius of curvature, might cause
more drastic aggregation of Pt on the surface. Forming larger
clusters of Pt on the YSZ reduces the length of the triple phase
boundaries, consequentially, reducing the cathode reactivity.

Hence, highly smooth and uniform thin film YSZ fabricated by
ALD process 1s more desirable for the stability of Pt cathode
than YSZ film deposited by sputtering process. Consequently,
applying ALD process on the fabrication of the electrolyte for
the thin film SOFCs can substantially improve the durability as

well as the performance.

67
&

| &1



Figure 3.10 Morphologies of porous Pt cathode deposited on the
sputtered YSZ thin film (a) before and (b) after annealing for

10 hours at 450 ° C
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Figue 3.11 Morphologies of porous Pt cathode deposited on the
ALD YSZ thin film (a) before and (b) after annealing for 10

hours at 450 ° C
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Figure 3.12 Morphologies of the sputtered YSZ thin film (a)

before and (b) after annealing for 10 hours at 450 ° C
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Figure 3.13 Topographies of the Pt cathodes on (a) the

sputtered YSZ and (b) the ALD YSZ films
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3.4 Conclusion

In this study, it was demonstrated that the electrochemical
reactivity and the thermal stability of the thin—film SOFCs can
be significantly improved by deposition of the electrolyte films
via the ALD process on nano—porous substrates. The
amorphous and nano—granular structures of the ALD films
enhanced the cathodic reactivity and the electrochemical
performance of fabricated cells. Retarded agglomeration of the
Pt layer due to the smooth and uniform surface of ALD films
enhanced the thermal stability at elevated temperatures. The
observed higher reactivity and stability of the ALD cells
substantiate that ALD process can play a crucial role in
developing the thin film SOFCs using nano—porous substrates
by improving the cell performance and the thermos—mechanical

stability as well as clogging pinholes in the electrolyte.
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CHAPTER 4 SCALE UP OF THIN—-FILM SOLID OXIDE
FUEL CELLS ON NANO—-POROUS SUBSTRATES

4.1 Introduction

Although the thin—film SOFCs employing the free standing

architecture showed high area normalized power density at low

temperatures (<500 °C), the most free—standing fuel cells have

been demonstrated in dimension of only tens or hundreds of
micrometers. To utilize as power sources of electric devices, it
1S necessary to scale the total power output of the thin—film
fuel cells up.

Recently, Tsuchiya et al succeeded to extend the free—
standing thin—film SOFCs in millimeter—scale in lateral
dimensions by adding platinum grid [50]. Before their research,
the lateral size of the free—standing thin—{film SOFCs had been

limited to a few hundred micrometers [38], [39], [41], [62],

[64], [79]-[81]. Therefore, the total power output had not

been sufficient for practical applications despite their extremely

high power densities. The active area of the cell from

Tsuchiya's research team was 13.5 mm?® and the peak power

density at 510 °C was reported as 155 mW/cm?; eventually the
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total power of the unit cell was about 21 mW. However, even
though the metallic grid had successfully functioned as
mechanical supports, a few cases of buckling were reportedly
observed in the free—standing membranes with the thickness of
only tens of nanometer. On the other hand, in the porous
substrate supported thin—film SOFCs, the thickness of the
substrates is tens or hundreds micrometers, which provides
more mechanical stability. Owing to the enhanced mechanical
stability, the porous substrate structures are more easily
enlarged, leading to an increased level of total power.

In this study, thin—film SOFCs based on nano—porous substrate
were successfully fabricated, and their active areas were as
large as 25 mm®. For the electrolyte, we employed a submicron
thick multilayered one to achieve a pinhole—free membrane.
Also, we electrochemically characterized the fuel cells with
different cathode morphologies, in order to figure out the
effects of the cathode structure on ohmic and faradaic
resistances of the fuel cells. Finally, we managed to develop an
additional current—collecting structure on top of the cathode,
which turned out to enhance the overall electrochemical

performance of the fuel cells.
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4.2 Experimental

4.2.1 Sample Preparation

A commercial AAO (Synkera Technology Inc.) template of 1

cm X 1 cm area and of 100 pm thickness with 80 nm pores

was used as substrate to support the thin—film SOFCs. A dense
Pt anode composed of about 300 nm of thickness was deposited
on the entire surface of the AAQO substrate by direct current
(DC) sputtering at 200 W at room temperature and 5 mTorr of
Ar pressure. Subsequently, the multilayered electrolyte,
composed of two ALD YSZ layers and a sputtered GDC layer,
was deposited on the anode layer. The YSZ thin films were
achieved by the co—deposition of zirconia and yttria by using a
commercial ALD system (Plus—100, Quros Co.). Both oxide
materials were deposited by repeating the sequence of pulsing
precursor, purging ligands and unreacted precursor, pulsing
oxidant, and purging byproducts. Tetrakis (dimethylamido)
zirconium, Zr(NMes),, and tris (methylcyclopentadienyl)
yttrium, Y(MeCp)3 were used as precursors of zirconium and
yttrium, respectively. Ar gas (99.99 % purity) and O, gas were
respectively used as purging gas and oxidant gas. For more

detailed description of the ALD YSZ by this system, please
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refer to the related publications of our research team [48].

Table 4.1 Sputtering conditions of the electrodes and the

current collector

Background Sputtering pressure  Thickness

gas power [W] [mTorr] [nm]
Anode All cells Ar 200 5 300
Cell 1 Ar 100 90 200

Cathode
Cell 2, 3 Ar 100 30 200

Current
Cell 3 Ar 200 5 300

collector

The GDC film was RF sputtered on the first ALD YSZ layer to
be used as the primary electrolyte, owing to its high ionic
conductivity at low temperatures. The sputtering conditions of
the GDC layer were 50 W, at room temperature and mixed
Ar/O, gas pressure of 5 mTorr. And then, the second ALD YSZ
thin film was deposited on the GDC layer. The surface area of
the electrolyte was adjusted to 8 mm X 8 mm through a mask.
Furthermore, the Pt cathode layers were deposited by DC
sputtering at different Ar pressures. The cathode of the first
cell (cell 1) was DC sputtered at 90 mTorr of Ar pressure in
order to make the electrode sufficiently porous, as
demonstrated in many previous thin—film SOFCs researches.

The cathode of the second cell (cell 2) was deposited at 30
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mTorr of Ar pressure for denser morphology. The cathode
layers of the both cells were sputtered at 100 W of sputtering
power, at room temperature. Also, they were patterned through
a shadow mask to have 5 mm X 5 mm of active areas. They
were consistent in thickness of about 200 nm. Additionally, the
third cell (cell 3) was fabricated by adding dense Pt current—
collecting path on the cathode surface of the cell 2. The
current—collecting path was DC sputtered through a physical
mask with a single cross pattern, whose line width and
thickness were 0.5 mm and 300 nm, respectively. The
sputtering power and Ar pressure were set to 200 W and 5
mTorr. Figure 4.1 (a) schematically shows the structure of cell

1 and 2, while Figure 4.1 (b) represents the scheme of cell 3.

Current collector
athode \
-
.é;l/ectrolyteh;/
/ Anode—7"
AAQ AAO
(b)

(@

Figure 4.1 Schematics of (a) cell 1 and 2, and (b) cell 3
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4.2.2Fuel Cell Test

The anode and the custom made metal ring were physically and
electrically connected by using silver paste while the micro
probe was used to collect the cathodic current. Ceramic
adhesive (Aremco Products Inc.) was used to secure the gas
tightness. The anode side was fed by dry hydrogen of 100
sccm  as fuel while the cathode side was exposed to
atmospheric environment for air—breathing. Polarization and
alternating impedance (AC) characteristics were measured by a
commercial electrochemical testing system (Solatron Analytical,
1260/1287). The 30mV AC amplitude and 0.5 V DC potential
were  applied during the electrochemical impedance

spectroscopy (EIS) measurements. The fabricated cells were

heated to 500 °C by halogen heaters in custom made furnace.
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4.3 Results and Discussion

4.3.1 Morphologies of Fabricated Cells

Figure 4.2 shows the cross sectional image of cell 1. The
multilayered electrolyte was formed in the thickness of about
750 nm. The cross sectional structure of cell 2 was almost
identical to that of cell 1. However, as represented in Figure 4.3
(a) and (b), the cathode surface morphologies of the two cells
were quite different. The cathode layer sputtered at higher Ar
pressure was more porous than the one deposited at lower

pressure. These results correspond with the previously

reported researches on sputtered Pt thin films [82].

. S

Figure 4.2 Cross—sectional imager of the fabricated cells
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Figure 4.3 Morphologies of the Pt cathodes of (a) celll and (b)

cell 2
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4.3.2Effects of Cathode Porosity on Performance of

Thin—Film Fuel Cells with Larger Active Areas

Figure 4.4 demonstrates the results of the electrochemical

characterizations for cell 1 and 2 which were operated at

500 °C. As shown in Figure 4.4, the open circuit voltage (OCV)

values of both cells were measured to be approximately 1~1.1
V. This indicates that the multilayered electrolyte (ALD YSZ—
sputtered GDC—ALD YSZ) was dense enough to prevent the
propagation caused by the porous substrate. Therefore, it can
be concluded that the porous substrate supported thin—film
SOFCs are highly reliable, when properly equipped with the
ALD process. As shown in Figure 4.4, the peak power density
of cell 1 and 2 were about 49.1 and 71.4 mW/cm? respectively.
The electrochemical impedance spectra of cell 1 and 2 in Figure
4.5 show more detailed information regarding the drop of the
cell voltage. The solid lines were obtained by fitting with the

equivalent circuit model. The faradaic resistance values of cell
1 and 2 were respectively evaluated as 1.14 and 1.29 Q-cm?
while the ohmic resistance values of cell 1 and 2 were

evaluated as 2.42 and 1.5 Q-cm? Although the faradaic

resistance of cell 1 was slightly lower than that of cell 2, the

difference was not substantial in spite of the less porous
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cathode of cell 2. On the other hand, the ohmic resistance value

of cell 1 was evaluated 1 Q-cm? higher than the value of cell 2.

Therefore, the ohmic resistance is regarded to be more
responsible for different electrochemical polarizations of cell 1
and 2.

Ohmic overpotentials of the fuel cells are known to be governed
by ionic conduction in electrolytes, which is far more sluggish
than the electronic conduction in electrodes [13]. However, the
ohmic resistances of cell 1 and 2 were considerably different
even though both cells were equipped with identical
electrolytes, with same structures and materials.

In general, resistance 1is proportional to the length of the
conductor but inversely proportional to the conductivity and the
cross sectional area of the conductor. The ionic conductivity of
GDC 1is known as orders of magnitude lower than the electric
conductivity of Pt [15]. Therefore, when the lateral dimension
of the thin—film fuel cell was small as hundreds of microns or
less, the electronic resistance in Pt electrodes could be
neglected in the estimation of the ohmic loss. However, while
the thickness of membranes remained in hundreds of
nanometer—scale, the dimension was largely extended to
millimeter—scale in this study. As a result, the ion conducting

resistance through the electrolyte membrane became smaller
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than the sheet resistance against the lateral electronic
conduction. In other words, the larger the electrolyte membrane
becomes, the smaller the resistance to the larger flux of ions
becomes. It was observed in the polarization and the EIS
measurements, that the ohmic loss was governed by the sheet
resistance. That is, the electronic resistance is no longer

negligible in the case of scaled up thin—film SOFCs.
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Figure 4.4 Current density —voltage curves of cell 1 and 2
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Figure 4.5 Electrochemical impedance spectra of cell 1 and 2
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To investigate the effect of the sheet resistance on the thin—
film SOFCs that have larger active areas, the Pt thin films of
200 nm thickness were prepared by DC sputtering on the
silicon oxide wafer, with variance of the Ar pressure from 5
mTorr to 90 mTorr. The sheet resistance values measured by
four—point probe measurements from the prepared Pt films are
shown in Figure 4.6. As the sputtering pressure increased, the
sheet resistance of the sputtered Pt film increased. The
morphology of the metallic electrode being denser, it seems to
have a better electrical connection, as also shown in Figure 4.3
These results show that the in—plane conduction of electron in
the electrode can become more dominant than the through-—
plane conduction of ion in the electrolyte membrane, as the
scaling up of the cell area causes the sheet resistance effect of
the thin electrode layer. Moreover, the increased sheet
resistance effect can make the ohmic loss more rate—
controlling than the concentration loss in the electrochemical
polarization of the fuel cells. Consequently, it is more favorable
to apply less porous cathode layers in dealing with thin—film

SOFCs with larger active areas.
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4.3.3Improvement of Current Collection

The previous results show that the in—plane conduction of
electron in the electrode can become more dominant than the
through—plane conduction of ion in the electrolyte membrane,
as the scaling up of the cell area causes the sheet resistance
effect of the thin electrode layer. Moreover, the increased
sheet resistance effect can make the ohmic loss more rate—
controlling than the concentration loss in the electrochemical
polarization of the fuel cells. Consequently, it is more favorable
to apply less porous cathode layers in dealing with thin—film
SOFCs with larger active areas.

Although the ohmic resistance value of cell 2 was fairly smaller
than that of cell 1, it still contributed to a major part of the
voltage drop. The ohmic loss caused by the oxygen ion

conduction through the 750 nm electrolyte is expected to be

less than 0.1 Q-cm? referring to the earlier measurements

regarding the conductivities of YSZ and GDC at 500 C [15],
[38], [39]. Therefore, the additional structure, which improves
the electronic conduction to the cathode layer, can further
enhance the overall electrochemical performance.

Because the cross patterned Pt structure of cell 3 were

sputtered at 5 mTorr, it provided a highly conductive path for
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the electrons owing to its lower sheet resistance as shown in
Figure 4.6. The polarization curve of cell 3 depicted in Figure
4.7 indicates the peak power density was enhanced to
approximately 100 mW/cm?. As a result, the total power output

from a 25 mm? single fuel cell was about 25 mW.
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Figure 4.7 Current density —voltage curves of cell 2 and 3
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Figure 4.8 Electrochemical impedance spectra of cell 2 and 3

87
S B8 i)



As shown in the Nyquist plot of cell 3 in Figure 4.8, its ohmic

resistance was about 0.72 Q-cm?, which is even less than half

the ohmic resistance of the cell 2. Furthermore, the faradaic

resistance was about 1.31 Q-cm?, meaning that there was no

significant increase of the activation and concentration
overpotential caused by the dense Pt pattern on the cathode
layer. This result implies that the optimization with the use of
the current—collecting structure can minimize the sheet
resistance, and consequently improve the electrochemical

performance of the enlarged thin—film SOFCs.
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4.4 Conclusion

In this study, it was verified that the thin—film fuel cell
supported by the AAO can be successfully scaled up to 25 mm?
of active area. The OCV values were close to the theoretically
expected value, which indicates that the cells were
mechanically stabled in spite of the extremely high aspect ratio
of the cross sectional geometry. The effect of the cathode
morphology on the ohmic and the faradaic resistance and how
the sheet resistance works in the enlarged thin film fuel cells
were discussed.

Moreover, it was shown that the additional current—collecting
path was able to enhance the lateral electron conduction
effectively. It is suggested that the total power output of the
thin—film SOFCs at lower temperatures can be increased
enough to be applied in practical use.

To further enhance the cell performance, it is required not only
to optimize the electrode structures and the current—collector,
but also improve the electrochemical kinetics, considering that
the ohmic and the faradaic resistances are closely interrelated.
Therefore, it is desirable that future researches on the scaling
up of the thin—film fuel cells be conducted along with

understanding of the nanoscale electrochemical properties.
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CHAPTER 5 CONCLUDING REMARKS

5.1 Summary

The effects of the anode microstructure on the fuel cell
performance were mainly investigated in this study. In the AAO
based thin—film fuel cells, the sputtering atmosphere and the
sputtering time had a significant effect on the morphology of the
electrode including the distribution of the TPBs and the pores.
The OCVs were close to the theoretical value calculated by
Nernst equation even in the cells with the more porous anodes.
The thicker anode deposited at lower sputtering pressure
indicated a higher concentration overpotential. In terms of
activation overpotential, the more porous anode structures
were more favorable, due to the higher TPB densities than the
denser anodes.

The nano—thin YSZ membranes by ALD and sputtering were
also examined to figure out the effects of the electrolyte
deposition techniques on the performance of the thin—film
SOFCs supported by the AAQ substrate. The nano—granular
morphology and the amorphous crystalline phase of the ALD
YSZ improved the electrochemical reactivity of the fuel cell, as
found in previous researches on thin—film SOFCs with other

structures. Furthermore, the results of the galvanostatic
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measurements indicated that the long—term stability of the cells
on the AAQO could also be enhanced by applying the ALD YSZ
thin—film to moderate the degradation of the porous cathode.

Lastly, the scaling up of the thin—film fuel cells based on the
AAO template was demonstrated in this study. The active area
of a single cell was enlarged to 25 mm?, which is the largest in
micro SOFCs with nano—thin MEAs so far. Moreover, it was
revealed that when the active area is enlarged, the sheet
resistance of the porous thin—film electrode can be a major
factor of the ohmic resistance of the fuel cell rather than the

electrolyte resistance.
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5.2 Future Works

This study underlines the possibility of the thin—film structure
based on the AAO substrate for scaling up of the intermediate
temperature SOFCs. For commercial usage of the thin—film
SOFCs, however, a further improvement in the fuel cell
performance is still required. It was shown that the porous
anode structures could improve the fuel cell performance by
reducing the activation and the concentration overpotentials.
Therefore, optimization of the anode microstructures can
further enhance the fuel cell performance. In addition, the
effects of properties of the templates such as porosity and pore
size on the anode microstructure should be investigated. As the
lateral dimension is enlarged by order of 4 times larger than the
thickness of the electrodes, the lateral conduction of electrons
in the electrodes became one of the major factors of the fuel
cell performance. The sheet resistance problems in the porous,
nano—thin electrodes can be mitigated by improving the current
collection of the thin—film fuel cells. It has been reported that a
micro metal grid fabricated by MEMS techniques successfully
worked as a current collector in thin—film SOFCs. Consequently,
optimizing the electronic conduction in the electrodes by
applying such new techniques will lead to an increase of the

total power output of the fuel cell, finally accelerating the
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commercialization of the thin—film SOFC systems.
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