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Abstract

The Pt thin-film cathode thermo-mechanically reinforced by using atomic layer-deposited (ALD) alumina overcoat for
low-temperature solid oxide fuel cells was investigated on electrochemical and electrical performances and its area specific
resistance (ASR) with respect to cell dimension was evaluated. The nanoporous Pt thin-film cathode was fabricated by direct
current magnetron sputtering with a deposition pressure of 50 mTorr. And alumina overcoat was deposited with thermal ALD
30 cycles onto the nanoporous Pt thin-film cathode. Compared to bare Pt thin-film cathode, ALD alumina-overcoated Pt thin-
film cathode provided ~ 3-times lower activation ASR and ~2-times lower effective electrical conductivity after 4-h operation
at 550 °C. Despite increases in the thermo-mechanical stability of Pt thin-film cathode by ALD alumina overcoating, it was
evaluated that the total ASR of ALD alumina-overcoated Pt thin-film cathode was lower than that of the bare Pt thin-film
cathode only if cell dimension is below 0.95 cm? because of its lower current collecting performance in the in-plane direction.

Keywords Current collection performance - Alumina overcoat - Pt thin-film cathode - Low-temperature solid oxide fuel

cell

1 Introduction

Solid oxide fuel cells (SOFCs) are energy conversion devices
to electrochemically produce electrical and heat energy
from various chemical fuels such as hydrogen, natural gas,
and biogas. Among them, the thin-film-based SOFC (TF-
SOFC) capable of generating high power density even below
600 °C is being recognized as a next-generation SOFC type
in comparison with conventional SOFCs suffering from a
few material and system issues due to extremely high tem-
perature operation above 800 °C [1]. This TF-SOFC can
overcome sluggish oxygen reduction reaction (ORR) when
metals such as Pt, Pd, or Ag with a nanoporous microstruc-
ture are used as electrode-catalyst material on the cathode
side; however, the high surface energy of nanoporous metal
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electrodes causes the microstructural deformation under
elevated temperature environments, degrading the catalytic
reaction performance of TF-SOFCs [2]. Various solutions
to alleviate this electrode stability issue were proposed by
many researchers: putting oxide inside the metal electrode
and covering oxide overcoat onto the metal electrode are two
representative ways.

Atomic layer deposition (ALD) method capable of exhib-
iting precise thickness controllability at atomic scale and
excellent conformality for nano structures has been actively
utilized to cover the nanoporous metal electrode with oxide
overcoat [3, 4]. Figure 1 shows a concept of ALD oxide over-
coating strategy to enhance the thermo-mechanical stability
of nanoporous metal cathode. Representatively, Chang et al.
covered nanoporous Pt thin-film cathode with an yttria-sta-
bilized zirconia (YSZ) overcoat by ALD and their TF-SOFC
presented ~2.5-times smaller cathode activation resistance
through improvement of thermo-mechanical stability and
reaction activity [5]. Liu et al. covered nanoporous Pt thin-
film cathode with a zirconia overcoat by ALD and their
TF-SOFC generated ~ 10-times higher power density than
TF-SOFC with bare nanoporous Pt thin-film cathode [6].
Li et al. showed potential as metal cathode of nanoporous
Ag thin film with the help of an ALD YSZ overcoat [7]. Seo
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Fig.1 Schematic diagram describing a strategy to preserve triple
phase boundary (TPB) of nanoporous metal cathode by using atomic
layer deposition (ALD) oxide overcoat
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Fig.2 Schematic diagram describing a methodology to conduct cur-
rent collection in the in-plane direction

et al. covered nanoporous Pt thin-film cathode with an ALD
alumina overcoat and their TF-SOFC presented ~ 2-times
smaller cathode activation resistance through improvement
of thermo-mechanical stability [8]. Apart from such fuel
cell demonstration studies, the mechanism of cathodic per-
formance enhancement by ALD oxide overcoating was elu-
cidated through structural, chemical, and electrochemical
characterizations [9, 10].

Even though the effects of an ALD oxide overcoat for
nanoporous metal thin-film cathode were discussed thor-
oughly up to date from other studies, their topic was mainly
focused on reaction kinetics than charge transport (i.e.,
current collection performance associated with electrode
is one of the important factors determining ohmic resist-
ance of SOFCs). Contrary to conventional SOFC capable of
conducting current collection in the through-plane direction
by physical pressing of gas movable, an electronically con-
ductive structure, the TF-SOFC that is highly vulnerable to
external forces so that performing current collection in the
in-plane direction by contacting an electron conductor to
the side of the electrode is favorable as shown in Fig. 2 [11,
12]. This type of current collection methodology can result
in a remarkable increase of ohmic resistance with respect to
cell dimension; in other words, the area specific resistance
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augments as cell dimension increases. Therefore, the contri-
bution of current collection performance in large-area TF-
SOFCs to generate high output power needs to be examined
with carefully.

In this study, the relationship between the reaction kinet-
ics characteristics and the current collecting performance
for ALD alumina-overcoated Pt thin-film cathode with a
nanoporous microstructure was examined in terms of cell
dimension by experimental data-based estimation. First,
deposition pressure was selected for fabricating nanoporous
Pt thin film. Next, the nanoporous Pt thin film deposited
at selected process parameters was overcoated with ALD
alumina, which was electrochemically and electrically evalu-
ated. Lastly, activation and ohmic area specific resistances
(ASRs) of the ALD alumina-overcoated Pt thin-film cathode
were estimated assuming the use of nanogranular electro-
lyte and particularly their area dependency was investigated.
When cell dimension was above 0.95 cm?, it was evaluated
that total ASR of the ALD alumina-overcoated Pt thin-film
cathode became larger than that of bare Pt thin-film cathode
because of higher ohmic ASR.

2 Method
2.1 Thin-Film Electrode Fabrication

Pt thin films with a nanoporous microstructure were fabri-
cated through direct current magnetron sputtering method
(A-Tech System, Korea). A 99.9% purity Pt disk was used
as the sputtering target and 99.99% purity Ar was used as
the sputtering gas. Target-to-substrate distance was set to
100 mm. Sputtering power was adjusted to 100 W. A dou-
ble side-polished 8 mol% YSZ single crystal (100) substrate
was used as electrolyte for evaluating electrochemical and
electrical properties of Pt thin films.

Alumina overcoat was fabricated through ALD method
(Atomic Classic, CN1, South Korea). Trimethylaluminium,
Al(CHj;);, and deionized water, H,O, were used as sources
for aluminum and oxygen, respectively. 99.99% purity N,
was used for both carrier gas and purging gas. The substrate
inserted in the ALD chamber was heated to 233 °C. Alu-
mina was deposited by repeating the sequence of Al pre-
cursor exposure (0.5 s), Ar gas purge (15 s), H,O reactant
exposure (1 s), and Ar gas purge (15 s). The growth rate of
ALD alumina was measured to be 0.12 nm. To fabricate
gas-permeable ALD alumina overcoat, ALD cycle numbers
were controlled to 30.

2.2 Thin-Film Electrode Characterization

The surface microstructure of thin films was investigated
through field emission scanning electron microscopy
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(FE-SEM, S-4800, Hitachi, Japan). The spreading resist-
ance of thin films was measured by using a voltage measur-
ing instrument (NI 9206, National Instruments, USA) under
ambient air atmosphere at 550°C.

The cathode activation resistance for the bulk YSZ elec-
trolyte-based two symmetrical cells with a configuration of
Pt/YSZ/Pt and alumina-overcoated Pt/YSZ/alumina-over-
coated Pt was analyzed by alternating current impedance
spectroscopy (VSP-300, Bio-Logic, France). The symmetri-
cal cell configuration is more simple in measuring the acti-
vation resistance of one type of electrode than the asymmet-
rical cell configuration; on the other hand, the interpretation
of the voltage-biased data measured with a symmetrical cell
configuration is rather complicated. The impedance data of
cells operated under open circuit voltage (OCV) was meas-
ured with a frequency range of 10 kHz—2 MHz and an alter-
nating current amplitude of 20 mV. Operating environment
was controlled with oxygen mole fraction of 0.21 at 550 °C.

3 Results and Discussion

3.1 Deposition Pressure Control to Fabricate
Nanoporous Pt Thin Film

Basically, fuel cell electrodes with a highly porous micro-
structure tend to deliver high electrochemical performance
by accelerating reaction kinetics and activating mass trans-
port. We controlled the deposition pressure to fabricate Pt
thin films with a nanoporous microstructure. It has been
reported that for fuel cell applications, the porosity of Pt thin
films deposited by sputtering can be controlled by changing
the deposition pressure [13]. Earlier studies showed that Pt
thin films deposited below 10 mTorr have high volumetric
density [13—15] and therefore Pt thin films with a deposi-
tion range of 10 mTorr to 90 mTorr were microstructurally
characterized. Figure 3 shows the FE-SEM top view (2a,
2c, and 2e) and cross-sectional view (2b, 2d, and 2f) images
for Pt thin films deposited on Si substrates at 10 mTorr, 50
mTorr, and 90 mTorr. Pt thin film deposited at 10 mTorr
consists of highly crystalline Pt columns and has no evident
voids at nanoscale, while Pt thin film deposited at 50 mTorr
consists of less crystalline Pt columns and has relatively
clear voids between Pt columns. Four-point probe measure-
ments showed that Pt thin film deposited at 50 mTorr pro-
vides effective electrical resistivity of ~ 1,200 Q-nm which
is ~ 10-times higher value than that of Pt thin film depos-
ited at 10 mTorr, meaning its relatively poor connectivity
between Pt columns (and/or Pt clusters). Although there was
a distinguishable difference in size of Pt columns between Pt
thin films deposited at 50 mTorr and 90 mTorr, their effec-
tive electrical resistivity values were almost similar. From
the fact that weaker adhesive strength between deposit and

Fig. 3 Field scanning electron microscopy (FE-SEM) top view (a, c,
and e) and cross-sectional view (b, d, and f) images for Pt thin films
deposited at 10 mTorr, 50 mTorr, and 90 mTorr (scale bar: 200 nm)

substrate could incur a higher degree of thermal agglomera-
tion at elevated temperatures, finally the deposition pressure
of 50 mTorr was selected for fabricating Pt thin-film cathode
with a nanoporous microstructure [16, 17].

3.2 Measurements of Activation ASR and Effective
Electrical Conductivity

120-nm-thick bare, nanoporous Pt thin film was covered
with ALD alumina overcoat and analyzed its electrochemi-
cal and electrical properties under the fuel cell operating
environment. Figures 4 and 5 show the cathode activation
ASR and the effective electrical conductivity, whose rates
of change became below 3%/hr in 4 h. The bare Pt thin-film
cathode provided ~ 1.8-times higher initial value of cathode
activation ASR than the ALD alumina-overcoated Pt thin-
film cathode. It is considered that this behavior is attributed
to enhancement of thermo-mechanical stability in consid-
eration of inertness of alumina in terms of catalytic activ-
ity [18]. This expectation is underpinned by microscopic
imaging results (Fig. 6) which shows a clear difference in
surface microstructure between bare Pt thin-film cathode
and ALD alumina-overcoated Pt thin-film cathode after 4 h
of operation.

The predominant size difference of Pt grains (or Pt col-
umns) for two kinds of electrodes implies that alumina
overcoat plays a role in maintaining the length of TPB,
which is based on the previous study result that for ALD
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Fig.4 Cathode activation area specific resistance (ASR) for bare Pt
thin film and ALD alumina-overcoated Pt thin film, measured for 4 h
at 550 °C
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Fig. 5 Effective electrical conductivity for bare Pt thin film and ALD
alumina-overcoated Pt thin film, measured for 4 h at 550 °C

alumina-overcoated Pt thin-film cathode the bottom-view
microstructure of sintered film in contact with a substrate is
also highly porous if the top-view microstructure of sintered
film is highly porous [8]. After the operation for 4 h, the bare
Pt thin-film cathode provided ~ 3-times higher initial value of
cathode activation ASR than the ALD alumina-overcoated
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Fig.6 FE-SEM top view (a and b) and cross-sectional (¢ and d)
images for bare Pt thin film and ALD alumina-overcoated Pt thin
film, heated for 4 h at 550 °C (scale bar: 200 nm)

Pt thin-film cathode. For metal thin films, the path of elec-
trons is reduced due to severe aggregation of individual
metal particles if the temperature is too high, whereas below
a certain temperature, the growth of individual metal par-
ticles mainly occurs and electron transport resistance tends
to decrease [12, 19]. This result suggests that ALD alumina
overcoat plays a role as the effective inhibitor preventing
nanoporous Pt thin film with high surface energy from
agglomerating. The effective electrical conductivity of Fig. 5
was obtained in consideration of spreading resistance and
geometrical information. The bare Pt thin-film cathode pro-
vided ~ 1.5-times higher initial value of effective electrical
conductivity than the ALD alumina-overcoated Pt thin-film
cathode. This lower effective electrical conductivity of ALD
alumina-overcoated Pt thin-film cathode with higher thermo-
mechanical stability is probably because of its lower degree
of physical connectivity between individual Pt columns.

After the operation for 4 h, the bare Pt thin-film cathode
provided ~ 2-times higher effective electrical conductivity
than the ALD alumina-overcoated Pt thin-film cathode.
This result implies that applying ALD alumina overcoat to
nanoporous Pt thin-film cathode might not be a spanacea
for generating high-performance of TF-SOFCs operated at
low temperatures.

3.3 ASR Estimation for ALD Electrolyte-Embedded
TF-SOFC

The analysis of electrochemical and electrical characteristics
for electrode-catalysts investigated in this study were con-
ducted using bulk YSZ electrolyte with considerably large
grains (or low grain boundary density). However, electro-
lytes fabricated by vapor deposition techniques (e.g., sput-
tering, chemical vapor deposition, and ALD) frequently used
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in fabrication of actual TF-SOFCs have very small grains (or
high grain boundary density) [1]. For instance, it is generally
known that ALD-prepared electrolytes have grains with a
size of a few tens of nanometers and therefore fast reaction
kinetics at the electrode—electrolyte interface is achievable
due to their very high grain boundary density [20, 21]. While
the reaction characteristics on the surface of the electrolyte
produced by typical high-temperature sintering process can
be greatly changed mainly through changes in composition
and microstructure, in the electrolyte produced at relatively
low temperatures through the ALD process, grain bound-
ary density can have an impact on reaction characteristics
in addition to above-mentioned factors. From Fig. 7 show-
ing schematically such a difference in grain size of YSZ
electrolyte, it is recognizable that ALD YSZ electrolyte
nanoporous Pt thin-film cathode could present much more
electrolyte grain boundary-cathode meeting points than bulk
YSZ electrolyte. By assuming the use of ALD YSZ thin-
film electrolyte, activation ASRs for Pt thin-film cathode
and ALD alumina-overcoated Pt thin-film cathode were esti-
mated based on the measurement data obtained from the
previous section. The following two experimental, empirical
grounds for estimating activation ASR are considered. The
first consideration of estimation is that very thin ALD YSZ
electrolyte is capable of providing ~ 10-times smaller cath-
ode reaction kinetics compared to bulk YSZ [21, 22]. The
second consideration of estimation is that for Pt/YSZ/Pt cell
configuration, cathode activation resistance measured in the
current density region providing the maximal power den-
sity is ~5-times smaller than cathode activation resistance
measured under OCV [23-25]. The authors believe that this
assumption is sufficiently valid from the experimental results

(a)
w Bulk YSZ electrolyte

(b)
lll ll lll YSZ grain boundary
00600808080060595

:‘/ ALD YSZ electrolyte

Nanoporous Pt
thin-film cathode

4— ALD alumina overcoat

Fig.7 Schematic of ALD alumina-overcoated Pt thin-film cathode
deposited on a bulk yttria-stabilized zirconia (YSZ) electrolyte with
low grain boundary density and b ALD YSZ electrolyte with much
higher grain boundary density

of other researchers that the polarization curve analysis of
TF-SOFC with the same configuration of electrolyte and
electrode shows that the resistance at the voltage regime pro-
viding maximum power density (~0.73 Q cm?) is ~5-times
smaller than the resistance at OCV (~3.72 Q-cm?) [23].
From these two considerations, it is expectable that ALD
YSZ electrolyte will provide ~ 50-times smaller cathode
activation ASR in the current density region providing the
maximal power density compared to bulk YSZ electrolyte.
As aresult, it is expected that the cathode activation ASRs
for bare Pt thin-film cathode and ALD alumina-overcoated
Pt thin-film cathode through 4-h operation at 550 °C will
reach~2.37 Q cm? and ~0.96 Q cm?, respectively. Because
activation ASR studied in this study is continuous regardless
of cell dimension, its variation with respect to cell dimension
can be plotted as shown in Fig. 8a [19]. Meanwhile, there
was little difference in the change rate of sheet resistance
of 120-nm-thick nanoporous Pt thin films, deposited on a
bulk YSZ substrate and a ~ 100-nm-thick ALD YSZ-coated
YSZ substrate, heated 4 h at 550 °C. Thus, it can be con-
sidered that the kind of the YSZ electrolyte (the grain size
of YSZ electrolyte) has little impact on the time variation
of effective electrical conductivity through 4-h operation at
550 °C. Contrary to activation ASR, ohmic ASR investi-
gated in this study increases by an increase in cell dimension
because of the dominative in-plan conduction of electrons.
Therefore, its variation with respect to cell dimension can
be plotted as shown in Fig. 8b. Total ASR values by adding
activation ASR values to ohmic ASR values can be plot-
ted as shown in Fig. 8c and there appeared an intersection
point of cell dimension of 0.95 cm? This result shows that
ALD alumina-overcoated Pt thin-film cathode provides a
relatively higher cathode ASR than bare Pt thin-film cath-
ode when cell dimension is above 0.95 cm?. Eventually, it
is considered that ALD alumina-overcoated Pt thin-film
cathode could generate insufficient power density due to its
high change transport resistance even though ALD alumina
overcoat acts as a supporter to maintain robustness of nano-
porous Pt thin-film cathode.

4 Concluding Remarks

The noble metal thin-film cathode, thermo-mechanically
stabilized by overcoating of ALD oxide, used as cathode
for low-temperature SOFCs, was rationally designed in con-
sideration of activation and ohmic ASRs and eventually one
finding was obtained from this study. The finding is that
ALD oxide overcoat used as the inhibitor preventing nano-
porous noble metal thin-film cathode from deforming cannot
be a panacea for fabricating high-performance low-tempera-
ture SOFC cathode; this is because ALD oxide overcoating
incurs relatively low current collecting performance in spite
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of its thermo-mechanically stabilizing effects. Furthermore,
because cell dimension needs to enlarge as soon as possi-
ble for providing high output power, stacking an additional
current collecting thin film could be an attractive solution
to fabricate low-temperature SOFC cathode providing suf-
ficiently high current collecting performance.
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