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Proposed novel cell structure for low-temperature SOFC

I B
<Proposed novel cell structure> Thin cathode layer (Lag¢Sry4)(C0og,F€5)0455
- good oxygen ion conductor
O, H,0 _ . y
2 2 good electric conductivity
- thin film, 200nm thick

Thin proton conductor Sr(Zr, Y, 2)O3.5

- proton conductive at low temperature (400° C)

- thin film, 1.2 pm (higher conductivity)

- good insulating property

- lattice parameter and thermal expansion coefficient are close to Pd

Dense and thin hydrogen permeable layer Pd-plating

- good proton conductivity and electric conductivity

| . - good for the deposition of thin proton conductor on it

15 BV 14-Smm x2,00K SE(M ey N A - separating H, and O,

- replaced by other cost effective hydrogen permeable materials
like Nb,V, and those alloys

<Cell performance> Porous metallic substrates (sintered Fe-17Cr ferritic alloy powders)
Cell performance at low temperature of - strong mechanical properties (toughness, thermal

400° C was demonstrated for the first shock resistance)

time. - superior electric conductivity

- thermal expansion coefficient (11.9) is close to
Pd (11.8) and Sr(Zry4Y,)03.5 (9.87) x106/K
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Abstract

A novel cell structure for low-temperature SOFC wesposed, using porous stainless
steel support substrates combined with thin hydrqugrmeable Pd layers, thin-film proton
conductor, and thin-film cathode. Metallic suppassist of sintered ferritic stainless steel
spherical powders whose thermal expansion codfti¢geclose to that of the hydrogen permeable
layers and proton conductive electrolytes. To prepiae cell, both the 1.2m thick proton
conductive Sr(ZsgY 0203 electrolyte layer and the 100-nm thick §le8ro.4)(Cop JFe&y 8Os
cathode layer were deposited by pulsed laser depo$iPLD) on a Pd-coated porous ferritic
stainless steel substrate. The power generatidarpeance at a low temperature of 400 °C was
demonstrated in this proposed cell for the finstetj while obtained power density is still low and

improvements are required.

Keywords: Solid oxide fuel cell, Proton conductdetal powder, Porous substrate, low

temperature



1. Introduction

Solid oxide fuel cells (SOFC) are promising enexggiversion devices. In addition to
superior power generation efficiency, there is aoassity to use high-purity gas, which makes it
possible for the SOFC to use current fuel distrduinfrastructure [1-2]. The major issues for the
SOFC are its high operating temperature ranging ff00 to 1000 °C and low reliability due to the
use of ceramic support with fragile mechanical prtips in view of its mechanical strength and
thermal shock resistance [3-4]. In fact, variouapas of SOFC such as tubular and planar designs
have been investigated in terms of lower produatiost, higher power density per unit volume, and
superior reliability [2-3]. Therefore, enhancingchanical reliability of the cell is one of the
important challenges.

In order to overcome these issues, using metalpparts is ideal, which generally show
improved mechanical properties and structural béitg compared with ceramic materials.
Furthermore, the metallic support could contriktotéower internal electrical cell resistance
compared to ceramic supports due to higher eleotrcluctivity, which can extend cell
performance. To realize metal supports, reduciegfterating temperature of SOFC to below
600 °C, and preferably below 400 °C, is importamtifhibiting the oxidization of the metallic
components. However, low-temperature SOFC usingliieesupport has hardly been investigated.

In this study, we propose a novel cell structhigg eEmploys a porous stainless steel support
substrate combined with a thin film proton conduetlectrolyte for low-temperature SOFC.
Proton conductors with the perovskite structurexsshmher ionic conductivities compared with
conventional oxygen ion conductors such as,&t@bilized by ¥O; (YSZ) at lower temperatures
[5-9]. Another important key factor for the protoonductive electrolyte layer for low-temperature
SOFC is to reduce its thickness as thin as poskéstause ionic mobility, significant for more

reduced ohmic losses, is generally reduced at I6sveperatures. In addition, proton conductivities



of major candidates are usually still low [10-11].

2. Proposal of the novel cell structure for low-tengtere SOFC
2.1. Proposed stack structure of the cell

Figure 1 illustrates our proposed novel cell suetusing a porous stainless steel support
substrate. In this structure, the stainless steppart substrate has to be porous to supply and
transfer hydrogen gas for power generation. Sphlenpowders produced by nitrogen gas
atomization were selected for preparing the sintgrerous substrate because evenly dispersed
pores are obtained by using spherical powders lamgktpores are important for uniform and stable
supply of hydrogen gas.

Depositing a dense thin-film of proton conductaedily on a porous substrate is difficult,
therefore, coating by a hydrogen permeable-layemployed on the sintered porous stainless steel
support to fill the pores in the surface beforeadgjons of the thin-films of the electrolyte and
cathode layers. As a consequence, it is possildeposit dense thin films of the proton conductive
electrolyte. Although, Pd-plating was used as hgdropermeable material [12] in this study, other
cost effective hydrogen permeable materials sudkibad/, and those alloys [13-14] can replace Pd.
After Pd-plating, a thin-film of proton conductivadectrolyte is deposited on the Pd layer and a

thin-film of the cathode is deposited on the pratonductor layer.

2.2. Proton conductive material

Arrhenius plots of major proton conductors [8, ilicate that doped BaZg@enerally
shows a higher ionic conductivity than SrZr®lowever, the lattice parameter and the thermal
expansion coefficient of barium oxides differ samsially from those of Pd. On the other hand, the
lattice parameter and the thermal expansion coefiof strontium-based perovskite oxides are

relatively close to those of Pd used for the hydrogermeable layer; the thermal expansion



coefficients of Pd, SrZr@ and BaZrQare 11.8 x 18/K, 9.87 x 10°/K, and 6.90 x 18/K,

respectively, while the lattice parameters ofdkaxis at room temperature are 0.389 nm, 0.410 nm,
and 0.419 nm, respectively [16]. We assume thathi@enal expansion coefficient and the lattice
parameter of an electrolyte are required to beedoghose of th Pd layer to stabilize the intadiac
structure between the electrolyte and Pd layersréfre, strontium zirconium oxide with yttrium
doping for higher ionic conductivity, Sr(Z4gY 0.2)Os.5, was used as the proton conductive electrolyte

material.

2.3. Cathode electrode material

Perovskite type oxides, LnM{Ln=La, Pr, Sm, M=Mn, Fe, Co, etc.), which consiktare
earth and 3d transition metals, have been usedthsde electrode materials in SOFC. The superior
electron conductivity and oxygen ion conductivitg anportant for cathode materials to enhance
power generation performance. In this study @S 4)(Co JF e ) O35 was used as the cathode

material since it shows relatively good electronvai as superior ionic conductivities [17].

3. Experimental

3.1. Cell structure

(1) Preparation of the stainless steel porous stgpbstrate consists of sintered alloy powders
SUS316L (Fe-17Cr-12Ni-2Mo mass%) spherical powdersstainless steel SUS430

(Fe-17Cr mass%) spherical powders were producettimgen gas atomization. To prepare a

sintered porous substrate with 1-mm height and &8ehameter, alloy SUS316L or SUS430

powders with 1-20-um diameter were densely paakiedan alumina crucible with a 1-mm height

and a 18-mm diameter, and vacuum (1 X T6rr) sintered at 1050 °C for 90 min. To flattée t

surface before Pd plating, a single side of theesal porous substrate was rough polished followed



by mirror polishing.

(2) Pd plating on the surface of sintered porourssates

A mask was used to cover the backside of the sdtporous substrate and only the other
side was electroplated with Pd. Each specimen mmally immersed into a 10 mass% sodium
hydroxide solution to remove impurities on its sgd. Then it was immersed into a 10 mass%
hydrochloric acid solution to remove the passivielexilms on the surface of the sintered powders.
Next, Pd electroplating was conducted, using aaliatype solution at room temperature.
Afterwards the specimen was washed with water @b by drying. The treatment time at a
current density of 1.0 mA/dhwas adjusted to achieve a thickness between &%pan. In the
treatment, each specimen was placed as the catiodi@, Pt-coated titanium plate was used as the

anode.

(3) Deposition of the electrolyte and cathode layer

Sr(Zro Y 02035 and (L@ 6SIp.4)(Cop JFey ) O35 layers were deposited by PLD, using an
excimer laser with a wavelength of 248 nm. To absaitisfactory crystallinity and to realize the
target values for the chemical compositions, deosconditions were optimized. Target materials
of Sr(Zf.8Y0.2)Os5 and (La eSro.4)(Coo o2Fe 8)Os5 used in this study were prepared by spark plasma
sintering. Primary deposition conditions for Sg&¥.2)Os; were as follows: oxygen partial
pressure of 50 mTorr, laser frequency of 8 Hz,rkasgput density of 0.53 J/dnand substrate
temperature of 400 °C. Sr@EdY 02035 films with an area of 18-mm diameter were depdsite
the Pd-plated side of the substrate with the se8rmrh diameter. On the other hand, primary
deposition conditions for (lkaSro.4)(Cop JF ey 5)O35 were as follows: oxygen partial pressure of 50
mTorr, laser frequency of 4 Hz, laser-output dgnsit0.53 J/crf, and substrate temperature of

650 °C. (L3.eSr.4)(CopFey g3, films with a 12-mm diameter deposition area wezpasited



on Sr(Zp.gY0.2)Os layers.

3.2. Characterization
(1) Crystal structure and microstructure charactezati

For analyzing crystal structure of the defgakfilms, X-ray diffraction (XRD, Panalytical
X pert MRD) was used, and for investigating midrastures of the cell, field emission scanning
electron microscopy (SEM, Hitachi S-4800 FE-SEM(J &iled emission transmission electron

microscopy (TEM, Hitachi HF-2000 FE-TEM) were used.

(2) Arrhenius plots for proton conductivity

Arrhenius plots for the proton conductivitiytbe cell were obtained from measuring
alternating-current impedance in dry Ar and wetvith a 4194A (Agilent Technologies)
impedance analyzer. Conditions of alternating-euripedance measurement were as follows:
measurement frequency of 100 to 400 MHz, constamént of 20 mA, humidification temperature

of 40 °C for wet Ar.

(3) Evaluation of the single-cell performance

The single-cell performances, current density hagtage and current density - power
density curves, were measured by an evaluatioesystOYO-Auto PEM (TOYO Corporation)
utilizing TOYO TFT integrated software. Both side#the sample cell were connected to a
TOYO-Auto PEM system by Pt paste and Pt wire. Ttvegr generation properties were evaluated
under the following test conditions: cell temperatat 400 °C and 450 °C, cathode humidification
temperature of 25 °C, anode humidification tempeeadf 25 °C, hydrogen feed rate of 0.15 L/min,

and air feed rate of 0.10 L/min.



4. Results and discussion
4.1. Effects of thermal expansion coefficients @ftatlic support substrates on structural stability

First, the effects of thermal expansion coeffitigifferences of metallic supports on
structural stability were investigated. In thistiéxd-plated porous-substrates that employed
different alloy grades with different thermal expam coefficients, SUS316L (18.5 x ¥&) and
SUS430 (11.9 x I0K), were used. Prepared samples were heated &C7i) 20 min in an Ar
atmosphere.

Figure 2 shows the SEM image of the surface&mh sample after heating. Several cracks
are observed in the Pd layer for the sample usihg33.6L powders, whereas cracks are hardly
observed for the sample using ferritic SUS430 pasidEhose observed cracks are attributed to the
difference in the thermal expansion coefficientsieen SUS316L (18.5 x FIK) powders and Pd
(11.8 x 1(P/K) layer, that is to say, tensile stresses aregead in the thin Pd-layer during heating
because the expansion of the substrates consiSId®816L powders is larger than that of Pd layer.
On the other hand, the thermal expansion coefficéthe SUS430 powder (11.9 x ¥8&) is
extremely close to Pd (11.8 x'¥&) and it likely prevented crack initiations. Itust be noted here
that Herbergt al. [18] reported that for a given chemical compositithe thermal expansion
coefficient of a porous body composed of sinteredattic powders has the same value as that of
the dense bulk sample. Those observed cracks reaglibsealing properties, which leads to mixing
of hydrogen and oxygen and degrades cell performa@onsequently, sample cells were prepared

using ferritic SUS430 powders in the following secs.

4.2. Microstructure and crystal structure of thié ce
Figure 3 shows the cross-sectional TEM imaigée cell. An approximately 1.2m thick
layer of Sr(Zp.gY 0.2)Os is precisely and uniformly deposited on a Pd-plagterous substrate

consists of sintered SUS430 powders. In additiorg@proximately 100-nm thick layer of



(Lag 6Sr0.4)(Cop Fe 5)Os5 is deposited on the SrEdY 0203 layer.

Figure 4 shows the XRD patterns of the cell betore after the depositions of the
Sr(Zr Y 02035 and (L 6Sih.4)(Cop JFey g) O35 layers. Only a single phase, which is assigned to
Sr(Zh.8Y 0.2 03, is observed. This observation differs from theesied body used as the target
because the target exhibits a second phase efO&rYhis difference is considered to be due to
non-equilibrium conditions in the deposited filmhelr’XRD patterns corresponding to
(Lag 6Sro.4)(Caop oFe 5)Os5 are not observed in Fig.4, and this is probably wuthe extreme thin
film, approximately 100-nm thick, as shown in R3g Although the depositions of Sr¢&lY 0.2) O3
and (L& eSr.4)(Coy 2Fey ) O35 were conducted at elevated temperatures of 46h83550 °C,
respectively, no noticeable cracks are detectati@neposited layers by SEM observation. It is
attributed to similar thermal expansion coefficiamong Sr(ZrsY 0.2)Oss (9.87 x 1F/K) layer,

Pd (11.8 x 18/K) layer, and sintered SUS430 (11.9 x°) powders.

4.3. Proton conductivity of the prepared Sg(go.2)Os- film at low temperatures

The conductivity of proton conductors is generalihanced due to existing hydrogen
and/or HO in the atmosphere, which indicates lower actoragnergy compared to that in the
atmosphere without hydrogen and/aiCH Figure 5 shows the Arrhenius plots of Sg@E.2)Oss
films prepared on the Pd-coated stainless stesksaib in dry and wet Ar at low temperatures of
approximate 200 to 400 °C , which are calculateddsylts of alternating-current impedance
measurement of the cell. The obtained activati@rgnof Sr(ZssY 0.2)Ossin wet Aris 0.51 eV,
and it is smaller than 0.61 eV in dry Ar. Theseanid values in dry and wet Ar are almost
equivalent to the reported activation energiesafs Pr 1Y 0.2)Os5, One of the major proton
conductors, with 0.51 eV in wet Ar and 0.65 eV g Ar [19]. Therefore, it is considered that the
main carrier of Sr(ZygY 0.2)Os;s prepared by PLD in this study at low temperatusdsydrogen. In

addition, the measured ionic conductivities areiejant to values in previous report of



Sr(ZgY 02035 prepared by sputtering [20].

4.4. Demonstration of the cell performance

To demonstrate the cell performance at low teatpees, the power generation properties
of the prepared cell, using sintered ferritic SUSp8wders with thin hydrogen permeable
Pd-plating, 1.2t¢m thick layer of proton conductive SredlY 02)Os5 as an electrolyte, and an
approximately 100-nm thick layer of (4.6510.4)(Cop 2Fe g) O35 as a cathode, were investigated at
the cell temperatures of 400 °C and 450 °C. Thesgperatures are much lower than the
conventional operating temperatures of SOFC,1icanf700 °C to 1000 °C. Figure 6 shows the
current density — cell voltage and current densfgwer density curves. The power generation
performance of the proposed cell in this study demonstrated for the first time at low
temperatures of 400 °C and 450 °C, while obtainaedimum power densities are 1.2 mWfcand
2.2 mW/cnf respectively, 2 - 3 orders of magnitude lower thanically reported perforamnce
levels and required output levels in a commeraaiick. Obtained open circuit voltages (OCV),
0.63 V at 400 °C and 0.67 V at 450 °C, are lowantthe normally reported OCV value of
approximate 1V, therefore, there might be somkdgea through the cell due to defects in Pd-plated
layers, which can reduce power output densitiethobigh, lower rate of Pd-plating and increasing
the thickness of Pd-layers are considered to leet@fe to improve sealing properties of the cells,
those approaches will increase cell costs. Instesidg smaller alloy powders and employing
higher sintering temperature are assumed to bete#e which can decrease each pore size in the
porous bodies composed of sintered alloy powdealdtamse smaller pores are tend to be filled in
densely under the coating of hydrogen permeabkrsaydne of the additional key factors to
improve cell performance is considered to enhamotp conductivity of the electrolyte, because
obtained proton conductivity in this study as showfig.5 is still 1-2 digit lower than that of the

reported value for other proton conductive matetiie Ba(Zp sY 0.2)Os [21]. Another key factor
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for the improvement is considered to increase r@aabterfaces in the cathode side. E. Fabbri, D.
Pergolesi, and E. Traversa have reported [22] ¢loessity of the porous structure for the cathode,
especially for SOFCs using proton conductive etdyties because water must be able to evaporate
unless the cathode material also exhibits protowlgctivity. Moreover, according to their report, a
cathode structure comprised of both a proton cadyhase and anA& conductor can efficiently
increase the reaction interfaces. In this studigrsse film is used for the cathode without a porous
structure, which might reduce reaction interfaces lawered cell performance.

In our future research, improvements of cell perfance will be studied, focusing on
those key factors including the increase of readtiterfaces, important for the improvement of the
cell performance, and replacing expensive Pd-layasther cost effective hydrogen permeable

materials like V, Nb, and those alloys [13-14].

4. Conclusions
The present results can be summarized as follows:

1) Anovel cell structure for proton conductive typavitemperature SOFC with metallic support
was proposed, using porous stainless steel supplostrates combined with thin hydrogen
permeable layers, thin-film electrolyte of protmnductor, and thin-film cathode layer, in
which the metallic support consists of sintereditierstainless steel powders whose thermal

expansion coefficient is close to hydrogen perme&blers and proton conductive electrolytes.

2) In preparing the test cell, an approximately n2-thick proton conductive layer of
Sr(Zry gY 0.2) O35, was successfully uniformly deposited by PLD ongRated sintered porous
substrates consists of ferittic SUS430 powders0@-im thick cathode layer of

(Lag 6Sro.4)(Con JF&y g) O35 was deposited on Sr(dY 0.2)Os layer uniformly by PLD.

-11 -



3) According to obtained Arrhenius plots, hydrogenonsidered to be the main carrier at low

temperatures of 400 °C for Sre&l 0.2)Oz; prepared by PLD in this study.

4) The power generation performance at a low teatpee of 400 °C was demonstrated for the

first time, while obtained power density is stilt, 1.2 mW/crf.
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Figure Captions
Fig. 1. Schematic illustration of the proposed s#llicture for low-temperature solid oxide fuellcel

SOFC.
Fig. 2. SEM images after heating to 700 °C in am#nosphere of (a) top surface and (b)
cross-section of Pd-plated sintered SUS316L povastet,(c) top surface and (d) cross-section of

Pd-plated sintered SUS430 powder.

Fig. 3. Cross-sectional TEM image of Si{€Y0.2)Oss and(Lao.6Slo.4)(Con.Fen.8)Oss layers

deposited on plated Pd.

Fig. 4. XRD profiles of (a) after and (b) beforepdsitions of the Sr(ZEY.2)0ss and

(Lao.eSt0.4)(Coo F & 5)Os5 layers.

Fig. 5. Arrhenius plots of the conductivity for Br§sYo.2) Oss electrolyte deposited by PLD.

Fig. 6. Current density - cell voltage and curmensity - power density curves of the prepared cell

measured at 400 °C and 450 °C.
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Cathode electrode

15 PkV 14°8mm x2.00k SE(M)

Fig. 1. Schematic illustration of the proposed cell
structure for low-temperature solid oxide fuel cell
SOFC.



Fig. 2. SEM images after heating to 700n an Ar
atmosphere of (a) top surface and (b) cross-seofion
Pd-plated sintered SUS316L powder, and (c) topaserf

and (d) cross-section of Pd-plated sintered SUS430
powder.
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Fig. 3. Cross-sectional TEM image of S{g¥.2)0s.s and
(Lag.6S10.9)(Cop.Fe 8)Os.5 layers deposited on plated Pd.
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Fig. 4. XRD profiles of (a) after and (b) before dsjpions of
the Sr(ZpgY 02036 and(Lao.6S1.4)(Cop F e gOs.5
layers.
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Highlights

A novel cell structure using metallic support fowttemperature SOFC was proposed.
Ferritic porous metal support was combined with filim of proton conductor SZYO.

Cell performance at 400°C of the proposed cell dexsonstrated for the first time.



