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Abstract

In order to enhance the catalytic activity of the cathode for oxygen reduction and thus to increase the electrochemical performance of
planar anode-supported solid oxide fuel cells, Pd, Ag, or Pt was added to the cathode. Four routes were used to add these noble metals
infiltration of the cathode with a Pd solution, deposition of Pt on the electrolyte surface, mixing e3te3oMnO3 (LSM) and YSZ
cathode powders with different metal precursors (Pt and Pd black, Pd on activated carbon, Ag powQerrd\@cetate, Ag citrate,

Ag2CO;s, colloidal Ag, AgNGs), and synthesis of LSM powder with the addition of AghNO

Between 750 and 90@ no electrocatalytic effect occurred with respect to the presence of Pt, either added by deposition on the electrolyte
or by mixing with cathode powders. Infiltration of the cathode with a Pd solution or mixing with Pd black did not result in a positive effect
either. A catalytic effect was only found with Pd on activated carbon and in particular at lower temperatures.

Cells prepared with Ag powder and A4Q showed an improved electrochemical performance compared to Ag-free cells sintered at the
same temperature (92Q). However, in comparison to Ag-free cells sintered at the standard temperaturé C)1@@er current densities
were measured. This can be explained by a weak contact between electrolyte and cathode functional layer and an insufficiently sintered
cathode. A detrimental effect was observed regarding the addition of the other Ag precursors. Thermal decomposition of these precursors
resulted in the formation of large pores in the cathode.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction cal performance is needed. Significant progress in this di-
rection was already made several years ago by the intro-
Solid oxide fuel cell (SOFC) systems cannot yet com- duction of anode-supported instead of electrolyte-supported
pete with conventional combustion systems regarding their cells [1]. Today, the cathode is the limiting component for
investment costs and durability. Research is still needed ina further step forward. One way to overcome this limitation
order to achieve an attractive return on investment of the may be to improve the oxygen reduction step by adding no-
SOFC systems. This means that efforts have to be concenble metals, e.g. Pd, Ag, or Pt, to the cathode. An overview
trated on reducing production costs and improving perfor- of different studies regarding the influence of small amounts
mance and durability. of noble metals on the electrochemical characterization of
With respect to these problems, one of the main targets SOFC cathodes is given ifable 1
is to lower the operating temperature, resulting in reduced Concerning the catalytic effects of small amounts of
sealing and corrosion problems and an improved long-term palladium on the electrochemical performance of single
stability. In addition, cheaper materials for interconnects and cells, only a small number of studies can be found in the
manifolds could be used, resulting in lower investment costs. literature[2—4]. It was concluded that the addition of pal-
However, to maintain the desired power density at lower op- ladium to the cathode results in an improvement of the
erating temperatures, an improvement of the electrochemi-performance. Erning et gi2] reported that small additions
of palladium lower the activation energy of the oxygen
mpondmg author. Telt49-2461-614656: reduction r_eaction, yvhereas the current density at various
fax: +49-2461-616770. overpotentials was increased by almost one order of mag-
E-mail address: v.haanappel@fz-juelich.de (V.A.C. Haanappel). nitude. These conclusions were based on the Tafel plots
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Table 1
Overview of different studies regarding the influence of small amounts of noble metals on the electrochemical characteristics of SOFC cathodes
Measurement  Cathode composition Method of addition Loading Temperatuksffect  Reference
¢S
C-V + ac Lag.g4Sto.16MnO3 (50um) on 8YSZ  Metallic PdygueousOn electrolyte <100p.g/cn? 800 + [2]
impedance  (130um) (active area: 0.8 cfi (8YSZ); Pd chloridesjytion ON
electrolyte (8YS2)
ac impedance  lgsSr4FegCoy 203 (N.g.pm) on  Pd nitratgguion impregnation of  0-15ug/cn? 400-750 + [3]

Cep 9Gdy 10195 (5m) (both sides) LSFC cathode
(active area: n.g.cf)

c-Vv Lag 6Sr.4FengCop 203 (>10um) Pd nitrat@oution impregnation of 0—15}L9/C|’Y\2 550-650 + [3]
on Ce9Gdy 101,95 (5pm) LSFC cathode
(anode-supported) (active area:
2.5¢cn?)

c-Vv (Lap gSro.2)Fes_s (25—40um) Pd diamine nitrite added to LSF 2vol.% 700-850 + [4]

+ CepgSmp 2019 (Sum) on 8YSZ  nitratesolution, Metallic Powder
(5-10p.m) (anode-supported) (active added to LSF powder

area: 3.8 crf)
C-V + ac Lag eSr.4aFey 203 + CaygGdy 2019 AgNOszsolution impregnation of 10-15 mg/crﬁ 500-700 + [5,6]
impedance  (20-25um) on CeggSnp 2019 LSFC-CGO cathode
(2mm) (active area: 1.1
ac impedance  Pt-85gyCep 01Zro.8902 Pt powder mixed with SSZ SSZ/Pt ratio: 550-900 + [7]
(15-120um) on 8YSZ (2mm) powder 0.05-0.6 wt.%
(active area: 0.3ch)
c-Vv (Lap.gSro.2)Fe®s_s (25—-40um) Pt diamine nitrite added to LSF 1-2vol.% 700-800 0 [8]

+ CepgSmp 2019 (5um) on 8YSZ  nitrateojution, Metallic Ppowder
(5-10p.m) (anode-supported) (active added to LSF powder

area: 3.8 crf)

c-Vv Lag g5Sr.15MNnO3 (20.m) on LSM impregnated with loopug/cm2 800-1000 + [9,10]
(3-8)YSZ (1 mm) (active area: [Pt(NH3)4]Cl>
0.3cn?)

c-Vv Lap 6Sr5.4Co0; (16—20um) LSC impregnated with 100p.g/cn? 800-1000 [11]

+ CepgSmy 2019 (Lpm) on 8YSZ  [Pt(NH3)4]Cl2
(Lmm) (active area: 0.3cth

ac impedance  LgsSr2CopsFen 403 (50-120um) Pt powder mixed with LSCF LSCF/Pt ratio: 600-900 + [12]
on CegGdy 2019 (2mm) (active powder 20/80-95/5 wt.%
area: 0.28crf)

ac impedance  Pt-$¢yCen.01Zro.8902 (180um) Pt-Ag powder mixed with SSZ SSZ/Pt—Ag ratio:  550-900 + [13]
on 8YSZ (2mm) (active area: powder 0.1-0.9wt.%
0.3cn?)

C-V, current-voltage.

(semi-logarithmic plots of the current—potential curves) range 400—750C with a self-supporting GeGdy.101.95
obtained at 800C on an 8YSZ electrolyte (thickness: electrolyte and a porous bgSry4Cog2FensO3 cathode
130pm) with a Lay g4Sry.16MnO3 cathode layer (thickness: on both sides. Furthermore, current—voltage measurements
50pm, diameter: 10 mm) on both sides. Highly dispersed between 550 and 65@ were made using a precision
Pd (<0.1 mg/cn?) was added on both sides by means of potentiostat on Ni-cermet-anode-supported single cells
an agueous solution of Pd. Other stud[8s4] focussed with a Ceg 9Gdy101.95 electrolyte (thickness: pm) and

on the addition of palladium to lanthanum-ferrite-type a LaygSrp4Cop2FensOs cathode. For both types of cells
SOFC cathodes. This type of cathode material is a per-Pd was added (0-38g/cn?) by impregnation using Pd
ovskite with both high ionic and electronic conductivity. nitrate dissolved in nitric acid. Positive effects in relation
This means that the exchange reaction of oxygen from to the presence of Pd (50% power density improvement at
the gas phase to the oxide ion can take place on a larger700 mV and 700C) were also reported by Simner et [dl}.

part of the surface area of this cathode material and is In their study, small single cells (active diameter: 19.5 mm)
not restricted to the three-phase boundary as it is for were used. These cells were based on a Ni-cermet anode,
a LaygsSlh30MnOs (LSM)-YSZ-based SOFC. Conse- followed by a NiO-8YSZ anode functional layer (thick-
quently, for this type of lanthanum-ferrite-based SOFC ness: 5-1@um), an 8YSZ electrolyte (thickness: 5—iLf),
cathode the addition of noble metals to the cathode layera CeggSmy2019 interlayer (thickness: pm), and a

can probably further improve the oxygen exchange pro- LaggSrp2FeGs_s cathode (25-40m). Current—voltage
cesses. Here, Sahibzada ef3].based their conclusions on data were obtained by using a potentiostat—galvanostat
ac impedance spectroscopic measurements performed in thelectrochemical testing unit.
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With respect to the catalytic benefits of the addition of material and pre-sintered at 1200 [1,14,15] NiO as the
small amounts of silver to the cathode of SOFCs, only a precursor of Ni was purchased from Baker, USA, and 8YSZ
small number of studies can be foulde-7]. A first approach was obtained from Unitec, UK. Afterwards, the anode func-
was made by Wang et 4b] by adding Ag (infiltration using  tional layer (Ni/8YSZ) and the electrolyte (8YSZ) were both
AgNO3) to a LaygSry.4CangFey 203—-CeygGdy 2019 cOM- deposited by vacuum slip casting and co-fired at 1400
posite cathode (2@m, 30wt.% CGO, 10-15 mg/ctnAg). On top of the electrolyte the cathode functional layer (CFL)
The electrolyte consisted of ggSmp2019. A Ni-ceria with LSM and 8YSZ as base materials and the cathode
electrode was used as the anode. From the three-probdayer (LSM) were applied by screen printing. 8YSZ used
ac impedance measurements, performed between 500 anfbr the electrolyte and the cathode functional layer was ob-
700°C, it was concluded that small amounts of Ag can sig- tained from Tosoh, Japan. The surface area of both layers,
nificantly enhance the cathode activity. This was explained also termed as the active surface area, was 40«d®mm.
by an improvement of the surface exchange step of oxygenMore details of the manufacturing processes for the Jilich
from the gas phase into the oxide. Probably, Ag parti- anode-supported design can be found in Ri8].
cles improve the electron supply and oxygen adsorption. Pastes for the screen printing process to apply the CFL
Additional information about these three-probe complex and the cathode layer were prepared by mixing the corre-
impedance measurements on the LSFC-CGO-Ag systenmsponding powders with a binder consisting of ethyl cellulose
can be found in Ref6]. in terpineol.
Other model studies including, e.g., impedance spec- The LSM powder used for both the CFL and the cath-
troscopy or current interruption methods and concerning the ode was synthesized by a spray drying procgkd7]
influence of Pt on the polarization characteristics of differ- using nitrate salts, i.e. La(N{s-6H20O, Sr(NG)2, and
ent types of cathodes can be found elsewli2fg-13} For Mn(NO3)2-4H,O except in the case of series Ag-B (see
example, positive effects were reported by Sasaki d74l.  Section 2.1.3 followed by a calcination step for 3h to
dealing with polarization characteristics using ac impedance obtain the perovskite phase. A calcination temperature of
spectroscopy of Pt—8eoCep 01Zro.g8902-cermet cathodes 900°C was chosen for the powder used for the prepara-
(thickness: up to 12am, Pt ratio: up to 0.60wt.%, di- tion of the CFLs and cathode layers that were co-fired at
ameter: 6 mm) applied on both sides of a YSZ electrolyte 1100°C, while a calcination temperature of 700 was
(thickness: 2mm). The temperature range was betweenchosen for the powder used for the preparation of the
550 and 900C. Here, impedance measurements revealed aCFLs and cathode layers that were co-fired at @2@see
lower activation energyHy) of the cathode reaction in the Sections 2.1.2-2.1)5
presence of Pt. These studies showed that in general the Inthe following sections the preparation of the differently
addition of small amounts of Pt to the cathode enhancesmodified cathodes is described.
the cathode performance by improving the oxygen surface
reaction rates. In all cases, the overpotential of cathodes2.1.2. Pd-containing cells
loaded with Pt was lower than that of corresponding Pt-free  Two routes were used to add Pd to the CFL. On the one
cathodes. hand, LSM and YSZ (60/40 wt.%) were mixed with either
Based on the results described above, a study was initi-Pd black or Pd on activated carbon (Pd-C) to obtain a Pd
ated to increase the power output of the state-of-the-art cellsamount of 2 and 0.1 wt.%, respectively. After deposition of
manufactured at Forschungszentrum Jilich by the additionthe CFL and the cathode layer, the layers were co-fired at
of either Pd, Ag, or Pt. The specific concentration ranges of 1100°C for 3 h resulting in a thickness of 7 and @B,
the noble metals added to the cathode used in this study areespectively. On the other hand, a conventional cell (see
generally based on data already published in the literatureSection 2.1.bwas infiltrated with a Pd nitrate solution (19
[2-13]. Pd(NGs),/l H»0), corresponding to ag Pd/cn? electrode
area. After infiltration, the cell was calcined at 6@ for
3 h to decompose the nitrate.

2. Experimental
2.1.3. Ag-containing cells

2.1. Preparation of cells Addition of Ag to the cathode was performed by two
different methods. The two series of single cells produced
2.1.1. Basic aspects according to these two methods will be named “series Ag-A”
The basis of both noble-metal-containing and reference and “series Ag-B” hereafter.
cells with dimensions of 50 mmx 50 mm consisted of an In the case of series Ag-A, Ag was added to the CFL

anode substrate (thickness1500nm), an anode functional by mixing LSM and 8YSZ with different Ag compounds
layer (thickness: 5-1@m), and an electrolyte (thickness: including pure Ag powder (0.5-im, Alfa Aesar, Germany,
5-10pm). The anode substrate, a porous cermet consist-99.9%), AgO (Alfa Aesar, >99%), Ag acetate (MaTeck,
ing of Ni and 8 mol% yttria-stabilized zirconia (8YSZ), was Germany, >99%), Ag citrate (A§sHs07-H20, Alfa Aesar,

produced by warm pressing using a so-called Coat®Mix puriss.), AgCOsz (MaTeck, 99.7%), colloidal Ag (Merck,
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Germany, puriss.), and AgNQMerck, 99.8%). The ratio  a second type of reference cell was prepared withum7
Ag/8YSZ/LSM was set at 33/33/33 vol.%. thick cathode functional layer and a @i thick cathode
In the case of series Ag-B, Ag was added to the CFL by layer. The two layers were co-fired at 1@ for 3 h. This
using LSM that was synthesized with the addition of small type of reference cell is named ‘Pt-free cells’ or ‘Pd-free
amounts of AgNQ. This type of LSM perovskite will be  cells’ in the following.
named “LSM:Ag” hereafter. Four LSM:Ag powders with To separate the influence of the addition of Ag from the
Ag amounts of 0.1, 0.5, 1.0, and 2.0wt.% were synthe- sintering temperature, the CFL and the cathode layer of a
sized. These powders were used for the preparation of thethird type of reference cell were co-fired at 9ZDfor 3 h.
CFL (60/40wt.% LSM:Ag/8YSZ). Synthesis of the pow- The thicknesses of the layers were 15-20 and 4p+B0
ders was performed according to the citrate complexation or respectively. This type of cell is named ‘Ag-free cells’ in
Pechini method18]. First, nitrate salts of La, Sr, Mn, and the following.
Ag (Merck, puriss.) were dissolved in deionized water, fol-
lowed by complexation of the cations using citric acid in ex- 2.2. Electrochemical measurements
cess (>2 mol/mol cation). Afterwards, polyesterification was
performed by adding ethylene glycol in excess (>5mol/mol  Electrochemical measurements of the single cells were
citric acid). Next, the solution was smoothly heated to re- performed in an alumina test housing placed inside the
move all excess liquid and to decompose the nitrate and or-furnace. In order to obtain sufficient electronic contact be-
ganic compounds. Finally, the powders thus obtained weretween the cell and the electronic devices, at the anode side
calcined at 700C for 3 h to obtain the perovskite phase. a Ni mesh and at the cathode side a Pt mesh were used.
The cathode functional layer (thickness: 15420) and Sealing of the gas compartment was obtained by a gold
the cathode layer (thickness: 45-+b®) of both series of  seal. At the beginning of the tests an argon flow was intro-

Ag-containing cells were co-fired at 92G for 3 h. This rel- duced at the anode side and an air flow at the cathode side.
atively low sintering temperature had to be chosen becauseThe temperature was then slowly increased to the temper-
of the low melting point of Ag (962C). ature for anode reduction. After reaching this temperature,
the anode of the single cells was reduced by replacing the
2.1.4. Pt-containing cells argon with hydrogen stepwise. Water vapor (3vol.%) was

Pt was added either directly on top of the electrolyte layer added by saturating the hydrogen gas through a water bub-
or by a mixing procedure. With respect to the first method bler and condenser (super saturation and condensation) at
a solution of Pt in nitro-hydrochloric acid (concentration of the desired dew point (2£). The total gas flows of hy-
dissolved metal in the solution: 5 g/l) was dropped onto the drogen and air were both set at 1000 ml/min (standard tem-
electrolyte resulting in a platinum quantity of 1p6/cn?. perature and pressure (STP)) using mass flow controllers.
Next, the samples were heated to 7@0in air to obtain The electrochemical performance was measured between
metallic platinum. Subsequently, the CFL (thicknesgn?, 650 and 800C. All electrochemical data are obtained
60/40 wt.% LSM/8YSZ) and the LSM cathode layer (thick- by dc methods using a current-controlled power supply
ness: 3uwm) were screen-printed onto the platinum deposit type Gossen 62N—SSP500-40 (Gossen-Metrawatt GmbH,
and co-fired at 1100C for 3 h. Germany) and a computer-controlled data acquisition sys-

In the case of the second method, LSM and YSZ for the tem including a datalogger type NetDAQ 2640A (Fluke,
CFL were mixed with Pt black, resulting in a quantity of The Netherlands). The current—voltage characteristics were
2wt.%. Co-firing of the modified cathode functional layer measured with increasing current load by a sequential step
(Pt/LSM/YSZ) and the cathode layer (LSM) was performed change of 0.0625 A/chstarting from zero until the voltage
at 1100°C for 3h. The thicknesses of these layers were 7 dropped below 0.7V or until the maximum current load

and 35um, respectively. of 1.25 Alcn? was reached. A comparison of the electro-
chemical performance between the different type of single
2.1.5. Noble-metal-free cells cells was made by comparing the current densities at 0.7 V.

Three types of cells without the addition of noble metals These calculations of the current density at 700 mV (for
were prepared as reference cells. In all cases the compositiond > 1.25A/cn?) and at exact temperatures, i.e. 650, 700,
of the CFL was 60/40 wt.% LSM/8YSZ with a cathode layer 750, 800, 850 and 90, are based on inter- or extrapo-
consisting of pure LSM. lation using a second- or third-order polynomial function.

The first type of reference cell will be named ‘conven- Calculations of the area-specific resistance are based on
tional cells’ in the following because this type corresponds linear regression of the current—voltage curves at 0.7 V.
to the state-of-the-art cells manufactured at Forschungszen-
trum Jilich. Co-firing of the CFL and the cathode layer was 2.3. Characterization
performed at 1100C for 3 h. The thicknesses of the two lay-
ers after sintering were 15-20 and 45451, respectively. The stoichiometry of the LSM powders was controlled by

To separate the influence of the addition of Pd and Pt ICP-OES and the phase purity by X-ray diffraction (Siemens
addition from the thickness of the CFL and cathode layer, D 500). Scanning electron microscopic (SEM) analysis of
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Fig. 2. Current-voltage curves for a conventional 16 @mode-supported
single cell as a function of the temperature.

Fig. 1. SEM micrograph of the fracture surface of a cell with 2wt.% Pd
in the cathode functional layer.
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polished cross-sections and fracture surfaces was performed
using a LEO 1530 electron microscope (Gemini).

£ %éé

ensity / A/cm?
S =~ = 2
S
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3.1.1. Microstructure T/°C

The fracture surface of a single cell containing 2wt.% Pd
black in the CFL is shown iffig. 1 The different layers can Fig. 3. Curre_nt density at 700 mV of Pd-contaiping cells in comparison
clearly be seen with a porous cathode layer (LSM) on the top, to a conventional and a Pd-free cell as a function of the temperature.
followed by a denser CFL including 2wt.% Pd black, the
electrolyte (YSZ), and the anode substrate (Ni/YSZ-cermet) conventional cell and a Pd-free cell as a function of the tem-
including an anode functional layer. No obvious differences perature. The current densities at 700 mV and the calculated
between the microstructure of this cell and that of the other area-specific resistance of the different types of single cells
single cells, i.e. Pd-free and with 0.1 wt.% Pd-C, were found. are listed inTable 2 No catalytic effect was observed with
single cells containing Pd black, whereas Pd-C-containing
3.1.2. Current—voltage measurements cells showed a significant improvement in electrochemical
Fig. 2shows current—voltage curves at different tempera- performance, in particular at lower temperatures. The cur-
tures for a conventional SOF€Eig. 3depicts the currentden-  rent densities of this type of single cell were significantly
sity at 700 mV of Pd-containing cells in comparison to the higher than that found for Pd-free SOFCs.

Table 2
Electrochemical data of Pd-containing single cells in comparison to conventional cells and Pd-free cells
T (°C) Conventional Pd-free Pd-C (0.1wt.%) Pd black (2 wt.%) Pd{NO
Current density at 700mV (A/cth
900 1.56+ 0.18 0.94+ 0.03 1.22+ 0.04 1.06+ 0.06 n.m.
850 1.29+ 0.11 0.89+ 0.03 0.92+ 0.03 0.91+ 0.04 n.m.
800 0.92+ 0.05 0.70+ 0.04 0.97+ 0.19 0.73+ 0.05 0.74+ 0.01
750 0.55+ 0.11 0.45+ 0.03 0.67+ 0.05 0.40+ 0.03 0.53+ 0.01
Area-specific resistance (@cn?)
900 206+ 27 330+ 7 247+ 6 266+ 9 n.m.
850 252+ 27 361+ 8 331+ 7 331+ 9 n.m.
800 343+ 64 418+ 12 168+ 23 374+ 15 484+ 10
750 5174+ 174 635+ 18 248+ 11 640+ 25 648+ 5

Fuel: H, with 3vol.% HO, oxidant: air; n.m.: not measured.
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Fig. 4. SEM micrograph of the fracture surface of (a) an Ag-free cell sintered &t®2@d (b) a conventional cell (sintering temperateré100°C).

In addition, conventional cells were impregnated with
Pd(NG)2 solution. Here, no improvement in the current
density was obtained.

3.2. Ag-containing cells

3.2.1. Microstructure

Fig. 4a and kshows micrographs of the fracture surface

of two cells, one sintered at 92C and the other at 110C.

The microstructure of the Ag-free cell sintered at 92if-

fers from that observed for the conventional cell. This very
fine-grained microstructure after sintering at 920 was
found independently of the synthesis route (series Ag-A or
Ag-B). After sintering at 1100C well-developed sintering
necks were formed between electrolyte and cathode func-
tional layer, whereas after sintering at 9ZDsuch sintering
necks cannot be observed.

Fig. 5a—cshows polished cross-sections of cells prepared
with Ag powder, AgO, and Ag citrate, respectively, in the
CFL. These micrographs were obtained with backscattered
electrons. In the order Ag powder—#0—Ag citrate an in-
creasing amount of pores can be observed in the CFL. A
high amount of large pores was also observed in the CFL of
the cells prepared with colloidal Ag, Ag acetate, &3,
and AgNG.

3.2.2. Current—voltage measurements

In Fig. 6 the current densities at 800 and 700 mV of
the cells of series Ag-A are shown in comparison to a
conventional and an Ag-free cell. The highest current
density (092 4 0.05A/cn?) was obtained with the con-
ventional cell. The electrochemical performance of the
Ag-containing cells decreased in the following order of Ag
additives: Ag powder- Ag,O > Ag acetate> Ag,COz >
AgNO;. The cells prepared with the addition of Ag cit-
rate and Ag colloidal totally failed. Comparing the cur-
rent densities of the Ag-containing cells with those of the
Ag-free cell, only the addition of Ag powder and 4@
resulted in an improved electrochemical performance. A
detailed overview of the electrochemical data between 750

and 900°C as a function of the temperature is given in Fig. 5. SEM micrographs in backscattering mode of cells prepared with
Table 3 (a) Ag powder, (b) AgO, and (c) Ag citrate in the CFL.




V.A.C. Haanappel et al./Journal of Power Sources 130 (2004) 119-128 125

1.0 3.3. Pt-containing cells
T =800°C
u=07Vv

et
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3.3.1. Microstructure

Fig. 7ashows an SEM micrograph depicting platinum on
top of the electrolyte. Here, as pointed outSaction 2.1.4
Pt was applied by dropping Pt-containing nitro-hydrochloric
acid on the electrolyte surface. Particles with a size of less
than 0.1um up to agglomerates with a size of several mi-
crons can be observed. After subsequently screen printing
and co-firing of the CFL and the cathode layer, platinum par-
ticles are still visible near the cathode/electrolyte interface,
v 2 (O as can be seen ffig. 7h
3¢ .\&?} The microstructure of the cathode containing 2wt.% Pt

il
o ~N
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i
w
1
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& ¥ ¥ ¥ o was similar to that of the Pd-containing cell (J&ig. 1).

Fig. 6. Current densities of cells prepared with different Ag precursors 332 Current—voltage measurements

(series Ag-A) in comparison to a conventional and an Ag-free cell. The current densities measured at 700mV and the
area-specific resistances of the different types of single cells
are listed inTable 5 Additionally, Fig. 8 shows the current

Table 4lists the electrochemical data between 700 and densities of Pt-containing cells in comparison to those of a
800°C of the cells of series Ag-B in comparison to those of conventional cell and a Pt-free cell as a function of the tem-
the Ag-free cell. The current densities obtained with cells perature. The highest performance was obtained with the
of series Ag-B were at the same level as those measured forconventional single cell, whereas the lowest was found for
the Ag-free cells. At 800C the current density was nearly the single cell with Pt black added to the CFL. The current
independent of the Ag concentration. Apparently, a slight densities of the single cell with Pt added by deposition on

improvement was obtained at lower temperatures. the electrolyte was the same as those of the Pt-free cell.
Table 3
Electrochemical data of the cells of series Ag-A in comparison to conventional and Ag-free cells
T (°C) Conventional Ag-free Ag powder A Ag acetate AgCOs AgNO3
Current density at 700mV (A/cfh
900 1.56+ 0.18 0.84+ 0.09 1.67+ 0.09 - 0.63+ 0.12 0.51+ 0.05 0.41+ 0.04
850 1.29+ 0.11 0.66+ 0.05 1.22+ 0.08 0.80+ 0.12 0.53+ 0.03 0.46+ 0.04 0.28+ 0.02
800 0.92+ 0.05 0.49+ 0.03 0.83+ 0.10 0.63+ 0.13 0.25+ 0.02 0.27+ 0.03 0.22+ 0.01
750 0.55+ 0.11 0.28+ 0.02 - - 0.16+ 0.00 0.15+ 0.01 0.16+ 0.01
Area-specific resistance (acm?)
900 206+ 27 396+ 36 136+ 5 - 256+ 27 510+ 24 624+ 32
850 252+ 27 524+ 34 194+ 8 173+ 1 363+ 7 797+ 34 1018+ 32
800 343+ 64 752+ 22 234+ 15 290+ 32 1048+ 51 1200+ 46 1648+ 28
750 517+ 174 1331+ 66 — — 2016+ 92 23444+ 79 2525+ 26

Fuel: H, with 3vol.% H,O, oxidant: air.

Table 4
Electrochemical data of the cells of series Ag-B in comparison to Ag-free cells
T (°C) Ag-free Ag: 0.1wt.% Ag: 0.5wt.% Ag: 1.0wt.% Ag: 2.0wt.%
Current density at 700mV (A/cfh
800 0.49+ 0.03 0.52+ 0.01 0.54+ 0.01 0.39+ 0.01 0.49+ 0.01
750 0.28+ 0.02 0.41+ 0.01 0.43+ 0.01 0.31+ 0.02 0.38+ 0.01
700 n.m. 0.24+ 0.01 0.23+ 0.02 0.19+ 0.01 0.23+ 0.01
Area-specific resistance (@cn?)
800 752+ 22 651+ 4 581+ 8 834+ 13 683+ 8
750 1331+ 66 832+ 5 768+ 10 1112+ 32 872+ 6
700 n.m. 1432+ 42 1384+ 60 1648+ 55 1432+ 14

Fuel: H with 3vol.% H,O, oxidant: air; n.m.: not measured.
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Fig. 7. SEM micrographs of (a) the outer surface of the electrolyte layer after applying Pt with the use of a nitro-hydrochloric acid solution and (b)
cross-section of a single cell after sintering with Pt particles (white spots) at the cathode/electrolyte interface.

Table 5

Electrochemical data of Pt-containing single cells in comparison to conventional cells and Pt-free cells

T (°C) Conventional Pt-free Pt in HNZHCI Pt black

Current density at 700mV (A/cth
900 1.56+ 0.18 0.94+ 0.03 0.86+ 0.02 0.79+ 0.03
850 1.29+ 0.11 0.89+ 0.03 0.88+ 0.07 0.74+ 0.02
800 0.92+ 0.05 0.70+ 0.04 0.68+ 0.02 0.55+ 0.12
750 0.55+ 0.11 0.45+ 0.03 0.47+ 0.01 0.39+ 0.05

Area-specific resistance (cm?)
900 206+ 27 330+ 7 344+ 5 388+ 9
850 252+ 27 361+ 8 343+ 17 418+ 6
800 343+ 64 418+ 12 453+ 1 552+ 11
750 517+ 174 635+ 18 600+ 6 845+ 11

Fuel: H, with 3vol.% HO, oxidant: air.

4. Discussion effect of Pd in comparison to LSM with decreasing temper-
ature. Similar results were also reported by Sahibzada et al.

The results show that in comparison to the Pd-free single [3]. As a result, the influence of palladium becomes more

cell, the power density of single cells with 0.1wt.% Pd-C effective at lower operating temperatures.

added to the CFL was increased. In particular at lower tem- No obvious improvement of the electrochemical perfor-
peratures, i.e. 750 and 800, the relative improvementwas mance was obtained with Pd black. Reasons for the different
even more pronounced. This points to an increasing catalyticbehavior of these Pd-containing cells are not yet clear, but

it is likely that a lower specific surface area of Pd black in
comparison to Pd-C led to a lower surface area coated with

5 Pd, and consequently to no improvement. In addition, the
Pd-free single cell showed a lower performance in compari-
son to the conventional single cell. This can be explained by

1'2'_ differences in the thickness of the CFL. Conventional SOFCs

1.0 contain a CFL with a thickness of 15—gfn, whereas that
./‘js of the Pd-free single cell was aboutum. Wilkenhoner

/ ./' et al.[19] reported a strong increase of the overpotentials

for CFLs (LSM+ 40 wt.% 8YSZ) with a thickness of less

- -
~ O
1

0.6 1

Current density / A/cm?
o
(o]

|} v
04l & —=— conventional than about 1Qum. In the case of a layer thickness between
1 +'1:’;'(f)fee/ - bt on eleciromt 10 and 35um, no obvious changes were found in the elec-
0.2 A Hgicm: T on electrolyte trochemical activity. Therefore, it is likely that the length of
—w%— 2 wt% Pt black in CFL . . .
0.01— : . . three-phase boundaries for the Pd-free single cell is lower
750 500 850 960 than that of the conventional single cell, thus causing a lower
T/°C electrochemical performance.

Fig. 8. Current density at 700mV of Pt-containing cells in comparison HOVYever: an attempt to prepare cells with a thicker CFL
to a conventional and a Pt-free cell as a function of the temperature.  including small amounts of Pd-C was not successful. In
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this case, the cathode was partially spalled after sintering, electrochemical performance of anode-supported single
probably due to oxidation of the carbon. cells. This can partly be explained by differences in the
In addition, another method was used to add small electrochemical and catalytic properties of the added ele-
amounts of palladium to the cathode layer of conventional- ments, by different routes of addition including the local
type SOFC by infiltration with Pd(Ng).. However, this presence of noble metals, and differences in the concentra-
did not influence the electrochemical behavior. Here, it is tion. In addition, results from the experiments described in
assumed that, in spite of large capillary forces, this is due this paper do not always correspond to those already pub-
to an insufficient infiltration of the palladium solution into lished. Since different groups performed experiments with
the fine-structured CFL. different model systems, different geometric dimensions,
Compared with the Ag-free cell, cells treated with Ag and different compositions of the cathode and/or cathode
powder and AgO revealed a better performance. This in- functional layer (a short overview is given ifable 1), on
dicates that the presence of 33vol.% Ag might have somethe one hand, it is very difficult to draw final conclusions
beneficial catalytic effect by positively influencing the sur- about the influence of each noble metal, but, on the other
face exchange reaction of oxygen from the gas phase to thehand, data already published can be used as important
oxide. However, the electrochemical performance of theseinput parameters for further development to improve the

cells was still significantly lower than that of the conven- electrochemical performance of complete SOFCs.

tional cell. This lower performance can be explained by a

weaker contact between the electrolyte and the CFL and a
5. Conclusions

poor intergranular connection in the CFL (deig. 4), both
due to the lower sintering temperature, i.e. 920instead

of 1100°C. Cells prepared with the other Ag precursors, e With respect to Pd-containing single cells, only cells

i.e. Ag acetate, AgCOs, AgNOs, Ag citrate, and colloidal

Ag, all showed a lower electrochemical performance than
the Ag-free single cell. Here, not only the lower sintering
temperature but also the formation of a high amount of
large pores plays an important role leading to the low per-

formance. This is supported by the fact that the amount of e

pores correlated well with the current density, i.e. the higher
the porosity the lower the current density. A higher poros-
ity of the CFL will finally result in a lower specific contact
area between the electrolyte and the CFL as well as a lower
amount of active three-phase boundaries detrimentally in-
fluencing the electrochemical performance.

The addition of Ag by synthesis following the Pechini
method (series Ag-B) did not result in an obvious improve-
ment of the electrochemical performance either, although

metallic Ag could be detected in small amounts by XRD e

after sintering[20]. Only at 750°C a slight improvement

found. Since the microstructure of the CFL corresponded
well to that of the Ag-free single cells, it can be concluded
that the concentration of Ag in the CFL was probably not
sufficient or that Ag was not dispersed finely enough to in-

duce the desired catalytic effect. .

Regarding the Pt-containing SOFCs, the electrochemical
measurements clearly show that no improvement in the per-
formance was obtained by the presence of small amounts

of Pt, either added by deposition on the electrolyte or by e

mixing with the YSZ/LSM powder (se@able 5. Probably
the amount or the dispersion of Pt on the electrolyte surface
and in the CFL was too low to influence the electrochemical

with Pd-C showed an improvement in the electrochem-
ical performance, which was more pronounced at lower
temperatures. This increasing catalytic effect of Pd with
decreasing temperature can be explained by the fact that
the cathode surface reactions are enhanced.

In comparison to Ag-free single cells, an improvement in
the electrochemical performance was obtained by adding
33vol.% Ag using pure Ag powder or A@, indicating
that Ag is an electrocatalytically active element. However,
in comparison to conventional cells, the power output
was lower. This was due to a lower sintering tempera-
ture of the Ag-containing single cells because of the low
melting point of Ag. Consequently, a weak adhesion and
thus insufficient contact including a low lateral electronic
contact of the CFL caused the lower performance.

The use of Ag compounds, i.e. Ag acetate, 803,
AgNOs3, Ag citrate, and colloidal Ag, resulted in a lower
performance than that obtained with Ag-free single cells.
Here, decomposition of the precursor during sintering
resulted in damage to the cathode functional layer by
severe pore formation.

The addition of small amounts of Ag (0.1-2.0wt.%) to
the cathode functional layer by synthesis following the
Pechini method did not result in a significant improve-
ment of the electrochemical performance.

Addition of Pt did not positively affect the electrochem-
ical performance.
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