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a b s t r a c t

Oxygen electrodes and steam electrodes are designed and tested to develop improved solid oxide elec-
trolysis cells for H2 production with the cell support on the oxygen electrode. The electrode performance
is evaluated by impedance spectroscopy testing of symmetric cells at open circuit voltage (OCV) in a one-
atmosphere set-up. For the oxygen electrode, nano-structured La0.75Sr0.25MnO3 (LSM25) is impregnated
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into a LSM25/yttria stabilised zirconia (YSZ) composite, whereas for the steam electrode, nano-structured
Ni and Ce0.8Gd0.2O2−ı (CGO) is impregnated into a Sr0.94Ti0.9Nb0.10O3−ı (STN) backbone. In the present
study, the best performing oxygen electrode is a LSM25-YSZ composite with 20% porosity and impreg-
nated with a LSM25 solution measuring a polarisation resistance (Rp) of 0.12 � cm2 at 850 ◦C in oxygen.
For the steam electrode, the best performance is obtained for a STN backbone, sintered at 1200 ◦C and

i, wit
ttria stabilised zirconia
trontium titanate

impregnated with CGO/N

. Introduction

Solid oxide cells (SOCs) are high temperature electrochemical
evices which can be operated as a fuel cell to convert fuel to
lectricity; or an electrolysis cell to convert electricity into fuel.
ore specifically, a solid oxide electrolysis cell (SOEC) can convert

xcess electricity plus H2O and/or CO2 to hydrogen or synthesis gas
H2 + CO).

SOEC testing has been reported already since the 1980s [1,2].
his work started with testing yttria stabilised zirconia (YSZ) elec-
rolyte supported systems with a Ni/YSZ steam electrode and

lanthanum strontium manganite (LSM)/YSZ oxygen electrode.
ore recently this SOEC interest has been revived with focus on

he development of improved cell performance [3,4]. To date, the
ajority of the SOEC testing has been based on steam electrode sup-

orted cells with a Ni/tetragonal YSZ (t-YSZ) support; Ni/YSZ steam
lectrode; thin YSZ electrolyte and LSM/YSZ oxygen electrode.
owever, testing and durability studies of SOECs with significantly
ifferent compositions have also been reported [5–9].
At the Risø DTU high initial electrolysis performance [10,11] has
een obtained for steam electrode supported solid oxide electrol-
sis cells (SOECs) having an LSM/YSZ composite oxygen electrode.
he LSM/YSZ oxygen electrode microstructure can endure 1500 h

∗ Corresponding author at: Fuel Cells and Solid State Chemistry Division, Risø DTU,
ational Laboratory for Sustainable Energy, Technical University of Denmark, 4000
oskilde, Denmark. Tel.: +45 46775617; fax: +45 46775858.
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h an Rp of 0.08 � cm2 at 850 ◦C in 3% H2O/H2.
© 2010 Elsevier B.V. All rights reserved.

of electrolysis testing at −0.5 A cm−2 [12,13] but shows irreversible
degradation under higher current density [14].

A problem presented with the steam electrode supported cell
is that gas diffusion limitations can be introduced at high current
densities [15,16]. To avoid such limitations it was postulated by Ni
et al. to fabricate an oxygen electrode supported cell, i.e. producing
an SOC optimised for SOEC purposes [15].

Several groups have produced oxygen electrode supported SOCs
for SOFC application with varying success (Table 1) [17–20]. The
cells have typically been built around a zirconia electrolyte and
an LSM/YSZ oxygen electrode support, except one cell was fab-
ricated using a Pr0.35Nd0.35Sr0.3MnO3−x (PNSM)/Sm0.2Ce0.8O1.95
(SDC) composite as an oxygen electrode support with a thin,
SDC/YSZ electrolyte [18]. As a variation sintering temperatures and
production techniques were used for the electrolyte production,
not all cells are gas tight. Assuming the oxygen and steam elec-
trode are sealed, the electrolyte gas tightness can be evaluated by
comparing the theoretical cell voltage and the measured voltage
at open circuit voltage (OCV) (Table 1). The most gas tight elec-
trolyte was fabricated by Yamahara et al. [20] who used a sintering
temperature of 1250 ◦C.

The area specific resistance (ASR) values are also presented in
Table 1, however it should be noted that the ASR values are not
all directly comparable. In general, it is suggested that the cells

fabricated by Yamahara et al. [20], Chen et al. [19] and Liu et al. [18]
have the highest performance, however the different cell size will
effect the conversion resistance. Although it is difficult to conclude
which cell performs the best without further detailed analysis, the
serial resistances (Rs) can be directly compared.

dx.doi.org/10.1016/j.jpowsour.2010.10.102
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:belo@risoe.dtu.dk
dx.doi.org/10.1016/j.jpowsour.2010.10.102
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Table 1
Production parameters and cell characteristics of various LSM/t-YSZ support cells reported in literature [17–20].

Oxygen electrodea Electrolyte (�m) Steam electrode Ts (◦C)b OCV (V)c ASR (� cm2)d Rs (� cm2) Ref.

LSM95 SSZ
(26) Pt 1250

1.08
0.90 0.25

Zhao
et al.
[17]

SSZ 1.14

PNSM SSC (11) Ni
1300

0.99
0.52 0.13

Liu
et al.
[18]

SSC YSZ (4) SSC 1.1

LSM YSZ
(27)

LSCM
1200

1.08
0.58 0.12

Chen
et al.
[19]

YSZ CGO 1.1

LSM SYSZ
(∼13)

Ni
1250

∼1.1
0.64 0.19

Yamahara
et al. [20]SYSZ SYSZ 1.1

a (La0.8Sr0.2)0.95MnO3 (LSM95); Sc0.1Ce0.01Zr0.89O2−x (SSZ); Pr0.35Nd0.35Sr0.3MnO3−x (PNSM); Sm0.2Ce0.8O1.95 (SSC); Gd0.2Ce0.8O1.9 (CGO); La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM);
Sc0.1Y0.01Zr0.89O2−x (SYSZ).
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b Ts – sintering temperature.
c Open circuit voltage (OCV) including measured and theoretical at 800 ◦C, with

hao et al. which has oxygen supplied to the oxygen electrode).
d Area specific resistance (ASR) measured at OCV in aforementioned conditions (

The highest Rs is obtained in the cell fabricated by Zhao et al. [17],
hich could be attributed to reaction between the LSM95 phase and

he electrolyte. Similarly, although Yamahara et al. [20] have used a
ery thin electrolyte, the Rs is relatively high 0.19 � cm2. In compar-
son, although the electrolyte in the cell produced by Chen et al. [19]
s as thick as the cell fabricated by Zhao et al. [17], the lower sinter-
ng temperature (1200 vs. 1250 ◦C) appears to have avoided oxygen
lectrode/electrolyte reaction yielding the lowest Rs of 0.12 � cm2.

For an oxygen electrode supported SOC, the oxygen electrode
upport/electrolyte half cell is sintered prior to steam electrode
eposition and sintering [17–20]. As such a sintering tempera-
ure range limitation is introduced. The lower limit is presented
y the temperature required to densify the electrolyte (∼1210 ◦C
or YSZ) and the upper limit is presented by the point at which
he oxygen electrode and electrolyte react (∼1250 ◦C for LSM/YSZ)
21]. From the LSM/YSZ oxygen electrode perspective these tem-
eratures are relatively high in comparison to similar LSM/YSZ
xygen electrode sintering temperatures for steam electrode sup-
orted cells (ca. <1100 ◦C). As such, the larger anticipated grain size
ould reduce the three phase boundary length, decreasing the oxy-

en electrode performance [22]. However, from an electrolyte and
upport perspective the sintering temperatures required for the
xygen electrode supported cell are relatively low in comparison
o the sintering temperatures typically used in the steam electrode
upported cell (ca. 1300 ◦C). With reduction in sintering temper-
ture the sintering of the YSZ electrolyte and the t-YSZ in the
upport are reduced – potentially affecting the cell gas tightness
nd strength respectively. In addition the support porosity must
e optimised. Higher support porosity allows for easy electrode

mpregnation, however, the volume fraction of LSM and t-YSZ is
onsequently reduced which may compromise electronic connec-
ivity and mechanical strength respectively.

The more traditional steam electrode – Ni/YSZ also presents
ssues for electrolysis operation as the Ni/YSZ steam electrode
egrades during redox cycling. Furthermore, operation under
igh steam concentration can cause strong Ni agglomeration. A
ecent study [23] on Sr0.94Ti0.9Nb0.10O3−ı (STN) impregnated with
ano-sized nickel and Ce0.8Gd0.2O2−ı (CGO) showed promising
erformance for obtaining a stable and high-performing steam
lectrode. STN is an A-site deficient SrTiO3 perovskite where the
i4+ B-site is doped with Nb5+ which acts as an extrinsic dopant –
ncreasing the STN electronic conductivity. STN is A-site deficient
o avoid SrO secondary phase formation. STN has negligible elec-

rochemical activity therefore must be impregnated with active
articles to improve the electrochemical response. This activity
an also be improved by introducing oxygen vacancies in the STN
ackbone structure through reduction – improving the ionic and
lectronic conductivity.
O/H2 supplied to the steam electrode and air supplied to oxygen electrode (except

t Yamarhara et al. which is reported at maximum power).

From a production perspective, the steam electrode sintering
temperature is an important parameter to investigate as increas-
ing STN grain size would consequently decrease potential TPB
sites. Furthermore, STN may interact with the adjacent YSZ elec-
trolyte by Sr or Ti reactivity/dissolution [24,25] forming deleterious
interfacial phases which could negatively impact the electrode per-
formance.

The focus of this study is to understand the effect of the pro-
cessing parameter limitations of oxygen electrode supported cells
on electrochemical performance of LSM/YSZ and STN. For the sup-
port and oxygen electrode the porosity, sintering temperature and
impregnation are investigated. For the STN steam electrode the
sintering temperature, reduction temperature, electrode thickness
and impregnation are investigated. To avoid confusion the cell com-
ponents will be discussed using the following terminology – the
LSM/t-YSZ support will be referred to as the ‘support’; LSM/YSZ
oxygen electrode as the ‘oxygen electrode’ and the STN steam elec-
trode as ‘steam electrode’.

2. Experimental

To gauge the effect of the processing parameters on the cell
performance, symmetric cells were fabricated and electrochem-
ically tested. For the oxygen electrode symmetric cells, oxygen
electrode supported cells were fabricated with a thick LSM/t-YSZ
support, thin LSM/YSZ oxygen electrode and a thin YSZ electrolyte
(Fig. 1(a)). For the steam electrode, electrolyte supported symmet-
ric cells were produced with thin steam electrodes and a thick YSZ
electrolyte (Fig. 1(b)). These symmetric cell configurations were
chosen as they are considered similar to the electrodes that would
be used in a full cell configuration.

2.1. Oxygen electrode

Three different oxygen electrodes (OE1, OE2 and OE3) were
fabricated and tested. The electrodes were tested in the form of
a symmetrical cell encompassing five distinct layers: a 15 �m
thick Sc-doped yttrium stabilised zirconia (Sc-YSZ, 10 mol% Sc2O3,
3.1 mol% Y2O3 and 0.25 wt% Al2O3 doped ZrO2) electrolyte sand-
wiched by two 30 �m thick La0.75Sr0.25MnO3 and 8 mol% Y2O3
doped ZrO2 composite (LSM/YSZ) oxygen electrode layers and two
300 �m thick La0.75Sr0.25MnO3 and 3 mol% Y2O3 doped ZrO2 com-
posite (LSM/t-YSZ) support layers (Fig. 1(a)). The symmetric cells

were fully tape cast and sintered in air at 1210 ◦C for the OE1
samples and at 1260 ◦C for the OE2 and OE3 samples. Apart from
the sintering temperature, the cells differ in pore-former quantity
added during fabrication in order to obtain support porosity of 20,
30 and 35% for OE1, OE2 and OE3 samples respectively.
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Between the three cells the major differences are the sintering
temperature, the pore size distribution and support porosity. The
support structure in all cases consists of LSM and t-YSZ. The OE1
support microstructure is relatively similar to the oxygen electrode

Table 2
In-plane electronic conductivity and secondary phases for the tested LSM/t-YSZ
symmetric cells. The volume fraction of LSM:YSZ is 48:52 for the support and the
Fig. 1. Schematic of the symmetric cell configuration

These non-impregnated samples are considered reference sam-
les (labelled R). A set of these samples were impregnated under
acuum with a mixed salt solution giving a La0.75Sr0.25MnO3
LSM25) composition after calcination at 600 ◦C for 1 h (labelled
). Hence, OE1, OE2 and OE3 have been electrochemically tested

ith and without LSM25 impregnation.
After production, the cell phase purity, microstructure, in-plane

onductivity, porosity and electrochemical performance were char-
cterised. The in-plane electrical conductivity of the support was
easured at room temperature using the Van der Pauw technique

26], where a Model 580 micro-ohmmeter (Keithley, UK) was used
o measure the 4-terminal resistance. The porosity and the pore size
ere measured by a Micromeritics mercury porosimeter. The phase
urity was determined using X-ray diffraction (XRD) employing a
toe diffractometer with Cu K� radiation.

The cell microstructure was investigated using a Zeiss Cross-
eam scanning electron microscope (SEM) equipped with a field
mission gun (FEG). For SEM, the cells were prepared by vac-
um embedding cell pieces in epoxy (Struers EpoFix) followed by
rinding and polishing. The samples were inspected in low volt-
ge (LVSEM) mode, using an InLens detector, operating the FEG
t 1 keV with uncoated samples [27]. LVSEM micrographs high-
ight the LSM grain interconnectivity in the electrode and support
tructures. Fractured, uncoated, LSM25 impregnated samples were
nspected operating the Zeiss Crossbeam at 15 keV using the InLens
etector.

.2. Steam electrode

For characterising the steam electrode, electrolyte supported
ymmetrical cells were fabricated. The supporting electrolyte is
200 �m thick dense 8 mol% Y2O3 doped ZrO2 (YSZ) electrolyte

nd is sandwiched by two Sr0.94Ti0.9Nb0.10O3−ı (STN) electrode
ackbones (Fig. 1(b)). The STN powder was deposited by spray coat-

ng. Two electrode thicknesses were prepared: 20 �m and 30 �m,
abelled as STN A and STN B respectively. The spray-coated cells

ere sintered in air for 3 h at two different temperatures: 1200 ◦C
labelled L) and 1250 ◦C (labelled H). These non-impregnated and
nreduced samples are considered reference samples (labelled R).
set of the symmetric cells were reduced in 9% H2/N2 for 17 h

t 1100 ◦C (labelled Red). To enhance the electrode catalytic prop-
rties, Ce0.8Gd0.2O2−ı (CGO) and 10 wt% Ni mixed solution was
mpregnated into the STN backbone and subsequently calcined at
50 ◦C in air for 3 h (labelled CGONi). The impregnation procedure

s described elsewhere [28]. The impregnation and subsequent cal-
inations were repeated three times.

After production, the cell microstructure was investigated using

EM. The SEM samples were prepared in the same manner as
he oxygen electrode supported symmetric cells and were subse-
uently carbon coated. The steam electrode symmetric cells were
bserved using the aforementioned Zeiss Crossbeam operated at
2 keV, in backscattered electron mode.
e (a) oxygen electrode and (b) steam electrode cells.

2.3. Impedance spectroscopy

The symmetric cells were characterised by means of electro-
chemical impedance spectroscopy (EIS) in a one-atmosphere rig.
For current collection, Pt-paste was applied onto the electrode sur-
faces. Typically, at least two of the same samples were placed in the
rig and measured simultaneously in order to ensure reproducibil-
ity. Impedance analysis of the symmetric cells was performed at
open circuit voltage using a Solatron 1260 Frequency Analyser. The
impedance spectra were recorded from 82 540 Hz to 0.08 Hz with
6 points per frequency decade.

The oxygen electrode symmetric cell impedance data were col-
lected at temperatures between 600 and 850 ◦C, at 50 ◦C intervals
during both heating and cooling, in air and pure O2 atmospheres.
The steam electrode symmetric cell impedance data were collected
at temperature between 650 and 850 ◦C at 50 ◦C intervals during
heating and 100 ◦C intervals during cooling with 3% H2O in pure
hydrogen.

3. Results

3.1. Oxygen electrode

The in-plane conductivity of OE1, OE2 and OE3 are presented in
Table 2. The room temperature in-plane conductivity is the highest
for OE1 (1.5 S cm−1) and the lowest for OE3 (0.1 S cm−1). Although
the measured values are proportionally less than what is antici-
pated from dense room temperature LSM electrical conductivity
measurements (ca. 30 S cm−1 [29]), the LSM electronic conduc-
tivity is reported to be dependent on sintering temperature and
microstructure [30].

LVSEM micrographs of OE1 and OE3 are presented in Fig. 2. A
micrograph of OE2 has not been included as it is similar to the
microstructure of OE3. The benefit of the LVSEM technique is that
it highlights the LSM electron conducting phase – which appears
bright in the micrograph. Non-conducting LSM, YSZ and the epoxy
filled pores all appear dark when using this operating mode. It can
be clearly observed that the LSM in the support and the oxygen
electrode is both electronically conducting and interconnected.
oxygen electrode for all the three sets of samples.

OE1 OE2 OE3

In-plane conductivity (S cm−1) 1.5 0.5 0.1
XRD – secondary phases mZrO2 La2Zr2O7 La2Zr2O7
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support on lower section. Small patches of infiltrate are located at
the support/oxygen electrode interface. Here it is observed that the
infiltrate can easily penetrate through the porous support, but the
high density of the oxygen electrode severely impedes impregna-
tion into the oxygen electrode.
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Fig. 2. InLens SEM pict

icrostructure whereas the OE2 and OE3 support microstructures
re markedly different to the oxygen electrode microstructure.

Table 3 is a collation of the oxygen electrode supported sym-
etric cells Rp values at 850 ◦C in pure oxygen and air. OE3 has the

ighest Rp (0.79 � cm2 at 850 ◦C in oxygen), which is approximately
alved to 0.38 � cm2 for the OE2 sample. The best performance is

rom the OE1 with an Rp of 0.26 � cm2 under the same operating
onditions.

Fig. 3 shows the Bode-type plots for the reference samples
OE1 R, OE2 R and OE3 R) of the three samples at 850 ◦C in pure
2 (Fig. 3(a)) and for OE2 at 650 ◦C, 750 ◦C and 850 ◦C in pure O2

Fig. 3(b)). In order to increase the frequency resolution dZ′/d ln (Hz)
s plotted vs. frequency in all the Bode-type plots shown. OE2 and
E3 are dominated by a low frequency arc about 10 Hz. The OE1 cell

s also dominated by a low frequency arc, where the characteristic
requency is ∼5 Hz. This low frequency arc in all cells is thermally
ctivated (Fig. 3(b)).

Impregnating the oxygen electrode with nano-sized LSM25
mproves the cell performance in all cases (Table 3). However,
his improvement is not equal for all samples and atmospheres.
he OE3 cells show an Rp improvement by a factor of 2.2–4.4
calculated as the worse scenario and best scenario taking into
ccount the error values) when operated in pure O2 and 850 ◦C (0.25
s. 0.79 � cm2). At the same operating conditions, OE2 impreg-
ation improves the Rp by 1.4–1.6 times (0.25 vs. 0.38 � cm2)
nd OE1 impregnation improves the Rp by 1.1–2.7 times (0.12 vs.
.26 � cm2). Although the observation that OE3 improves the most

fter impregnation could suggest that the more open support struc-
ure allows for improved impregnation, the OE2 samples, which
ave higher support porosity than OE1, show the weakest improve-
ent after infiltration. Despite the impregnation having a relatively

able 3
erial resistances for OE1, OE2 and OE3. Polarisation resistances for both references
nd impregnated samples for OE1, OE2 and OE3 in air and pure O2 at 850 ◦C.

OE1 OE2 OE3

Rs 0.09 ± 0.06 2.39 ± 0.12 1.81 ± 0.30
Rp

O2

Reference 0.26 ± 0.01 0.38 ± 0.01 0.79 ± 0.14
Impregnated 0.16 ± 0.06 0.25 ± 0.01 0.25 ± 0.04

Air
Reference 0.44 ± 0.04 0.49 ± 0.04 0.85 ± 0.24
Impregnated 0.24 ± 0.07 0.30 0.40 ± 0.04
or (a) OE1 and (b) OE3.

weak effect on OE1, it still maintains the best performance with an
Rp of 0.12 � cm2 at 850 ◦C in oxygen.

Fig. 4 is a micrograph across the support/oxygen electrode inter-
face of OE3 – relatively dense oxygen electrode on top section and
0
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Fig. 3. Bode-type plot (dZ′/d ln (Hz) vs. frequency) calculated from the impedance
data recorded for (a) OE1, OE2 and OE3 reference samples in pure O2 at 850 ◦C and (b)
OE2 at 650 ◦C, 750 ◦C and 850 ◦C. Filled and large symbols are selected frequencies
at 82 kHz, 8.2 kHz, 825 Hz, 82 Hz, 8.2 Hz, and 0.82 Hz.
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ig. 4. SEM micrographs across the support/oxygen electrode interface showing th
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The serial resistance, Rs, for the cells at 850 ◦C is presented in
able 3. There is a notable Rs difference between the three sets
f samples. OE2 and OE3 have comparable Rs values (2.39 and
.81 � cm2 respectively) while OE1 shows much lower Rs values
0.09 � cm2). From XRD La2Zr2O7 is detected in both OE2 and
E3 samples (Table 2). However, from SEM-EDS analysis it was
ot possible to locate the La2Zr2O7 as a separate phase either at
he electrolyte/oxygen electrode interface or at the LSM/YSZ grain
nterfaces. The La2Zr2O7 phases may be difficult to detect due to
he reaction grain size which may be significantly smaller than the
nteraction volume size of the probing electron beam.

.2. Steam electrode

Fig. 5(a) and (b) is SEM micrographs of STN A L R. The electrolyte
s dense and free of major defects. The STN electrode has an even
rain size (<1 �m) with a homogenously distributed porosity. The
lectrode is well bonded on the electrolyte and does not show major
igns of elemental diffusion across the electrode/electrolyte inter-

ace. Fig. 5(c) is a higher magnification SEM image of the STN A L R
fter Ni/CGO impregnation. The higher average atomic number
f the Ni makes the infiltrate bright in the backscattered micro-
raph. The open microstructure of the STN backbone allows for
asy impregnation.

B_L_CGONiA_L_Red_CGONi

Fig. 6. Polarisation resistances obtained from impedance measurements for both
(a) references and (b) impregnated samples in 3% H2O/H2 at 850 ◦C.

Fig. 5. SEM micrographs of STN A L before impregnation at (a) low magnification, (b) higher magnification and (c) after Ni/CGO infiltration.
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impregnation effect is strongest for the OE3 cell (largest sup-
ig. 7. Bode-type plot (dZ /d ln (Hz) vs. frequency) calculated from the impedance
ata recorded for (a) STN A L reference samples and (b) STN A L CGONi impregnated
amples in 3% H2O/H2 at 650, 700, 750, 800, 850 ◦C. Large symbols are selected
requencies at 8.2 kHz, 825 Hz, 82 Hz, 8.2 Hz, and 0.82 Hz.

Fig. 6(a) shows the Rp values obtained from the EIS mea-
urements for the unimpregnated reference samples STN A L R,
TN A L Red, STN A H R and STN B L R. By impregnating the sam-
les the Rp values reduce by an order of magnitude (Fig. 6(b)).

For the unimpregnated samples (Fig. 6(a)) the thin, low temper-
ture sintered, reduced sample shows the best performance and
he thin, high sintering temperature sample shows the worst per-
ormance. This trend does not hold after impregnation, the cell that
as found to perform the best prior to impregnation performs the
orst after impregnation (STN A L Red). However, some consistent

bservations are made, namely there is little difference between
sing a thin (20 �m) or thick (30 �m) STN backbone and the lower
intering temperature of 1210 ◦C is consistently better performing
han the higher sintering temperature of 1250 ◦C. The low sin-
ered, non-reduced, CGO/Ni impregnated samples (STN A L CGONi
nd STN B L CGONi) show the best performance. STN A L R has
n Rp of 1.16 � cm2 at 850 ◦C and 3% H2O/H2 which after CGO/Ni
mpregnation improves by a factor of 15, to 0.08 � cm2 at the same
onditions.

Fig. 7 shows the Bode-type plots calculated from the impedance
ata for both reference (Fig. 7(a)) and impregnated (Fig. 7(b)) sam-
les as function of temperature with 3% H2O/H2 held constant.
or the reference sample one thermally activated process can be
een, which has a characteristic frequency of ∼300 Hz at 850 ◦C
nd ∼100 Hz at 650 ◦C. For the impregnated samples two processes
an be seen: one at low and one at high frequency. The low fre-
uency process has a characteristic frequency of 8 Hz and is not
hermally activated. This process is therefore assigned to a gas
iffusion process. The high frequency process has a characteris-
ic frequency of ∼300 Hz at 850 ◦C and is thermally activated. This

rocess is therefore related to the electrochemical processes. The
haracteristic frequency of the high frequency process is very simi-
ar in the impregnated and unimpregnated samples – although the
esistance is an order of magnitude larger in the latter.
r Sources 196 (2011) 4396–4403 4401

4. Discussion

4.1. Oxygen electrode

Three measurements can shed light on the effect of the pro-
cessing parameters on the cell performance – in-plane conductivity
measurements, Rp and Rs. The in-plane conductivity measurements
describe the LSM grain connectivity in the support structure. The
Rs provides a more complicated piece of information as it contains
information on the electrolyte oxide ion conductivity, the LSM elec-
tronic conductivity through support and the oxygen electrode and
finally the contact resistance between the LSM and the YSZ elec-
trolyte. The Rp provides information on the oxygen electrode. The
major microstructural parameters known to affect the Rp are the
YSZ connectivity, LSM connectivity and three phase boundary (TPB)
length of the oxygen electrode per volume [22]. The TPB is the
boundary where the three phases meet – the YSZ ionic conduc-
tor, LSM electronic conductor and pore for gas supply/removal. The
Rp information is further complicated if the in-plane conductivity
is too low.

The in-plane conductivity is reduced by increasing the support
structure porosity – as anticipated. As the in-plane conductivity
collectively describes the LSM–LSM connectivity it should not be
heavily affected by reactions at the LSM/YSZ interfaces which are
found to form in the high sintering temperature samples.

However, LSM/YSZ reaction is noticeable in the Rs. La2Zr2O7
formation at the LSM/YSZ interfaces dramatically increases the
contact resistance between the electronic conducting LSM in the
electrode and the oxide ion conducting, YSZ electrolyte. Although
the in-plane conductivity may also affect the Rs, the decrease in
the in-plane conductivity is not proportional to the decrease in the
Rs. Rather, the OE2 and OE3 both show an Rs increase which is
more than one order of magnitude larger than OE1’s Rs. As such the
Rs increase is attributed to the La2Zr2O7 formation at the oxygen
electrode/electrolyte interface.

Although the values in Table 1 are for 800 ◦C, it is clear that the
Rs of OE2 and OE3 (Table 3) is significantly worse than the reported
values in oxygen electrode supported cells in literature [17–19].
However, the OE1 Rs is comparable to the Rs measured by Chen
et al. [19].

The thermal activation of the Rp (Fig. 3(b)) indicates that the pro-
cesses observed here are related to electrochemical process. The Rp

is the highest for the OE2 or OE3 cells. This could be attributed to a
combination of factors: higher sintering temperature which affects
the oxygen electrode by changing the LSM structure, the porosity
and/or forming resistive La2Zr2O7 at the LSM/YSZ interfaces. Both
the OE2 and OE3 samples are sintered at a high temperature and
as such have a changed oxygen electrode density and also have
La2Zr2O7 formation at the LSM/YSZ interfaces. An increased, oxy-
gen electrode density would decrease the TPB concentration. The
formation of resistive La2Zr2O7 at the LSM/YSZ interfaces will either
eliminate this position as a TPB (effectively decreasing the TPB) or
increase the TPB resistance – ultimately increasing the Rp. From
this work it is not possible to conclude whether it is the change in
electrode density or the La2Zr2O7 formation which is dominating
the Rp increase. However, it is clear that the La2Zr2O7 formation
has a less dramatic effect on the Rp than on the Rs.

The aim of impregnation is to extend the TPB length in the
oxygen electrode. Although increased support porosity of OE2 and
OE3 is detrimental to the in-plane conductivity, the higher sup-
port porosity should be beneficial for impregnation. However, the
port structure porosity) and weakest for the OE2 cell (2nd largest
support structure porosity). This suggests that although the high
support structure porosity allows for easy LSM25 impregnation
through the support, the oxygen electrode remains relatively dense
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nd the LSM25 impregnation through the oxygen electrodes can be
xpected to be similar. This is also confirmed from SEM imaging of
he various oxygen electrodes where only minor amounts of LSM25
nfiltrate are found in the oxygen electrode region (Fig. 4). Even
hough the LSM25 infiltrate does not easily impregnate into the
xygen electrode, by merely decorating the oxygen electrode top
urface and the large pores in the oxygen electrode, the TPB length
s increased to reduce the Rp. Impregnation may be very sensitive
o minor variations in support and electrode structure therefore it
s difficult to conclude precisely why OE1 improves more than OE2
fter impregnation even though the support porosity is lower.

Despite OE1 having the lowest support porosity, the support
orosity is still sufficient to allow for LSM impregnation through
he support structure to the oxygen electrode. This is advantageous
rom a strength perspective as the reduced porosity allows for an
ncreased LSM and t-YSZ connectivity potentially allowing higher
lectronic conductivity and mechanical strength.

Jørgensen et al. reported on the performance of several elec-
rolyte supported LSM/YSZ symmetric cells as a function of
ifferent production parameters [22,31]. The best cell reported in
hese studies had an Rp of 0.12 � cm2 at 850 ◦C in air, when sin-
ered between 950 and 1000 ◦C. In the same manner, Kim et al.
eported an Rp of 0.14 � cm2 at the same conditions for a cell of the
ominally similar characteristics [32]. In the present work an Rp of
.24 � cm2 was measured in OE1 I at 850 ◦C in air – which is a fac-
or of two larger than the reported values for the oxygen electrode
n electrolyte supported cells. Such difference is attributed to the
intering temperature and reduction of the TPB length per volume
31].

.2. Steam electrode

As the STN backbone has negligible catalytic activity compared
o the nano-sized, Ni/CGO particles in all cases the Rp decreased by
n order of magnitude after Ni/CGO impregnation [18].

Increasing STN sintering temperature increases the backbone
p. Although not presented, the Rs values were not strongly affected
y the sintering temperature. The negative effect of increased sin-
ering temperature is still observed after Ni/CGO impregnation –
s such it is attributed to the increased grain size associated with
igher sintering temperatures.

Pre-reduction of the cell did not affect the Rs, but decreased the
p. However, after Ni/CGO impregnation the improvement that is
bserved from the reduced STN backbone is lost and the reduced
ackbone structure exhibits the worst impregnated performance.
rom literature [23,28] it is known that reducing STN increases
he Ti3+concentration in the STN however as the cation diffusion is
luggish in STN the increased Ti3+concentration may be isolated to
he particle surface. Therefore the poor performance of the Ni/CGO
mpregnated reduced backbone structure may be related to the
hange in the STN surface defect structure which affects the nano
article nucleation and growth.

In general the nature of the Ni/CGO impregnation may be sen-
itive to various STN backbone parameters including – STN surface
rea, pore structure and STN defect surface structure. This work is
eyond the scope of this paper, but will be addressed in the future.

Previously, CGO has been impregnated into a STN backbone
ielding an Rp of 0.12 � cm2 at 850 ◦C in 3% H2O/H2. From Fig. 6, it
an be seen that a slightly better result was obtained with Ni/CGO
mpregnation (Rp of 0.08 � cm2 for STN A L CGONi and 0.06 � cm2

or STN B L CGONi at 850 ◦C in 3% H2O/H2). Furthermore, these

mpregnated STN electrodes perform better than the commonly
sed Ni-YSZ steam electrode, which have been reported to have an
p of up to 0.11 � cm2 at the same operating conditions [33]. The

mpregnated STN shows improved performance in comparison to
i-YSZ due to the nano-sized Ni and CGO inclusions which increase
r Sources 196 (2011) 4396–4403

the TPB close to the electrolyte. Furthermore, CGO at these temper-
atures and oxygen partial pressures exhibits mixed electronic and
ionic conductivity which can further enhance the electrochemical
performance.

4.3. Cell overview

In order to estimate the performance of a full electrolysis cell,
made from the best of the developed electrodes, following values
can be used:

• Ni/CGO impregnated low temperature sintered STN steam elec-
trode – Rp = 0.08 � cm2 (850 ◦C, 3% H2O/H2).

• LSM/t-YSZ support sintered at 1210 ◦C, impregnated with LSM25
– Rp = 0.24 � cm2 (850 ◦C, air).

• Low temperature sintered, thin (15 �m) electrolyte 1210 ◦C –
Rs = 0.09 � cm2 (850 ◦C).

For a full cell this would yield an ASR of 0.41 � cm2. Although
this does not include the gas conversion resistance, the ASR is com-
petitive with other oxygen electrode supported cells (Table 1).

5. Conclusions

5.1. Oxygen electrode

• Oxygen electrode supported symmetric cells were producing
with the best performance achieved for the sample sintered at
1210 ◦C, showing no La2Zr2O7 formation. At higher sintering tem-
peratures, 1260 ◦C, resistive La2Zr2O7 formed, which increased Rs

and Rp.
• The high sintering temperature decreases the TPB length pro-

ducing cells with Rp values higher than conventional LSM/YSZ
electrodes.

• Electrode backbone (LSM/YSZ) needs to be more open in order
for the impregnated LSM to access the vicinity of the electrolyte,
hence decreases the Rp

• Impregnation of the electrode, forming nano-sized LSM25
decreases the Rp. The impregnation was facilitated, though not
consistently, by a sufficiently open and porous LSM/t-YSZ support
microstructure.

5.2. Steam electrode

• Increased STN backbone sintering temperature adversely affects
the Rp.

• STN backbone pre-reduction did not improve the Rs, rather it also
reduced the Rp and the beneficial electrode impregnation effect.

• The highest performance is obtained with the STN L CGONi sam-
ple sintered at 1200 ◦C, unreduced and impregnated.
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