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a b s t r a c t

Sr-doped LaMnO3 and Yttria stabilized zirconia (LSM–YSZ) composite powder is synthesized by the prepa-
ration of LSM on submicron-sized YSZ particles using an in-situ glycin–nitrate combustion method for
solid oxide electrolysis cells (SOEC) in this paper. LSM–YSZ composite powder and the relevant LSM pow-
der are characterized by XRD and FESEM. The results show that LSM–YSZ is net-porous composite powder
while YSZ and LSM do not react with each other during synthesis process. The electrochemical test of
eywords:
ydrogen production
igh-temperature steam electrolysis
olid oxide electrolysis cells
omposite powder
echanism

the single button cells indicates that the in-situ LSM–YSZ powder shows better electrolysis performance
and lower discharging capability than traditionally direct mixture LSM and YSZ oxygen electrode. When
operating in SOEC mode with constant current electrolysis at a current density of 0.33 A cm−2 and 900 ◦C,
the electrolytic voltage decreases from 1.21 V to 1.02 V, which indicates that LSM–YSZ electrode has an
activation process at the initial testing stage. A mechanism which involves the incorporation of SrO seg-
regated on the surface into the LSM lattice and the generation of oxygen vacancies in the LSM electrode

tion p
is proposed for the activa

. Introduction

Currently energy is developing to low- and non-carbon energy
ources due to the global warming problem. Hydrogen has been
idely identified as a potential alternative fuel as well as an energy

arrier for the future energy supply [1,2]. High-temperature steam
lectrolysis (HTSE), which utilizes the heat and electrical power
f renewable energy or advanced nuclear reactor as the energy
ources of solid oxide electrolysis cells (SOEC) with high efficiency,
rovides a very promising way for the large-scale hydrogen pro-
uction in the future [3–5].

The hydrogen production efficiency of HTSE increases with the
ncreasing temperature [6]. Considering coupled with the high-
emperature gas-cooled reactor (HTGR), the suitable operating
emperature is in the range of 700–1000 ◦C [7]. As the high-
emperature electrolysis is essentially a reverse process of solid
xide fuel cells (SOFC) in principle, the approach of SOEC was based
n the existing materials and fabrication technology developed for
igh-temperature SOFC [8]. Strontium-doped lanthanum mangan-
te (LSM) has been utilized as the most common oxygen electrode
aterials of SOEC due to its good electronic conductivity, cat-

lytic properties for oxygen ion oxidation and mechanical/chemical
ompatibility with yttria-stabilized zirconia (YSZ) electrolyte [9].

∗ Corresponding author. Tel.: +86 10 80194039; fax: +86 10 62771740.
E-mail address: cassy yu@mail.tsinghua.edu.cn (B. Yu).
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oi:10.1016/j.jpowsour.2008.12.132
rocess with O2− oxidation on LSM electrodes.
© 2009 Elsevier B.V. All rights reserved.

However, the poor ionic conductivity limits the improvement of
LSM performances owing that the reaction only occurs in a small
area between electrolyte and oxygen electrode. The alternative
way is to fabricate LSM with YSZ to form composite electrode
which can extend the electrochemical active area to a certain depth
of oxygen electrode. Nowadays, LSM–YSZ composite electrodes
are mainly prepared by mixing as-prepared LSM and YSZ pow-
ders directly [10,11]; it is an effective way, however, the slurry
containing two different particles is unstable which causes the
non-uniform distribution between the LSM and YSZ grains, there-
fore, the LSM/YSZ/gas three phase boundaries (TPBs) decrease.
Moreover, according to the reaction of oxygen electrodes, the
opposite polarization direction demands that oxygen electrodes
should have more adsorptive-desorption of oxygen in SOFC while
have higher oxygen evolution property in SOEC mode. This may
result in the traditionally mixed LSM and YSZ oxygen electrode
which is suitable for SOFC application are not the best choice
for SOEC.

It is known that freshly prepared (without polarization treat-
ment) LSM electrodes can be significantly activated with the
application of cathodic polarization/current passage with respect to
the SOFC mode [12]. When applied an anodic polarization/current

to the cathodically polarized LSM electrode, the electrochemical
activity of oxygen reduces. Much work has been done on the activa-
tion and deactivation mechanism, and generally interpreted based
on the generation and consumption of oxygen vacancies under
cathodic and anodic polarization potential, respectively [13–18].

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:cassy_yu@mail.tsinghua.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.12.132
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gen electrode (500 �m thick), dense YSZ electrolyte (12 �m thick),
and porous LSM–YSZ oxygen electrode (50 �m thick). In Fig. 3a, the
LSM–YSZ grain size is almost equivalent to the branch coarseness
of the net LSM–YSZ composite powder in Fig. 2a. And the LSM grain
size in the oxygen electrode of cell-B (Fig. 3b) is much smaller than
42 M. Liang et al. / Journal of Po

owever, we found that the anodic current passage treatment
lso could significantly enhance the electrochemical activity of the
reshly prepared LSM–YSZ electrodes in SOEC mode. To the best of
he author’s knowledge, there are few publications on the mech-
nism of the anodic polarization/current passage effect on freshly
repared LSM–YSZ electrodes.

Thus, the aim of this paper is to prepare high homogeneity
nd high performance LSM–YSZ composite powder through syn-
hesized LSM on submicron-sized YSZ particles using an in-situ
lycin–nitrate combustion method for SOEC. Based on the electro-
hemical test results, a mechanism for the activation process on
SM–YSZ electrode in SOEC mode is also proposed.

. Experimental

.1. Preparation and characterization of LSM–YSZ composite
owder

LSM–YSZ composite powder was synthesized by an in-situ
lycin–nitrate combustion method. Lanthanum nitrate, strontium
itrate, manganous nitrate and YSZ powder (TZ-8Y, Tosoh Corpora-
ion, Japan) were used as raw materials in this method. The nitrates
n the proportion of (La0.75Sr0.25)0.95MnO3 were dissolved in deion-
zed water. Then glycin and YSZ powder were added to the nitrate
queous solution and ultrasonically separated for 15 min to form
mulsion. The molar ratio of metal ions and glycin was 9:5. The
eight ratio of YSZ to theoretically generative LSM was controlled at
:6. After adjusted pH value of the solution to 7 with ammonia, the
ixture was stirred at 80 ◦C for 0.5 h and then heated in a porcelain

ish. As the evaporation proceeded, the emulsion became viscous,
nd changed to a foamy black sponge. Finally it was self ignited from
he bottom and the whole combustion process finished instanta-
eously. The as-burned loose powder was then treated at 1000 ◦C

n the air for 2 h and LSM–YSZ composite powder was obtained.
For comparison, pure LSM powder was synthesized under the

ame conditions. Then the LSM powder was mixed with YSZ thor-
ughly in a weight ratio of 6:4 by ball milling. The cells prepared
y situ-precipitation LSM–YSZ composite powder and ball milling
SM–YSZ powder were named as cell-A and cell-B for convenient
iscussion in this paper, respectively.

The crystalline phase of the synthesized powders were analyzed
y an X-ray diffraction (XRD, D8 Advance, BRUKER Corporation,
ermany), using Cu K� radiation (� = 0.15406 nm). The morphol-
gy of the LSM–YSZ and LSM powders were observed by a field
mission scanning electronic microscope (FESEM, QUANTA 200F,
EI Corporation, USA).

.2. Fabrication and electrochemical test of the single electrolysis
ells

NiO-YSZ hydrogen electrode was prepared by dry pressing pro-
ess. To form sufficient porosity, starch was added as a pore former.
iO-YSZ composite powder and starch were fully mixed in a weight

atio of 5:1 by ball milling. The mixed powder was then pressed
nto a disc with 20 mm in diameter and 500 �m in thickness under

pressure of 250 MPa. Then the green discs were pre-sintered at
00 ◦C for 2 h.

The YSZ electrolyte and LSM–YSZ oxygen electrode were fab-
icated by screen-printing method. The printing ink was the
ombination of functional powder with the organic binder by
all milling for 2 h. The organic binder was prepared by dissolv-
ng 5 wt% ethylcellulose into 95 wt% terpineol. The weight ratio
f functional powder to organic binder in electrolyte and oxy-
en electrode printing ink was 3:4 and 2:3, respectively. To obtain
ense YSZ films, YSZ powder was ball-milled for 24 h with ethanol
dding before prepared electrolyte printing ink. Then the elec-
ources 190 (2009) 341–345

trolyte screen-printed on the NiO-YSZ electrode and sintered at
1400 ◦C for 4 h. LSM–YSZ oxygen electrode layer with an effective
area of 0.9 cm2 was deposited onto the sintered YSZ film subse-
quently and sintered at 1180 ◦C for 2 h in the air.

The cells were tested with a DC 4-probe technique at 900 ◦C. The
feed gas to the hydrogen electrode was the mixture of H2/H2O and
ambient air on the oxygen electrode side. IM6ex electrochemical
workstation (Zahner IM6ex, Germany) was employed to measure
the cell performance. Current–voltage (I–V) curves were tested by
linear sweep voltammetry at a scanning rate of 10 mV s−1. The
durability of the cells was observed by means of constant current
electrolysis with a current density of 0.33 A cm−2. The spectra were
recorded applying an AC voltage with amplitude of 10 mV in the fre-
quency range from 100 kHz to 0.5 Hz under open-circuit conditions.
The microstructure of the cell was examined using a FESEM.

3. Results and discussion

3.1. Powder characteristics

Fig. 1 is the X-ray diffraction patterns of LSM–YSZ and LSM pow-
ders calcined at 1000 ◦C for 2 h in the air. The results show that YSZ
is cubic phase in sample (a) and LSM presents perovskite structure
in sample (a) and (b). In the LSM–YSZ composite powder, there are
no other diffraction peaks except YSZ and LSM X-ray diffraction
patterns, which indicates that YSZ and LSM do not react with each
other during synthesis process.

Fig. 2a and b is FESEM micrograph of LSM–YSZ and LSM pow-
ders calcined at 1000 ◦C for 2 h in the air, respectively. Both powders
are porous while LSM powders agglomerate to form spongy struc-
ture as well as LSM–YSZ composite powder shows porous and net
structure. YSZ powders are coated by LSM and functioned as the
skeletons of the net structure.

3.2. Electrochemical performance of the cells

The FESEM micrographs of the cross-section views of hydrogen
electrode supported single cell: (a) cell-A and (b) cell-B are shown in
Fig. 3. Each single cell consists of three layers, porous Ni-YSZ hydro-
Fig. 1. XRD patterns of (a) LSM–YSZ composite powder and (b) LSM powder calcined
at 1000 ◦C for 2 h.
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Fig. 2. FESEM micrographs of (a) LSM–YSZ composite powder and (b) LSM powder calcined at 1000 ◦C for 2 h.

post-test cell: (a) Cell-A and (b) Cell-B.
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Fig. 3. FESEM micrographs of the

hat in Fig. 2b. It indicates that LSM and YSZ are in close contact with
SM–YSZ composite powder which is harder to be cracked than
pongy LSM powder in LSM–YSZ printing ink preparation process.

Fig. 4 shows the performances of single cells tested at 850 ◦C
nd 900 ◦C, the input stream of 60% H2O + 40% H2 to hydrogen
lectrode and the air to oxygen electrode, respectively. The hydro-
en flow rate was set at 30 mL min−1. Since the Ni-YSZ hydrogen
lectrode and YSZ electrolyte of cell-A and cell-B were similar,
he only changeable parameter is the LSM–YSZ oxygen electrode.
he open-circuit voltage (OCV) of cell-A and cell-B were 0.883 V
nd 0.886 V at 900 ◦C, respectively. Both were near the theoret-
cal OCV value (0.888 V) calculated from Nernst formula, which
uggested that the YSZ film was quite dense and that the fuel
as leakage through the YSZ film could be negligible. In the SOEC
ode, the current densities of cell-A and cell-B were−0.520 A cm−2,
0.431 A cm−2 at 900 ◦C and −0.333 A cm−2, −0.231 A cm−2 at

50 ◦C at 1.50 V, respectively. In the SOFC mode, the current densi-
ies of cell-A and cell-B were 0.501 A cm−2, 0.600 A cm−2 at 900 ◦C
nd 0.383 A cm−2, 0.459 A cm−2 at 850 ◦C under 0.38 V discharg-
ng voltage, respectively. Compared with cell-B, cell-A had better
lectrolysis performance and lower discharging capability.

Fig. 4. Comparison of I–V curves recorded at 850 ◦C and 900 ◦C for the cell-A and
cell-B. 60% H2O + 40% H2 and ambient air were used as inlet gas to the hydrogen
electrode and oxygen electrode, respectively.
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.3. Mechanism of LSM–YSZ oxygen electrode in SOEC mode

It has been well known that the electrochemical activity of the
reshly prepared LSM electrodes can be significantly improved with
he application of cathodic polarization/current passage. Wang and
iang [12] had studied the activation process for the O2 reduction on
SM electrodes using Pt/YSZ/LSM cell and proposed a mechanism
s follows:

′
La,LSM + SrO + 3Mn

•
Mn,LSM + e′ → Sr′

La,LSM + OX
O,LSM + 3MnX

Mn,LSM

(1)

X
O,LSM + 2Mn•

Mn,LSM + V••
O,YSZ + 2e′ → V••

O,LSM + 2MnX
Mn,LSM + OX

O,YSZ

(2)

X
O,LSM + 2MnX

Mn,LSM + V••
O,YSZ + 2e′ → V••

O,LSM + 2Mn′
Mn,LSM + OX

O,YSZ

(3)

here V′
La,LSM is the cation vacancy on LSM lattice sites; Sr′

La,LSM rep-
esents a Sr ion introduced into a La lattice site in LSM; Mn•

Mn,LSM,

nX
Mn,LSM and Mn′

Mn,LSM are Mn4+, Mn3+ and Mn2+ ions; OX
O,LSM and

X
O,YSZ are the O2− ions in LSM and YSZ lattice sites; V••

O,LSM and V
••
O,YSZ

tand for oxygen vacancies, respectively. Under cathodic polariza-
ion potential, the segregated SrO on LSM surface is incorporated
nto the LSM lattice structure with the concomitant reduction of Mn
ons, as illustrated by Eq. (1). Further cathodic polarization will lead
o the generation and propagation of oxygen vacancies, as shown
y Eqs. (2) and (3). The removal of the inhibiting SrO species and
ormation of oxygen vacancies may increase active sites on the LSM
urface, enhancing the adsorption and diffusion of oxygen on the
SM surface. When applied an anodic current to prior cathodically
olarized LSM electrode, the oxygen vacancies can be consumed
y the recombination reactions, followed by the re-segregation of
rO onto the LSM surface with the concomitant generation of cation
acancies in the LSM lattice structure, that is the backward reactions
f Eqs. (1), (2) and (3), respectively.

Although LSM–YSZ electrodes in SOEC mode were under anodic
olarization potential, we found that the anodic current passage

reatment also could significantly enhance the electrochemical
ctivity of the freshly prepared LSM–YSZ electrodes, as shown in
ig. 5. Cell-A was tested at 900 ◦C by means of constant current elec-
rolysis with a current density of 0.33 A cm−2. The inlet gas to Ni-YSZ
ydrogen electrode was 60% H2O + 40% H2 at a rate of 75 mL min−1

ig. 5. Constant current electrolysis testing of cell-A with a current density of
.33 A cm−2 at 900 ◦C. 60% H2O + 40% H2 and ambient air were used as inlet gas
o the hydrogen electrode and oxygen electrode, respectively.
Fig. 6. I–V curves recorded for cell-A (a) before and (b), (c), (d), (e) after 120 min
constant current electrolysis at 900 ◦C. 60% H2O + 40% H2 and ambient air were used
as inlet gas to the hydrogen electrode and oxygen electrode, respectively.

and oxygen electrode was in the air. At the initial testing stage, the
electrolytic voltage decreased gradually from 1.21 V to 1.03 V, which
is corresponding to the activation process of LSM–YSZ electrode.
During the operation at 0.33 A cm−2 between 20 and 120 min, the
electrolytic voltage was approximately stable at 1.02 V.

When under open-circuit, there was a deactivation process
occur on the anodically polarized LSM–YSZ electrodes. After con-
stant current electrolysis for 120 min, cell-A’s OCV was 0.680 V.
And the value of OCV increased to 0.885 V after stopping con-
stant current electrolysis for 19 min, which were almost equivalent
to the OCV before constant current electrolysis. Fig. 6 shows I–V
curves of cell-A recorded by linear sweep voltammetry at different
times. After stopping the electrolysis current, the electrochemical
performance decreased with the time in SOEC mode and almost
kept invariant in SOFC mode. The impedance spectra of cell-A
recorded before and after 120 min constant current electrolysis at
900 ◦C was shown in Fig. 7. The ohmic resistance increased from
0.32 � cm2 to 0.40 � cm2 and polarization resistance increased

2 2
from 0.46 � cm to 0.71 � cm from 3 to 22 min. The impedance
increasement of cell-A was consistent with the change of I–V curves
in SOEC mode recorded after constant current electrolysis. Mean-
while, the 17th and 22nd minute impedances had almost the
same ohmic resistance and high-frequency arc with impedance

Fig. 7. Impedance spectra of cell-A recorded at different time: (a) before and (b), (c),
(d) after 120 min constant current electrolysis at 900 ◦C.
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ecorded before constant current electrolysis, but obvious smaller
ow-frequency arc. As the atmosphere of hydrogen and oxygen
lectrodes was stable, the change of OCV and electrolysis perfor-
ance was caused by oxygen electrode deactivation. Moreover, the

alue of OCV increased (0.885 − 0.680 = 0.205 V) after stopping con-
tant current electrolysis were almost equal to that decreased one
1.21 − 1.03 = 0.18 V) in Fig. 5, which indicated that the activation
nd deactivation may be reversible in SOEC mode.

Through experimental results and analysis above we can find
hat the initial electrode interface resistance for the O2- oxidation
n the freshly prepared LSM–YSZ electrodes in SOEC mode can be
ignificantly reduced with the application of anodic polarization,
hile the deactivation occur when stop the anodic current pas-

age. Therefore, a model of LSM perovskite based on the above
onsiderations and articles [12,16,19] is proposed for the activa-
ion/deactivation processes of LSM–YSZ electrodes under anodic
olarization condition in SOEC mode.

At the beginning stage of electrolysis, O2- oxidation reaction
ainly occurs on the three phase boundaries consisted of LSM

rains, YSZ grains and air as the low oxygen ion diffusion coefficient
f LSM, as follows:

X
O,YSZ − 2e′ → V••

O,YSZ + 1
2

O2 (4)

nder anodic polarization potential, manganese ions at the LSM
attice and interstitial sites are reduced and segregated SrO on LSM
urface is incorporated into the LSM lattice structure with the con-
omitant generation of oxygen vacancies in LSM because of the
xidation of O2-, as follows:

Mn•
Mn,LSM + OX

O,LSM → 2MnX
Mn,LSM + V••

O,LSM + 1
2

O2 (5)

′
La,LSM + SrO + 2Mn•

Mn,LSM → Sr′
La,LSM + 2MnX

Mn,LSM + V••
O,LSM+1

2
O2

(6)

X
O,YSZ + V••

O,LSM + 2MnX
Mn,LSM − 2e′ → OX

O,LSM + V••
O,YSZ + 2Mn•

Mn,LSM

(7)

he removal of the inhibiting SrO species may increase active sites
n the LSM surface and the formation of oxygen vacancies in LSM
as illustrated by Eq. (6)) may enhance the transport and diffusion of
xygen ions in LSM–YSZ electrodes (as illustrated by Eq. (7)), result-
ng in higher electrolysis performance than the freshly prepared
SM–YSZ electrodes (Fig. 5).

When stop the anodic current, the oxygen vacancies can be con-
umed by the recombination reactions due to the reverse reactions
f Eqs. (5) and (6) which are spontaneous process. SrO re-segregates
nto the LSM surface with the concomitant generation of cation
acancies in the LSM lattice structure. The deactivation process to

nodically polarized LSM–YSZ electrode could also occur for the
athodic current passage in SOFC mode. The decrease of oxygen
acancies and re-segregation of SrO lead to the increase of the
hmic resistance and polarization resistance (Fig. 7), respectively.
oreover, as the spontaneously proceed of reverse reactions of Eqs.

[

[
[
[

ources 190 (2009) 341–345 345

(5) and (6) have directionality and need to consume oxygen poten-
tial, the OCV is less than theoretical value calculated from Nernst
formula and the active sites on anodically polarized LSM was inef-
fective in SOFC mode, which was shown in Fig. 6.

4. Conclusions

LSM–YSZ composite powder was synthesized by the prepara-
tion of LSM on submicron-sized YSZ particles using glycin–nitrate
combustion method for SOEC. XRD and FESEM analysis showed that
YSZ and LSM did not react with each other during synthesis pro-
cess and LSM–YSZ composite powder showed porous net structure.
Single cells test indicated that the in-situ LSM–YSZ composite pow-
der had better electrochemical performance than traditional LSM
and YSZ mixture oxygen electrode. In SOEC mode, the anodic cur-
rent passage treatment could enhance the electrochemical activity
of the freshly prepared LSM–YSZ electrodes and a deactivation pro-
cess occurred under the open-circuit or cathodic current passage on
the anodically polarized LSM–YSZ electrodes. Based on the experi-
ment results, a mechanism was proposed for the activation process
for the O2- oxidation on LSM–YSZ electrodes, which involved the
incorporation of surface segregated SrO into the LSM lattice and
generation of oxygen vacancies in the LSM–YSZ electrodes.
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