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bstract

Mixtures of 3% yttria- and partially-stabilized zirconia with LSMx (strontium-doped lanthanum manganite, x = 0, 0.15 and 0.2) were prepared
nd heat treated at temperatures between 1000 and 1300 ◦C to recreate the cathode–electrolyte interface interactions taking place during preparation
nd operation of solid oxide fuel cells (SOFC). Such interactions include the formation of La2Zr2O7 and SrZrO3, which are undesirable for SOFC.
he effect of the manganese oxidation number on the mechanosynthesis of LSM during zirconate formation is also discussed. A quantitative

nalysis of zirconate formation by X-ray diffraction and Rietveld refinement was undertaken. Formation of lanthanum and strontium zirconates
as completely avoided at temperatures as high as 1300 ◦C by synthesizing lanthanum manganites from MnO2 doped with 15 at.% of Sr. Finally,

n the presence of LSM, monoclinic phase content was diminished to less than 1.5 mol% after heat treatment at 1300 ◦C.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Lanthanum manganites (LaMnO3), particularly those doped
ith strontium (La(1 − x)SrxMnO3 ± y (LSMx) with x < 0.2), are
idely used as cathodes in solid oxide fuel cells (SOFCs).

n these devices, yttria- and partially stabilized tetragonal
irconia (YPSZ) or fully-stabilized tetragonal zirconia (YSZ) is
ommonly used as the electrolyte due to its thermomechanical
ompatibility, adhesion and ionic conductivity [1–11]. A mix-
ure of both materials in a 1:1 weight ratio increases adhesion
nd formation of O2/LSM/zirconia triple phase boundaries

TPB), which is beneficial for molecular oxygen reduction
1,6,10]. An increase in the amount of TPBs increases cell effi-
iency. Several reports in the literature are devoted to increasing
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he amount of TPBs, including an adaptation of a LSM cathode
ith a functional layer formed using the YSZ–LSM system and
YSZ layer as the electrolyte [1], or using a cathode formed

nly with a LSM–YSZ system [5,6,14]. The main problem of
ixing lanthanum manganite with zirconia is the formation

f La2Zr2O7 (LZ) and SrZrO3 (SZ) compounds, which have
onductivities lower than those of LSM and YSZ [3,4,8,11–14].
hese undesirable compounds are formed at temperatures as

ow as 800 ◦C due to lanthanum and strontium atomic diffusion
n the structure of zirconia, thereby negatively affecting the cell
fficiency. However, the mechanism governing formation of LZ
nd SZ is still under debate. Some authors found that strontium
oncentration in A-sites is a determining factor in LZ and SZ
ormation [2,14–17]. Chervin et al. [19] attribute LZ and SZ

ormation to Pt paste current collectors with bismuth flux in
ells in operation. However, there are reports in which LZ and
Z compounds are not present after heat treatment at 1000 ◦C
10] or even 1400 ◦C [18] if monoclinic LSM is used. In other
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eports, the presence of pyrochlores such as (La, Sr)2(Zr, Y)2O7
as been found at 1400 ◦C, and has been accompanied by a
ubic phase of zirconia [15].

Different factors seem to affect the formation of LZ and SZ
ompounds, including the processing routes of the raw materials
s well as the phase stability of zirconia. Mechanical alloying has
een successfully used as a synthesis route for perovskite-like
aterials by processing them under non-equilibrium conditions.
or instance, synthesis of lanthanum manganites by mechanical
lloying with variations in oxidation state of the manganese ion
as reported elsewhere [20,21]. These results can be compared
ith the change in the atom in A- or B- sites of the perovskite

tructure according to variation in oxidation state, as reported
y Tsai et al. [6] and Ullman et al. [22].

The influence of the processing conditions during
echanosynthesis of LSM is still under investigation, as are

he effects of the manganese oxidation number on formation of
a2Zr2O7 and SrZrO3 and on the stability of LSM and ZrO2.

In order to evaluate the influence of the above parameters
n the formation of zirconates in the TPBs, structural analy-
is by X-ray diffraction and the correspondent Rietveld pattern
efinement were carried out in 1:1 mixtures of YSZ–LSM. LSM
owders were synthesized from different oxidation states of
anganese in LSM (MnO, Mn2O3 and MnO2), with various

oncentrations of strontium in the A-sites of LSM (with x = 0,
.15 and 0.2).

. Experimental

Lanthanum manganites were prepared by mechanosynthesis
sing precursor powders of La2O3, Mn2O3 (z = 3, MnIII), MnO2
z = 4, MnIV), SrO (Sigma–Aldrich) and MnO (z = 2, MnII, Alfa
esar) of 99.9 purity following the procedure reported elsewhere

20]. The reaction which represents the experimental results is
he following:
1
2 (1 − x)La2O3 + 1

2 Mn2OZ + xSrO

→ La1−xSrxMnO(1/2)(3−x+z)

Lanthanum manganite samples prepared by this method will
e referred to hereafter as LSMxz, where z is 2, 3 or 4 according to
he oxidation number in the Mn-oxide precursor. The values of x
re 0.15 or 0.20 for doping with 15% or 20% SrO, respectively.
o value of x is given for undoped samples.
A SPEX 8000D mixer mill was used to mill the mixtures

nder atmospheric conditions with a 10:1 charge ratio, using
teel as the milling medium.

Mixtures with z = 2 were milled for 240 min and subsequently
alcined at 1050 ◦C for 9 h in air. LM or LSM compounds with
= 3 and 4 were obtained in a single step with 210 min and
70 min of milling, respectively. Manganites synthesized have
mixture of crystalline phases (cubic, orthorhombic and rhom-
ohedral) even after calcining in air (1050 ◦C for 240 min), but
hombohedral structures predominate for z = 2 and 3, and cubic

tructures dominate for z = 4 [20]. This findings are in agreement
ith those results reported by Minh [23].
LM or LSM compounds were mixed with YPSZ (TZ3Y

ith 3 mol% of Y2O3, TOSOH) with a tetragonal phase in a

t
p
c
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:1 (weight:weight) ratio. The powder mixtures thus obtained
ere uniaxially pressed at 700 MPa. The green samples were
eat treated at 1000, 1100, 1200, and 1300 ◦C for 2 h in air at
tmospheric pressure.

Structural analysis of sintered ceramics was carried out by X-
ay diffraction (Rigaku D-MAX 2100 diffractometer) with Cu
� radiation (λ = 1.5418 Å) with 2θ ranging from 20◦ to 60◦ in

ncrements of 0.02◦. Rietveld refinement of the X-ray diffraction
atterns was made by using MAUD 2.47 Software.

Finally, microstructural characterization of the heat-treated
amples was carried out by scanning electron microscopy
Philips-XL30 ESEM) with backscattered electrons.

. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of mixtures of
ttria- and partially-stabilized tetragonal zirconia (YPSZ) with
anthanum manganites synthesized from different Mn-oxide pre-
ursors (LMz) without heat treatment (Fig. 1(a), (e) and (i)) and
eat treated at 1300 ◦C (Fig. 1(b)–(d), (f)–(h) and (j)–(l)).

Fig. 1(a) and (b); (e) and (f); (i) and (j) corresponds to mix-
ures of YPSZ with undoped manganites prepared from MnII,

nIII and MnIV, respectively. In these figures, increasing heat
reatment temperature is shown to result in increased intensity
nd a widening of peaks. Further on, changes in the lanthanum
anganite:tetragonal zirconia (LM:ZT) intensity ratio can be

een for samples obtained from MnII versus those obtained from
nIII and MnIV in mixtures without heating. The main peak

f LM from MnII is higher in intensity than the mean peak of
etragonal zirconia; the LM in this particular case was obtained
y calcination in air after ball milling, leading to larger grain
ize than was seen for the other manganites obtained by a single
tep of high-energy ball milling (see Fig. 1(a)) [20]. After heat
reatment of this mixture, intensity of the main peak of LM from

nII becomes smaller than zirconia peak, indicating a transfor-
ation from the monoclinic phase to the tetragonal phase, as
ell as changes in grain sizes for both. More specifically, the

anthanum manganite grain size increases to a lesser extent than
he zirconia grain size.

Fig. 1(c), (g) and (k) shows the X-ray diffraction patterns of
anthanum manganite with 15% strontium in lanthanum atomic
ites synthesized from MnII, MnIII and MnIV, respectively. All
hree samples were heat treated at 1300 ◦C. The X-ray diffrac-
ion patterns of lanthanum manganite with 20% strontium in
anthanum atomic sites (synthesized from MnII, MnIII and MnIV

eat treated at 1300 ◦C) are shown in Fig. 1(d), (h) and (l).
A comparison of the diffractograms in Fig. 1 allows a qualita-

ive evaluation of the amount of lanthanum–strontium zirconates
s a function of all the variables used, including the man-
anese oxidation number, the strontium doping concentration
nd the heat treatment temperature. Since the most critical
spect of these powders for SOFC applications is the avoid-
nce of La2Zr2O7 or SrZrO3 compounds, one can easily observe

hat the tested powders present clear changes in the diffraction
eaks associated with these phases. In order to quantify those
hanges, Rietveld refinement was performed in mixtures heat
reated at temperatures between 1000 and 1300 ◦C. Results of
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Fig. 1. X-ray diffraction patterns of mixtures of YPSZ with lanthanum man-
ganites prepared from: (a)–(d) MnO, La2O3 and SrO by mechanosynthesis and
calcinations in air; (e)–(h) Mn2O3, La2O3 and SrO by mechanosynthesis; (i)–(l)
MnO2, La2O3 and SrO by mechanosynthesis. Manganites in mixtures (a) and
(b); (e) and (f); (i) and (j) are undoped. While manganites in mixtures (c), (g)
and (k) are doped 15% of Sr in La sites and (d), (h) and (l) have 20% of Sr in La
sites. All mixtures were heat treated at 1300 ◦C except (a), (e) and (i). These mix-
tures were not heat treated. ZM: monoclinic zirconia; ZC-T: cubic + tetragonal
zirconia; ZT: tetragonal zirconia; LZ: lanthanum zirconate; LM: lanthanum
manganite.

Fig. 2. Molar percent of monoclinic zirconia (P21/c:c1) versus total zirco-
nia in mixtures of YPSZ with lanthanum manganites (LSM) heat treated at
temperatures from 1000 to 1300 ◦C (uncertainty: 0.71%).
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Fig. 3. Molar concentration of lanthanum (Fd3m:2) and strontium (I4mcm)
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efinements for La2Zr2O7 pyrochlore and SrZrO3 quantification
re shown in Fig. 2. For the undoped manganites the high-
st content of lanthanum zirconate was observed for manganite
btained from MnIV precursor. This lanthanum zirconate content
ncreases with the heat treatment temperature. Thus, undoped
anthanum manganites synthesized by high-energy ball milling
re not suitable for SOFC applications. However, as mentioned
efore, avoiding formation of La2Zr2O7 pyrochlore and SrZrO3
n powders synthesized by this route is possible. For instance,
oping the lanthanum manganites (prepared from MnIV) with
5% strontium in atomic lanthanum sites completely avoids the
ormation of lanthanum zirconate. However, the strontium zir-
onate content at 1000 and 1100 ◦C is highest for these mixtures.
he best results are obtained from powders prepared with 20%
tomic substitution of strontium in La sites. Only trace levels
f strontium zirconate are present in these samples, and lan-
hanum zirconate appears only at 1300 ◦C. These results are
mportant because it shows that doping of lanthanum mangan-
tes synthesized by high-energy ball milling is important for
OFC applications to avoid formation of lanthanum and stron-

ium zirconates.
On the other hand, there are clear changes in the zirconia

iffraction peaks due to the different conditions observed in
ig. 1. The most dramatic change is that the monoclinic phase
resent in YPSZ powders almost vanished completely after heat
reatment for all the prepared mixtures at 1300 ◦C, irrespective
f the oxidation number of the manganese ion. Results of the
uantification by Rietveld refinement of the monoclinic phase
ersus the total zirconia molar content in each system are shown
n Fig. 3. In all cases, there is a minimum zirconia monoclinic
hase content at 1300 ◦C. Heat treatment of undoped manganites
ixtures around 1100 ◦C leads to an increase in the monoclinic

hase content versus the mixture heat treated at 1000 ◦C. This
ehavior may be related to the temperature of the monoclinic-
o-tetragonal phase transformation reported by Scott [24]. A
eduction in the monoclinic phase content leads to an increase
n the cubic + tetragonal phase content.

This effect is different for manganites doped with strontium.
oping with 15% strontium in lanthanum atomic sites leads

o a monotonic decrease in the monoclinic phase content as a
unction of temperature. Further, doping with 20% strontium in
anthanum sites shows an increase in the amount of monoclinic
hase present at 1200 ◦C, then a decrease at 1300 ◦C. Further
n, the oxidation number of manganese shifts the concentra-
ion of the monoclinic phase by forming lanthanum zirconate,
ontributing to the nonstoichiometry of lanthanum in mangan-
tes (A-site deficient). According to the results presented in this
ork, almost full stabilization of a high-temperature phase of zir-

onia (cubic Fm3m, a = 5.140078 Å) plus tetragonal (P42/nmc,
= 3.565 Å, c = 5.037 Å) can be obtained using lanthanum man-
anite synthesized from MnII (mainly rhombohedral). For this
ystem, the monoclinic phase is maintained below 10 mol%.
hase transformation from tetragonal to cubic phases is observed

fter heat treatment between 1100 and 1200 ◦C. For solid oxide
uel cell applications, the cubic phase of zirconia is more desir-
ble, since there are no changes in structure or thermomechanical
roperties with variations in temperature.

zirconates in mixtures of YPSZ with lanthanum manganites heat treated at tem-
peratures from 1000 to 1300 ◦C (uncertainty: 0.71%). Straight and dashed lines
represent lanthanum and strontium zirconate content, respectively.
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ig. 4. SEM micrograph of the mixture of YPSZ with lanthanum manganite
btained from MnII undoped sintered at 1300 ◦C.

A possible explanation for the difference in lanthanum zir-
onate content at 1300 ◦C for the different samples is the charge
alance—that is, the presence of Mn4+ promotes lanthanum
iffusion into the zirconia structure, and the presence of Sr2+ sta-
ilizes manganite structural charge if Mn4+ is predominant, but
estabilizes structural charge if Mn3+ or Mn2+ is predominant.
he nonstoichiometry in manganites is due to strontium content
nd oxidation number in manganese, and this nonstoichiome-
ry generates mixtures of different lanthanum manganite phases
cubic, orthorhombic and rhombohedral) that simplify atomic
iffusion and zirconate formation. A mixture of crystalline
hases in manganites (cubic, orthorhombic and rhombohedral)
till remains even after calcining in air without zirconia (1050 ◦C
or 240 min), but rhombohedral structures predominate for z = 2
nd 3, and cubic structures dominate for z = 4. In all the X-
ay patterns for LSM–YPSZ after heating, the presence of
anthanum manganite with mainly rhombohedral structure is
bserved. Singhal and Kendall [25] reported that transition
etal oxides should form when lanthanum zirconate results

rom decomposition of lanthanum manganite in the presence of
SZ This metallic oxide formation is substituted by a change in

he oxidation number of manganese or in the lanthanum sto-
chiometry. Fig. 4 shows a representative micrograph of the
ixture of YPSZ with undoped manganites after heat treatment

t 1300 ◦C. Phase transformation and grain growth is observed in
he contrast given by the energy dispersion of the backscattered
lectrons from the different compounds—particles with bright,
ark and intermediate contrasts correspond to La2Zr2O7, ZrO2
nd lanthanum manganite, respectively. Moreover, the morphol-
gy of the cubic phase of zirconia, consisting of coarse grains
ith dots reported by Jiang et al. [15] related with manganese
iffusion into cubic (Zr, Mn, Y)O2 alloy is observed. Based
n the results of Jiang et al., who reported this morphology as a
onsequence of manganese oxide removal by acid washing from
Z3Y, and according to the Rietveld refinements results showed,

rains with small dots were identified as cubic–tetragonal zirco-
ia. Thus, grains which contrasted brightly and grains without
ots were identified as lanthanum zirconate pyrochlore and lan-
hanum manganite, respectively. Based on these observations
ower Sources 180 (2008) 209–214 213

nd the grain morphologies, we can deduce the nature of the
iffusion mechanisms. Grains of LZ present spherical convex
dges from manganite to zirconia grains. Thus, diffusion of man-
anese ions occurs from LM to ZC-T in the liquid phase. On the
ther hand, changes in grain sizes are from about 0.5 to 5 �m
nd from less than 1 to 4 �m for lanthanum manganites and zir-
onia, respectively. The zirconate phase shows an average grain
ize of 1.2 �m.

In order to increase the cell efficiency in solid oxide fuel cells,
t is convenient to maximize the ionic conductivity, especially
t the cathode–electrolyte interface. To do this, an increase in
riple phase boundaries is required. Since the size of the powders
rocessed by mechanosynthesis of lanthanum manganites is of
he order of a few hundreds of nanometers, the obtained LM
owders should present high surface area and kinetic activity.
n the same way, for those mixtures, where the formation of La
nd Sr zirconates was avoided, an increase of the TPBs amount
t the interface with zirconia is also expected. Based on this,
e would expect that for cathodes in fuel cell applications, the
est option is the use of LSM obtained from MnIV and with
5 at.% of strontium in lanthanum sites. Our experimental results
upport this hypothesis, since the smallest quantity of lanthanum
irconate was found for these mixtures at all temperatures.

. Conclusions

Formation of lanthanum and strontium zirconates at tem-
eratures as high as 1300 ◦C was diminished in lanthanum
anganites synthesized by mechanosynthesis from mixtures
ith MnIV and doped with 15 at.% of strontium. Moreover, the
ighest content of lanthanum zirconate was found in undoped
anganites. The amount of Sr as a dopant and the oxidation

umber of Mn for the preparation of lanthanum manganites by
echanosynthesis are important factors to prevent formation

f zirconates. In fact, the last is the most important factor to
void LZ formation at high temperature for LM–YSZ mixtures.
he smallest quantity of monoclinic zirconia in the whole range
f temperatures studied was for lanthanum manganite prepared
rom MnIV. The morphology of sintered mixtures indicates that
irconia is in the cubic phase, but deconvolution indicates a
ixture of tetragonal + cubic phases. This also favors its use

n SOFCs, since cubic zirconia does not suffer any changes over
wide range of temperatures.
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