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Thermal stability of composite cathodes for solid oxide fuel cells, the mixtures of (La0.8Sr0.2)0.95MnO32d

(LSM) and (Y2O3)x(ZrO2)12x (xYSZ, x 5 3, 6, 8 and 10), is determined using in-situ neutron diffraction.
Thanks to the most advanced high flux neutron source, our work highlights the visualization of the phase
evolutions in heterogeneous material systems at high temperatures, along with the analysis of the diffusion
activities of transition metal ions that reveal the reaction mechanism and kinetics. It is found that the
tetragonal-to-cubic phase transition in YSZ at T . 9006C leads to a heterogeneous redistribution of Mn
ions. The subsequent reaction of LSM and YSZ occurring at T . 11006C is revealed as a three-stage kinetic
process, yielding La2Zr2O7, SrZrO3 and MnO. The diffusion activities of Y, Mn and La ions in the
heterogeneous systems at elevated temperatures are derived by the structural analysis, and the three-stage
reaction of YSZ and LSM is found strongly correlated to ions’ behaviors as functions of temperature.

H
eterogeneous materials, which consist of two or more phases, share many benefits in the energy-convert-
ing devices including fuel cells and batteries1–5. Taking the solid oxide fuel cell (SOFC) – an electrochem-
ical conversion device with high efficiency, fuel flexibility and low emission, as an example, the electrode of

SOFC performing as a reaction chamber requires a combination of both good ionic and electronic conductivities,
high catalysis and sometimes good mechanical supporting6,7. Thanks to the concept of heterogeneous materials,
those complex functions can be achieved at the same time. The properties are adjusted by controlling the
architecture of the materials systems, including dimension, fraction and distribution of the phases8–10.
However, the heterogeneity of the material system may lead to the loss of chemical stability under high temper-
ature application. The SOFC typically operates at 500 , 1000uC, and the materials themselves may also experi-
ence higher-temperature thermal treatment during the synthesis and cell assembling. The elevated temperature
can possibly trigger the phase evolution and spur the atom’s diffusion in the heterogeneous environment, leading
to deterioration of the functional materials. As more novel materials for SOFC are proposed and studied11,12, it is
important to understand the stability and compatibility of the materials system at the situation of high tempera-
tures, to resolve the degradation mechanism of SOFCs and develop reliable and durable SOFCs. In this paper, we
start with a widely used cathode material system consisting of lanthanum-strontium-manganese oxides (LSM)
and yttria-stabilized zirconia (YSZ), utilizing the advantages of neuron diffraction to draw a detailed picture of the
structural evolution and reveal the ions’ activities in this heterogeneous system at high temperatures.

LSM and YSZ are the materials for cathodes and electrolytes of SOFCs, respectively13,14. The composite cathode
such as LSM/YSZ will provide higher ionic conductivity and larger area of the triple phase boundaries (TPBs), to
expand the reaction sites across the depth of the cathode, and thus to improve the performance of the cathode15.
However, near the joint of LSM and YSZ, the formation of secondary phases, such as lanthanum zirconate
(La2Zr2O7, abbr. LZO) and strontium zirconate (SrZrO3, abbr. SZO), worsens the cathodes’ performance because
of their low ionic conductivity and the unfavorable mismatch of coefficient of thermal expansion with YSZ
electrolyte16.

The formation of the secondary phases depends on the temperature, stoichiometry of LSM, content of yttrium
in YSZ, mixing ratio of LSM and YSZ, atmosphere, and other factors. Major formation of a La2Zr2O7 phase is
expected during the sintering process of the electrode at higher temperature, although a lower growth rate at a
typical operation temperature of 1000uC was reported17. In the reaction of lanthanum manganite and YSZ, La-
deficient manganite shows less reactivity with YSZ than the stoichiometric one18,19, while excess Mn effectively
hinders the formation of zirconate20,21. Mitterdorfer and Gauckler22 studied the kinetics of La2Zr2O7 formation at
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the interface of LSM/YSZ. They proposed a reaction mechanism in
which the manganese concentration and excess lanthanum oxide
affect the nucleation and the growth rate of the La2Zr2O7 phase. In
addition to the influence by LSM, the increase of yttrium content in
xYSZ (x 5 8 , 12) leads to a longer induction period before
La2Zr2O7 is formed23; that is, the yttrium dopant slows down the
reaction. Chen et al.24 studied the long-term stability of LSM/YSZ
system in different atmospheres. After being annealed at 1000uC in
air for as long as 13 weeks, monoclinic ZrO2 forms, and the amount
increases with the initial LSM/YSZ ratio. On annealing in N2, both
La2Zr2O7 and SrZrO3 form under YSZ-rich condition (25 wt%LSM–
75 wt%YSZ). The La2Zr2O7 formation can be prevented with
increased ratio of LSM/YSZ, while SrZrO3 formation cannot be pre-
vented. Those findings above are based on ex-situ characterization
methods, including X-ray diffraction (XRD), scanning electron
microscope (SEM), energy dispersive spectroscopy (EDS), transmis-
sion electron microscope (TEM) and so forth. The reaction hypo-
thesis was made on grounds of the post-reaction observations, and
the process of the reaction and/or the phase transition of the LSM/
YSZ cathode composite at elevated temperature has not been directly
observed.

In-situ phase investigation is a key to unravel the structural evolu-
tion during sintering. Neutron diffraction is superior for this purpose

because the large cross-section of all components makes it possible to
differentiate multiple phases. The high flux and deep penetration of
neutrons facilitate the in-situ study of bulk materials at elevated
temperatures, enabling us to derive the structural evolution during
heating, annealing and cooling25,26. With the neutron capability, we
carried out the in-situ measurement of (La0.8Sr0.2)0.95MnO32d (LSM)
and x mol% Y2O3 stabilized ZrO2 (xYSZ, x 5 3 , 10) heterogeneous
materials system (xYSZ-LSM) at elevated temperatures up to 1500uC
with a vacuum environment, in order to reveal the structural evolu-
tions and the effects of Y doping. By extracting the real-time informa-
tion, such as phase fractions, crystalline symmetries and lattice
parameters, the diffusion activities of Y, Mn and La ions are drawn
to unmask their impacts on the reaction process in the heterogeneous
system.

Results
(1) Phase characterization. Through Rietveld refinement on the
neutron diffractions of xYSZ-LSM (x 5 3, 6, 8 and 10), we
identified all phases that participated in the reaction. Figure 1
shows the example of 6YSZ-LSM before and after the thermal
treatment. The starting compounds were verified as LSM and YSZ
without detectable impurities. As expected, a mixture of cubic YSZ
(YSZ-c) and tetragonal YSZ (YSZ-t) were found in 3YSZ and 6YSZ

Figure 1 | Neutron diffraction patterns of 6YSZ-LSM before (a) and after (b) thermal treatment. The tick markers indicate Bragg reflections of each

phase, whose space group is given in the bracket.
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while only YSZ-c was observed in 8YSZ and 10YSZ. The reaction
phases were solid solution phases of pyrochlore La2Zr2O7 (LZO),
perovskite SrZrO3 (SZO), YSZ-c and rock salt MnO. The phase
identification is consistent with the reactions in low O2 pressure
atmosphere reported by Wiik27. The oxygen-deficient environment
led to the formation of MnO28,29 rather than Mn2O3, which is often
formed in O2-rich environments28. The final phases of LZO, SZO,
YSZ and MnO were confirmed from the backscattering images of
SEM and EDS mapping (see Supplementary Fig. S1 online). Instead
of pure compounds, the formation of solid solutions was suggested,
such as LZO with Y and Sr, SZO with La and Y, YSZ with La and Sr.
Mn was found only in MnO grains, where no traces of La, Y, Sr or Zr
were detected. As used here, the abbreviations of LZO, SZO and
xYSZ stand for those kinds of solid solutions but not the exact
nominal compositions.

Quantitatively, the phase fractions in each specimen after the
reaction were deduced from Rietveld refinement (see Supple-
mentary Table S1 online). LSM was finally exhausted in 6YSZ-
LSM, 8YSZ-LSM and 10YSZ-LSM, but the fractions of the final
phases show little dependence on the initial concentration of yttria
represented by x. In contrast, there remains about 10.2 wt% LSM
residue in 3YSZ-LSM. As another residual phase of YSZ, only cubic
phase YSZ-c instead of tetragonal phase YSZ-t was found after the
reaction, although 3YSZ-LSM and 6YSZ-LSM started with certain
amounts of YSZ-t phase. The fractions of residual YSZ in 6YSZ-LSM,
8YSZ-LSM and 10YSZ-LSM are about 7 , 9 wt% while it is as high
as 19.1 wt% in 3YSZ-LSM.

(2) Real-time observation of phase evolutions at elevated tempera-
tures. The real-time phase evolution is directly presented by means
of the intensity contour plots of neutron diffraction patterns during
the reaction. Figure 2 shows an example of 3YSZ-LSM. It clearly
reveals the phase formation, coexistence, and disappearance during
the process. With the Rietveld refinement applied to each diffraction
pattern along the temperature/time axis, the quantitative phase
evolutions are then shown as phase fractions versus temperature/
time curves (Figure 3 and 4). Also, the real-time evolutions of
lattice parameters are derived (Figure 5 and 6), which reflect the
diffusion in the solid solution accompanying the reaction. The
different numbers of experiment points for different samples or
random point drops are due to the availability of neutron beam
during these in-situ continuous heating experiments.

In 3YSZ-LSM and 6YSZ-LSM, the phase evolution started with a
tetragonal-to-cubic phase transition of YSZ-t, as shown in
Figure 3(a) and 3(b). In 3YSZ-LSM, it started at 1000uC and con-
tinued till at about 1300uC accompanied by the reaction of YSZ and
LSM. Of slight difference in 6YSZ-LSM, the transition took place at
900uC and finished before 1100uC, without YSZ-t participating in the
reaction of YSZ and LSM. At the temperature of phase transition, a
kink in the YSZ-c lattice parameter plots (Figure 5, marked as )
indicates the ion diffusion accompanying the reaction, leading to
lattice shrinkage. For a better show of the lattice change of YSZ-c
in 6YSZ-LSM, Figure 5 (inset) plots the relative values normalized to
the lattice parameter at 200uC. The data of 8YSZ-LSM and 10YSZ-
LSM were normalized in the same way for comparisons. In contrast,
no such transition was observed below 1100uC in 8YSZ-LSM and
10YSZ-LSM without YSZ-t.

At T . 1100uC, the reaction of LSM and YSZ started in all samples.
The new phases LZO, SZO and MnO gradually appeared while con-
suming YSZ and LSM. Varied reaction rates were noted during tem-
perature ramping from 1100uC to 1500uC. Based on the reaction rate,
the reaction is split into several segments. Taking 6YSZ-LSM as an
example, we observed a typical three-stage reaction process in
Figure 3(b). Stage I (1100 , 1350uC) showed constant reaction rate,
as indicated by the linear changes of LSM, YSZ and LZO phase
fractions. Stage II (1350 , 1450uC) started when the reaction pro-
ceeds under a very low rate. The coexistence of LSM, YSZ, LZO, SZO
and MnO nearly reached equilibrium within this temperature range,
and a higher temperature was needed to retrigger the further reac-
tion. Stage III (1450 , 1500uC) showed rapid reaction at higher
temperature. When the threshold temperature of 1450uC passed,
the reaction was reactivated and came to a rapid process so that
LSM instantly exhausted in the third stage, with corresponding quick
changes of other phases’ fractions. The three-stage reaction was also
observed in 8YSZ-LSM and 10YSZ-LSM, as noted in Figure 4(a) and
4(b), respectively, though the transitions between stages were not as
sharp as in 6YSZ-LSM.

In 3YSZ-LSM, where the initial YSZ was mostly in the tetragonal
form, the three-stage reaction was not observed; rather, the reaction
rate showed discontinuity at 1300uC, indicated by the phase fraction
plots of LSM and LZO in Figure 3(a). The reaction was accompanied
by the structural transformation of YSZ. The YSZ-t vanished eventually
at 1380uC while LSM did not disappear, and the residual reagents and
products coexisted until the end of the thermal treatment.

Figure 2 | Contour plot of neutron diffraction showing the phase transformation and reaction in 3YSZ-LSM during heating from 800 , 15006C and
then 5 hours dwell. Each run represents a time bin of 5 minutes.

www.nature.com/scientificreports
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The reaction did not fully cease after the LSM vanished in 6YSZ-
LSM, 8YSZ-LSM and 10YSZ-LSM. It was noticed that the LZO phase
continued to gain mass of about 0.8 wt% at the isothermal dwell
while the YSZ-c and MnO showed corresponding mass loss. Once
the cooling step started, the mass exchange was reversed at 1500 ,
800uC: the fraction of MnO was significantly increased while that of
LZO decreased. The YSZ-c slightly lost mass during cooling as well.

Discussion
Based on the comprehensive phase analysis, we propose the sequence
of phase transition and reaction in xYSZ-LSM systems, as shown in
Figure 7. In detail, the cause and effect of the three-stage reaction is to
be discussed below, by resolving the diffusion activities of Y, Mn and
La ions associated with the YSZ-t phase transition in the heterogen-
eous system.

The yttria-doping effects in the series of xYSZ-LSM are directly
reflected by the systematical differential in the lattice parameters of

the related phases, e.g. YSZ-c and LZO. At the isothermal dwell,
which is a relatively stable state, the cubic YSZ-c exhibits an increase
of the lattice parameters with the increase of x in the xYSZ-LSM
system (Figure 5). This increase is due to the larger ionic radius of
Y31 in comparison to Zr41, and the trend agrees well with the Y
concentration. Inversely, the product LZO shows decreased lattice
parameters with more yttria doping (larger x) in the xYSZ-LSM
series (Figure 6). It was assumed that Y31 ions would stay at Zr-site
in LZO30 because Y31 ions substitute Zr41 ions in YSZ. However, the
Y31 ions contributing to the shrinkage of the LZO lattice reveals that
the smaller Y31 ions replace the larger La31 ions at the La-site of LZO,
which agrees with the prediction based on EDX analysis in Ref. 31.
Both lattices of YSZ-c and LZO exhibit significant correlation to the
initial yttria content, represented by x. The influence of Y31 in SZO is
difficult to extract because of the small phase fraction as well as low
crystal symmetry. Here it is hypothesized that the situation is similar
to that in LZO. We conclude that the activity of Y31 mostly follows

Figure 3 | Real-time plots of the phases’ fractions in 3YSZ-LSM (a) and 6YSZ-LSM (b) by Rietveld refinement. The dash-dotted lines indicate the

borders for the three-stage reaction, as marked by the Roman numbers. The fitting error bars smaller than the symbols are invisible.

www.nature.com/scientificreports
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the Zr41 during the reaction – either staying in the residual YSZ-c or
joining into LZO and SZO, with nearly the same Y/Zr mass ratio as in
the initial xYSZ.

In contrast, the yttria content does not exhibit direct influence on
the reaction occurrence. Thermodynamically, those yttria dopants
do not prevent LZO formation as the previous consideration23,32. The
reaction starts at about 1100uC for all samples independent of the
number of yttria dopants in the range of 3 , 10 mol%. Kinetically,
the reaction stages of xYSZ-LSM differ from each other but do not
exhibit a simple dependence on the yttria content (Figure 3 and 4). In
fact, the indirect yttria-doping effect on the YSZ-LSM reaction arises
from the diffusion of Mn and La in zirconia: excess Mn hindered the
reaction20,29 while the La diffusion promoted it22,31,33. Although the
concentrations of Mn and La are not the variables in the xYSZ-LSM
series, the activities of Mn and La ions are affected by the YSZ-t
phase transition and heterogeneous diffusion at high temperatures,
which provides an indirect link to the variable x, the initial yttria
content.

The tetragonal-to-cubic phase transition of YSZ-t drives the het-
erogeneous Mn diffusion in YSZ at elevated temperature. In 3YSZ-
LSM and 6YSZ-LSM with lower yttria content, the YSZ-t, which itself
has low solubility (,3 mol%) of Mn34, gained Mn solute during the
phase transition into YSZ-c. The lattice parameter of YSZ-c provided
a clear indication of the Mn diffusion accompanying the phase trans-
ition of YSZ. As shown in Figure 5, an abrupt kink at 1000uC (noted
with ) is observed in the plots for 3YSZ-LSM, indicating the smaller
lattice of the new product cubic YSZ. Such a kink of 6YSZ-LSM is also
seen in Figure 5(inset). Because Mn has a smaller ionic radius than Y
and Zr, the new transformed cubic YSZ with Mn stabilizer has a
reduced lattice parameter in comparison with the pristine YSZ-c
with little Mn doping. For comparison, the YSZ-c in 8YSZ-LSM
and 10YSZ-LSM exhibit a nearly quadratic thermal expansion with-
out interrupt at T , 1100uC since there is no YSZ-t or tetragonal-to-
cubic phase transition. The lattice thermal expansion behavior is
consistent with the bulk thermal expansion of 8YSZ measured by
dilatometry in Ref. 35. Therefore, the phase transition of YSZ-t

Figure 4 | Real-time plots of the phases’ fractions in 8YSZ-LSM (a) and 10YSZ-LSM (b) by Rietveld refinement. The dash-dotted lines indicate the

borders for the three-stage reaction, as marked by the Roman numbers. The fitting error bars smaller than the symbols are invisible.
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promotes Mn migrating from LSM to YSZ, and we consider it is
stabilization of YSZ-t by Mn. Some other ions rather than Mn are
probably active around as well, such as La31 and Sr21, but they have
too large radii to shrink the YSZ-c lattice by diffusion. It is thus
justified by neutron diffraction that the Mn ions from LSM stabilized
the tetragonal zirconia at T . 900uC.

The Mn diffusion directly into YSZ-c during the temperature
ramping is also allowed, since Mn has certain solubility ranging from
5.1% at 1000uC to 11.4% at 1300uC29. However, this process is slow
and the quantity of mass transfer is not comparable to that via the
stabilization process. The slight Mn-doped influence on lattice para-
meter of YSZ-c is barely visible in 8YSZ-LSM and 10YSZ-LSM at 800
, 1100uC.

As a result, the YSZ-t encounters a rapid process to take in Mn
via the tetragonal-to-cubic phase transition, and then it becomes a

Mn-rich zirconia phase. The less Y doped, the more Mn diffuses into
the zirconia. The Mn-rich zirconia yielded from YSZ-t, though cubic,
is more retarded in the reaction with LSM due to the excess Mn. The
initial YSZ-c takes in Mn slowly. Those YSZ-c grains with low Mn
content, referred to pristine YSZ-c, are thus more active and more
prior in the reaction with LSM.

Due to the uneven Mn distribution in YSZ, the reaction becomes
heterogeneous corresponding to different YSZ sources. In Stage I, it
is the pristine YSZ-c grains with low Mn content that dominate the
YSZ source of the reaction in 6YSZ-LSM, 8YSZ-LSM and 10YSZ-
LSM. At this stage, the Mn-rich zirconia grains are relatively inactive
since the excess Mn hinders the reaction. This mechanism is reflected
by the reduced lattice thermal expansion of YSZ-c, as noted with in
Figure 5 (inset). Because the pristine YSZ-c with larger lattice was
consumed while the Mn-rich zirconia with smaller lattice survived in

Figure 5 | Lattice evolutions of YSZ-c in xYSZ-LSM series. The inset figure is the normalized values in 6YSZ-LSM, 8YSZ-LSM and 10YSZ-LSM by their

lattice parameters at 200uC. – tetragonal-to-cubic phase transition in YSZ; – pristine YSZ-c with few Mn dopants participating in the reaction with

LSM; – Mn-rich zirconia reacting with LSM.

Figure 6 | Lattice evolutions of LZO in xYSZ-LSM series.

www.nature.com/scientificreports
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Stage I, the average lattice parameter of YSZ-c was decreased. Also,
the LZO lattice provides another support. Mn doping in LZO would
bring a smaller lattice in LZO due to the small ionic radius of Mn
ions. In this case, the 6YSZ-LSM sample, whose YSZ gained more Mn
dopants during the phase transition, would yield LZO with smaller
lattice parameter than 8YSZ-LSM and 10YSZ-LSM. This deduction
obviously conflicts with the results shown in Figure 6, in which LZO
in 10YSZ-LSM has the smallest lattice. Thus little Mn migrates into
LZO at this stage. It is YSZ-c but not Mn-rich zirconia that is first to
react with LSM in Stage I, and yttria is the major dopant in the
product LZO at high temperature.

Those pristine YSZ-c grains with low Mn doping disappear at the
end of Stage I. It is read from Figure 3 and 4 that the YSZ fractions at
this time are approximately 31 wt%, 28 wt% and 26 wt% in 6YSZ-
LSM, 8YSZ-LSM and 10YSZ-LSM, respectively. The data indicate
that the reaction proceeded further in the sample with more yttria
dopant, e.g. in 10YSZ-LSM, because there is less Mn in YSZ that
hinders the reaction. After Stage I, the rest of the YSZ-c is Mn-doped
zirconia originally from either the stabilization of YSZ-t by Mn or the
YSZ-c with extensive diffusion of Mn. Those Mn-rich zirconia grains
remain inactive until a higher temperature is reached, followed by the
rapid reaction in Stage III.

Correspondingly, the Mn-rich zirconia grains dominate the YSZ
source in Stage III, and the activity of Mn in this stage is clearly
revealed by the YSZ-c and LZO lattice evolutions. The YSZ-c lattices
experience a rapid expansion in 6YSZ-LSM, 8YSZ-LSM and 10YSZ-
LSM, which are noted with in the Figure 5 (inset). Meanwhile the
LZO lattice parameters show a drop at the temperature of Stage III
(Figure 6). Those instant changes reveal the smaller Mn ions leaving
YSZ-c and coming into LZO. The suggested reaction mechanism is
that the Mn-rich zirconia takes part in the reaction in Stage III to
transport Mn from zirconia to LZO; moreover, the Mn solutes in
zirconia spontaneously migrate to LZO, resulting in the expansion of
the zirconia lattice. It is believed that the Mn ions are in the form of
Mn21 occupying the La-site in LZO and contributing to the reduced
LZO lattice because the radius of Mn21 is smaller than that of La31. In
Stage III, the LZO lattice parameter in 6YSZ-LSM shows a larger
drop than those in 8YSZ-LSM and 10YSZ-LSM. It is consistent with
our previous conclusion that the stabilization of YSZ-t in 6YSZ-LSM
introduced more Mn in YSZ. Thereby, the lattice evolutions confirm
that Stage III is the rapid reaction of LSM with Mn-rich zirconia.

Beyond the mechanisms of Stage I and Stage III, a question is
raised concerning the factor that activates the Mn-rich zirconia at

higher temperature (Stage III). The key is to understand the diffusion
behavior of Mn at high temperatures, reflected by the temperature-
dependent solubility of MnO in LZO. As discussed before, Mn ions
seldom participate in the reaction in Stage I; it is not the dominant
dopant in LZO. In contrast, LZO has a large solubility of Mn ions
above the critical temperature, probably when Stage III starts. The
mass transfer from MnO to LZO is observed in 6YSZ-LSM, 8YSZ-
LSM and 10YSZ-LSM at 1500uC after LSM vanishes. During the hold
at 1500uC, the weight fraction of LZO keeps increasing (Figure 3 and
4) with the lattice parameter decreasing (Figure 6); at the same time,
the MnO phase undergoes its mass loss (Figure 3 and 4), and the
cubic YSZ shows a slight lattice expansion (Figure 5). Since LZO is
able to accommodate MnO with Mn21 freely and has shrinking
lattice parameters, it can be hypothesized that it is the Mn21 ions
in the LZO, and that Mn21 occupies the La-site but not Zr-site –
Mn21 is smaller than La31 but larger than Zr41. Interestingly, the Mn
ions, which are preferred in LZO at 1500uC, prevented the formation
of LZO in Stage I and II at lower temperatures. The solubility of MnO
in LZO rapidly decreases when it cools down from 1500uC to 800uC.
The MnO becomes oversaturated and precipitates from LZO, as
shown in Figure 3 and 4. Similarly in YSZ, the dual slopes of YSZ
lattice during cooling also verified the loss of small Mn ions
(Figure 5). The MnO precipitation is observed via SEM (see
Supplementary Fig. S1 online) as a scatter of fine MnO grains loc-
ating at the grain boundaries of LZO and YSZ. Additionally, in the
final phases, Mn atoms are found only in MnO but not in other
phases.

Therefore, the activity of Mn in the reaction is established. The Mn
ion with high valance and small radius, e.g. Mn31 from LSM, is most
likely situated in the cubic YSZ lattice, and this Mn-rich cubic zirco-
nia is well stabilized. In the formation of LZO, the Mn31 ion does not
prefer the La-site due to the large radius mismatch with La31. It
would not stay at the Zr-site of La2Zr2O7 instead of reverting to
LaMnO3, either. That is the reason for retarding the reaction of
LSM and Mn-rich zirconia. However, at the higher temperature in
vacuum, it is possible that Mn31 is reduced to Mn21. The larger Mn21

ion is acceptable in the La-site of LZO, and at the same time, the Mn-
stabilized zirconia just loses its stability due to the large mismatch of
radius and valance between Mn21 and Zr41. Then, the Mn21 starts to
diffuse into La-site of LZO, and meanwhile, the zirconia becomes
active to boost the reaction in Stage III.

The yttria leads to heterogeneous distribution of Mn ions and thus
the stages of reaction in xYSZ-LSM systems. The 3YSZ-LSM is

Figure 7 | Scheme of the phase evolutions in xYSZ-LSM system. (P.T. – tetragonal-to-cubic phase transition).

www.nature.com/scientificreports
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another extreme case with little pristine YSZ-c but a lot of Mn-rich
zirconia transformed from YSZ-t. Though Mn attempts to hinder the
reaction, the large amount La2O3 around as solid solution, which
forms for equal quantity of Mn ions leaving LSM36, stimulates the
formation of LZO at high temperatures30. Thus, the reaction is slow
at first and then speeds up at 1300 , 1450uC (Figure 3(a)), corres-
ponding to the increase of Mn solubility in LZO. The Mn ions par-
ticipate in the reaction from the very beginning, and thus the lattice
parameter of LZO is even smaller than that in 6YSZ-LSM at 1100 ,
1200uC (Figure 6). Also, there is no kink of the LZO lattice plot
during heating and no lattice shrinkage at dwelling, because Mn is
almost saturated in LZO during the whole process. Eventually with-
out exhaustion of LSM, the reagents and the products reach the
equilibrium at 1500uC.

The yttria dopants also impact the La ions’ diffusion and indirectly
influence the reaction kinetic, though La ions are not as active as Mn
ions in the xYSZ-LSM systems. The effect is observed in the samples
with higher concentration of yttria dopants, e.g. 8YSZ-LSM and
10YSZ-LSM without pristine YSZ-t, in which the heterogeneous
diffusion of Mn is less significant. It is noticed that less yttria content
(8YSZ-LSM) leads to a relatively more rapid reaction, which is sim-
ilar to the observation in the reaction of xYSZ and La0.9MnO3

23. That
is probably caused by the diffusion of La. La31 (r 5 130 pm) has a
much larger ionic radius than Y31 (r 5 115.9 pm) and Zr41 (r 5

98 pm) at 8-coordinate, and the solid solubility of La2O3 in YSZ is
limited20,29 in comparison with MnO. The 10YSZ has heavier Y31

doping along with more oxygen vacancies than 8YSZ does, and then
10YSZ is not able to accommodate as many La31. The lack of La2O3

diffusion is a possible reason for slowing down the reaction in
10YSZ-LSM. Thus, 10YSZ-LSM experiences Stage II at 1400 ,
1500uC, and the LSM vanished after 1 h dwell at 1500uC, later than
in 8YSZ-LSM. During the isothermal dwell, the LZO is still being
produced with YSZ-c consumed after LSM vanishing (Figure 3 and
4). It implies that the La2O3 solutes in YSZ gradually segregate in the
form of LZO in this period. This LZO forming without LSM verifies
the important step in the reaction of YSZ-LSM that the La2O3 leaves
LSM and diffuses into YSZ to produce LZO. The diffusion and solid
solubility of La2O3 in YSZ are important factors of the reaction
processing, but the solubility depends on the quantity of yttria
dopant.

In summary, the thermal stability (RT , 1500uC in vacuum) of
xYSZ-LSM heterogeneous systems for the SOFC cathode was
revealed by in-situ neutron diffraction. The intensity contour map-
ping with time/temperature synchronization visualized phase evolu-
tions in real time. It is found that the varying yttria contents led to the
heterogeneous distribution of Mn ions in YSZ, either by tetragonal-
to-cubic phase transition of YSZ or by diffusion at high temperature.
The diffusion activity of Mn and La ions played very important roles
in the three-stage reaction of LSM and YSZ. The reaction mechan-
isms were suggested based on quantitative analysis of the neutron
diffraction data, especially on temperature dependences of the phase
fractions and lattice constants.

Methods
(1) In-situ thermal treatment with neutron diffraction. In-situ heating neutron
diffraction experiments were carried out at the Engineering Materials Diffractometer,
VULCAN37–39, at the Spallation Neutron Source, Oak Ridge National Laboratory
(SNS, ORNL). The commercial (La0.8Sr0.2)0.95MnO32d (LSM) powders with nominal
particle size of 0.7 , 1 mm (NexTech Materials, USA) and x mol% yttria stabilized
zirconia (xYSZ, x 5 3, 6, 8 and 10) powders with nominal particle size less than
0.3 mm (Tosoh Corporation, Japan) were the starting materials. 50 wt% LSM and
50 wt% xYSZ were mixed with binders and then pressed to cylinders with nominal
dimension of 12 mm in diameter and 25 mm in length. The cylindrical samples were
densified by annealing at 800uC in air for 16 hours. During in-situ neutron
diffraction, samples were mounted in a vacuum furnace and heated at 2uC/min from
room temperature to 1500uC, held for 5 hours at 1500uC, and then cooled down at
5uC/min. Neutron diffraction data were collected continuously during the heating/
cooling process then were separated by a time bin of 5 minutes and synchronized with
temperature profiles by the VDRIVE software (An, K. VDRIVE – Data reduction and

interactive visualization software for event mode neutron diffraction. ORNL Report,
Oak Ridge National Laboratory. ORNL-TM-2012-621, 2012). The data were
analyzed using Rietveld refinement with the GSAS software and EXPGUI interface40

(Larson, A. C. & von Dreele, R. B. General structure analysis system (GSAS). Los
Alamos National Laboratory Report LLAUR. 86–784, 2000).

(2) Characterization of microstructures. In order to study the microstructure and
element distribution in the grains after the reaction of LSM and YSZ, backscattered
electron mode scanning electron microscopy and energy-dispersive X-ray
spectroscopy element mapping were done on polished surfaces with a Hitachi S-
3400N SEM equipped with an EDS. The backscattering images and EDS maps were
taken at 2003 magnification at 15 kV.
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