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Abstract

High purity raw materials are used for synthesizing Lag ¢St 4CogFeps05_5 (LSCF6428) powders to reduce the effect of impurity phases on oxygen
permeability of the corresponding membranes. The as-synthesized LSCF6428 powders require a sintering temperature above 1180 °C to achieve
membrane density over 90%. Ball milling of the powders increases the membrane sintering. It also increases oxygen permeation flux from 0.37 to
0.43mlcm =2 min~! at 950 °C for the membranes sintered at 1100 °C. A decrease in oxygen permeation fluxes with the further increase in sintering
temperature is observed for the membranes with ball-milled starting powders, accompanied by an obvious increase in grain size. It suggests, at
low level of impurity phases, the grain boundaries facilitate the oxygen diffusion. The combination of ball milling of the starting powders and a

sintering temperature of 1100 °C is optimal to achieve high oxygen permeability of LSCF6428 membranes with improved purity.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Oxygen is an important industrial gas with applications in
various important fields.!~* It is generally believed that the mar-
ket demand on oxygen will be substantially expanded in the
near future.” Chemical potential driven oxygen separation using
dense ceramic or cermet membranes represents one promis-
ing technology for future oxygen production industry.®"'! The
oxygen-permeating membranes, which are in dense type and
made of mixed oxygen ionic and electronic conducting single
phase oxides, composite oxides or cermets, allow only oxygen
ion and electron to diffuse through. Thus, theoretically, contin-
uous oxygen separation with 100% oxygen selectivity can be
easily reached if there is a certain oxygen gradient across the
membrane.
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The oxygen permeability of ceramic membranes is directly
related to their materials composition. It is well known
that the oxygen permeation flux is a function of oxygen-
ionic conductivity and also the electronic conductivity, which
are determined by the materials composition and the lattice
structure. Recently it was found that the oxygen permeabil-
ity is also closely related to the membrane microstructure.
Most of the current ceramic oxygen-permeating membranes
are constructed from polycrystalline oxides, and the grain
boundary diffusion plays an important role in the oxygen per-
meation process. A change in grain size may significantly
affect the oxygen permeation behavior of the membranes.
For many years, there have been continuous studies on
this grain size effect on oxygen permeability in the fields
of mixed ionic-electronic conductivity ceramics,'>!3 leading
to some different conclusions. For example, some materi-
als like Lag 5Srg 5Feq 103_s,'* Lag.1Srg.90CogoFeq 103_s" and
SrC00_8F€0_203_316 were demonstrated to have faster oxygen
diffusion paths around the grain boundaries than the grain bulks,
while some other perovskite oxides such as CaTig gFep203_s,7
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Table 1
The abbreviations of samples and the sintering status of membranes.

Sample classification No treatment

Ball milling treatment

Powders OP MP

Membranes M-OP-1100 M-OP-1180 M-OP-1300 M-MP-1100 M-MP-1180 M-MP-1300
Relative density (%) 86.1 91.7 95.4 90.6 93.2 95.5
Relative shrinkage (%) 16.13 18.53 18.7 16.33 18.60 19.2

Bay 5Sr0.5Co0.3Feg203_s'® and Bag sSrg sFegsZng 2035
were demonstrated to have the opposite effect. It suggests
the complicated process for the oxygen permeation through
ceramic membranes composed of polycrystalline grains.'? Inter-
estingly, some controversy conclusions on the grain size effect
on the oxygen permeability of the membranes were reported
in literature. For example, Baumanna et al. observed that
Bag 5Sr9.5Cog gsFeg203_5 (BSCF) showed slight decrease in
oxygen permeation flux with the increase of grain size from
10 wm up to 30 wm, and then the flux was stabilized with the
further increase in grain size to 45 wm. Their results suggest
the membrane microstructure actually do not have significant
effect on the oxygen permeability.? However, Wang et al.
reported a significant increase in oxygen permeation flux with
the increasing grain size for the BSCF membrane.?! Thus, a
further investigation for the grain size effect on the membrane
permeability is needed.

Perovskite-type LageSrgaCog2FepgO3_s (LSCF6428) is
one of the most investigated oxide materials for ceramic oxygen-
permeating membranes,>> >’ which shows favorable oxygen
permeability and high chemical stability at elevated tempera-
ture. Previously, by applying complexing sol—gel synthesis of
the powder precursors, we found that the oxygen permeation flux
of the corresponding membranes increased with the increase of
grain size, created by increasing the sintering temperature.?8 It
implies that the grain boundary diffusion is slower than the bulk
diffusion for the LSCF6428 membrane. It is further proposed
that impurity phases accumulated at the grain boundaries, which
likely cause a block for the electron and oxygen ion diffusion.

In this study, LSCF6428 powders were synthesized using
high-purity raw materials to minimize the impurity phases, and
the sintering behavior of the related membranes was investi-
gated. High-energy ball milling process was applied to some
powders for assisting the membrane sintering to obtain mem-
branes with different grain sizes at lower temperature. The effect
of grain size on the oxygen permeability of the membranes were
systematically investigated and explained.

2. Experimental
2.1. Synthesis and fabrication

The fabrication procedure for the LSCF6428 membranes
with or without the introduction of a ball milling process is
schematically shown in Fig. 1. Phase pure LSCF6428 pow-
ders were first prepared by an EDTA-citrate complexing sol—gel
method with the detail information reported in our previous

publication.28 During the synthesis, high purity La(NO3)3,
Sr(NO3)2, Co(NO3)2, and Fe(NO3)3 (metal purity >99.99%)
were applied as the cation sources, and the molar ratio of total
metal ions to EDTA to citric acid was set at 1:1:2. A final calci-
nation of the solid precursor from the sol-gel process at 800 °C
for 5h in air was conducted to obtain the LSCF6428 powders
for the following processing.

Ball milling treatment of the as-synthesized powders was
conducted for the purpose of improving the powder sinterabil-
ity. The as-synthesized LSCF6428 powders (800 °C calcined),
named as OP, was directly subjected for ball milling and the
resulted powders were named as MP. To perform the powder
milling, a high energy planetary ball mill (Fritsch, Pulverisette
6, Germany) with zirconia pot of 80 ml in size was used. Milling
duration and rotational speed were fixed at 2h and 400 rpm,
respectively. Zirconia balls were used as milling medium. The
ball to powder ratio (BPR) calculated in weight was fixed at 15:1.
Ethanol was used as the liquid medium as well as the surfactant
which absorbed on the particles to prevent excessive cold weld-
ing. The milling was operated at room temperature, however, in
order to avoid pronounced temperature rise, 30 min of milling
was alternated with 10 min of cooling.

To prepare the membranes, the original or ball-milled
LSCF6428 powders were then formed into the green disk-shape
membranes with a diameter of 15 mm using a stainless steel die
under a hydraulic pressure of ~150 MPa. Those green mem-
branes were subsequently sintered at 1100, 1180 or 1300°C
for 5h. The as-obtained membranes from the powders of OP,
MP are named as M-OP-T and M-MP-T, respectively, where T’
means the value of the sintering temperature for the membranes.

| 1a(NO,),, STINO,),, Co[NO,),, Fe(NO,); |

l{EDTA{ZA complexing sol-gel method, ]

calcined at 800 °C

Hballmi]lingfur 2 hours ]

shaping, sintering

shaping, sintering

M-0OP-1100, M-MP-1100,
M-OP-1180, M-MP-1180,
M-0P-1300 M-MP-1300
membranes membranes

Fig. 1. The flow chart of LSCF6428 powder synthesis and subsequent membrane
sintering procedure with or without conducting the ball milling treatment.
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Fig. 2. The morphologies of LSCF6428 powders: (a) the original powders, and (b) the ball-milled powders.

The detail information about the abbreviations and membranes
fabrication conditions is listed in Table 1.

2.2. Basic characterization

Phase structure of the membranes was investigated by using
a Bruker D8 Advance diffractometer equipped with CuKa
radiation (A = 1.5418 A). The experimental diffraction patterns
were collected at room temperature by step scanning in the
range of 10° <20 <90°. Particle size distributions of the orig-
inal and ball-milled powders were determined using a laser
particle size analyzer (LPSA, Microtrac S3500, USA). Pow-
ders were dispersed in water with ultrasonic treatment for
30 min before the measurement. A field emission scanning elec-
tron microscopy (FESEM, Model Hitachi S4800) was used to
observe the powder morphologies and an environmental scan-
ning electron microscopy (ESEM, Model QUANTA-2000, FEI
Company, Hillsboro, OR) was used to investigate the bulk grain
morphologies of the membranes. Bulk grain size distributions
were auto calculated by software utilizing these SEM graphs.
An energy-dispersive X-ray spectroscopy (EDS, EDAX Com-
pany, Ametek) was used to identify the elemental composition
of the milling balls and the sintered membranes from ball-milled
powders to examine the purity of the as prepared membranes.

The relative density of the sintered membranes was deter-
mined by the Archimedes’ water displacement method. Before
measurement, membranes were boiled in water for 30 min, mak-
ing the inner open pores of membranes filled with water and the
saturated membranes were thus obtained. The relative density
D was calculated through the following equation:

wq

Pc = ———— PH,0 (D
w3 — Wy
Pc

D =— x100% )
Pt

where w is the weight of the dry membrane measured in air
before boiling in water. w, is the weight of the saturated mem-
brane measured when it is immersed in water. And w3 is the
weight of the above saturated membrane measured in air, too.
PH,0, Pe, Pt is the theoretical density of water at room tem-
perature, the as calculated density of the sintered membrane,

and the theoretical density of LSCF6428 membranes calculated
according to the XRD spectra, respectively.

2.3. Oxygen permeation tests

The sintered disc-shape membranes were carefully polished
with sand paper of 1000 mesh to a thickness of 0.9 mm. Oxygen
permeation fluxes of these membranes were measured by using
a setup described elsewhere.?® A split tubular furnace was used
to create operation temperature ranging from 950 to 850 °C at
an interval of 25 °C per step. Two measurements were repeated
to obtain the average oxygen permeation data. Ambient air was
used in the feed side and high purity helium as the sweeping gas
to carry the permeated oxygen to a gas chromatograph (Varian,
CP3800, USA) equipped with a 5 A molecular sieve capillary
column for in situ gas composition analysis. The oxygen per-
meation flux was calculated by the following equation:

Jo,(mol cm™2 s_l, STP)

Cn x 0.21 28\ /2
EnxU2b (20
0.79 32

c F
= — X —
0 S

where Co and Cy are the measured concentrations of oxygen and
nitrogen in the gas on the sweep side (mol ml~), respectively. F
is the flow rate of the exit gas on the sweep side (mls~!), and §
is the membrane geometric surface area of the sweep side (cm?).

3. Results
3.1. Basic properties

Fig. 2 shows the SEM morphologies of the freshly prepared
powders (OP), and the powders after the further ball milling
for 2h (MP). Large amount of agglomerates are presented in
the freshly prepared powders (Fig. 2a), which may be attributed
to the bridging effect of strong polar groups contained in the
powder precursor.3? These large agglomerates are generally
unfavorable for powder sintering.>! MP is more loosely dis-
persed than OP (Fig. 2b), because large agglomerates were
mostly eliminated by conducting the ball milling process. In
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Fig. 3. The particle size distributions of the original powders (OP), and the
ball-milled powders (MP).

addition, some flat-shape particles also appear in MP, which are
recognized as a feature of wet milling.?’

Original powders and ball-milled powders were further sub-
jected for laser particle size distribution analysis with the results
shown in Fig. 3. A smaller particle size for MP is observed
than OP, which is in well agreement with the SEM observa-
tion. The two samples were further subjected to BET surface
area measurement. The freshly prepared LSCF6428 powders
(OP) have a specific surface area of 7.0 m?2 g_1 , after 2 h of ball
milling, the specific surface area of the powders (MP) increases
to 17m? g~ !. Such increment can be explained by the breakage
of hard agglomerates existed in OP after the ball milling.

Fig. 4 shows the room-temperature X-ray patterns for
membranes sintered at 1100-1300°C, utilizing original and
ball-milled powders, respectively. It demonstrates that ball
milling did not induce phase transition for the sintered mem-
branes since all patterns can be indexed to the same cubic
perovskite structure.
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Fig. 4. The room-temperature X-ray patterns of the various membranes.

Fig. 5a shows the surface elemental composition of the
milling balls. It can be seen that the milling balls are
composed of Zr and O, and no impurity element was
observed, indicating these balls are of high purity. Fig. 5b
shows the bulk elemental composition of the sintered mem-
branes utilizing the ball-milled powders. The spectra show
a high purity level for the membranes. The peak for zir-
conium contamination from ball milling equipment (marked
out at the vertical line) is not observed, demonstrating that
very few impurities were introduced during the ball milling
procedure.

The sintering properties of LSCF6428 membranes with and
without the ball milling processes for the starting powders were
investigated. Green membranes from OP and MP were first
prepared by dry pressing and then sintered at different tem-
peratures, and the relative density and linear shrinkage of the
membranes were measured. After the sintering at 1100 °C, the
membrane made from OP (M-OP-1100) only reaches a rela-
tive density at 86.1% (Table 1), and clearly presents lots of
very tiny pores in the bulk (Fig. 6a). By applying ball milling
to the original powders, the membrane sintering is promoted.
As shown in Fig. 6d, M-MP-1100 reaches a relative density
of 90.6%, and the bulk grains are tightly compacted, leaving
less enclosed pores. For the membranes sintered at 1180 °C,
both M-OP-1180 and M-MP-1180 are highly sintered with
relative density reaching 91.7 and 93.2%, respectively. In addi-
tion, their grains are obviously larger than the membranes
sintered at 1100 °C. With further comparison of Fig. 6b and
e, it is found that the M-MP-1180 has larger grain size than
the M-OP-1180, denoting the former is more sintered. For the
membranes sintered at 1300°C (Fig. 6¢ and f), both M-OP-
1300 and M-MP-1300 are further sintered in terms of higher
density (>95%) and larger grains formation as compared with
membranes sintered at 1180 °C. Likewise, the membrane from
ball-milled powders, i.e. M-MP-1300, has larger bulk grain
size than M-OP-1300. Linear shrinkage of those sintered mem-
branes was calculated through dividing the initial diameter of
the green membrane by the decrement in diameter of the sin-
tered membrane and the results recorded in percentage are listed
in Table 1. It also clearly demonstrates the beneficial effect
of the ball milling for the starting powders on the membrane
sintering.

3.2. Oxygen permeation fluxes

Fig. 7a shows the temperature dependence of oxygen per-
meation fluxes through the various membranes made from OP
sintered at different temperatures. It is noteworthy that the oxy-
gen permeability for the LSCF6428 material under study is
rather low compared with BSCF and BSZF materials, which
is largely because the oxygen vacancy concentration for this
material is low.!32324 Ag can be seen, the M-OP-1100 shows
an oxygen flux of 0.37mlcm™2min~! at 950°C, while M-
OP-1180 shows an improved flux of 0.51 mlcm™2min~! at
the same operation temperature. It is interesting that with the
further increase of sintering temperature to 1300 °C, the oxy-
gen permeation flux of the membrane (M-OP-1300) is only
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Fig. 5. The spectra of elemental composition of (a) the milling balls and (b) the sintered membranes utilizing ball-milled powders.

0.39 mlcm™2 min~! at 950 °C, lower than that of M-OP-1180.
Fig. 7b shows the temperature dependence of oxygen perme-
ation flux through the membranes with the starting powders
conducted the ball milling process (MP). It reaches a perme-
ation flux of 0.43mlcm™2>min~! at operating temperature of
950 °C for the membrane sintered at 1100 °C, while they are
0.42 and 0.32mlcm™2min~! for the membranes sintered at
1180 and 1300 °C, respectively. This trend is just the oppo-
site to what we have found for the same LSCF6428 membrane
with the powders synthesized from raw materials of lower purity
level 28

4. Discussion

It is well known that high energy ball milling can reduce
the average particle size and increase the sintering capability of
ceramic.3>33 Therefore, we applied ball milling to LSCF6428
powders to assist the membrane sintering. As it is observed
above, the ball milling treatment has effectively broken down
agglomerates into very fine particles which are essential to
achieve high initial density for subsequent sintering.>*-37 Fur-
ther, Pavlovi¢ et al. observed an improved sintering in terms
of less pores and polyhedral grain formation when using

gk 12.1 i

Fig. 6. The bulk morphologies of membranes made from the original and ball-milled powders: (a) M-OP-1100, (b) M-OP-1180, (c) M-OP-1300, (d) M-MP-1100,

(€) M-MP-1180, and (f) M-MP-1300.
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Fig. 7. The oxygen permeation plot versus temperature for membranes made from: (a) the original powders and (b) the ball-milled powders.

ball-milled powders that are mechanically activated.’® Our
results agree pretty well with their conclusions. To this end, we
attribute the oxygen permeability increase for M-MP-1100 to
the less porous microstructure which reduces the effect of pore
block on mass transport. Therefore, ball milling is a facile way
to increase the sintering of ceramic membranes.

Previously we have demonstrated an increase in oxygen per-
meation flux for the LSCF6428 membrane with the increase
of sintering temperature, which resulted in an increase in
the grain size, while the sintering density was not obviously
affected, and we further proposed that the grain bound-
aries blocked the diffusion of oxygen ion.?® In this study,
for the membranes prepared from starting powders with-
out conducting the ball milling process (OP), the higher
flux of M-OP-1180 (~0.51 mlcm™2 min—') than M-OP-1100
(0.37 mlecm~2 min~!) can be explained at least in part from the
increased sintering density, i.e. from 86.1% to 91.7%. How-
ever, the lower permeation flux (at 950°C) of M-OP-1300
(0.39 mlcm ™2 min~!) than M-OP-1180 (0.51 mlcm ™2 min~ 1)
strongly suggests the grain boundaries are beneficial for the
oxygen ion diffusion since these two membranes have simi-
lar sintering density while the former (M-OP-1180) has smaller
grain size than the later (M-OP-1300), as shown in Fig. 6b and
c.

By applying ball milling process, the sinterability of the pow-
ders is greatly improved; as a result, the sintering density of
M-MP-1100 also reaches a high level of 90.6%. Thus the effect
of the sintering density on the oxygen permeation of the mem-
branes should be less significant. As shown in Fig. 7b, for the
membranes sintered between 1100 and 1300°C with MP as
the starting powders, a decrease in permeation flux with the
increase of sintering temperature was demonstrated. Accord-
ing to Fig. 6d—f, the increase in sintering temperature results in
the increase of grain size. It thus further implies that the grain
boundaries facilitate the oxygen diffusion. These results are con-
sistent with what Benson SJ have reported.3® The opposite effect
of grain boundaries on the oxygen permeation flux from our

previous report can be explained by the blocking effect of impu-
rity phase around the grain boundaries.

In order to verify this grain-boundary and oxygen-
permeability relationship, we also examined the membranes
sintered at the same temperature. Fig. 8 shows the bulk grain size
distributions of these membranes. Bulk grains in M-OP-1180
membrane mainly peak at ~0.75 wm with a notable proportion
bellow 0.5 wm and a slight amount over 1.0 wm (Fig. 8a), result-
ing in a broad grain size distribution, which may be related to
the existence of agglomerates in fresh powders.?® It is note-
worthy that the tiny grains also take a shape close to sphere
(Fig. 6b), indicating that only an initial stage of grain growth
took place. For M-MP-1180 membrane (Fig. 6e), the grain size
mainly distributes around 1.0 wm (Fig. 8b), and the amount of
small grains is obviously reduced. It is also characterized by the
polyhedral grain shape, implying a full development of grain
growth, as suggested by Gottstein et al.*? So these evidences of
grain growth demonstrate that M-MP-1180 has less grain bound-
ary areas than M-OP-1180. It thus further supports the grain
boundaries facilitate the oxygen diffusion. A comparison of oxy-
gen permeability between M-OP-1300 and M-MP-1300 was
also made. As expected, oxygen permeability of M-MP-1300
(0.32mlem 2 min~! at 950°C) was lower than M-OP-1300
(0.39 mlecm™2 min~! at 950 °C), accompanied by an increase
in average grain size as shown in Fig. 8c and d. From above
analysis, it turns out that 1100 °C is the optimal sintering tem-
perature for the membranes utilizing ball-milled powders, since
it achieves relatively high density without causing obvious grain
growth.

In our previous work, an increase in oxygen permeation flux
was observed for LSCF6428 membranes with the increase of
grain size, while an opposite conclusion was clearly demon-
strated in current study. Previously we used conventional
analytical reagents with purity of >99.5%, while in this study,
the raw materials are in high purity with purity >99.99%. The
main difference of the LSCF6428 membranes between those
two studies is the purity of the raw materials. Thus it is clear that
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the impurity phases have significant effect on the oxygen trans-
portation through the ceramic membranes. Thus, the powder
synthesis is one important procedure which should be carefully
taken into consideration in the study on materials for oxygen
separation.

5. Conclusions

The synthesized LageSrg4CogoFeqsO3_s (LSCF6428)
powders from high-purity raw materials need a sintering tem-
perature above 1180 °C to achieve sufficient density (>90%).
Applying High energy ball milling (HEBM) to the original
LSCF6428 powders can effectively improve the powder sinter-
ability, increasing the membrane density from 86.1 to 90.6% at
a sintering temperature of 1100 °C. For the as prepared mem-
branes, an increase in permeation flux with the decrease of grain
size was demonstrated, just opposite to our previous observa-
tion. Dependence of oxygen permeation flux on the grain size
evidences the fact that grain boundaries facilitate oxygen dif-
fusion. The opposite conclusion in our previous study is due
to the impurity phases accumulated at grain boundaries, which
likely caused blocks for the grain boundary diffusion of elec-
tron and ion, as previously proposed. Ball milling treatment of
the original powders leads to the decrease in oxygen perme-
ability with the increase of membrane sintering temperature,
due to obvious bulk grain growth. The sintering temperature of
1100 °C turns out to be optimal for the membrane with ball-
milled powders as the starting material. It suggests, besides the
materials composition, both the powder synthesis and membrane

sintering strategies are also crucial in order to achieve high
oxygen permeation flux of mixed conducting membranes.
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