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ABSTRACT

This report describes results from the first contract year of a research project whose overall
objective is to explore the fundamental and practical issues confronting the successful
development of thick-film dense ceramic membrane technology for oxygen separation
applications. Porous substrates (discs) were fabricated from commercially-purchased powder
with compositions of SrCog gFep 0y and SrCogsFeOx. The sintering behavior of these powders
was investigated, and appropriate standard preparation methodol ogies were determined to
provide substrates possessing acceptable porosity and strength. For the fabrication of the dense
membrane layer, the SrCop sFeOx composition was emphasized because it is more stable under
reducing conditions that are typical of some important applications. The SrCog sFeOy powder to
be used for thick film deposition was synthesized using aerosol pyrolysis. The effect of
synthesis temperature and gas atmosphere on particle morphology and crystalline phase content
were evaluated. Powder produced at 700 °C possessed x-ray diffraction patterns indicating the
Sr-Co-Fe-O perovskite phase. Typical average particle size of the aerosol-derived powder is
approximately 0.2-0.3 um. Two alternate methods were evaluated for deposition of SrCop sFex
thick films upon the porous substrates: direct deposition of a dilute slurry of the ultrafine aerosol
powder onto the porous substrate, and doctor blading of a paste made from the aerosol powder
and polypropylene glycol (PPG). Slurry deposition provided micron-thick layers, and required
multiple deposition-sintering cycles to provide layers of the desired thickness for subsequent
membrane densification. The doctor blade method provided membrane layers of at least 5 - 10
pum thickness in a single deposition. Sintering studies of the supported films has just begun.
Results thus far show pronounced cracking and opening up of the membrane films with
densification. Understanding the densification process and overcoming this problem is a major
objective for future work.
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EXECUTIVE SUMMARY

The overall objective of this project is to explore important fundamental and practical issues
confronting the successful development of thick-film dense ceramic membrane technology for
oxygen separation. Ceramic mixed-conducting membranes separate oxygen with perfect
selectivity viaionic oxygen transport through the oxygen vacancies in the crystalline material.>®
The potential impact of such membranes for high-temperature applications such as partial
oxidation reactors and oxidative reformersis well recognized.*

Specific tasks and objectives of the project include:

« explore strategies for the successful fabrication of defect-free thick-film Sr-Co-Fe-O (SCFO)
membranes on porous supports, emphasizing deposition and subsequent densification of ultrafine
powders produced by aerosol methods.®*°

» develop an improved understanding of particle deposition and infiltration into porous granular
supports, and the relationship to sintering behavior, film adhesion, and stability.

* explore and demonstrate the use of a novel metal organic chemical vapor deposition technique
to mend membrane defects.

The fabrication strategy in this project is to deposit thin or thick films of ultrafine powders
produced by aerosol pyrolysis®® onto (or into) partialy sintered porous supports, followed by
co-sintering of the film and support, with the objective of densifying the film while retaining
open porosity in the support (Fig. 1). The supports were made using commercially-produced
SrCop5Fe0y or SrCop gFen 20y powder (Prax-Air). The same two compositions were investigated
as possible membrane layers. The SrCog sFen2Oy composition has one of the highest reports
oxygen permeabilities.>’ However SrCog sFeOy is reported to be much more stable in reducing
environments that are typical of important applications involving synthesis (CO/H,).3® For this
reason, most of the work has centered on that composition.
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Fig. 1. Schematic of the strategy for fabricating and mending supported mixed-conducting
membranes using fine aerosol-produced powders on porous supports.



In the first project year, substantial progress was made on fabrication of the porous supports, and
methods of thick film deposition were screened, leading to adoption of a doctor blading process
for subsequent membrane deposition and sintering studies. The supports were made by uniaxial
pressing of powder at 64 MPa, followed by sintering in a controlled environment. Sintering of
the supports must be done so that the final strength of the support will withstand subsequent
processing, while substantial open porosity is retained in the support. The SrCog gFep 20y and
SrFeCoy 50« compositions were investigated as possible supports, and sintering in both air and
N2 was investigated. The sintering rate, support microstructure, and crystalline phase content all
were dependent on the composition and sintering atmosphere. Sintering in air leads to plate-
shaped grains which retain considerable open porosity until temperatures near melting are
reached; whereas, sintering in N, leads to more rapid densification with equiaxed grains. A
standard support sintering treatment was adopted for subsequent membrane deposition
experiments. That treatment involved sintering in air at 1050 °C (ramp rate 5 °C/min with 2 hr
soak) to give supports with typical thickness of 1.5 mm, diameter 13.4 mm, and ~50% porosity.

The submicron powders to be used for membrane layer deposition were fabricated using the
aerosol pyrolysis technique. An aerosol was generated from a mixed nitrate solution containing
the metas Sr, Co and Fein the desired ratio. The roughly micron-sized droplets were carried
through a tube furnace where the nitrates decomposed to yield the crystalline oxide powder.
Synthesis in both air and N2 was investigated. It was found that both atmospheres produced a
powder whose elemental composition was very close to the desired (solution) composition, and
that both powdesr consisted primarily of the perovskite phase. For the majority of powder
synthesis experiments, air at 700 °C was chosen, yielding a nearly single-phase Sr-Co-Fe-O
perovskite powder with mean particle size of roughly 0.3 nm.

Several methods were investigated for deposition of membrane layers using the submicron
aerosol powder. Relatively dilute durries (water or alcohol based) were deposited onto the
porous substrates by a spin coating/dlip casting process or by pressurized filtration. The spin
coating method gave very thin layers requiring many layers of deposition, and the pressure
filtration method was difficult to achieve uniform edge-to-edge coverage. A doctor blade
technique using a paste made from the aerosol powder and 400 MW polyethylene glycol (PEG)
was aso tried, and this technique was ultimately adopted as the standard method for membrane
fabrication. Using the doctor blade method, single applications yielded layers of 5-10 nm
thickness. The paste had a relatively low solid content (~20-30 wt% powder) in order to have
desired consistency. Sintering studies on the supported thick films have just begun, and initial
experiments reveal considerable cracking and opening up of the membrane film during film
shrinkage.



EXPERIMENTAL

The powder used for support fabrication (SrCog.gFen 2Oy and SrCogs FeOy) was commercialy
obtained from Prax Air (Woodinville, WA). After some investigation into optimal fabrication
conditions, supports were fabricated by uniaxial pressing of powder ina0.5in. die at 64 MPa,
followed by sintering in air at 1050 °C (2 hr soak and 5 /min ramp rate). Sintering was
conducted in a muffle furnace for air sintering, and in a tube furnace with continuous N flow for
N> sintering. Powder used to fabricate the ceramic membrane layer was synthesized using
aerosol pyrolysis. A TSI 3076 aerosol generator was used with air or N» carrier/atomizing gas
(35 psig, 1.5 dlpm) to create an aerosol from an agueous metal nitrate solution containing the
metalsin the desired ratio. The aerosol was carried through a three-zone Lindbergh furnace with
3 ft. heated length. The tube diameter (15 cm) provided a residence time of approximately 2.4
min. at 700 °C, which was the temperature adopted for the majority of powder syntheses. The
powder was collected on a 142 mm diameter filter (cellulose acetate, 0.45 mm) after leaving the

tube furnace (Fig. 2).

AEROSOL POWDER SYNTHESIS

REACTION ZONE
700 °C
| s r A.-’Efrﬂs/ﬂl 'Flnw A |
- PARTICLE
DEJHIEG EBacn Filter Holder -u«-‘;'ﬂ-’-: COLLECTION
or Substrate 2277 or
¢ DEPOSITION

P l

Exhaust or
Vacuum Pump
Cnndltlunlng Carrier -

Atomizer— Gas Advantages
(TSI 3076) "~ Mixed Metal Nitrate | - egsy manipulation of composition
Solution + as-produced ultrafine particles
= good purity

- crystalline, unagglomerated
A A

Fig 2. Aerosol pyrolysis process for producing submicron SCFO powder for membrane
fabrication.

Membrane layers were deposited by several methods. Relatively dilute slurries (water or acohol
based) were deposited onto the porous substrates by spin coating and slip casting processes. For
the dlip-casting process, a dilute slurry was applied dropwise to the porous support. For the spin
coating method, athin layer of durry was applied then spun using the spin coater (Headway),
followed by reapplicatio. Both of these methods gave very thin layers requiring many layers of
deposition. A doctor blade technique using a paste made from the powder and 400 MW
polyethylene glycol (PEG) was aso tried, and this technique was ultimately adopted as the
default method for membrane fabrication. The paste was made by dispersal of the powder into



polyethylene glycol (PEG; MW=400) to provide a paste which was approximately 20 wt% solid.
Alternative diluents are also being investigated. Characterization methods employed have
included atomic absorption (AA), x-ray diffraction (XRD), and scanning electron microscopy
(SEM).

RESULTSAND DISCUSSION

The compositions of commercially obtained powders for support fabrication were checked using
AA. The powder that had a nominal composition SrCop sFeOy, was found to be somewhat lower
in Sr and richer in iron than expected, with a composition of Srp gsCogsFer070x. However this
difference was not expected to cause major problems in the support, since chemical compatibility
with the membrane layer would still be very good. The densification behavior of the powders
was evaluated to allow fabrication of supports with sufficient strength while maintaining
substantial open porosity. For sintering in air, densification begins to accelerate at around 900
°C, and roughly 90% theoretical density is achieved at 1100 °C (Fig. 3). Sinteringin N, was aso
conducted, though the data as a function of temperature are not yet complete and are not shown
in Fig. 3. However, sufficient experiments have been done to make it very apparent that
sintering if more rapid in the N, atmosphere. Furthermore, sintering in air led to a microstructure
consisting of plate-shaped grains, whereas sintering in N2 provides more equiaxed particles (Fig.
4).
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Fig. 3. Density of porous supports as a function of sintering temperature in air, based on
theoretical density of 5.0 g/cnt (SrCop sFeOx). Ramp rate 5 °°C/min, with 2 hr soak at peak
temperature.

XRD has aso been conducted on the sintered supports to ensure compatibility with the phase(s)
ultimately desired in the fina membrane layer. Fig. 5 shows that supports sintered in air are
predominantly alayered perovskite structure; whereas supports sintered in N, consist of a multi-
phase mixture of a brownmillerite structure, cubic CoO, some layered perovskite, and perhaps
also some cubic perovskite. These results are consistent with other reports in the literature.



Powders for the membrane layer were produced using aerosol pyrolysis from an aqueous nitrate
solution with metals in the desired ratio: Sr:Co:Fe=1:0.5:1. The as-produced powder possessed
an average particle diameter of approximately 0.2 — 0.3 um. The composition of the powders
was evaluated by AA, and the results are shown in Table 1. Deviations from the nominal
composition are relatively small, though Fe is typically 5-10% below the nominal level. This
may be due to inaccurate knowledge of the hydration state of the Fe nitrate when mixing
solutions. Nevertheless, the composition was sufficiently close to nomina for membrane
fabrication. The powder produced at 700 °C consisted primarily of single-phase perovskite
Sr(Fe,Co)Os« (by XRD) for both air and N2, with small amounts of secondary phases (Fig. 6).
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Fig. 4. Scanning electron micrographs showing SrCog sFeOx supports after sintering at 1050 °C
in air and nitrogen.
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Fig. 5. X-Ray diffraction datafor SrCog sFeOx supports after sintering at 1050 °C in air and
nitrogen.



Table 1. Compositions (by atomic absorption) of SCFO powder produced by aerosol pyrolysis
with nominal composition (i.e., stoichiometry in precursor solution) of SrCog sFeOx
(compositions normalized to Caog s).

Furnace Atmosphere Furnace Temperature (°°C) Composition
Air 700 Sr0.96C00s0F€0.940x
N> 700 Sr1.00C00s0F€0.890k
N, 800 Sr1.04C0050F€0.91 Ok
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Fig. 6. X-ray diffraction (XRD) patterns of aerosol powder produced in air and N2 from nitrate
solution with nominal overall composition SrCog sFeOy.

Powder was fabricated in both N2 and air since it is known that atmosphere affects the sintering
behavior and crystalline evolution. Determination of an optimal combination of support
fabrication, powder synthesis and co-sintering of support and film was one of the desired
outcomes of the research; thus, all processing was examined in both atmospheres. 1t was found
that adequate crystallinity was present in powder produced at 700 °C, though crystallinity
improved at higher temperatures. Based on these experiments, 700 °C was adopted as the
standard production temperature. The crystalline phase content of as-produced powder was very
similar for both air and N2 synthesis (Fig. 6).

Severd different methods were explored for depositing the aerosol powder as thin and thick
films, as described in the Experimental section. The results presented below were obtained by



the doctor blade method. This approach provided individual particle layers that were typically at
least 5-10 um thick on the porous support. The supported “green” films were then subjected to
heat treatments in order to remove the paste solvent or diluent and sinter the films. The thick
films deposited by this method had good coverage and were relatively free of cracks and large
defects prior to sintering. Furthermore, the film integrity was maintained during sintering. This
can be an issue because diffusion between the film and support can compromise the integrity of
supported thin films.

Though film integrity was maintained, considerable cracking and/or void generation of the
membrane typically accompanied solvent removal and film densification. The gas atmosphere
(O2 content) during sintering was found to strongly influence the densification, microstructure
and crystalline phase evolution of the films (as well as the supports described above). Fig. 7
showsrelatively low resolution micrographs which reveal the large-scale cracking seen in thick
films sintered in air and N2. The plate-shaped grain structure is again evident for air-sintered
samples, and it clear that shrinkage is considerable greater for the No-sintered films. The greater
shrinkage also leads to larger scale cracks and openings in the N2 sintered films. However, the
film regions for N, sintering are essentially completely dense, whereas the air sintered film till
appears to have considerable open porosity (Fig. 8). These datareveal that N» sintering is much
preferred for film densification; however, the images also show the inherent challengesin trying
to densify a porous film in such away that in-plane shrinkage does not crack and open up the
film. XRD to provide complementary information on the phase evolution in the different gas
environments has not yet been completed, but will be part of the continued exploration of
sintering behavior in the second project year.

BROAD VIEW OF
FILM STRUCTURE
AFTER SINTERING

membrane films after sintering in N2 and air.
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Fig. 8. SEM of thick SrCop sFeOy thick films sintered in air (a) and nitrogen (b) at 1050 °C.

CONCLUSION

The results obtained thus far on this project have demonstrated the following: SrCop 5FeOx
supports can be produced that provide adequate strength and porosity, thick films can be
produced using aerosol-derived powders with good control over e emental composition and
ultimate crystalline phase content, and sintering in N> is promising for densification of the
deposited thick membrane layers. However, the associated development of uncovered areas of
the support during sintering due to cracking and constrained sintering is a major hurdle that must
be overcome to produce viable gas-tight membranes. Several strategies are being pursued to
address these problems in ongoing research: reducing the volume fraction of solvent/diluent in
the paste, depositing thinner individual layers (5-10 um), and depositing multiple layers with
sintering between layers (effectively using subsequent layers to fill flaws developed in the
previous sintering cycle). We have only just begun investigating a flaw mending strategy based
on chemical vapor deposition (CV D) which could be used to block pin holes and small defects.
This strategy, discussed in the project proposal, involves CVD of ameta using controlled flow
and counter-diffusion of a metal-organic precursor and H,. A nonreactive metal (e.g. Pt) may be
used, or a compatible metal that deposits or may be converted to an oxide (e.g. Sr or Fe oxide).
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