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l. OBJECTIVE

The objective of this project is to develop dense ceramic membranes that can
produce hydrogen via coal/coal gas-assisted water dissociation without using an external
power supply or circuitry.

Il. HIGHLIGHTS

1. Several OTM compositions [Lao,7sro_3CUo_2Feo_303-3 (LSCF), BaFeg 9071 1003
(BFZ1), and BagsSrosCug2FeosOs.s (BSCF)] appear promising for producing hydrogen
by water splitting at low temperatures (<700°C).

2. We met the milestone of fabricating and testing a thin-film tube using simulated
coal gas to drive hydrogen production by water splitting. The milestone was met by
testing an LSCF thin-film tube at 500-900°C.

3. We met the milestone of using simulated coal gas to drive hydrogen production
by water splitting at low temperatures with a thin-film tube composed of LSCF and a
dense, self-supporting tube composed of BFZ1.

4. Tests showed that BSCF gives a high oxygen flux at low temperature, but BSCF
disks develop fine cracks after sintering. Cracks can be prevented by mixing BSCF with
Ag, and BSCF/Ag composites give high oxygen flux at low temperature.



I11.  INTRODUCTION

This project grew from an effort to develop a dense ceramic membrane for
separating hydrogen from gas mixtures such as those generated during coal gasification,
methane partial oxidation, and water-gas shift reactions [1]. That effort led to the
development of various cermet (i.e., ceramic/metal composite) membranes that enable
hydrogen production by two methods. In one method, a hydrogen transport membrane
(HTM) selectively removes hydrogen from a gas mixture by transporting it through either
a mixed protonic/electronic conductor or a hydrogen transport metal. In the other method,
an oxygen transport membrane (OTM) generates hydrogen mixed with steam by
removing oxygen that is generated through water splitting [1, 2].

This project focuses on the development of OTMs that efficiently produce
hydrogen via the dissociation of water. Supercritical boilers offer very high-pressure
steam that can be decomposed to provide pure hydrogen using OTMs. Oxygen resulting
from the dissociation of steam can be used for coal gasification, enriched combustion, or
synthesis gas production. Hydrogen and sequestration-ready CO, can be produced from
coal and steam by using the membrane being developed in this project. Although
hydrogen can also be generated by high-temperature steam electrolysis, producing
hydrogen by water splitting with a mixed-conducting membrane requires no electric
power or electrical circuitry.

Water dissociates into oxygen and hydrogen at high temperatures by the reaction:
H.0(9) = H, +0,

However, very low concentrations of hydrogen and oxygen are generated even at
relatively high temperatures (e.g., 0.1 and 0.042% for hydrogen and oxygen, respectively,
at 1600°C), because the reaction’s equilibrium constant is small [3]. This shortcoming
can be overcome at moderate temperatures by using a mixed-conducting (electron- and
ion-conducting) membrane to remove either oxygen or hydrogen, which shifts the
equilibrium toward dissociation. If an OTM is used to produce hydrogen, the hydrogen
production rate depends directly on the rate at which oxygen is removed from the water
dissociation zone, which depends on the OTM’s oxygen permeability (a function of the
OTM’s electron and oxygen-ion conductivities), the surface oxygen exchange Kinetics,
and the oxygen partial pressure (pO;) gradient across the OTM [4-7]. To obtain a high
hydrogen production rate, mixed-conducting OTMs should exhibit high electron and
oxygen-ion conductivities, possess good surface exchange properties, and be exposed to a
high pO, gradient.

Others have used mixed-conducting OTMs to produce hydrogen by water
dissociation, but the membranes had low electronic conductivity, and the hydrogen
production rate was modest even at high temperature (e.g., 0.6 cm® (STP)/min-cm? at
1683°C [8]). We achieved a significantly higher hydrogen production rate using an OTM
composed of an oxygen-ion conductor of cerium gadolinium oxide (CGO) and an



electronic conductor (Ni) [2]. The hydrogen production rate increased with increases in
temperature, water partial pressure on the hydrogen-production side of the membrane,
and oxygen chemical potential gradient across the membrane [2]. It also increased with
decreasing membrane thickness, but it became limited by surface reaction kinetics for
OTMs with thickness below ~0.5 mm.

To be practical for hydrogen production, OTMs must give high hydrogen
production rates and be available in a shape with a large active area, e.g., tubes. They
must also remain chemically and mechanically stable in corrosive environments at
elevated temperatures. All experimental milestones for FY 2010 were met by using
OTMs that were developed at Argonne. This report summarizes progress during FY 2010
toward the fabrication of practical OTMs. The following milestones were established in
the Field Work Proposal for FY 2010 as benchmarks in Argonne’s efforts to develop
practical OTMs:

1.  Fabricate and test thin-film OTM tubes using simulated coal gas streams to
drive H, production by water splitting.

2. Test use of simulated coal gas streams to drive H, production at low
temperatures.

3. Continue to develop new membrane materials.

V. RESULTS
Results are presented below in relation to the pertinent milestone for FY 2010.

Milestone 1. Fabricate and test thin-film OTM tubes using simulated coal gas
streams to drive H;, production by water splitting.

A 25-um-thick SrFeCoys0x (SFC2) film on a porous SFC2 substrate gave the
highest hydrogen production rate to date for an Argonne OTM, 17.4 cm*/min-cm? at
900°C [9], but a phase transition dramatically reduced this material’s hydrogen
production rate below 825°C. To achieve high hydrogen production rates at low
temperatures (<700°C), we are developing alternative OTM compositions that do not
undergo such phase transitions, and we are developing techniques for reducing the
thickness of OTMs by making thin films on porous substrates. Alternative OTMs with
potential for producing hydrogen at low temperatures include Lag7Sro3Cug2FepsOs-s
(LSCF) and compositions in the Ba-Fe-Zr-O (BFZ) system. Following are results from
hydrogen production rate measurements that were made with a thin-film LSCF tube on a
porous LSCF substrate.

We prepared LSCF powder by conventional solid-state synthesis using La,O3 from
Alfa Aesar (99.999%), SrCO3z from Aldrich (99.9+%), CuO from Johnson Matthey
(99.999%), and Fe, O3 from Alfa Aesar (99.99%) as the starting materials. Stoichiometric
amounts of the starting materials were mixed and milled with zirconia balls in isopropyl
alcohol (IPA) for two days. The mixture was dried, calcined at 900°C for 5 h in air, and
then ball milled. To prepare porous supports for tubular thin films, LSCF powder was



mixed with carbon (20 wt. %) in IPA, ball milled overnight, and dried. Tubes were made
by pressing the powder mixture at 10,000-15,000 psig inside a rubber mold (Trexler
Rubber) with a stainless steel mandrel in a cold isostatic press (Engineered Pressure
System) and firing at 1050°C for 10 h in ambient air.

Thin films were coated on the tube surface by painting with an LSCF slurry. The
slurry was prepared by mixing LSCF powder with a binder (polyvinyl butyral),
plasticizer, and solvent (a-terpineol). After painting the slurry onto a tube, the sample
was dried at 80°C for 1 h and heated at 1100-1140°C for 10 h in air. After firing, the tube
had an outside diameter of =1 cm, inside diameter of ~0.7 cm, and length of =5.1 cm.

Before the hydrogen production rate was measured, each tube was tested for
pinholes and/or microcracks by checking for penetration of the thin film by IPA. After
the hydrogen production measurements, scanning electron microscopy (SEM) showed
that the LSCF thin film had a thickness of <30 um.

The hydrogen production rate of the LSCF tube was measured at 500-900°C.
During the measurements, ultrahigh purity (UHP) N, was flowed through water and then
over the outside of the tube, called the hydrogen-generation side. Then, CO-containing
gases (99.5% CO or CO/CO, mixtures) were flowed on the inside of the tube, called the
oxygen-permeate side. Both gases flowed at a rate of 150 cm®min. The steam partial
pressure (pH,0) was fixed at 0.49 atm on the hydrogen-generation side by controlling the
water temperature at 81°C. An Agilent gas chromatograph was used to measure the
hydrogen concentration on the hydrogen-generation side of the membrane.

Figure 1 compares the hydrogen production rates of the LSCF thin-film tube and an
LSCF thin-film disk. The data for the disk were reported previously [10]. The hydrogen
production rate is plotted over the range 500-900°C versus the CO concentration on the
oxygen-permeate side of the membranes. The active area was ~1.3 cm? for the disk and
~15.3 cm? for the tube. The hydrogen production rate of the tube was three times higher
than that of the disk at 900°C and 15 times higher at 600°C. Considering that the disk’s
hydrogen production rate was ~5.5 cm®min, and the tube’s active area was >12 times
higher than that of the disk, the hydrogen production rate of the tube at 900°C (=19.5
cm®min using 99.5% CO) was not as high as expected.

Two factors might contribute to the tube’s hydrogen production rate being lower
than expected at 900°C. The tubular thin film was slightly thicker than the disk-type film
(=30 vs. =20 um), and concentration polarization was evident. The hydrogen production
rate of the tube increased ~25% (to 24.6 cm*/min) when the flow rate of humidified N,
was increased to 300 cm®/min on the hydrogen-generation side while the flow rate of CO
on the oxygen-permeate side was left at 150 cm®min. When the flow rate of CO on the
oxygen-permeate side was increased to 300 cm*/min while the flow rate of humidified N,
on the other side was kept at 150 cm*/min, the hydrogen production rate did not change
significantly. The fact that doubling the flow rate of N, significantly increased the
hydrogen production rate, but doubling the flow rate of CO did not, indicates that
concentration polarization is more severe on the hydrogen-generation side.
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Fig. 1 Hydrogen production rates of LSCF thin-film tube and disk on porous
LSCF substrate vs. CO concentration on oxygen-permeate side with
humidified N, (pH,O = 0.49 atm) on hydrogen-generation side.

After the hydrogen production rate was measured in tests using 99.5% CO and
CO/CO; mixed gases from 900°C to 500°C, the hydrogen production rate was measured
again under the initial conditions (at 900°C with 99.5% CO on the oxygen-permeate side
and humidified N, on the hydrogen-generation side, both gases flowing at 150 ml/min).
Figure 2 shows the sequence of measurements that were made with the tubular thin film.
The re-measured value for the hydrogen production rate (19.6 cm*/min) was essentially
identical to the initial value (19.5 cm*/min), indicating that the hydrogen production rate
is reproducible, and that the LSCF thin film was stable during =80 h of testing.
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Fig. 2 Sequence of H, production rate measurements with LSCF thin-film tube.



Figure 3 shows the hydrogen production rate of the tubular LSCF thin film versus
reciprocal temperature for different CO concentrations on the oxygen-permeate side. The
hydrogen production rate of an LSCF thin-film disk [10] is included as a reference. For
both the tube and the disk, the hydrogen production rate decreased as the CO
concentration decreased on the oxygen-permeate side, because the hydrogen production
rate depends directly on the oxygen flux through the membrane, which is driven by the
reaction between the CO/CO, mixture and oxygen emerging from the membrane. As the
CO concentration decreases, the CO/CO, mixture becomes less reactive toward oxygen
and the oxygen flux decreases. The data for both the tube and the disk suggest that
significant quantities of hydrogen could be produced by using product streams from coal
gasification to drive the dissociation of water. Through the reverse Boudouard reaction,

CO,+C=2CO,

CO; could be used to generate gas streams that could be used to produce additional
hydrogen via water splitting.
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Fig. 3 Hydrogen production rates of LSCF thin-film tube and disk vs. reciprocal
temperature with various CO concentrations on oxygen-permeate side
and moist N, (pH,O = 0.49 atm) on hydrogen-generation side.

Figure 4 plots the area-specific hydrogen production rate versus inverse temperature
for the thin-film tube and disk in tests using three CO concentrations on the oxygen-
permeate side of the film. The inset gives the type of sample (tube or disk), the CO
concentration on the oxygen-permeate side of the film, and the apparent activation energy
(Ea). Although the tube and disk had the same membrane composition, their activation
energies differ with the same CO concentration due to concentration polarization effects.



Because concentration polarization is promoted by conditions that favor a high oxygen
flux and the oxygen flux increases with CO concentration, the difference in E, for the
disk and film increases with the CO concentration. With 99.5% CO flowing on the
oxygen-permeate side, the difference was 0.39 eV (1.02 eV for disk versus 0.63 eV for
tube), but it decreased to 0.16 eV with 50% CO on the oxygen-permeate side and 0.11 eV
with 25% CO. For a given gas, the area-specific hydrogen production rates of the disk
and tube differed the most at high temperature, where the oxygen flux was highest, and
the difference decreased as the temperature (and flux) decreased.
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Fig. 4 Area-specific H, production rates of LSCF thin-film tube and disk vs.
reciprocal temperature using humidified N, (pH.O = 0.49 atm) on
hydrogen-generation side. Inset gives sample type, CO concentration
on oxygen-permeate side, and apparent activation energy.

Milestone 2. Test use of simulated coal gas streams to drive H, production at low
temperatures.

To achieve high hydrogen production rates at low temperatures (<700°C), the OTM
must provide a high oxygen flux. A high oxygen flux can be achieved by decreasing the
thickness of the OTM or by using an OTM with superior intrinsic oxygen transport
properties. Milestone 2 was met with a tubular LSCF thin film and with a self-supporting
tube composed of BaFepgoZro100s (BFZ1). Results are shown here from hydrogen
production rate measurements with the BFZ1 tube at 600-900°C. The results for the
LSCF thin-film tube are discussed above, but are also shown here for direct comparison
with the results for the BFZ1 tube.



We prepared BFZ1 by partially substituting Zr for Fe in BaFeO3; (BFO). Like SFC2,
BFO exhibits high oxygen flux at high temperature but undergoes a phase transition that
limits the flux below =860°C. With the Zr substitution, we hoped to achieve high oxygen
flux and hydrogen production rates at low temperatures by retaining BFO’s high-
temperature cubic phase. The oxygen flux of BFZ1 is approximately one to two orders of
magnitude higher than that of LSCF over the whole temperature range.

We prepared BFZ1 powder by conventional solid-state synthesis. Proper amounts
of BaCOs3, Fe,03, and ZrO, were ball-milled for one day with zirconia media in IPA.
After drying, the mixture was heated at 850°C for 20 h in air and ball-milled for one day.
The dried powder was heated again at 880°C for 20 h and then ball-milled. Dense tubes,
closed on one-end, were fabricated by pressing BFZ1 powder in a cold isostatic press
(Engineered Pressure Systems) at 10,000-15,000 psig in a rubber mold (Trexler Rubber)
with a stainless steel mandrel. Tubes were sintered in flowing nitrogen for 6 h at 1330°C.
The tube we tested had outside diameter of 0.96 cm, inside diameter of 0.75 cm, and
length of 5.74 cm, with active area 17.3 cm? on the outside and #13.5 cm? on the inside.

Before the hydrogen production rate was measured, the tube was tested for flaws by
filling it with IPA and checking for penetration by the IPA. Penetration by even a small
amount of IPA is visible as darkening of the tube’s surface and indicates the presence of
cracks or interconnected porosity. If the IPA test revealed no flaws, the tube's hydrogen
production rate was measured with a spring-loaded test fixture that squeezed a gold
gasket between the OTM tube and an alumina tube to produce a gas-tight seal. During
hydrogen production rate measurements, gas flowed through the alumina tube to the
inside of the OTM tube.

To measure the hydrogen production rate, ultrahigh purity (UHP) N, flowed
through water at 81°C to give pH,0=0.49 atm on the hydrogen-generation side of the
membrane. Various gases (e.g., CO/CO; or Hy/He mixtures) that are reactive with oxygen
were flowed over the oxygen-permeate side of the OTM to drive the oxygen diffusion
that promotes hydrogen production. The hydrogen production rate was measured with gas
flow rates of 150-450 cm*/min on the hydrogen-generation side and 150 cm*/min on the
oxygen-permeate side at 600-900°C. To measure the hydrogen production rate, the
hydrogen concentration on the hydrogen-generation side was measured with an Agilent
6890 gas chromatograph (GC).

Figure 5 plots the H, production rate of a dense BFZ1 tube at 600-900°C vs. the CO
concentration on the tube’s oxygen-permeate side; CO, composed the balance of each gas.
The hydrogen production rate of a tubular LSCF thin film at 500-900°C, shown in Fig. 4,
is also plotted for comparison. Figure 6 plots the hydrogen production rate vs. inverse
temperature for both tubes for each gas that was flowed on the oxygen-permeate side (25,
50, and 99.5% CO), and shows the activation energy that was calculated. Figure 7 plots
the area-specific and total hydrogen production rate for the BFZ1 tube vs. flow rate of N,
(pH20=0.49 atm) on the hydrogen-generation side with 72% CO/balance CO, flowing at
a fixed flow rate (150 cm®/min) on the oxygen-permeate side.
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For both tubes, increasing the CO concentration on the oxygen-permeate side
increased the hydrogen production rate (Fig. 5). This effect is expected because the
hydrogen production rate depends directly on the OTM’s oxygen flux, which is driven by
reaction between the CO/CO, mixture and oxygen emerging from the membrane. As the
CO concentration increased, the CO/CO, mixture became more reactive toward oxygen,
and the oxygen flux increased, which increased the hydrogen production rate.

Due to BFZ1’s superior oxygen transport properties, its hydrogen production rate at
900°C was comparable to that for the LSCF tube (Fig. 5), even though BFZ1 was much
thicker (1000 pum vs. =30 pum). The LSCF thin-film tube gave the higher hydrogen
production rate at lower temperatures (<900°C), however, as a result of BFZ1’s higher
activation energy for hydrogen production (Fig. 6). The change in activation energy with
CO concentration can be related to the effects of concentration polarization. Because
concentration polarization is promoted by conditions that favor a high oxygen flux (i.e.,
high temperature and/or high CO concentration), it reduces the hydrogen production rate
the most at high temperature, which causes a decrease in the apparent activation energy.
This effect is the most prominent with a high CO concentration on the oxygen-permeate
side. As a result, the activation energy decreases as the CO concentration increases.

As the flow rate of humidified N, was increased on the hydrogen-generation side of
the membrane, the hydrogen production rate increased significantly (Fig. 7) due to the
effects of concentration polarization. Likewise, the hydrogen production rate of the LSCF
thin-film tube increased ~25% when the flow rate of humidified N, was increased while
the flow rate of CO on the oxygen-permeate side was unchanged. When the flow rate of
CO on the oxygen-permeate side was increased without changing the flow rate of
humidified N,, the hydrogen production rate changed very little, indicating that
concentration polarization was more severe on the hydrogen-generation side.
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Milestone 3. Continue to develop new membrane materials.

Conventional solid-state synthesis was used to prepare powders of BaFeO3; (BFO),
BaFeo,975Zro_02503 (BFZO), BaFeo,gzro,log (BFZl), BaFeo_82r0_203 (BFZZ), SfFGOg (SFO),
Bap 5SrosFeO3 (BSFO), and BagsSrosCug2FepsOs.s (BSCF). Proper amounts of BaCOs,
Fe,03, SrCO3, CuO, and ZrO, were ball-milled for one day with zirconia media in IPA.
After the mixture was dried, it was heated at 800-880°C for 10-20 h in air and ball-milled
for one day as before. Powders were pressed uniaxially into disks (7/8 in. dia.) and
sintered for 6 h in 100 ppm Ha/balance N, or in ambient air at 1250°C (BFO, BFZ0) or
1350°C (BFZ1, BFZ2). The SFO disk was sintered for 10 h in 100 ppm Hy/balance N at
1300°C; the BSFO disk was sintered in air at 1200°C for 6 h; and BSCF disks were
sintered in ambient air for 10 h at 950-1000°C.

The BSCF disks developed fine cracks after sintering; however, cracks did not
develop when BSCF was mixed with Ag powder (99.9%, 0.7-1.3 um, Alfa-Aesar) in a
mortar and pestle to prepare composites with 10-40 vol.% Ag. The BSCF/Ag powder
mixtures were pressed uniaxially into disks (=1 in. dia) and sintered for 10 h at *930°C in
ambient air.

The oxygen flux was measured by sealing a polished disk to the end of an Al,O3
tube with a spring-loaded assembly that squeezed a gold ring between the sample and the
Al,O3 tube. During the measurements, air and UHP He were flowed (150 cm*/min) on
the feed and sweep sides of the membrane, respectively. The oxygen and nitrogen
concentrations in the sweep gas were measured with an Agilent gas chromatograph, and
the nitrogen concentration was used to correct for leakage through the gas seal.

Ba-Fe-Zr-O: Figure 8 shows the oxygen flux as a function of inverse temperature
for the BFO and BFZ0 membranes. Both plots show distinct changes in slope, but at
significantly different temperatures, ~850-870°C for BFO and =750-775°C for BFZO.
Watanabe et al. [11] and Zhu et al. [12] also noted a change in the slope of BFO’s oxygen
permeation rate versus inverse temperature. Based on high-temperature x-ray diffraction
measurements, Watanabe ascribed the change in slope to a transition from a cubic phase
at high temperature to a low-temperature triclinic phase. If the slope changes in Fig. 8 are
also attributed to the cubic-to-triclinic phase transition, we find that the transition for
BFO occurs at a considerably higher temperature (=850-870°C) than the transition
temperatures reported by Watanabe et al. (=700°C) and Zhu et al. (=810°C).

Considering that the samples were relatively thick (<1 mm), BFO and BFZ0 both
gave very high oxygen flux values (>1 cm*min-cm?) at temperatures above the phase
transition. Doping the Fe site of BFO with a small amount of Zr did not reduce the
oxygen permeation rate above the phase transition temperature, but it lowered the phase
transition temperature by =100°C. Our data for BFZ0 agree well with values reported by
Watanabe et al. [11] at temperatures above the transition temperature, but our values are
lower at temperatures below the transition temperature. Watanabe et al. did not observe
any change in the slope for BFZ0, whereas our data show a phase transition that was
shifted to a significantly lower temperature compared to BFO.
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Fig. 8 Oxygen flux of BFO and BFZ0 membranes versus inverse
temperature, measured with flowing He (150 ml/min) as
sweep gas and air (150 ml/min) as feed gas. Figure inset
gives membrane thickness.

To investigate the kinetics of the cubic-to-triclinic phase transition, the oxygen flux
of BFO was measured versus time during the phase transition. Figure 9 shows the time
dependence of the oxygen flux for a 1.08-mm-thick BFO membrane at 847°C. The
measurements were made with flowing He (50 ml/min) as the sweep gas and began after
the temperature was lowered from 870°C (above the transition temperature) to 847°C
(below the transition temperature). The oxygen permeation rate changed very slowly after
the change in temperature, requiring =50 h to approach a stable value and indicating that
the cubic-to-triclinic phase transition occurs very slowly. In comparison, the oxygen
permeation rate reached stable values relatively quickly (within =1 h) at temperatures
above the transition temperature.

Because the oxygen flux reaches a steady-state value very slowly during the phase
transition (Fig. 9), the apparent change in slope depends on the speed at which the flux
measurements are made. Watanabe et al. [11] and Zhu et al. [12] measured the oxygen
flux within 2-3 h of changing the membrane temperature, which is not sufficient time to
reach steady-state values at temperatures below the transition temperature, according to
Fig. 9. Oxygen flux measured before the attainment of steady state would be subject to a
large uncertainty. Large uncertainty in the flux values measured below the transition
temperature might explain why the transition temperature we report is significantly
higher than those reported by Watanabe et al [11] and Zhu et al. [12], and why Watanabe
et al. did not report a slope change for the oxygen permeation rate for BFZO0.
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Fig.9 Time dependence of oxygen flux for 1.08-mm-thick BaFeOs
membrane during phase transition at 847°C. Sweep gas during
measurement was He flowing at rate of 50 ml/min.

Figure 10 compares the temperature dependence of the oxygen flux for relatively
thick (=1 mm) BFZ0 with that of SrjoFepgTip10x (SFT1) and LSCF membranes.
Measurements were made while flowing He as the sweep gas and air as the feed gas
(150 ml/min). The flux of BFZO is an order of magnitude higher than that of LSCF over
the whole temperature range, and is very high (>1 cm*min-cm?) at temperature >775°C.
Based on its high oxygen flux, BFZ0 appears promising for applications at low
temperatures (<700°C); therefore, we will measure its hydrogen production rate via water
dissociation. We will increase the Zr content in an effort to further decrease the transition
temperature and obtain even higher oxygen flux at low temperatures.

Figure 11 shows the oxygen flux versus inverse temperature for BFO, BFZ0, BFZ1,
and BFZ2 disks sintered in air, with the measured flux normalized for a 1-mm thickness;
the figure inset gives the actual thickness of each sample. The oxygen flux for all four
membranes decreases as temperature is decreased. The plots for BFO and BFZ0 each
show a distinct change in slope, which is attributed to a transition between high-
temperature cubic and low-temperature triclinic phases. The plots for BFZ1 and BFZ2
show less distinct slope changes, which occur at lower temperatures.

The slope changes for BFZ1 and BFZ2 might be caused by cubic-to-triclinic phase
transitions; however, the changes for BFZ1 and BFZ2 are much more gradual, possibly
indicating a different cause for the changes. X-ray diffraction (XRD) measurements [11]
showed that disks sintered in air were single phase if they had <10 mol.% Zr, but an
impurity phase was present in disks with >15 mol.% Zr. Detection of an impurity phase
in materials with higher Zr content suggests that BFZ1 and BFZ2 might also contain an
impurity phase that could affect the oxygen flux and cause the slope changes for BFZ1
and BFZ2. To understand the cause of the slope changes for Zr-doped BaFeO3;, XRD
measurements at room temperature and high temperature would be helpful.
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Fig. 11 Oxygen flux (normalized for thickness of 1.0 mm) of BFO, BFZO0,
BFZ1, and BFZ2 disks versus inverse temperature. Inset gives
measured membrane thickness.



Substituting Zr for Fe in BFO decreased the oxygen flux at temperatures above the
inflection points (Fig. 11), but it increased the oxygen flux below the inflection points by
lowering the apparent activation energy. Compared to BFO, BFZ1 gave ~27% lower flux
at 900°C, but unlike BFO, it retained a high flux up to 510°C (=0.2 cm®*min-cm?). With
higher Zr content, BFZ2 also gave a lower oxygen flux at 900°C, compared to BFO and
BFZ0, but also retained a high flux up to 510°C. The oxygen flux of BFZ2 was ~37%
lower than that of BFZ1 at 900°C and ~65% lower at 510°C. The decrease in oxygen flux
might result from a decrease in oxygen conductivity caused by doping with zirconium.
Substituting Zr for Fe should decrease the concentration of oxygen vacancies, thereby
decreasing the oxygen conductivity, because the oxidation state of Fe is predominantly
+3, whereas that of Zr is +4. Zirconium doping had little effect on the apparent activation
energy for oxygen flux at temperatures above the inflection point, but it significantly
decreased the activation energy below the inflection point. With lower activation energy,
samples with higher Zr content gave much higher oxygen flux at low temperature.

Figure 12 shows the hydrogen production rate for BFZ0, BFZ1, and BFZ2 disks at
650-900°C, with all results normalized for a membrane thickness of 1.0 mm. The figure
inset gives the actual thickness and apparent activation energy for each sample. All disks
were sintered in 100 ppm Ha/balance N to minimize large volume changes that can occur
when membranes are reduced during sealing and the measurement of the hydrogen
production rate. During the measurements, we flowed 80% H,/balance He on the oxygen-
permeate side of the membrane and N, (pH,0=0.49 atm) on the hydrogen-generation side.
At 900°C, BFZ0 gave the highest hydrogen production rate (6.9 cm®/min-cm?) that we
have measured with an OTM of comparable thickness.
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Fig. 12 Hydrogen production rate (normalized for 1.0 mm thickness) of BFZO0,
BFZ1, and BFZ2 disks versus inverse temperature, measured with 80%
H./balance He on oxygen-permeate side and N, (pH20=0.49 atm) on
hydrogen-generation side. Inset gives actual thickness and apparent
activation energy.
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Like its oxygen permeation flux, BFZ0’s hydrogen production rate shows a change
in slope at =750-775°C. We discontinued the hydrogen production rate measurements
below 750°C, because He leakage increased abruptly, possibly due to a volume change
caused by a phase transition. To test the alternative possibility that the leakage resulted
from a poor seal, the sample was heated again to the sealing temperature (=950°C), but
the leakage did not decrease. Unlike BFZO0, neither BFZ1 nor BFZ2 showed a distinct
change in the slope of hydrogen production rate versus temperature. Similar to the trend
in oxygen flux measurements, increasing the substitution of Zr for Fe decreased the
hydrogen production rate due to a decrease in oxygen conductivity. The activation
energies for oxygen permeation were 0.26, 0.31, and 0.36 eV for BFZ0, BFZ1, and BFZ2,
respectively, and the activation energies for the hydrogen production rate were
approximately double the values for oxygen permeation. As was observed with the
oxygen flux measurements, the level of zirconium doping had little effect on the apparent
activation energy for hydrogen production.

Ba-Sr-Fe-O: Figure 13 shows oxygen flux as a function of inverse temperature for
~1-mm-thick disks of BFO, BSFO, and SFO. The figure inset gives the measured
membrane thickness and apparent activation energy for each sample. The activation
energy for BFO was determined by using only the data for the cubic phase, i.e., at
temperatures above the phase transition at ~870°C. Above the phase transition, un-doped
BFO gave the highest oxygen permeation flux. Substituting Sr for Ba appeared to lower
the temperature of the cubic to low-symmetry phase transition, but it increased the
apparent activation energy from 0.30 eV for BFO to 0.49 eV for BSFO and 0.77 eV for
SFO. The oxygen flux of BSFO is similar to that of SFO at high temperature but becomes
higher at low temperatures due to its lower activation energy.
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Fig. 13 Oxygen flux of BFO, BSFO, and SFO disks versus inverse
temperature. Inset gives measured membrane thickness and
apparent activation energy only above the phase transition
(#870°C) for BFO.
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Findings from other studies suggest that BSFO’s higher oxygen flux, compared to
that of SFO, might be related to a higher oxygen vacancy concentration in BSFO. Shao et
al. [13] observed an increase in the oxygen flux of SrCoggFey 203 (SCFO) when Ba was
substituted for Sr to make BapsSrosCoosFeg203 (BSCFO). Thermogravimetric analysis
(TGA) [14, 15] showed that the oxygen vacancy concentration of BSCFO is considerably
higher than that of SCFO at 600-1000°C, even though a change in vacancy concentration
IS not expected because Sr and Ba have the same oxidation state. BSCFO’s higher
concentration of oxygen vacancies might be the reason its oxygen flux is higher than that
of SCFO. Likewise, substituting Ba for Sr in SFO to produce BSFO might increase the
oxygen flux by increasing the oxygen vacancies. And with its relatively low activation
energy, BSFO might be useful for low-temperature OTM applications.

Ba-Sr-Cu-Fe-O: Based on the promising results reported by Efimov et al. [16], we
tried to measure the oxygen flux of BSCF disks, but could not because they developed
fine cracks after sintering. We were able, however, to measure the oxygen flux of
BSCF/Ag composites with 10-40 vol.% Ag as a function of temperature. Composites
with <30 vol.% Ag gave a slightly higher oxygen flux due to their higher volume
fractions of the OTM, but we focused on composites with >30 vol.% Ag because the
mechanical properties appeared to improve with the Ag content. Figure 14 shows the
oxygen flux for an LSCF thin-film disk and thick (>0.5 mm) disks of LSCF, BFZ1, and
BSCF/Ag composites. The figure inset gives the thickness of each OTM and the Ag
content for the BSCF/Ag composites. At low temperatures (<600°C), the oxygen flux for
the BSCF/Ag disks was lower than that for the BFZ1 disk, but was higher than that for
the LSCF disk and was similar to that for the much thinner LSCF thin-film disk. The
comparable flux values for the LSCF thin-film disk and much thicker BSCF/Ag disks
indicate that higher oxygen flux values should be achievable with BSCF/Ag thin films.
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Fig. 14 Oxygen flux of various disk-type OTMs versus inverse temperature.
The figure inset gives OTM composition, OTM thickness, and Ag
content of BSCF/Ag composites.
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In another approach to increase the hydrogen production rates at low temperatures
(<700°C), we are developing techniques for fabricating OTM thin films on porous
substrates. We prepared BFZ1 and BSCF/Ag (40 vol.%) thin films on substrates made
from the same powders in order to achieve a good match in thermal expansion between
the films and their substrates. To prepare porous BSCF/Ag substrates, we mixed the
BSCF/Ag powder mixture with carbon powder (20 wt.%) in IPA, and the resulting
mixture was ball-milled, dried, and screened. After screening, a disk (1-in. diameter) was
uniaxially pressed and then sintered at 860°C for 10 h in ambient air. A slurry for
preparing thin films was made by mixing the BSCF/Ag powder mixture with binder
(polyvinyl butyral), plasticizer, and a-terpineol. One side of the disk was painted with the
slurry and dried at 80°C for 1 h. After drying, the disk was sintered at 900°C for 7 h in
ambient air. Similarly, BFZ1 thin films were prepared on BFZ1 substrates made from a
powder mixture containing BFZ1 and carbon (15 wt.%). Then, the BFZ1 thin-film disks
were sintered at 1290 °C for 6 h in ambient air.

To this point, we have not been able to produce satisfactory BFZ1 or BSCF/Ag thin
films. Figure 15 shows a fracture surface and a plan view of BFZ1 thin films, and Fig. 16
shows similar views of a BSCF/Ag thin film. The BFZ1 thin film shown in Fig. 15a
(thickness ~15-20 um) appeared reasonably dense with some isolated pores, and the
substrate seemed to contain sufficient porosity for good gas transport. The plan view
shows good grain development (grain size <40 um), and the fracture surface shows a
clear demarcation between the dense thin film and the porous substrate. The thickness of
BFZ1 films was controllable and could be reduced to as little as 15 pum. Although their
microstructure is acceptable, BFZ1 thin films have shown a tendency to crack during
ethanol reforming conditions. The cause for this cracking is not known and will require
further study.
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Fig. 15 a) Fracture-surface and b) plan view of BFZ1 thin films on BFZ1
porous substrates.
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The BSCF/Ag thin films prepared to date have been unacceptable due to excessive
densification of the substrates. In contrast to BFZ1 films, BSCF/Ag films (Fig. 16) have
shown no clear boundary between the substrate and film. A similar result was obtained
when BSCF/Ag films were made on Ag-free BSCF substrates. Gas transport would be
very limited through such a dense substrate, and the membrane’s thickness would be
essentially equivalent to that of the substrate and the film. To improve the properties of
BSCF/Ag thin films, the substrates must be produced with more porosity without
impeding densification of the thin film.
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Fig. 16 a) Fracture-surface and b) plan view of BSCF/Ag thin film on
BSCF/Ag substrate.

V. FUTURE WORK

We will continue efforts to develop new OTM materials for producing hydrogen via
coal/coal gas-assisted water splitting. In these efforts, we will investigate new membrane
compositions and apply methods described in this report to enhance the hydrogen
production rate of the OTMs being developed. Based on the principles of solid-state
chemistry, we will prepare and test novel materials thought to have potential for high
hydrogen production rates. To increase the hydrogen production rates of existing OTM
materials, we will continue to improve methods for reproducibly fabricating membranes
with thickness less than =25 um, and we will coat membranes with porous layers,
working to optimize the microstructural features of the porous layers, such as porosity
and pore size. When the hydrogen production rate is significantly influenced by sintering
conditions, we will optimize the sintering process to enhance hydrogen production.

We will fabricate and test tubular thin-film OTMs to demonstrate that OTMs with a
significant hydrogen production rate are practical for large-scale industrial applications.
Tubes are practical for large-scale industrial processes due to their large active area and
the relative ease of their fabrication and gas-manifolding. To enhance the hydrogen
production rates of tubular thin films, we will develop methods to coat both of the tube’s
surfaces with porous layers.
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Thin-film OTM tubes will be used to demonstrate that the products from coal
combustion can drive hydrogen production via water dissociation. In this concept, coal is
combusted on one side of an OTM while hydrogen is produced on the other side via
water splitting. This concept increases process efficiency by reducing the number of steps
needed to produce hydrogen from coal. In this concept, the hydrogen produced is
physically separated from carbon dioxide and all other impurities; therefore, hydrogen
purification is simpler and more cost-effective. Gas separation costs would be reduced,
because the OTM contains no precious metals. Because coal combustion is exothermic, it
would supply heat that is required for water splitting. In addition, the CO,-rich waste
stream from the proposed process would be ideal for sequestration. We will use CO/CO,
gas mixtures to test the feasibility of this concept at low temperatures (<700°C). The
concept was demonstrated at low temperatures using LSCF thin-film disks with CO/CO,
gas mixtures simulating a coal combustion atmosphere, but tests with LSCF thin-film
tubes failed when the tubes cracked. To prevent cracks in LSCF thin-film tubes during
tests at low temperatures, modifications will be made in the processing and/or testing of
the tubes. If cracking of LSCF thin-film tubes appears to be unavoidable, alternative
OTM compositions will be tested.

Good chemical stability is a critical requirement for OTMs due to the high
temperatures and corrosive environments they will encounter; therefore, we will continue
evaluating the chemical stability of OTMs. We will test the chemical and mechanical
stability of OTMs in longer (up to ~1000 h) exposures to industrially useful conditions,
e.g., the atmospheres and temperatures that are typical for coal combustion and coal
gasification. We will study the effect of syngas components on the hydrogen production
rate of OTMs with and without H,S in the gas. To assess the extent and course of
reaction between the membrane and the atmosphere, the microstructure of membranes
will be examined before and after exposures to industrial conditions.

Finally, we will evaluate process issues and economics as technical progress
warrants. As directed by NETL’s program managers, we will make contacts and hold
discussions with potential collaborators. We will work with NETL’s in-house R&D team
and their Systems Engineering group to validate the process concept and assess the
techno-economics of using OTMs to produce hydrogen by water splitting. We will
provide technical input and engineering data to the NETL team to develop models for
process viability and for thermal management studies.
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