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Heqing Jiang,*'"! Fangyi Liang,”™! Oliver Czuprat,””! Konstantin Efimov,

Oxygen Permeation

[a]

Armin Feldhoff,™ Steffen Schirrmeister,’”’ Thomas Schiestel,') Haihui Wang,'" and

Abstract: A porous perovskite Ba-
Co,Fe,Zryy_,_,Pdy;05_; (BCFZ-Pd)
coating was deposited onto the outer
surface of a BaCoFe,Zr,_, O,
(BCFZ) perovskite hollow-fiber mem-
brane. The surface morphology of the
modified BCFZ fiber was characterized
by scanning electron microscopy
(SEM), indicating the formation of a
BCFZ-Pd porous layer on the outer
surface of a dense BCFZ hollow-fiber
membrane. The oxygen permeation
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flux of the BCFZ membrane with a
BCFZ-Pd porous layer increased 3.5
times more than that of the blank
BCFZ membrane when feeding reac-
tive CH, onto the permeation side of
the membrane. The blank BCFZ mem-
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brane and surface-modified BCFZ
membrane were used as reactors to
shift the equilibrium of thermal water
dissociation for hydrogen production
because they allow the selective remov-
al of the produced oxygen from the
water dissociation system. It was found
that the hydrogen production rate in-
creased from 0.7 to
2.1 mLH, min"'ecm~2 at 950°C after de-
positing a BCFZ-Pd porous layer onto
the BCFZ membrane.
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Introduction

Dense perovskite membranes with mixed oxygen ion and
electron conductivity? have been intensively investigated
as separator materials to produce pure oxygen from air® or
in membrane reactors for the partial oxidation of methane
(POM) to synthesis gas,!l the oxidative dehydrogenation of
light hydrocarbons (ODH) to olefins,”! or in the Ostwald
process.”! It is accepted that oxygen permeation through a
membrane involves 1) surface exchange between molecular
oxygen and oxygen ions on the membrane surface and
2) bulk diffusion of the oxygen ion.'! The diffusion-con-
trolled oxygen permeation flux can be increased by reducing
the thickness of the membrane until its thickness reaches a
critical value. Below the critical thickness, the surface ex-
change processes become rate limiting. In this case, the
oxygen permeation flux can be enhanced by coating the
membrane with materials that show a high exchange rate,
such as cobalt-containing perovskites”! or noble-metal parti-
cles.™ It is worth noting that the surface reaction accelerated
by the active materials in the above work* is the oxygen
ionization O,+4e =20* because only the inert gas He
was used to sweep the permeated oxygen.
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In another application of perovskite membrane as a reac-
tor for the oxidation of light hydrocarbons,"! the surface
process is the reaction between the permeated oxygen spe-
cies and the reactive gas, such as CH,. In this case, a better
reactor performance can be expected by coating the mem-
brane with a catalytically active layer. However, to the best
of our knowledge, no attention has been given, so far, to the
surface modification of perovskite hollow-fiber membranes
by a catalytically active porous layer. When the catalytic
coating accelerates hydrocarbon oxidation, oxygen is con-
sumed quickly, the driving force for oxygen permeation is
increased, and a higher oxygen flux can be expected.

Recently, a novel BaCo,Fe Zr,_, ,0;_ s (BCFZ) perov-
skite hollow-fiber membrane with high oxygen permeability
has been developed in our group for oxygen separation or
partial oxidation of methane to synthesis gas, for example.”!
Herein, we report on the surface modification of BCFZ
hollow-fiber ~membrane by BaCo,Fe,Zryy , ,Pdy;05,
(BCFZ-Pd) catalytic porous layer. The choice of BCFZ-Pd
as the coating material is based on the following considera-
tions: Compared with common catalysts such as Pd/Al,O;
that can lead to membrane failure due to the diffusion of Al
and Co between the catalyst and membrane,'”) BCFZ-Pd
shows a better compatibility with BCFZ membrane and has
almost the same melting point as the perovskite BCFZ,
which makes it possible to obtain a surface coating with
good mechanical strength on the BCFZ membrane surface.
Cobalt-containing perovskites and noble-metal Pd catalysts
are known for their activity towards methane combustion.['!]
The noble-metal, Pd-modified perovskites are expected to
combine the advantages of the above two kinds of catalysts,
namely, catalytic activity and thermal resistance. In addition,
it was reported that the presence of Pd can increase the re-
ducibility of cobalt ions in Pd—Co/Al,0;," which leads to a
better catalytic performance for methane oxidation. It can
be expected, therefore, that the fine mixing of Pd and Co in
the perovskite lattice will favor the interaction between
them. The ionic radius of Pd** =80 pm allows the modifica-
tion of the B site of the ABO;_; structure according to the
Goldschmidt tolerance concept. So a pure phase of Pd—Co-
containing perovskite (BCFZ-Pd) was first prepared in this
work.

Results and Discussion

Figure 1 presents the X-ray diffraction (XRD) pattern of
BCFZ-Pd (4.2 wt % Pd) powder used in this work. From the
absence of signals different from a pure perovskite phase, it
is concluded that a one-phase material has been formed
with Pd successfully incorporated into the BCFZ lattice.
This can be further proven by transmission electron micros-
copy (TEM) results. Figure Sla and b (see the Supporting
Information) show the dark-field micrograph of BCFZ-Pd
particles and the energy-dispersive X-ray spectrum (EDXS)
of the particles, respectively, which demonstrate the pres-
ence of Ba, Co, Fe, Zr, Pd, and O. The corresponding ele-
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Figure 1. XRD pattern of the BCFZ-Pd powder used for coating the
BCFZ hollow-fiber membranes.

mental distribution images (Figure Slc to h in the Support-
ing Information) show that all the elements were homoge-
nously distributed in the particles. Electron diffraction pat-
tern from a selected area of the BCFZ-Pd particle (Figur-
e S2a and b in the Supporting Information) indicates that
BCFZ-Pd has a singular crystal structure. Moreover, the
crystal orientation can be observed from the high-resolution
transmission electron microscopy (HRTEM) micrograph
(Figure S2c in the Supporting Information). The results of
XRD and TEM demonstrated the formation of a pure per-
ovskite phase BCFZ-Pd and the homogeneous distribution
of Co and Pd in the perovskite lattice.

It was experimentally found that the mechanical strength
and porosity of the BCFZ-Pd coating layer on the surface of
the BCFZ fiber can be adjusted by controlling the tempera-
ture and time of calcination. The optimal conditions for the
formation of a porous layer with good mechanical strength
was found to be treatment of the coated fiber at 1050°C for
1 h. Figure 2 shows the scanning electron microscopy (SEM)
images of the BCFZ hollow-fiber membrane coated by
BCFZ-Pd. It can be seen from Figure 2a and b that BCFZ-
Pd layer, with the thickness of about 40 um, is tightly at-
tached to the outer surface of the BCFZ hollow-fiber mem-
brane. And no development of cracks was observed on the
dense part of the BCFZ membrane after the coating pro-
cess. Moreover, the outer BCFZ-Pd layer sintered at
1050°C for 1h is still porous. Therefore, a larger surface
area is obtained and a higher catalytic activity can be ex-
pected. Figure 2c¢ demonstrates the surface morphology of
BCFZ hollow-fiber membrane coated by BCFZ-Pd surface
layer. It can be seen that the outer side of the hollow fiber
is well coated by surface layer (BCFZ-Pd) along the whole
length, although some cracks are observed due to shrinking
of the coating by the heat treatment. The magnified image
(Figure 2d) shows that the BCFZ-Pd particles are connected
with each other forming a three-dimensional network, which
ensures the necessary mechanical strength and porosity.
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Figure 2. SEM micrographs of the BCFZ hollow-fiber membrane with a
BCFZ-Pd layer treated at 1050°C for 1 h. (a, b) cross-section, and (c, d)
outer surface of the modified hollow-fiber membrane before use in the
membrane reactor.

It is very important to make sure that the hollow-fiber
membrane is still gastight along its whole length after the
catalyst coating process. Therefore, after the fiber was instal-
led in the high-temperature reactor, a large pressure gradi-
ent across the membrane was established by increasing the
pressure on the core side. It was found that, at room temper-
ature, there is not any increase in pressure on the shell side
when the pressure on the core side was increased from 1 to
5 bar, indicating the membrane is still gastight after the
coating process. During the measurements, air was fed to
the core side. At high temperature, oxygen can be selective-
ly transported from the core side to the shell side, but nitro-
gen cannot if the membrane is gastight. So nitrogen from air
can work as the impermeable gas to indicate whether the
membrane is gastight or not. There is no obvious nitrogen
detected by gas chromatography from the shell side for all
hollow-fiber membranes we have investigated, which indi-
cates they are all gastight.

Figure 3 demonstrates the temperature dependence of the
oxygen permeation flux Jo, of the blank and surface-modi-
fied BCFZ membranes, using He as the sweep gas. It can be
seen that Jo, increases with increasing temperature for both
membranes. However, Jo, of the coated membrane is only
by about 10% higher than that of the uncoated one. Ac-
cording to our previous studies” the permeation flux
through the BCFZ hollow-fiber membrane is controlled by
both the bulk diffusion of oxygen ions and the surface ex-
change processes. The BCFZ-Pd porous layer on the perme-
ation side can provide more sites for the association of
oxygen ions to molecular oxygen followed by desorption,
leading to a higher surface exchange rate. So a slight in-
crease of the oxygen permeation flux is observed due to sur-
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Figure 3. Oxygen permeation fluxes (Jo,) of a BCFZ hollow-fiber mem-

brane with (@) or without (m) a BCFZ-Pd porous layer as a function of

temperature using He as the sweep gas. Core side: F,;,=150 cm’min".

Shell side: Fy.=49 cm’min~' and Fy,=1.0 cm’min~!. Membrane area:
0.86 cm?.

face enlargement by the BCFZ-Pd porous layer onto BCFZ
membrane surface.

One promising application of the perovskite membranes
is their use as a reactor for the partial oxidation of hydrocar-
bons.* In this case, another kind of surface reaction be-
tween the permeated oxygen species and hydrocarbon is in-
volved. So it is interesting to investigate the effect of surface
modification of the perovskite membrane on the oxygen
permeation rate by using a reactive gas such as CH, as
sweep gas. Figure 4 presents J,, at different temperatures of
the blank and coated BCFZ hollow-fiber membranes when
feeding dilute methane on the permeation side. In compari-
son with the blank BCFZ membrane, J,, increased dramati-
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Figure 4. Oxygen permeation fluxes (Jo,) of a BCFZ hollow-fiber mem-
brane with (e) or without (w) a BCFZ-Pd porous layer as a function of
temperature with dilute methane on the permeation side for oxygen con-
sumption. Core side: F,, =150 cm’min". Shell side: F,=39 cm’min~!,

air
Fey,=10 cm®min, and Fy,=1.0 cm*min'. Membrane area: 0.86 cm®.
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cally from 4.5 to 15.5mLmin"'cm™ at 950°C after coating
with a porous BCFZ-Pd layer. This experimental finding
can be understood as follows: When feeding diluted meth-
ane to the permeation side, the main surface reaction is
methane oxidation (CH,+40* —CO,+2H,0+8¢7). In
the case of coating by the catalytically active BCFZ-Pd
porous layer with a large surface area, the permeated
oxygen species can be consumed faster due to the higher
catalytic activity of surface layer for methane oxidation;
therefore, a lower oxygen partial pressure can be obtained,
which could be measured by gas chromatography, as shown
in Figure 5. It can be seen from Figure 5 that the oxygen
partial pressure above the coated membrane on the meth-
ane side is clearly lower than that of the blank BCFZ mem-
brane. This experimental finding shows that the Pd-contain-
ing BCFZ coating effectively catalyses the combustion of
methane. Thus, a larger oxygen partial pressure gradient
was established across the coated membrane and the oxygen
permeation rate is enhanced based on the Wagner equa-
tion.!
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Figure 5. Temperature dependence of the residual oxygen partial pressure
on the permeation side of BCFZ membrane with (e) or without (m) a
BCFZ-Pd porous coating measured by gas chromatography (see the ex-
perimental conditions given in Figure 4).

Methane combustion over cobalt-containing perovskite,
which is one of the most reducible perovskites, has been ex-
tensively investigated in recent years.""'! The partial reduc-
tion of Co®* to Co®* in perovskite leads to large amounts of
active sites (oxygen vacancies) for oxygen adsorption and,
thus, a high catalytic activity towards methane oxidation.!]
When comparing the fresh (Figure2d) and spent (Fig-
ure 6a) one can see that the spent coating contains spherical
particles of about 100-200 nm. From the light appearance of
the spherical particles, due to a higher emission of secondary
electrons, it can be concluded that they are enriched with
heavy metals. Correspondingly, EDXS of the spent coating
in STEM mode shows an inhomogeneous distribution of Pd
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Figure 6. Spent BCFZ-Pd coating after studying the oxygen permeation
at 950°C (see Figure 4): a) Secondary electron micrograph, b) STEM
bright-field micrograph, and the corresponding elemental distribution
images of palladium (c) and cobalt (d).

and Co (Figure 6b-d). Different from the fresh particles
before measurement, in which all the related elements were
homogeneously distributed (see Figure Slc to h, Supporting
Information), the Co-enriched phase and Co-Pd co-enriched
phase were identified (Figure 6¢ and d). The presence of the
Co-Pd co-enriched phase implies an interaction between Co
and Pd. It is reported that the presence of Pd increased the
reducibility of cobalt ions in a Pd-Co/ALO, catalyst.'?
Here, the addition of Pd into a Co-containing perovskite lat-
tice enhances reducibility of the cobalt ions and, thus, leads
to a higher catalytic activity towards methane oxidation.
From the above results, it can be seen that the BCFZ
hollow-fiber membrane with BCFZ-Pd catalytic porous
layer exhibits higher oxygen permeability, so a better perfor-
mance can be expected when it is used as a membrane reac-
tor. Herein, we have evaluated the catalytically modified
BCFZ hollow-fiber membrane for hydrogen production by
water splitting in a membrane reactor: on one side of the
membrane water is thermally dissociated into hydrogen and
oxygen according to H,0=H,+'/, O,. The latter can be re-
moved in situ by the oxygen-permeable membrane and then
consumed by methane oxidation on the other side according
to CH,+20,—CO0,+2H,0. Clearly, the hydrogen produc-
tion rate after steam condensation in the retentate is related
to three processes: water dissociation, oxygen transport
through the membrane, and oxygen consumption on the per-
meation side. Figure 7 shows the temperature dependence
of hydrogen production rates for the blank and surface-
modified BCFZ membrane reactors. It was found that the
hydrogen production rate increases as the temperature rises
from 800 to 950°C for both membranes. With increasing
temperature, the equilibrium constant of the endothermic
water splitting will increase, and the oxygen removal rate
from the water dissociation system will also increase due to
the increased oxygen permeability of the membrane. There-
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Figure 7. H, production rates as a function of temperature on a BCFZ
hollow-fiber membrane with (@) or without (m) a BCFZ-Pd porous layer.
Core side: Fy =30 cm’min™" and Fy,=10 cm’min". Shell side: Fy,=

39cm’min™!, Fey,=10cm’min™', and Fy,=1.0cm’min~". Membrane
area: 0.86 cm’.

fore, the hydrogen production rate becomes higher with in-
creasing temperature. As discussed above, compared with
the blank BCFZ membrane, the surface-modified BCFZ
hollow-fiber membrane shows higher catalytic activity to-
wards methane oxidation, leading to higher oxygen permea-
tion rate. Thus, a higher hydrogen production rate was ob-
tained after the surface of BCFZ membrane was modified
by a BCFZ-Pd catalytic porous layer. It can be seen from
Figure 7 that the hydrogen production rate has been im-
proved from 0.7 to 2.1 mLmin~'cm™2 at 950°C after deposit-
ing a BCFZ-Pd porous layer onto the BCFZ membrane.

Conclusion

A BCFZ hollow-fiber membrane that is surface modified by
a catalytically active BCFZ-Pd porous layer shows a high
catalytic activity in hydrocarbon combustion. The oxygen
permeation flux of the surface-modified BCFZ membrane
was increased by 3.5 times compared with that of the blank
BCFZ membrane when adding oxygen-consuming CH, in-
stead of an inert sweep gas such as He to the permeation
side. When the surface-modified BCFZ membrane was used
as a reactor to shift the equilibrium of water dissociation for
hydrogen production, a higher H, production rate was ob-
tained due to its higher oxygen permeability. We have dem-
onstrated that by modifying the oxygen-permeable, hollow-
fiber BCFZ perovskite membrane with a proper catalytic
porous layer not only the oxygen permeation flux can be en-
hanced, but also a better reactor performance can be ob-
tained.
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Experimental Section

BCFZ-Pd perovskite powder was prepared by a combined citric acid and
ethylenediaminetetraacetic acid (EDTA) complexing method.["” The cal-
culated amounts of Ba(NOs),, PA(NO;),, and ZrO(NO;), powder were
dissolved in an aqueous solution of Co(NO;), and Fe(NO;); followed by
the addition of EDTA and citric acid with the molar ratio of EDTA/citric
acid/metal cations=1:1.5:1. After agitation for a certain time, the pH
value of the solution was adjusted to around nine by adding NH,OH.
The solution was then heated in the temperature range of 120-150°C
under constant stirring to obtain a gel. Further heat treatment was ap-
plied at 950°C for 10 h to obtain BCFZ-Pd perovskite powder with the
final composition.

The crystal structure of BCFZ-Pd perovskite powder was investigated by
using a Philips X'pert-MPD instrument with Cug, radiation. TEM was
performed on a JEOL JEM-2100F field-emission instrument. An Oxford
Instruments INCA-200-TEM system with an ultra-thin window was at-
tached to the microscope to allow for elemental analysis using EDXS.
The surface morphology of BCFZ hollow-fiber membrane coated with a
BCFZ-Pd layer was characterized by using a JEOL JSM-6700F field-
emission scanning electron microscope.

The dense BCFZ hollow-fiber membranes were manufactured by phase-
inversion spinning followed by sintering.!"’! The sintered fiber had a wall
thickness of around 0.17 mm with an outer diameter of 1.10 mm and an
inner diameter of 0.76 mm. The BCFZ-Pd slurry was prepared by mixing
BCFZ-Pd powder with water in a mortar followed by milling. The
BCFZ-Pd porous layer can be obtained by brushing the above slurry
onto the outer surface of the central 3 cm of BCFZ membrane followed
by heating at 1050°C for 1h. To obtain the isothermal condition, two
ends of the fiber were coated with Au paste followed by sintering at
950°C and thus a dense Au film that is not permeable to oxygen was ob-
tained.

The oxygen permeation experiments were carried out in a high-tempera-
ture permeator as described in our previous work.!'®! Synthetic air or
steam diluted by He was fed into the core side and a mixture of CH,, Ne,
and He was fed into the shell side. All gas flows were controlled by mass
flow controllers (Bronkhorst), which were calibrated by using a soap
bubble meter before measurements. The total flow rate of the effluents
on shell side was calculated by using Ne as an internal standard. The con-
centrations of the gases at the exit of the reactor were determined by an
on-line gas chromatograph (Agilent 6890). The oxygen permeation rate
can be obtained based on the change of oxygen concentration on air side
between the inlet and outlet. H, production rate on the core side was cal-
culated from the total flow rate F,,,. (mLmin '), hydrogen concentration
¢(H,), and membrane area S (cm?) by using Equation (1):

Fcore x ¢(H,)

](HZ) = S
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