Open Access Article. Published on 25 June 2019. Downloaded on 7/5/2019 3:01:21 PM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Sustainable
Energy & Fuels
View Article Online

PAPER

View Journal

Cite this: DOI: 10.1039/c9se00249a

In situ catalyst exsolution on perovskite oxides for
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This work demonstrates and assesses the concept of in situ catalyst exsolution in ceramic membrane
reactors for the co-production of carbon monoxide (CO) and syngas through carbon dioxide (CO2)
splitting

and

methane

(CH4)

partial

oxidation,

respectively.

We

use

dense

pellets

of

La0.85Ca0.10Fe0.95Ni0.05O3d (LCFN) as a model membrane reactor system. By combining in situ reaction
rate measurements under ﬁnite oxygen (O2) ﬂux and ex situ material characterization, we show that
exsolution of nickel (Ni0) metal nanoparticles takes place in situ on both sides of the LCFN membrane
under suﬃciently reducing conditions controlled by the presence of CH4. To understand the impact of
temperature and inlet fuel concentration on the nucleation, performance and long-term stability of the
catalytic particles, exsolution of Ni0 from LCFN was investigated at 900  C, 950  C and 1000  C and with
diﬀerent concentrations of CH4. Nickel particles with sizes ranging between 100 nm and 300 nm formed
on LCFN pellets at 950  C and 1000  C using CH4 as the in situ reducing agent at a threshold inlet CH4
mole fraction of 16% and 4%, respectively. Nickel exsolution was not observed at 900  C. No prereduction of the sample in a hydrogen (H2) environment was required. As a result, signiﬁcant
performance increase was obtained. Exsolution on LCFN samples at diﬀerent temperatures results in
almost identical performance when compared under similar conditions. Reaction rates obtained after
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nickel exsolution were stable over long durations, suggesting that the grown particles are resistant to
agglomeration in the hydrocarbon environment. Results shown in this work demonstrate that in situ, on
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demand catalyst exsolution by using the feedstock fuel can be an eﬀective way of improving the surface

rsc.li/sustainable-energy

kinetics of perovskite oxides for ceramic membranes.

1. Introduction
Perovskite oxides are important enablers of a number of technological applications, including oxygen ion1–5 and proton6
conducting membranes, in chemical looping as oxygen
carriers,1,7 in solid oxide fuel or electrolysis cells as electrodes2
and as catalysts for several oxidation and reduction reactions.8
In addition to these high temperature applications, perovskite
oxides can also serve under ambient conditions as piezoelectric
materials,9 as electrolytes for lithium-ion batteries,10 as supercapacitors,11 as gas-sensing materials12 and in resistive
switching.13
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To improve the catalytic activity in energy and fuel conversion processes, a concept termed catalyst exsolution has
emerged as a novel approach.14,15 Exsolution produces highly
active and dispersed nanometer-sized catalytic particles grown
from the bulk of a perovskite backbone. This process relies on
the phase precipitation of the transition metal catalyst dopant
on the B-site out of the perovskite oxide under suﬃciently
reducing conditions. The exsolved particles exhibit enhanced
high-temperature resistance to agglomeration and deactivation
by carbon formation when compared to wet impregnation or
atomic layer deposited particles. This is because of the socketed
nature of the exsolved particles, restricting their mobility.14,15
Growing catalytic particles from the bulk of a perovskite host
has been reported in several studies. For example, Zhou et al.
investigated exsolution on La0.8Sr1.2Fe0.9Co0.1O4d layered
perovskite electrodes for symmetric SOFCs.16 Tsekouras et al.
investigated exsolution of nickel (Ni) and iron (Fe) doped
La0.4Sr0.4TiO3d cathodes for SOFC applications; they showed
that the metallic nanoparticles Ni0 or Fe0 can exsolve from the
parent perovskite leading to signicant performance enhancement.14 Neagu et al. showed that a cobalt (Co)–Ni spinel can
exsolve from a La0.7Ce0.1Co0.3Ni0.1Ti0.6O3d perovskite and these
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nanoparticles exhibit high activity towards CO oxidation at
temperatures as low as 500  C.17 Furthermore, Liu et al. investigated CO2 electrolysis showing that a Fe–Ni alloy can exsolve
from a La0.6Sr0.4Fe0.8Ni0.2O3d porous electrode and the presence of this alloy results in low electrode polarization resistance
at temperatures around 850  C.18 The role of A-site deciency on
Ni0 exsolution from Ni doped La0.7Sr0.3CrO3d oxides has also
been reported in;19 this study showed that the introduction of
10% A-site deciency results in more Ni0 on the surface and
hence higher performance can be achieved in H2 and H2/H2S
environments.19 To the best of our knowledge, the only work
that investigated exsolution in ceramic membranes was
performed by Paparguriou and Irvine who studied Ni0
exsolution
on
La0.75Sr0.25Cr0.475Mn0.475Ni0.05O3d
and
La0.75Sr0.25Cr0.475Fe0.475Ni0.05O3d.20 In this work, however, only
the oxygen loss (reduction) as a function of temperature in 5%
H2 (argon balance) and the electronic conductivity of the
materials in the same gas environment at equilibrium were
reported together with the Ni0 particle morphology; no O2
permeation kinetics measurements were conducted to evaluate
the performance and stability of the aforementioned materials
under conditions of interest to diﬀerent chemical reactions. In
addition, in all these prior studies, a reducing gas such as H2
was used for the reduction of the perovskite to exsolve the active
particles at the surface prior to the measurements of reaction
kinetics and performance.
The work reported herein demonstrates a novel concept – in
situ catalyst exsolution in ceramic membrane reactors, in this
case for CO2 splitting to CO on one side, and CH4 partial
oxidation to syngas on the other side, under conditions of nite
O2 permeation ux across the membrane. The investigated
membrane technology is not new but is certainly challenging.
One challenge is that attempting to increase the oxygen
permeation ux signicantly will result in full oxidation of CH4
to H2O and CO2 instead of CH4 partial oxidation to syngas.
Another challenge is that high operating temperatures are
required for the CO2 splitting to CO due to enhanced membrane
bulk diﬀusion and surface kinetics. Hence, new methodologies
that can enhance the performance of the technology by avoiding
deep oxidation of CH4 while decreasing the operating temperature are required, and exsolution of catalysts is one of them.
Conversion of CO2 to CO has been recognized as a means to
reduce greenhouse-gas emissions21,22 and produce pure CO that
can be used as a fuel, in the chemical industry, or as a reducing
agent in metallurgy.1 Syngas, on the other hand, serves as an
intermediate mixture for the production of ammonia, methanol
and liquid hydrocarbons via Fischer–Tropsch synthesis. The
aforementioned processes are described using the following
global reactions written in Kröger–Vink notation:
CO2 ðgÞ þ VO þ 2e0 #COðgÞ þ O
O;

(1)

0
CH4 ðgÞ þ O
O #COðgÞ þ 2H2 ðgÞ þ VO þ 2e ;

(2)





where VO is an oxygen vacancy in an oxygen lattice site, O
O is an
oxygen ion incorporated into an oxygen lattice site and e0
denotes electrons required for the ionization of O2.
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As a model perovskite oxide base, we used La0.9Ca0.1FeO3d
(LCF), which is stable under reducing conditions, but its overall
performance is limited by the surface reactions at the gas–
membrane interfaces. This has been demonstrated using both
experimental and numerical investigations of LCF under
conditions such as air/inert gas,23–25 air–CH4,26 H2O–CH4,27
H2O–H2,28 CO2–CO/H2/CH4,29,30 air–CO/H231,32 and air/CO.33 To
increase the surface kinetics, porous supports on either or both
gas–membrane interfaces with/without a catalyst have been
used. In this study, we doped the B-site of LCF with 5% Ni while
introducing a 5% A-site deciency that has been shown to
facilitate catalyst exsolution19 in order to speed-up the surface
kinetics; this model has the composition La0.85Ca0.10Fe0.95Ni0.05O3d (LCFN). The feed side of the LCFN in the reactor
serves for converting CO2 to CO (eqn (1)), and the fuel side
serves for CH4 partial oxidation to syngas (eqn (2)). Our goal is
to improve the performance by exsolving active particles on
either or both sides of LCFN, and to understand how exsolution
at diﬀerent temperatures aﬀects the performance and stability
of the material and catalyst.
In our work, we measured oxygen permeation ux through
dense LCFN pellets and CH4 conversion/syngas production at
900  C, 950  C and 1000  C. We demonstrated that exsolution is
achieved using CH4 as the fuel in eqn (1) and (2), and this occurs
under nite O2 permeation conditions. This nding is important because it shows that exsolution can be triggered using the
feedstock fuel of the proposed application, removing any
necessity for a pre-reduction step using additional fuels such as
hydrogen. Furthermore, exsolution at higher temperatures
requires less fuel for catalyst nucleation, consistent with the
oxygen eﬀective chemical potential dependency on temperature
and fuel concentration. Exsolution on LCFN samples at
diﬀerent temperatures results in almost identical performances
when compared under similar conditions. With an inlet CH4
concentration of 18%, the oxygen permeation ux (JO2) is
approximately 0.4 mmol cm2 s1 at 950  C and 0.25 mmol cm2
s1 at 900  C. Ex situ characterization of the elemental distribution and morphology of the samples reveals the presence of
Ni metal particles on both sides of the membrane, acting as
a catalyst for both the CO2 reduction to CO and for the CH4
partial oxidation to syngas. These particles have a distribution
of sizes, ranging between 100 nm and 300 nm. Long-term
measurements show no performance degradation of the catalysts aer exsolution, suggesting that the grown particles are
resistant to the hydrocarbon environment and to agglomeration. Finally, the produced syngas at the outlet has a H2 to CO
ratio equal to two, and hence can be used directly in Fischer–
Tropsch synthesis of liquid hydrocarbons without additional
treatment.

2.

Experimental

Polycrystalline LCFN powder was prepared using a glycine–
nitrate process. First, a stoichiometric amount of CaCO3
(99.999%, MilliporeSigma) was added in deionized water and
was fully dissolved by adding nitric acid (99.999%, MilliporeSigma). Subsequently, stoichiometric amounts of
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La(NO3)3$6H2O (99.999%, MilliporeSigma), Fe(NO3)3$9H2O
(99.95%, MilliporeSigma), Ni(NO3)2$6H2O (99.999%, MilliporeSigma) and glycine (99%, MilliporeSigma) were added to
the solution one by one in the aforementioned order. The ratio
of total metal cations to glycine was 1 : 1. The pH of the solution
was adjusted to 2. The mixture was stirred vigorously until
a homogeneous solution without precipitation of the nitrates
was obtained. The resulting solution was heated on a hot plate
at 540  C until auto-ignition occurred. The raw perovskite ash
was ground using an agate mortar and pestle. The powder was
calcined in ambient air at 900  C for 1 hour using a 5  C min1
heating and cooling rate.
To prepare LCFN pellets for permeation measurements, the
calcined powder was mixed with 5 wt% polyvinyl butyral and
stirred in ethanol to homogenize the mixture. Aer the evaporation of ethanol, the powder was pressed into disk-shaped pellets
using a pressure of 23 MPa and the resulting green bodies were
sintered in ambient air at 1250  C for 8 hours using a heating and
cooling rate of 3  C min1. Aer the sintering process, the pellets
were polished on both sides using diamond sandpapers of
diﬀerent grit sizes until a smooth, mirror-like surface was obtained. Nickel exsolution from LCFN pellets was investigated at
900  C, 950  C and 1000  C; the samples will be denoted as LCFN1, LCFN-2 and LCFN-3, respectively. The shrinkage of the pellets,
the nal thickness aer polishing and the density and relative
density of the samples are reported in ESI Table S1.†
Permeation measurements across the membrane were conducted using the apparatus shown in ESI Fig. S1.† At the surface
of the LCFN facing the feed side of the reactor, the CO2 splitting
(eqn (1)) takes place. At the opposite surface, facing the fuel side
of the reactor, CH4 partial oxidation (eqn (2)) takes place.
During the permeation measurements, pure CO2 ows at the
feed side of the reactor at a volumetric ow rate of


feed
¼ 200 sccm, while at the fuel side, a mixture of CH4 and
QCO
2
argon (Ar) ows at diﬀerent ratios with a xed total volumetric
ow rate of Q_ fuel
total ¼ 100 sccm. To estimate the oxygen perme-

ation ux through the material, measurements of the gas-phase
composition at the inlet and outlet of the fuel side (CH4 partial
oxidation side) are used in a mole balance system of equations
similar to the one reported in ref. 31. The nitrogen (N2) mole
fraction at the outlet of each side was around 0.1% showing that
a gas-tight system was obtained and that the air leaks have
a negligible eﬀect on the experimental measurements.
To evaluate the crystal structure of the as-prepared and used
samples, we performed X-ray diﬀraction (XRD) with a PANalytical X'Pert Pro diﬀractometer using Cu Ka radiation at 45 kV
and 40 mA. The obtained XRD patterns were analyzed using the
soware HighScore Plus. A Zeiss Merlin High-Resolution
Scanning Electron Microscope (SEM) equipped with a Backscatter Detector (BSD) operating at 20 kV was used for imaging
the morphology of the catalyst particles. To obtain qualitative
information about the elemental distribution on the LCFN
interfaces, Energy-Dispersive X-ray Spectroscopy (EDS) was
conducted using an EDS detector and the soware APEX.
ESI Fig. S2† shows the XRD patterns of the as-prepared LCFN
powder and dense pellets, conrming that a phase pure
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material was synthesized. All peaks matched well with those of
La0.9Ca0.1FeO3d (ICDD no. 01-082-9272). LCFN exhibits an
orthorhombic structure in the Pbnm space group; more structural information about the material is reported in ESI Table
S2.† ESI Fig. S3† presents a SEM image of the surface of an asprepared LCFN pellet showing no porosity and a distribution of
grain boundary sizes.

3.

Results

3.1 Oxygen permeation and CO–syngas production on LCFN
dense pellets
Fig. 1 shows the performance of LCFN dense pellets as a funcin
Þ and time at three
tion of the inlet CH4 mole fraction ðXCH
4
diﬀerent exsolution temperatures, 900  C, 950  C, and 1000  C,
named LCFN-1, LCFN-2, and LCFN-3, respectively. For LCFN-1,
the reactor was heated to 900  C and was maintained at this
temperature with pure CO2 owing at the feed side and a CH4–
in
Ar mixture owing at the fuel (sweep) side with a varying XCH
.
4
The experiment is performed in a similar manner for the other
two samples at 950  C and 1000  C. For LCFN-1, the perforin
mance and syngas production are low even at XCH
¼ 18%.
4
However, for LCFN-2 and LCFN-3, a signicant increase in
oxygen ux and syngas production is observed as the fuel
concentration increases.
More specically, JO2 and syngas production for LCFN-2 at
950  C are low until the inlet CH4 mole fraction becomes
in
XCH
¼ 16%. At this value, the performance increases with
4
a signicant increase in JO2 and syngas production. The
performance enhancement lasts for approximately 5 days and is
linear for the rst 2 days followed by an equilibration duration
until JO2 levels oﬀ at a value of 0.39 mmol cm2 s1; at the same
time, the fuel side outlet H2 and CO mole fractions become
XHout
y 2:7% and Xout
CO y 1.3%. Aer the performance has
2
in
equilibrated, introduction of additional fuel ðXCH
¼ 18%Þ
4
results in an insignicant increase with stable operation for one
day.
To evaluate the performance of LCFN-2 at lower temperatures, the reactor was cooled down from T ¼ 950  C to T ¼ 900

in
C (green dashed line) while XCH
was kept constant at 18%. The
4
performance decreases due to the slower surface kinetics as the
operating temperature decreases. In particular, JO2 drops to
approximately 0.25 mmol cm2 s1, while syngas production
decreases to XHout
y 1:6% and Xout
CO y 0.7%. Despite the
2
temperature-induced initial decrease in the kinetics, the material shows stable operation for 1 day of measurements.
Results for LCFN-3 (for which exsolution is triggered at T ¼
1000  C) show trends similar to those for LCFN-2; this time,
however, an event of performance increase takes place at
in
XCH
¼ 4% and lasts for 4 days. At the end of the event, JO2 is
4
around 0.3 mmol cm2 s1 and the fuel side outlet H2 and CO
mole fractions are XHout
y 2:3% and Xout
CO y 1.1%. Increasing the
2
in
inlet fuel concentration to XCH
¼
6%
increases the perfor4
mance but evidence of some degradation is observed with time.
Since our ndings on LCFN-2 suggest that events of further
performance improvement do not take place aer the major one
(associated with a high performance increase) has happened,
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Fig. 1 Performance of LCFN-1 (900  C), LCFN-2 (950  C) and LCFN-3 (1000  C) as a function of inlet CH4 mole fraction and time. Top (a, c and
e): inlet CH4 mole fraction (black) and oxygen permeation ﬂux (red). Bottom (b, d and f): H2 (black) and CO (red) mole fractions at the outlet of the
fuel side. The blue and green vertical dotted lines denote the points where the temperature is reduced from 1000  C to 950  C, and from 950  C
to 900  C, respectively.
in
this time the inlet fuel concentration was raised to XCH
¼ 18%
4
and the performance was measured for a duration of 2 days. At
in
T ¼ 1000  C and XCH
¼ 18%, JO2 approaches 0.55 mmol cm2
4
1
s
and the syngas production becomes XHout
y 3:7% and
2
out
XCO y 1.8%.
During the rest of the measurements, the reactor temperature
was decreased to evaluate the performance and stability of the
in
sample at lower temperatures. At T ¼ 950  C and XCH
¼ 18%
4
(blue dotted line), JO2 drops to approximately 0.4 mmol cm2 s1,
which is almost identical to that of the LCFN-2 sample operating
under the same conditions; the same is true for the syngas
production. Reducing the temperature further to T ¼ 900  C
in
while maintaining the fuel side inlet mole fraction at XCH
¼ 18%
4
slows down the reaction kinetics. Interestingly, LCFN-2 and
LCFN-3 are also found to have approximately the same JO2 and
in
syngas production at T ¼ 900  C and XCH
¼ 18%. Stable opera4

tion was observed at T ¼ 900 C and T ¼ 950  C for a duration of
1–2 days for each temperature, although a slight increase in the
performance is observed at T ¼ 900  C for LCFN-3.

3.2 Structural and chemical characterization of LCFN pellets
upon nickel exsolution
To examine the reasons leading to the improved performance of
the LCFN-2 and LCFN-3 samples as well as the negligible
performance enhancement of LCFN-1, XRD and SEM/EDS with
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a BSD were used. Fig. 2 shows the XRD patterns of an asprepared LCFN as a reference, and the LCFN-3 sample exsolved
and tested as shown in Fig. 1. XRD patterns of the used LCFN-2
pellet on both sides were identical to those of LCFN-3 and are
shown in ESI Fig. S7† for completeness. The XRD patterns of the
two sides of the LCFN-1 pellet were identical to those of the asprepared sample and are also shown in ESI Fig. S6.† Based on
the XRD results, both the fuel and feed side of LCFN-3 show two
additional peaks that are ascribed to phases other than LCFN. A
peak at 2q ¼ 44.4 is observed on both LCFN sides; based on the
phase identication, this peak corresponds to metallic Ni0 in
the cubic structure (ICDD no. 01-078-7533). At the fuel side,
a peak at 2q ¼ 35.7 is ascribed to cubic Ca (ICDD no. 01-07141 074) while at the CO2 splitting side, the peak at 2q ¼ 37.3
corresponds to cubic CaO (ICDD no. 01-080-7710).
Regarding the peak at 2q ¼ 44.4 , we note that it cannot be
ascribed to nickel oxide (NiO) because if NiO was present, then
a peak at 2q ¼ 43.4 would be observed instead, which corresponds to the 100% intensity peak of the pure cubic NiO phase
(ICDD no. 04-005-4791); this peak is absent from the XRD
patterns on either LCFN surface. Our results are further
conrmed by the work of Neagu et al. who also reported that
both metallic Fe and Ni can be detected easily through XRD34
and the work of Tsekouras et al. demonstrating that metallic Ni
aer exsolution from La0.4Sr0.4Ti0.94Ni0.06O3d is present in the
XRD pattern at a peak position of 2q ¼ 44.4 .14

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 XRD patterns of an as-prepared LCFN pellet, and of the fuel (CH4 oxidation) and feed (CO2 splitting) sides of the LCFN-3 pellet after
exsolution and oxygen permeation measurements as described in Fig. 1. The left column includes the XRD patterns in the range 2q ¼ 20–80 ,
while the column on the right enlarges the range 2q ¼ 43.75–45 to show the peaks ascribed to Ni0.

We have also conrmed the presence of the aforementioned
phases through EDS mapping. According to Fig. 3, both sides of
the material show areas enriched with nickel and this conrms
the XRD results shown in Fig. 2. At the same time, this also
demonstrates that particles were successfully grown in situ on
both sides of LCFN resulting in higher performance. On the fuel

side, a distribution of particle sizes is observed ranging between
100 nm and 300 nm. ESI Fig. S4† shows another SEM image and
EDS map of a zoomed-out view of the fuel side which also
conrms the diﬀerent Ni0 particle sizes and the presence of
areas enriched with Ca. Based on Fig. 3, Ni0 particles on the CO2
splitting side have an average size around 250 nm. The same

Fig. 3 SEM image with a BSD (top row) and nickel EDS maps (bottom row) on the CO2 splitting side (left) and CH4 oxidation side (right) for the
LCFN-3 sample after the end of the permeation measurements shown in Fig. 1.

This journal is © The Royal Society of Chemistry 2019
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gure also shows some smaller features that may correspond to
smaller Ni0 particles, but resolving these particles with EDS
mapping is outside the resolution limit of the instrument used.
We note here that areas enriched with CaO were not identied
on the sample in the investigated areas. A similar microstructure is observed for the LCFN-2 sample, while no Ni0 particles
were observed on the LCFN-1 sample, conrming that, within
the range of our operating conditions, Ni0 was exsolved on the
surfaces of LCFN-2 and LCFN-3 but not on that of LCFN-1.
We note here that the particles exsolved on both gas–
membrane interfaces have sizes ranging between 100 and 300
nm, which are larger compared to the reported size of exsolved
catalysts in other studies.34 We believe that this is related to the
material stoichiometry investigated, the operating conditions
and the gaseous environment. As demonstrated by Neagu
et al.,34 the perovskite stoichiometry and especially the A-site
deciency can promote particle nucleation vs. particle growth.
Tuning the LCFN stoichiometry to allow for smaller exsolved
particles is part of our future work.

4. Discussion
In the previous section we compared the performance of LCFN
dense pellets for the co-production of CO and syngas through
CO2 splitting and CH4 partial oxidation, respectively. Results
show that reaction rates and the oxygen ux increase for LCFN
under selected conditions for several days. Based on structural
and elemental characterization of the samples at the end of the
experiment, the performance improvement is attributed to
exsolution of Ni0 particles on both sides of the investigated
pellets.
Table 1 compares the oxygen permeation ux, CH4 conversion (CCH4), H2 yield (YH2) and CO yield (YCO) of the LCFN-2 and

LCFN-3 pellets at diﬀerent temperatures with a pure CO2 ow at
in
the feed side and XCH
¼ 18% (balance Ar) at the fuel side.
4
Results of LCFN-1 are not reported in the table since exsolution
did not occur.
To demonstrate the eﬀectiveness of the Ni0 particles exsolved
on LCFN, we compare the performance of LCFN with that of the
parent material (LCF) in the dense form without and with
porous supports on both gas–membrane interfaces.30 According
to ref. 30, a membrane assembly that consists of dense LCF with
LCF porous supports on both sides exhibits an oxygen permeation ux of 0.15 mmol cm2 s1 when operating at 990  C with
in
XCH
¼ 8% on the fuel side and pure CO2 on the feed side,
4
which is slightly higher than that of dense LCF operating under
the same conditions, resulting in an oxygen permeation ux of
0.13 mmol cm2 s1. When using dense LCF with porous
supports consisting of 80% LCF–20% Ce0.5Zr0.5O2d (CZO) on
the feed side and 80% LCF–20% (La0.6Sr0.4)0.95Fe0.8Co0.2O3d
(LSCF) on the fuel side, JO2, taken as a performance measure,
improves slightly to 0.17 mmol cm2 s1. In this work, we show
that the same performance can be achieved at a lower temperin
ature and higher fuel concentration, 900  C and XCH
¼ 18%,
4
respectively, by growing Ni0 on both sides of dense LCFN, i.e.
without the use of porous supports. Future work will address
the performance enhancement when exsolution is triggered on
porous supports.
Moreover, during the LCFN measurements, the inlet mole
fraction of CH4 on the fuel side was raised for deeper reduction
of the membrane material, leading to precipitation of Ni on the
surface. Exsolving the catalyst using CH4 has been demonstrated for the rst time in our study, and is an important
nding because it shows that the feedstock fuel can also serve
as a reducing agent in situ, on demand.

Table 1 Comparison of JO2, CH4 conversion (CCH4), H2 yield (YH2), and CO yield (YCO) for LCFN-2 and LCFN-3 at diﬀerent temperatures. The table
also includes experimental data of unmodiﬁed and modiﬁed LCF reported in the literature. Experimental conditions of LCFN samples: pure CO2
in
at the feed side and XCH
¼ 18% (balance Ar) at the fuel side
4

Temperature
Samples

900  C

950  C

1000  C

Ref.

LCFN-2

JO2 ¼ 0.24 mmol cm2 s1
CCH4 ¼ 4.6%
YH2 ¼ 4.6%
YCO ¼ 4.2%
JO2 ¼ 0.24 mmol cm2 s1
CCH4 ¼ 5.1%
YH2 ¼ 5.1%
YCO ¼ 4.8%
—

JO2 ¼ 0.41 mmol cm2 s1
CCH4 ¼ 8.0%
YH2 ¼ 8.1%
YCO ¼ 7.7%
JO2 ¼ 0.40 mmol cm2 s1
CCH4 ¼ 8.2%
YH2 ¼ 8.2%
YCO ¼ 7.9%
—

—

This work

This work

—

—

—

—

JO2 ¼ 0.55 mmol cm2 s1
CCH4 ¼ 10.9%
YH2 ¼ 10.9%
YCO ¼ 10.5%
JO2 ¼ 0.13 mmol cm2 s1 (at
T ¼ 990  C)
JO2 ¼ 0.15 mmol cm2 s1 (at
T ¼ 990  C)
JO2 ¼ 0.17 mmol cm2 s1 (at
T ¼ 990  C)

LCFN-3

in
¼ 8%Þ
Dense LCF ðXCH
4
in
¼ 8%Þ,
Dense LCF ðXCH
4
porous LCF, on both sides
in
Dense LCF ðXCH
¼ 8%Þ,
4
feed side porous support:
80% LCF–20% CZO, sweep
side porous support: 80%
LCF–20% LSCF
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Based on Table 1 and within the uncertainties of our
measurements, we also observe that the performance of LCFN-2
and LCFN-3 is approximately the same at 900  C and 950  C
despite the fact that exsolution on LCFN-3 was triggered at 1000

in
C and XCH
¼ 4% while exsolution on LCFN-2 occurred at 950
4

in
C using XCH
¼ 16%. Because of the diﬀerent conditions, it is
4
reasonable to conclude that the size and distribution of nickel
particles on the interfaces of LCFN-2 and LCFN-3 are not exactly
the same. Therefore, the similar performance of these two
samples at low temperatures cannot be attributed to an identical
microstructure. We suspect that the observed similarity in
performance has to do with the rate-limiting step of the overall
oxygen permeation process. It is well known that in ceramic
membrane reactors, the rate-limiting step of oxygen permeation
can be either the incorporation reactions on the gas–membrane
interfaces or the diﬀusion of charged mobile species within the
material. Computational work on LCF has shown that, under the
conditions investigated in this study, the rate-limiting step is the
surface chemistry on the fuel side, i.e. the CH4 oxidation.1,29–31
Given that LCFN does not deviate signicantly from LCF in
terms of the stoichiometry and crystal structure, it is reasonable
to hypothesize that LCFN exhibits the same rate-limiting step,
i.e. the CH4 oxidation, prior to exsolution. However, as demonstrated by our results in Fig. 1, upon exsolution of nickel on
LCFN, the nickel nanoparticles speed up the CH4 oxidation
reaction and the performance is improved. While CH4 oxidation
is accelerated, this may not be the case for the bulk diﬀusion of
charged mobile species within the material or for the CO2
splitting reaction. Hence, it is possible that the rate-limiting step
is changed aer the nickel exsolution, leading to the same
overall rate observed in this study. Future work will address this
in order to identify the resulting rate limiting step and further
accelerate it. In any case, the stability of LCFN is not compromised: the performance of the exsolved particles is steady for
a period of 1–2 days, conrming that the exsolved nanoparticles
are resistant to agglomeration at high temperatures.
We note here that we have also investigated the possibility of
rst reducing a LCFN pellet to exsolve the particles and then
conducting permeation measurements in a diﬀerent experiment that involves H2O splitting to H2 on the feed side and H2
oxidation on the fuel side. The LCFN sample in this case was
subjected to a sequence of three reduction steps. It was rst
reduced on both sides at 1000  C using 5% H2 (balance Ar) for
15 minutes. Then, the gas mixture at the feed side was replaced
with 50% H2O (balance N2), while 5% H2 (balance Ar) was still
owing on the fuel side. The measured JO2 was 0.62 mmol cm2
s1. A second reduction step under the same conditions was
performed for 30 minutes. Aer switching back to 50% H2O
(balance N2) at the feed side, JO2 was reduced to 0.57 mmol cm2
s1. A third reduction step took place for 45 minutes, where JO2
dropped further to 0.50 mmol cm2 s1. ESI Fig. S5† shows the
microstructure of the two sides. Large Ni particles on the order
of 500 nm to 1 mm are observed together with large chunks
corresponding to Fe2O3. We conclude that the large particles
formed aer the pre-reduction involving H2 degrades the
performance of LCFN due to particle agglomeration and phase
decomposition. As shown previously, when exsolving nickel
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using CH4 on the fuel side, Ni0 particles are smaller in size, and
decomposition to form Fe2O3 was not observed.
Although CH4 is introduced in the reactor, products form
near the vicinity of the membrane due to gas-phase and
heterogeneous reactions that may play a role in the exsolution
of Ni. At the fuel side, CH4 can pyrolyze in the gas phase to form
carbon (C) and H2. These products may form CO and H2O
through oxidation in the gas phase or by lattice oxygen ions; CO
can be oxidized further to CO2. Desorption of CO2 and H2O into
the gas phase can reform CH4 to syngas through dry- and steamreforming and hence make the environment near the
membrane more reducing; the aforementioned reactions can
also take place on the surface of the material.26 Similar gasphase and surface chemistry interactions have been reported
for other fuels and applications, such as ethane oxidative
dehydrogenation to ethylene.3,4 At the same time, CO2 splitting
to CO on the feed side of the membrane also makes the environment more reducing. The higher the O2 permeation ux
through the membrane, the higher the syngas production on
the fuel side and CO production on the feed side, and this
changes the balance of the equivalent PO2 on the two sides of the
material. Note that the focus of this work is to demonstrate how
exsolution can be used to enhance the performance of ceramic
membrane reactors as well as to investigate under what conditions (temperature and inlet CH4 mole fraction) the exsolution
of nickel nanoparticles is triggered on both gas–membrane
interfaces. Future work will address the impact of the self-grown
nickel particles on the CO2 and CH4 surface chemistry on
a fundamental basis.
Another important observation is related to the syngas yield
out
at the outlet of the membrane reactor. In all cases, the XHout
=XCO
2
ratio is approximately equal to two. In all our measurements,
traces of ethane (C2H6), ethylene (C2H4) and acetylene (C2H2)
were measured in the order of 0.01%. O2 at the outlet of each
side was measured to be zero. In addition, small concentrations
of CO2 around 0.1% are measured at the outlet of the fuel side
of the reactor; the same is true for the estimated H2O concentration at the outlet of the fuel side of the reactor (H2O cannot
be measured using a gas chromatograph but can be estimated
through mass balance between the inlet and outlet of the
reactor). All the above results conrm that, overall, the dominant (global) reaction on the fuel side of the reactor is the CH4
partial oxidation to syngas. Compared to syngas production
through CH4 steam reforming and dry reforming that yield
out
XHout
=XCO
ratios of 3 and 1, respectively, producing syngas at
2
out
a ratio of XHout
=XCO
¼ 2 is benecial in case the syngas is to be
2
used for the production of liquid hydrocarbons via Fischer–
Tropsch synthesis because no additional treatment is required.
At the same time, the presence of by-products in small
concentrations reduces the energy penalty associated with
additional downstream separations and this is an advantage for
the economic viability of the process.

5.

Conclusions

This work demonstrates that catalyst exsolution can be utilized
to enhance the performance and stability of ceramic
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membranes used for, e.g., CO2 reduction to CO, H2 production
by H2O splitting, etc. We applied this concept to the simultaneous splitting of CO2 to CO and CH4 partial oxidation to syngas
using dense LCFN pellets. Our results show that signicant
performance improvement is achieved owing to the in situ
growth of Ni0 particles on both sides of LCFN. This was achieved
by adjusting the inlet CH4 mole fraction over a threshold value.
Exsolution with CH4 acting as both the feedstock and the
reducing agent is a novel approach for improving the performance of membrane reactors and is demonstrated here for the
rst time. Exsolution has been investigated systematically to
understand the impact of operating conditions on the growth,
performance and stability of the catalytic particles. Our work
demonstrates that the resulting Ni0 particles are well dispersed
on both the feed and the fuel gas interfaces of the membrane,
and exhibit a distribution of sizes ranging between 100 nm and
300 nm. The particles are highly active and stable in the presence of hydrocarbons. The successful in situ growth of catalysts
at the surface of the perovskite oxide membrane shown in this
work provides insights for enhancing the performance and
stability of ceramic membranes towards reactions of interest.
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