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LaMnO3 films, 0.5-nm thick, were deposited by atomic layer deposition (ALD) onto c-Al2O3 that had been
modified with 15- wt% CaO. The CaO was shown to be effective in preventing formation of LaAlO3 that
formed when La2O3 was deposited directly onto c-Al2O3. Lattice fringes on the resulting CaAl2O4/c-
Al2O3 substrate were weakly resolved, allowing a detailed characterization of the LaMnO3 films. High-
resolution transmission electron microscopy (HR-TEM) images showed that the LaMnO3 formed two-
dimensional crystallites, �10–15 nm wide, that covered most of the surface. Crystallites with (001)
and (111) orientation were clearly identified. High-temperature oxidation caused Ni to spread over
the LaMnO3 film, suggesting there is a reaction of the Ni2+ cations with the perovskite lattice. Ni formed
by high-temperature reduction on these films remained well dispersed and significantly more active for
CO2 reforming of CH4 compared to Ni on MgAl2O4, even after repeated oxidation and reduction cycles at
1073 K. The implications of these results for understanding metal-support interactions between Ni and
LaMnO3 are discussed.

Published by Elsevier Inc.
1. Introduction

Perovskite-supported Ni catalysts have received significant
attention for high-temperature applications because some per-
ovskites have been shown to stabilize the Ni dispersion and pre-
vent coking [1–3]. For those perovskites that are able to stabilize
Ni, the improved sintering characteristics appear to be related to
the fact that Ni can become part of the perovskite lattice under oxi-
dizing conditions, subsequently ‘‘exsolving” from the lattice to
form metal particles under reducing conditions. Although a
detailed understanding of how the perovskite prevents coke for-
mation is still lacking, coke tolerance is likely due in part to the fact
that the exsolved Ni particles remain partially embedded in the
support [4,5]. Finally, it is interesting to notice that the interactions
between the metal and the perovskite are perovskite-specific [6,7].
For Ni, this was shown most clearly by the fact that equilibrium
constants for Ni oxidation are affected by the perovskite composi-
tion [8,9].

There are important problems with using perovskites as the cat-
alyst support, however. First, most perovskites have low surface
areas, due in part to the high temperatures required to form the
mixed-oxide crystal structure [10,11]. Since the surface area of
the metal catalyst cannot be larger than that of the support, the
area available for the metal particles dispersed on the perovskite
surface is limited. Second, egress-ingress kinetics associated with
large perovskite crystallites are too slow to be practical. For large
crystallites, it has been shown that the metal particles form within
the bulk oxide and are then brought to the surface of the perovskite
by strain [5]. And it has been shown that most of the metal remains
embedded within the bulk and is therefore inaccessible to gas-
phase reactants [12,13]. To circumvent these problems, we have
been preparing perovskites as thin films on high-surface-area oxi-
des using atomic layer deposition (ALD). In past work, Ni catalysts
were prepared with thin films of CaTiO3 [8], SrTiO3 [8], BaTiO3 [8],
LaFeO3 [9], and LaMnO3 [14], all supported on MgAl2O4. MgAl2O4

was chosen as the substrate for these studies because it maintains
its surface area upon exposure to high temperatures; and, being a
compound oxide, MgAl2O4 is relatively unreactive with the ele-
ments that make up many of the perovskites. For example, Al2O3

is known to react with La to form LaAlO3, while MgAl2O4 is at least
somewhat resistant to reaction. While SiO2 is also relatively unre-
active, at least one mixed oxide with the perovskite composition
was found to be X-ray amorphous on this support [15].

Among the perovskite films that were studied, LaMnO3/MgAl2-
O4 was particularly interesting because Ni on this support showed
high reaction rates for CO2 reforming of CH4 (e.g. dry reforming of
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methane (DRM)), along with excellent thermal stability and coking
resistance compared to Ni on MgAl2O4 [14]. Unfortunately, the
crystallinity of the MgAl2O4 spinel interfered with the study of
the perovskite film structure and the interactions of Ni with that
perovskite film. To better understand the properties of the LaMnO3

film and the nature of Ni-LaMnO3 interactions, the present work
studied LaMnO3 films on CaAl2O4/c-Al2O3. The CaAl2O4/c-Al2O3

support had a lower crystallinity compared to MgAl2O4 and was
also unreactive with La2O3, allowing a more detailed study of the
perovskite film by transmission electron microscopy (TEM). The
results here demonstrate that the LaMnO3 forms two-
dimensional crystals with different orientations over the entire
substrate. Ni particles supported on these crystallites remain well
dispersed and catalytically active following high-temperature
treatments.
Table 1
Properties of the samples used for dry reforming of methane.

Catalyst Specific surface
area (m2/g)

Perovskite
loading (wt%)

Ni loading
(wt%)

Ni/MgAl2O4
8 115 N/A 4.8

Ni/CaTiO3/MgAl2O4
8 73 29 4.6

Ni/SrTiO3/MgAl2O4
8 67 33 3.7

Ni/BaTiO3/MgAl2O4
8 59 39 4.1

Ni/LaMnO3/MgAl2O4 68 28 4.3
Ni/LaMnO3/CaAl2O4/c-Al2O3 41 29 5.1
2. Experimental methods

2.1. Sample preparation

ALD was performed in a homebuilt, static system using proce-
dures that have been described in detail elsewhere [16]. The pre-
cursors for CaO, La2O3, MnOx, and NiO were Ca(TMHD)2, La
(TMHD)3, Mn(TMHD)3, and Ni(TMHD)2 (TMHD = 2,2,6,6-tetrame
thyl-3,5-heptanedionato; all precursors were purchased from
Strem Chemicals, Inc., USA.). Briefly, the evacuated substrate was
exposed for 10 min to a few Torr of the precursor of interest at a
temperature of 573 K for Ca(TMHD)2 and 533 K for La(TMHD)3,
Mn(TMHD)3, and Ni(TMHD)2. After exposure to one of the precur-
sors, the sample was evacuated, removed from the system, and
then calcined in a muffle furnace for 10 min at 873 K to remove
the TMHD ligands. One ALD cycle consisted of exposure to the pre-
cursor, evacuation, and calcination. The samples were calcined in
air using a muffle furnace. Although this ALD protocol differs from
that used conventionally, the long precursor-exposure times avoid
diffusion limitations and ligand removal at higher temperatures
allowed the use of less reactive precursors. That the surface reac-
tions were self-limiting was demonstrated by the linear growth
rates. Growth rates for each of the precursors, determined by mea-
suring changes in the sample mass and confirmed by measuring
the sample composition using inductively coupled plasma-optical
emission spectrometry (ICP-OES), were found to be 7.9 � 1013

Ca/cm2-cycle, 3.5 � 1013 La/cm2-cycle, 3.9 � 1013 Mn/cm2-cycle,
and 5.9 � 1013 Ni/cm2-cycle. The La:Mn ratios for the ALD prepared
samples were verified to be around 0.95:1.

The MgAl2O4 was synthesized in our laboratory by co-
precipitation of magnesium nitrate hexahydrate (Sigma-Aldrich,
USA) and aluminum nitrate nonahydrate (Sigma-Aldrich, USA)
using procedures that are described in detail elsewhere [14]. After
calcination to 1173 K for 12 h, the BET surface area of the MgAl2O4

was 120 m2/g. The c-Al2O3 was purchased from Strem Chemicals,
Inc. (Newburyport, MA, USA, 180 m2/g) and was also calcined to
1173 K for 12 h prior to use, after which it had a surface area of
100 m2/g. For samples referred to as CaAl2O4/c-Al2O3, the c-
Al2O3 was modified by adding 20 ALD cycles of CaO, resulting in
a CaO loading of 15- wt%, to prevent reaction with La2O3. This sam-
ple had a BET surface area of 63 m2/g.

The LaMnO3 films were deposited by alternating La and Mn
cycles. To achieve the correct La:Mn stoichiometry, we used 19
cycles of Mn and 21 cycles of La. The final loadings of LaMnO3 on
CaAl2O4/c-Al2O3 and MgAl2O4 were 18.6- wt% and 30.6- wt%,
respectively, with the higher loading on MgAl2O4 being due to its
higher surface area. Assuming the LaMnO3 formed uniform films
with the bulk density of the perovskite, the film thickness on both
substrates would be 0.5 nm. Ni was added to LaMnO3/CaAl2O4/c-
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Al2O3 using 7 ALD cycles and to LaMnO3/MgAl2O4 films using 5
ALD cycles, respectively, resulting in Ni loadings of 5.1 wt% on
LaMnO3/CaAl2O4/c-Al2O3 and 4.3 wt% on LaMnO3/MgAl2O4. For
reaction measurements, we also compared rates for Ni on other
perovskite films on MgAl2O4; the preparation procedures used
for those catalysts were similar to those described above and are
described in more detail elsewhere [8]. A list of the samples for
which rates were measured, together with some of their key prop-
erties, is given in Table 1.
2.2. Characterization methods

The sample crystal structures were probed by X-ray diffraction
(XRD) using a Rigaku MiniFlex diffractometer equipped with a Cu
Ka source (k = 0.15416 nm). The sample elemental compositions
were determined by ICP-OES performed on a Spectro Genesis spec-
trometer with a concentric nebulizer, using samples dissolved in
Aqua Regia and diluted in a 10- wt% HNO3 solution [17]. Surface
areas were determined from BET isotherms with N2 adsorption at
78 K using home-built equipment [9]. The range of pressures was
between 0 and 60 Torr to linearize the data. We obtained at least
5 points to determine the BET surface area. TEM and scanning
transmission electron microscopy (STEM), together with energy
dispersive X-ray spectra (EDS), were performed with a JEOL JEM-
F200 at an accelerating voltage of 200 kV. STEM images with high
magnification and atomic resolution were obtained on a spherical
aberration probe corrected JEOL NEOARM 30–200 kV. For STEM
imaging, probe size 7 was used with a 40 lm condenser aperture,
leading to �60 pA probe current. Temperature programmed
desorption-thermogravimetric analysis (TPD-TGA) measurements
were conducted in high vacuum (10�7 Torr) in a system equipped
with a quadrupole mass spectrometer (RGA100, Stanford Research
Systems, Sunnyvale, CA, USA) for product detection and a CAHN
2000 microbalance (Cahn Scientific, Irvine, CA, USA) for determin-
ing mass changes. For these measurements, 30-mg samples were
saturated with the 10 Torr of 2-propanol (99.9%, Fisher Chemical,
Hampton, NH, USA). After 1-h evacuation, TPD-TGA curves were
monitored while heating the samples at 10 K min�1 to 823 K.

Rates for DRM were measured in a 0.25-in., quartz, tubular flow
reactor at atmospheric pressure using 0.1-g samples. Prior to reac-
tion, the samples were calcined in air at 1073 K for 1 h, then
reduced in dry H2 at 1073 K for 1 h. The oxidation and reduction
cycles were repeated five times to simulate aging of the catalyst,
with reduction being the final step. The products from the reaction
were detected with an on-line gas chromatograph (GC, SRI8610C)
equipped with a Hayesep Q column and a thermal conductivity
detector (TCD). The total flow rate in the reactor was fixed at
110 mL/min, while adjusting the partial pressures by changing
the flow rates of CH4, CO2, and He. All experiments were conducted
after confirming zero conversion in the absence of a catalyst. The
conversion was kept below 15% to maintain differential conditions.
Each data point was obtained after stabilizing the reaction for 1 h
and each point was the average of three measurements. There was
no deactivation observed under the conditions of this study.
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3. Results

Films with the LaMnO3 stoichiometry were previously formed
by ALD on MgAl2O4 [14]; however, it was not possible to fully char-
acterize the structure of the LaMnO3 film or its influence on the Ni
because MgAl2O4 is highly crystalline, with a spinel structure that
has similar lattice parameters to that of the perovskite [18,19].
Therefore, in the present study, LaMnO3 films were studied on a
less crystalline CaAl2O4/c-Al2O3 support. Because La2O3 can react
with Al2O3 to form LaAlO3, the c-Al2O3 was first modified by add-
ing 20 ALD cycles of CaO to achieve a loading of 15- wt% CaO.
STEM/EDS maps of this sample, reported in Fig. S1, show that the
Ca was uniformly distributed over the surface. The uniformity of
the CaO was further confirmed by TPD-TGA measurements of
adsorbed 2-propanol, shown in Fig. S2. Because c-Al2O3 is a Lewis
acid, adsorbed 2-propanol undergoes dehydration to propene and
water in a sharp feature at �470 K in TPD [20]. On the CaAl2O4/
c-Al2O3 sample, some 2-propanol desorbs unreacted below
400 K, while the rest reacts to form a mixture of propene and ace-
tone. If the entire c-Al2O3 surface had not been completely covered
by CaO, a 470-K propene peak should have been observed.

The crystallinity of CaAl2O4/c-Al2O3 substrates was first ana-
lyzed by high resolution-TEM (HR-TEM). A representative HR-
TEM image shown in Fig. 1. Although lattice fringes associated with
the CaAl2O4 spinel and c-Al2O3 are observed, the fringes from the
two phases are difficult to separate and the surface is rough and
disordered. The effectiveness of the CaAl2O4 layer in preventing
reaction of La2O3 with c-Al2O3 is demonstrated in Fig. 2, which
shows XRD patterns for the c-Al2O3 and CaAl2O4/c-Al2O3 samples
before and after adding La2O3 using 15 ALD cycles, followed by cal-
cination at 1073 K for 12 h. The reaction of La2O3 with c-Al2O3 to
form LaAlO3 is clearly observed by the intense peaks associated
with a perovskite phase in Fig. 2a. The results for La2O3 reaction
with CaAl2O4/c-Al2O3 were dramatically different, as indicated in
Fig. 2b. The pattern for CaAl2O4/c-Al2O3 was distinguished from
that of c-Al2O3 only by a small peak for a spinel phase at 29
degrees 2h [21]. After adding La2O3 and calcining at 1073 K, the
only change was the addition of a small peak at 31 degrees 2h that
corresponds to La2O3 [22]. Because diffraction would not be
Fig. 1. High resolution (HR)-TEM image of CaAl2O4/c-Al2O3 sintered at 1073 K for
12 h.
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observable for features that have crystallite sizes less than the
coherence length of the X-rays (�2 nm) [23], it is possible that
the CaAl2O4 layer simply changes the structure of any LaAlO3 over-
layer; however, a simpler explanation is that the CaAl2O4 forms a
barrier that prevents reaction of the La2O3 with Al2O3.

STEM-EDS data for the LaMnO3/CaAl2O4/c-Al2O3 sample are
shown in Fig. S3. This sample had 18.6- wt% LaMnO3, correspond-
ing to a 0.5-nm film, and had been calcined to 1073 K for 12 h after
the addition of the LaMnO3 film. At this resolution, the STEM image
is indistinguishable from that of c-Al2O3; but the EDS maps of Ca,
La, and Mn show that each of the elements is uniformly distributed
over the underlying Al2O3. The XRD pattern of the LaMnO3/CaAl2-
O4/c-Al2O3 sample, reported in Fig. 3, exhibits intense peaks asso-
ciated with a perovskite phase and weak peaks due to c-Al2O3.
Since La is prevented from reacting with Al2O3 by the CaAl2O4

layer, the perovskite phase must be LaMnO3. Based on the line-
width of the perovskite peaks and the Scherrer Equation, the aver-
age crystallite size is estimated to be approximately 12 nm.

To understand the structure of the film, HR-TEMmeasurements
were conducted on the LaMnO3/CaAl2O4/c-Al2O3 sample, with two
Fig. 2. X-ray diffraction (XRD) patterns for: (a) c-Al2O3, before and after adding 15
cycles of La2O3 by ALD, followed by calcination to 1073 K for 12 h; (b) CaAl2O4/c-
Al2O3 before and after adding 15 cycles of La2O3 by ALD, followed by calcination to
1073 K for 12. Peaks associated with various phases are indicated.



Fig. 3. XRD pattern of the LaMnO3/CaAl2O4/c-Al2O3 after calcination at 1073 K for
12 h.

ig. 4. HR-TEM images and corresponding fast-Fourier transform (FFT) diffrac-
ograms of LaMnO3/CaAl2O4/c-Al2O3 with (a) Z.A. near [001] and (b) Z.A. near
11].
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representative images shown in in Fig. 4. The two images indicate
the presence of well-define lattice fringes; and the fast Fourier
transforms of the images, shown in the upper right-hand corners
of each image, indicate that the two crystallites are oriented close
to the [001] and [111] Zone Axis (Z.A.) orientations, respectively.
These crystallites must be two-dimensional since the LaMnO3

loading is only sufficient to form a 0.5-nm film. This conclusion
would be valid, even if a significant fraction of the surface were
uncovered. If the LaMnO3 crystals in Fig. 4 were three-
dimensional cubes, the perovskite loading would be sufficient to
cover only about 1% of the surface. X-ray diffraction from these
thin films is possible in the direction perpendicular to the surface
[23] and a powder pattern is observed in XRD because multiple
crystal surfaces are expressed in different parts of the film. Finally,
it is worth noting that the lattice spacing for the perovskite phase
is the same as that of bulk LaMnO3, within experimental uncer-
tainty. This implies that the density of the film must be similar
to that of the bulk perovskite.

To understand how Ni interacts with the LaMnO3/CaAl2O4/c-
Al2O3 support, 5.1- wt% Ni was added to it by ALD, after which
the sample was sequentially oxidized for 1 h at 1073 K and reduced
for 1 h at 1073 K, five times. For Ni on bulk LaMnO3 [24], oxidation
at this temperature would cause Ni cations to migrate into the per-
ovskite structure, while reduction would exsolve the Ni from the
lattice as metal particles. The oxidation–reduction steps were
repeated five times since this process has been shown to cause
rapid aging by enhancing Ni particle growth in more conventional
supported-Ni catalysts [9]. STEM/EDS maps of the oxidized and
reduced Ni/LaMnO3/CaAl2O4/c-Al2O3 are shown in Fig. 5a and b.
The addition of Ni and repeated redox cycles did not have a notice-
able effect on the LaMnO3 film morphology, since both La and Mn
remain uniformly distributed over the surface. For the oxidized
sample, EDS showed the Ni was also uniformly dispersed over
the surface, probably indicating that the Ni cations reacted with
the film and became part of the perovskite. After reduction, the
EDS maps showed that small Ni particles were formed; but some
Ni appeared to remain dispersed between the �2- to 5-nm parti-
cles. The fact that the sample had been oxidized and reduced five
times prior to these measurements implies that particle formation
was reversible, providing additional evidence for the reaction of
Ni2+ cations with the perovskite film following oxidation. XRD pat-
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terns for the oxidized and reduced Ni/LaMnO3/CaAl2O4/c-Al2O3,
shown in Fig. S4, are similar to that of LaMnO3/CaAl2O4/c-Al2O3

in Fig. 3, although there are small, broad peaks at �37 and 46
degrees 2h that may be associated with NiAl2O4. The formation
of NiAl2O4 would imply that some Ni diffused through both the
LaMnO3 and the CaAl2O4 layers to react with the c-Al2O3 [25].
There were no peaks in the diffraction pattern that correspond to
metallic Ni; but this is to be expected, if metallic Ni is present in
particles less than about 2 nm in size.

Since only metallic Ni is expected to show activity for DRM,
rates for this reaction are useful for determining whether signifi-
cant amounts of metallic Ni remain are available on a particular
catalyst. In catalysts prepared by ex-solution from bulk per-
ovskites, high reduction temperatures are required to bring the
metal to the surface [1–3], while reduction of the metal can be
accomplished at much lower temperatures on conventional sup-
ported metals. Therefore, the effect of reduction temperature on
the reaction rates was measured on Ni/CaAl2O4/c-Al2O3, Ni/



Fig. 5. High-angle annular dark-field (HAADF) STEM images and EDS elemental maps of Al, Ca, La, Mn, and Ni on (a) oxidized and (b) reduced Ni/LaMnO3/CaAl2O4/c-Al2O3

after 5 1-h oxidation and reduction cycles at 1073 K.
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LaMnO3/CaAl2O4/c-Al2O3, and Ni/bulk-LaMnO3. In each case, the
catalysts were initially oxidized at 1073 K. As shown in Fig. S5,
the activity of the Ni/CaAl2O4/c-Al2O3 catalyst was essentially the
same following reduction at either 773 or 1073 K. By contrast,
Ni/LaMnO3/CaAl2O4/c-Al2O3 showed a very low activity following
reduction at 773 K and became active only after reduction at
1073 K, suggesting that Ni had to be pulled from the perovskite lat-
tice [17]. Although direct comparison of the catalysts prepared
from a thin film LaMnO3 to that prepared from bulk LaMnO3 is dif-
ficult due to the low surface areas of the bulk perovskite, the data
217
reported in Fig. S5 show a similarity between the bulk and the
thin-film LaMnO3-based catalysts in that reduction at 1073 K
was required in both catalysts in order to achieve significant rates.

Another difference between conventional Ni catalysts and
perovskite-based catalysts is that rates on the perovskite-
supported catalysts did not change with repeated redox cycling.
The activity for DRM on Ni/CaTiO3/MgAl2O4 was the same follow-
ing the consecutive redox cycles as it was after the first redox cycle,
while the activity of Ni/MgAl2O4 degraded steadily [17]. In the pre-
sent work, Ni/LaMnO3/CaAl2O4/c-Al2O3 exhibited the same activity



Fig. 6. Steady-state, differential reaction rates for DRMwith 35 Torr of CH4 and CO2.
Rates are shown for Ni/LaMnO3/CaAl2O4/c-Al2O3 (red hexagon), Ni/LaMnO3/MgAl2-
O4 (blue square), Ni/MgAl2O4 (black pentagon), Ni/CaTiO3/MgAl2O4 (orange circle),
Ni/SrTiO3/MgAl2O4 (purple diamond), Ni/BaTiO3/MgAl2O4 (green triangle). Data for
the Ti-contain perovskites is reproduced from reference 8. In case of Ni/LaMnO3/
MgAl2O4 and Ni/LaMnO3/CaAl2O4/c-Al2O3, the samples were oxidized and reduced
five times at 1073 K prior to measuring the rates. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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following the first and fifth cycle, as shown in Fig. S6. Finally, DMR
rates on Ni/LaMnO3/MgAl2O4 were essentially independent of CO2

partial pressure over a wide range, as shown in Fig. S7.
Arrhenius plots of the DRM rates are presented in Fig. 6 for

1073-K reduced Ni/LaMnO3/CaAl2O4/c-Al2O3 and for the other
supported-Ni catalysts listed in Table 1. Each catalyst had a similar
Ni loading. Because the Ni/LaMnO3/CaAl2O4/c-Al2O3 and Ni/
LaMnO3/MgAl2O4 catalysts were roughly an order of magnitude
more active than Ni on MgAl2O4, CaTiO3/MgAl2O4, SrTiO3/MgAl2O4,
or BaTiO3/MgAl2O4, rates for these two catalysts were measured at
lower temperatures in order to maintain differential conversions
under the chosen reaction conditions. It is also noteworthy that
rates on Ni/LaMnO3/CaAl2O4/c-Al2O3 and Ni/LaMnO3/MgAl2O4 dif-
fered by less than a factor of two. Since there was no evidence for
NiAl2O4 formation on Ni/LaMnO3/MgAl2O4 [14], most of the Ni on
Ni/LaMnO3/CaAl2O4/c-Al2O3 must remain at the surface.

The higher activity of the two LaMnO3-containing catalysts
compared to the other catalysts is almost certainly due to better
Ni dispersions on these samples. We estimated the Ni dispersion
on various perovskites from the particle sizes determined by
STEM-EDS analysis, which are included in Fig. S8. This data clearly
shows that Ni on LaMnO3 film had a better dispersion compared to
CaTiO3, SrTiO3, and BaTiO3. The estimated dispersions and turnover
frequencies in Table S1 suggest that specific rates were indepen-
dent of support, implying support interactions affected only the
dispersion.

The interactions between Ni and the LaMnO3/CaAl2O4/c-Al2O3

support were investigated more carefully using HAADF-STEM
imaging on the sample exposed to five oxidation–reduction cycles.
As shown in Fig. 7a, oxidized Ni/LaMnO3/CaAl2O4/c-Al2O3 has clear
perovskite lattice fringes but no Ni particles. The EDS elemental
map shows that Ni is distributed evenly over the entire surface
of the perovskite phase. A representative image of the reduced
sample, Fig. 7b, shows a Ni particle on the LaMnO3 crystallite.
The particle is roughly 2 nm in size and identifiable both by the lat-
tice fringes, which have a different lattice spacing from that of the
perovskite, and by the EDS maps. An image of a slightly larger Ni
particle is shown in Fig. S9. This image reveals a Moiré fringe pat-
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tern due to the lattice mismatch between Ni and LaMnO3. Because
there was no consistent pattern on different Ni particles, the Ni
particles are not epitaxially aligned with respect to the underlying
perovskite films [26–28]. However, the fact that the Ni particles
remain small after high-temperature reduction indicates that there
must be interactions with the support that help maintain
dispersion.

To confirm that the Ni-LaMnO3 interactions are independent of
the support used for the perovskite film, we also re-examined Ni/
LaMnO3/MgAl2O4. The STEM-EDS mapping in Fig. S10 shows that
the Ni on the reduced sample was again well dispersed after five
oxidation–reduction cycles. Interpretation of the HAADF STEM
results on Ni/LaMnO3/MgAl2O4 is more challenging because of
the high crystallinity of MgAl2O4 but the results are consistent with
those observed for Ni on LaMnO3/CaAl2O4/c-Al2O3. Fig. 8a is a low-
magnification image of this sample that shows Ni remains reason-
ably well dispersed, even after high-temperature redox cycling.
Both LaMnO3 and MgAl2O4 contribute lattice fringes to this image;
however, a higher resolution image of a Ni particle on this sample,
Fig. 8b, shows a Ni nanoparticle with a lattice spacing of 0.182 nm,
corresponding to the (200) planes of metallic Ni metal with the

space group of Fm3
�
m [2]. The underlying lattice spacing of the

support is 0.377 nm, which is consistent with the lattice constant

of (100) planes of LaMnO3 with the space group of Pm3
�
m [29].

In this particular case, the Ni nanoparticle is aligned with the
underlying LaMnO3 lattice, suggesting some bonding interactions
between the two phases [30].

4. Discussion

Two important conclusions can be drawn from the present
study. First, co-deposition of La2O3 and MnOx onto CaAl2O4/c-
Al2O3 by ALD can result in the formation of relatively large, two-
dimensional, perovskite crystals that cover the surface of the sup-
port. There does not appear to be any preferred orientation for the
crystals, however. Second, Ni particles deposited onto the LaMnO3

films remain highly dispersed and catalytically active following
redox treatments at 1073 K.

The formation of two-dimensional perovskite crystals had been
inferred previously based on the compositional uniformity of
mixed-oxide films and the observation of a diffraction pattern in
XRD for films that were thinner than the coherence length of the
x-rays [31]. The direct observation of crystallites observed here
by HR-TEM confirms the presence of these large crystallites. The
fact that the crystallites remain two-dimensional following high-
temperature oxidation and reduction treatments indicates that
there is likely a thermodynamic driving force to form the crystal-
lites and that there must be attractive interactions between the
perovskites and the underlying supports that stabilize the films
and prevent formation of three-dimensional particles. Deposition
by ALD is likely important only in forming uniform oxide films
on the support and for effective mixing of the cations in the initial
state. For example, impregnation of supports with metal-salt solu-
tions often results in the formation of particles, rather than films
[32]; also, nucleation and growth of oxides from mixed-salt solu-
tions usually results in poor cation mixing at the atomic level.
Atomic-scale mixing for synthesis of bulk perovskites at lower
temperatures is commonly achieved by the addition of chelating
agents, such as citric acid in the Pechini process. There is evidence
that the CaAl2O4/c-Al2O3 and MgAl2O4 supports act as a template
to nucleate growth of the perovskite crystallites, since large crys-
tallites of other perovskites were not observed on silica [15].

The high dispersion observed for Ni on the LaMnO3 crystals,
even after high-temperature oxidation–reduction cycling, appears
to result from reaction of Ni2+ cations with the perovskite under



Fig. 7. HAADF STEM images and EDS elemental maps of Ni on (a) oxidized and (b) reduced Ni/LaMnO3/CaAl2O4/c-Al2O3 after 5 redox cycles at 1073 K.

Fig. 8. (a) HR-TEM image and (b) magnified HR-TEM image of reduced Ni/LaMnO3/MgAl2O4 after 5 redox cycles at 1073 K.
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oxidizing conditions. Ni can substitute into the B sites of the
LaMnO3 lattice [33], and it is this reversible ingress of Ni cations
after high-temperature oxidation and egress of Ni particles upon
high-temperature reduction that led to the initial interest in
perovskite-supported metals [6,34]. Since the Ni particles formed
upon reduction are larger than the thickness of the perovskite
films, the concepts developed for ex-solution of metal particles
from bulk oxides do not fully apply; however, the bonding interac-
219
tions between Ni and the perovskite may be similar for the bulk
and the thin film perovskites. Unfortunately, we were not able to
obtain direct evidence for Ni becoming part of the perovskite lat-
tice. Ni-doped LaMnO3 is still a perovskite structure. Although
there should be a change in the lattice parameter upon Ni doping,
the lattice parameter also changes oxygen-vacancy concentration
[35,36]. While there have been observations of single atoms inside
of crystalline lattices, this is accomplished only in highly ideal
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cases [37–39]. Interestingly, the bonding interactions are not so
strong that the reduced Ni particles become epitaxially aligned
with the perovskite, probably because the lattice mismatch is too
great.

One of the interesting opportunities that perovskite films pre-
sent for supported-metal catalysts is the ability to tune the support
interactions. Previous studies have shown that the metal-support
interactions with perovskites are distinctly different from the
interactions of the metal with the individual oxides that make up
the perovskite [40]. Also, interactions between a metal and its per-
ovskite support differ with the composition of the perovskite [6]. In
the case of Ni, catalysts prepared from LaFeO3 were highly active
but underwent deactivation due to oxidation of the Ni at lower
temperatures (<873 K) and higher CO2:CH4 ratios [9]. LaMnO3-
supported Ni catalysts showed higher activity for DRM compared
to Ni on CaTiO3, BaTiO3, or SrTiO3 due to better Ni dispersion, sug-
gesting a stronger metal-support interactions. Although it is uncer-
tain how the perovskite supports affect these interactions, one
possible reason could be reducibility of the perovskite, since both
LaFeO3 and LaMnO3 are more reducible than the titanates.

Predicting which perovskite will provide the optimal properties
remains a challenge but recent computational advances show pro-
mise for choosing which materials to use. The observation of rela-
tively large crystal facets with (001) and (111) orientations is also
intriguing. There is evidence from both experimental [12] and
computational [41] studies that crystallographic orientation can
dramatically affect the interaction with metal particles. With a bet-
ter understanding of the nucleation and growth of the perovskite
crystals, it may be possible to preferentially orient the films. This
could provide an additional level of control from the support.

As discussed in the Introduction of this paper, ‘‘exsolution” of
metal particles from perovskite lattices is an intriguing concept
for maintaining the dispersion of metal particles in high-
temperature applications. What we have demonstrated here is that
the use of perovskite thin films can allow the promise of these cat-
alysts to become a reality. Obviously, there is still much to learn
about the nature of these support interactions and the pursuit of
this knowledge could result in better heterogeneous catalysts.

5. Conclusions

Thin, ALD-deposited, LaMnO3 films tend to form two-
dimensional crystals of varying orientation on CaAl2O4/c-Al2O3

supports. Reaction of Ni2+ cations with the LaMnO3 films under
oxidizing conditions allows redispersion of the metal so that the
Ni to remains well dispersed, even after repeated oxidation and
reduction cycles at 1073 K. Because of the high Ni dispersion, the
LaMnO3-supported Ni catalysts exhibit 10-fold higher rates for
CO2 reforming of CH4 than Ni supported on MgAl2O4 after similar
pretreatments.
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