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Role of Mn+ cations in the redox and oxygen transfer
properties of BaMxAl12�xO19�d (M = Mn, Fe, Co)
nanomaterials for high temperature
methane oxidation

Said Laassiri,ab Nicolas Bion,b Daniel Duprez,b Houshang Alamdari*a and
Sébastien Royer*ab

BaMxAl12�xO19�d (M = Mn, Fe, Co, x = 1, 2) hexaaluminate nanomaterials were successfully prepared

using the ARS (Activated Reactive Synthesis) process, a top-down and solvent free original synthesis

route. The crystal sizes of the nanomaterials range at 24 � 2 nm, which allows them to display high

surface area (from 60 to 100 m2 g�1). The role of Mn+ cations in the redox and oxygen transfer

properties of the nanomaterials was studied by H2-TPR and 18O/16O isotopic exchange, respectively. The

nature of the transition metal as well as its content is observed to play a key role in the oxygen transfer

properties. The catalytic properties of the nano-hexaaluminates, evaluated for methane oxidation, a

reaction involving severe conditions (high temperature), resulted from multiple factors including oxygen

transfer properties and transition metal valence and concentration on the surface.

1. Introduction

In recent years, nanostructured materials have generated intense
research interest in many scientific and technological fields.1

Specifically, nanoparticles have drawn attention from the hetero-
geneous catalysis community, due to the high catalytic activities
that can be generated over nanomaterials. The catalytic properties
of nanoparticles can be directly associated with the increase of the
surface to volume (A/V) ratio at the nanoscale level, which
increases both available surface area and active site density for
catalytic reaction. Moreover, non-linear evolution of the surface
properties could be observed with crystal size reduction, resulting
in even higher surface reactivity (‘‘quantum effect’’),2 character-
ized by an increased turnover frequency over active sites.

Unfortunately, the melting temperature depression phenomenon
resulting from the large A/V ratio in nanoparticles prejudices
significantly the thermal stability of nanoparticles.3 As a conse-
quence, crystal growth, coalescence and surface area reduction
occur prematurely over nanoparticles compared to the bulk
counterparts, leading to visible deactivation of catalysts at

intermediate temperature. Considering the severe operating
conditions required for many catalytic applications,4,5 the
design of nanostructured materials, capable of conserving their
initial properties at high temperature operation, remains an
issue of great industrial importance.

As a stable phase for severe operating conditions, hexa-
aluminate related materials (AAl12O19�d, where A is an alkali,
alkaline earth, or rare earth cation) have become of great
interest for some catalytic applications due to their exceptional
resistance to sintering during the crystallization process.6,7 The
thermal stability of these materials is mainly related to their
unique layered structure,8 consisting of alternate Al2O3 spinel
blocks isolated by mirror planes in which a large A cation is
located. Furthermore, the catalytic activity of hexaaluminate
materials can be controlled through Al3+ cation substitution,
incorporating different redox cations Mn+/M(n�x)+, to generate
a wide variety of chemical compositions (AMxAl12�xO19�d,
where M stands for an ‘active’ cation, e.g. Mn3+/Mn2+, Fe3+/
Fe2+, Co3+/Co2+. . .).9 Due to the diversity in material composi-
tion achieved, and consequently in redox and acid–base surface
properties, hexaaluminates are adaptable to various catalytic
reactions.

Unfortunately, the production of hexaaluminate nano-
particles is still quite difficult using conventional synthesis
methods. Actually, the general approach for the synthesis of
mixed oxide nanomaterials by ‘soft chemical’ synthesis is based
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Québec, Canada G1V 0A6. E-mail: houshang.alamdari@gmn.ulaval.ca;

Tel: +1-418 656-7666
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on the preparation of a highly intimate mixture of A, M and Al
species, followed by calcination in order to crystallize the
desired component. However, due to the different reactivities
of the starting precursors, high crystallization temperatures
(T > 1200 1C) are generally required, as a consequence of
the limited homogeneity of the as-synthesized amorphous
precursor. Unfortunately, the high temperature needed for
crystallization leads to inevitable crystal growth and surface
area reduction. In order to increase the homogeneity of the
as-synthesised powder, many researchers attempted to control
the reactivities of A, M and Al precursors using a reverse
microemulsion process. The high chemical homogeneity of
the resulting precursor allows the crystallization of the hexa-
aluminate structure at lower temperature (only slightly above
1000 1C). The pioneering work of Ying et al. pointed out the
significant increase in catalytic activity and excellent thermal
stability of the hexaaluminate materials prepared at the nano-
scale level using a microemulsion process.10,11 Unfortunately,
only non-conventional drying techniques allow maintaining the
homogeneity of the as-prepared powder, otherwise the materials
prepared by reverse micro-emulsion displayed much more limited
surface area.

In our previous work, we introduced an original ‘‘top down’’
approach, called the Activated Reactive Synthesis (ARS) process,
for the synthesis of nanocrystalline hexaaluminate exhibiting
high surface area.12,13 The originality of the ARS process resides
in the scheme adopted for the preparation of nanoparticles,
which involves preparation of crystals (via solid state reaction at
high temperature, giving rise to microcrystalline material) and
the reduction of the crystal size to a nanoscale level (via a
reactive grinding process). The synthesis process thus consists
of three consecutive steps: (i) preparation of micrometric
hexaaluminate parent material, by solid state reaction; (ii)
crystal size reduction step, by grinding at high energy; and
finally (iii) nanocrystal deagglomeration to enhance the surface
area, by grinding at low energy. The previous work focused on
the optimization of the different milling parameters to achieve
hexaaluminate with high surface area.12 The effect of the
morphological modifications, induced by the different milling
treatments, was studied on the oxygen transfer properties and
catalytic activities.13 In the present study, we investigate the
efficiency of the ARS process to prepare a wide variety of
hexaaluminate nanomaterials doped by different transition metals
(manganese, iron, cobalt). The reducibility of these active species,
as well as the dependence of oxygen transfer properties on the
nature and degree of substitution, were investigated. Properties of
the hexaaluminates were then evaluated for the methane oxidation
at high temperature, and the catalytic properties paralleled
with the oxygen mobilities.

2. Experimental section
2.1. Materials preparation

BaMxAl12�xO19�d (M = Mn, Fe, Co, x = 1, 2) hexaaluminate
samples, labelled as BaMx (x is the atomic substitution degree
in the Al site and M is the transition metal cation), were

produced by the Activated Reactive Synthesis (ARS) process
using in all cases oxide precursors of purity higher than or
equal to 99.5%. The synthesis procedure for the preparation of
the hexaaluminate catalyst involves three successive steps. First,
microcrystalline hexaaluminate samples were prepared by solid state
reaction at 1500 1C for 5 h, starting from stoichiometric amounts of
single oxides as precursors. The as-prepared materials were then
subject to a high energy ball milling treatment to generate nano-
hexaaluminate crystals. The grinding was carried out in a laboratory
SPEX grinder at an agitation speed of 1100 cycles per minute for
180 min. To deagglomerate the generated nanoparticles, a
second milling step was performed at a lower milling energy
for 15 min. A detailed synthesis description is provided else-
where.12 Elemental composition is verified to range within the
expected value �5 at% using ICP-OES.

2.2. Physical and textural characterization

2.2.1 X-ray diffraction. Diffraction patterns were collected
on a SIEMENS D5000 instrument, using CuKa radiation (l =
0.154 nm) as an X-ray source. Recording was performed for 2y
between 101 and 801 (step time = 2 s; step size = 0.041). Phase
identification was made by comparison with JCPDS database
files. Crystal domain sizes (Dcryst) were evaluated by means of
the Scherrer equation, D = Kl/b cos(y), after Warren’s correction
for instrumental broadening. Instrumental broadening was
determined by using the reflection of quartz at 2y E 271.

2.2.2 Surface area measurement. Surface areas were
obtained from N2 physisorption experiments. A known mass
of the sample was first degassed at 300 1C under vacuum for
5 hours. The specific surface area, SBET, was calculated from the
linear part of the Brunauer–Emmett–Teller line.

2.2.3 X-ray photoelectron spectroscopy (XPS). Spectra were
recorded using an AXIS-ULTRA instrument from KRATOS (UK)
equipped with monochromatic AlKa radiation (1486.6 eV) as
the X-ray source. Electron counting is performed using an
8 channel detector. The binding energies were referenced to
the C 1s line at 284.8 eV. XPS spectra were decomposed after the
Shirley-type background subtraction.

2.3. Oxygen transfer properties

2.3.1 Oxygen isotopic exchange 16O/18O (OIE) theory. The
oxygen isotopic exchange technique was used to evaluate oxygen
mobility. Theory and data treatment can be found elsewhere14,15

and are shortly summarized herein. The exchange reaction is
summarized in eqn (1):

18O(g) + 16O(s) -
18O(s) + 16O(g) (1)

where (s) and (g) refer to the solid and the gas phase oxygen
species, respectively. Different exchange mechanisms can be
observed depending on the oxides studied. The simple
exchange mechanism supposes the participation (or exchange)
of only one oxygen atom from the solid at each exchange step,
as observed for most of the simple oxides, but also for Co-based
perovskite structures.14,16 However the results of exchange over
some oxides suggest that two atoms of oxygen from the solid
can exchange in one step.17 This mechanism is then denoted as

Paper Catalysis Science & Technology

Pu
bl

is
he

d 
on

 1
3 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ité
 L

av
al

 o
n 

25
/0

9/
20

13
 0

3:
09

:1
7.

 
View Article Online

http://dx.doi.org/10.1039/C3CY00192J


This journal is c The Royal Society of Chemistry 2013 Catal. Sci. Technol., 2013, 3, 2259--2269 2261

the complex exchange or place exchange, and can proceed
through the displacement of adsorbed superoxide species from
the oxide surface.18

2.3.2 Operation conditions. Temperature Programmed
Isotopic Exchange (TPIE) experiments were carried out in a closed-
recycle reactor coupled to a mass spectrometer (PFEIFFER Vacuum).
A recycle pump ensured the gas circulation, in order to avoid
any diffusional limitation in the gas phase during the experi-
ment. 20 mg of the catalyst was loaded in a U-shaped reactor
between two quartz wool plugs. The sample was heated under
pure O2 flow (700 1C for 1 h) and temperature was cooled down
to 200 1C. The sample was then treated under dynamic vacuum
for 30 min. Thereafter, 56 mbar pure 18O2 was introduced in the
system. The MS signals for 16O2 (mass 32), 16O18O (mass 34),
18O2 (mass 36), C16O2 (mass 44), C16O18O (mass 46), and C18O2

(mass 48) were recorded during experiment (60 min). The N2

signal (mass 28) was also recorded to detect any possible leak.
Concentration of the isotopomers allows calculating the 18O
fraction in the gas phase at each reaction time (at

g).

2.4. Redox properties

The reducibility of hexaaluminate samples was evaluated by
temperature programmed reduction (H2-TPR) experiment. A
known amount of hexaaluminates samples was pre-treated
under pure O2 with a flow rate of 30 mL min�1 at 600 1C for
1 h, and then cooled down to ambient temperature. Thereafter,
the TPR experiment was performed under a mixture of gas
composed of 1.0 vol% H2–Ar at a total gas feed of 30 mL min�1

and a temperature increase rate of 5 1C min�1.

2.5. Catalytic properties

Catalytic properties of substituted hexaaluminates were evaluated
for the CH4 oxidation reaction in a fixed bed type setup. Reactant
and product quantifications were performed using a gas chromato-
graph from VARIAN (model CP-3800) equipped with a TCD and a
Porapak column for separation. Measurement of conversion was
performed under isothermal conditions, at temperatures decreasing
in steps until 0% conversion was achieved.

2.5.1 Experimental conditions. 0.2 g of the catalyst was
placed in the reactor and was pre-treated for 2 h in a 20 vol% O2

in N2 gas mixture (flow rate = 100 mL min�1; T = 700 1C). The
reaction was performed under a flow composed of 0.5 vol%
CH4–20 vol% O2 in N2, at a total gas feed of 60 mL min�1.

3. Results and discussion
3.1 Surface area, crystal structure, and phase composition

The preparation of a monophasic hexaaluminate without phase
segregation is a necessity to maintain large surface area and
high resistance to sintering at high temperature. In this regard,
the phase compositions of different hexaaluminate samples
prepared by the ARS process were analyzed by X-ray diffraction
(Fig. 1 and 2). The XRD patterns of the parent BaAl and of the
monosubstituted hexaaluminate BaM1 (where M = Mn, Fe, Co) are
presented in Fig. 1. The pattern collected for the BaAl material
(Fig. 1(a)) shows only reflections attributed to the Ba-b-Al2O3 phase

(JCPDS-ICCD file no. 33-0128). This result indicates that the
hexaaluminate structure is maintained all during the different
milling processes. In addition, no extra phases (a-Al2O3, or
spinel Al2O3 phase) can be detected by XRD, as generally
encountered when hexaaluminate samples are prepared by
the conventional chemical method.19,20 Similar results, with only
reflections attributed to the Ba-b-Al2O3 phase, are also obtained for
BaMn1, BaFe1, and BaCo1 monosubstituted materials. This suggests
that the ARS process does not induce significant phase segregation,
and that satisfying dispersion of the substituting transition metal
cation in the hexaaluminate structure is maintained at the end
of the milling process.

XRD patterns recorded for the bisubstituted BaMn2, BaFe2,
and BaCo2 samples are presented in Fig. 2. While only reflec-
tions attributed to the Ba-b-Al2O3 phase can be detected for
BaMn2 and BaFe2 materials (Fig. 2(a) and (b)), the co-existence
of the crystalline phase Co3O4 [indexed by * in Fig. 2(c), JCPDS-
ICDD file No. 42-1467] besides the Ba-b-Al2O3 phase is evident.

Fig. 1 XRD patterns of monosubstituted BaMAl11O19�d (M = Mn, Fe, Co)
samples: (a) BaAl; (b) BaMn1; (c) BaFe1; (d) BaCo1. Bottom: reference reflections
for Ba0.857Al10.914O17.23 phase (JCPDS-ICCD file no. 33-0128).

Fig. 2 XRD patterns of bisubstituted BaM2Al10O19�d (M = Mn, Fe, Co) samples: (a)
BaMn2; (b) BaFe2; (c) BaCo2. Bottom: reference reflections for Ba0.857Al10.914O17.23

phase (JCPDS-ICCD file no. 33-0128). * indicates reflections characteristic of the
Co3O4 phase (JCPDS-ICDD file no. 42-1467).
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However, the formation of the Co3O4 crystalline phase is not
the result of phase segregation originating from the milling
process since the Co3O4 phase was also detected on the parent
material prepared by solid state reaction at 1500 1C (not shown).
Then, the limit of Co2+ cation solubility in the hexaaluminate
structure seems to be very limited compared to the other substituting
cations, and ranges between 1 and 2 atoms.

Mean crystal size and surface area obtained over the hexa-
aluminate materials prepared by the ARS process are gathered
in Table 1. Monophasic samples exhibit high surface area, all
ranging from 60 to 100 m2 g�1. However, as can be expected,
the presence of an external phase in BaCo2 leads to a lower
surface area (50 m2 g�1) compared to the monophasic samples.
The reader has to remember that classical surface areas reported
for sol–gel21 or carbonate coprecipitated22 hexaaluminate materials
are generally below 20 m2 g�1, while the ceramic route23 always
leads to very low surface area, o10 m2 g�1. In addition, even if Ying
et al. reported a surface area of 160 m2 g�1 for BaAl11O19�d prepared
by a microemulsion process combined with a non-conventional
drying process, classical microemulsion24,25 leads to surface areas
ranging from 32 m2 g�1 to 55 m2 g�1. Therefore, values of surface
area reported in this work are directly comparable with those
reported for microemulsion mediated syntheses, meanwhile the
ARS process is largely more simple, does not use expensive and air
sensitive precursors, and does not involve, in any step of the
synthesis, the use of solvent (organic or water).

As presented in Table 1, the small mean crystallite size
obtained for all the hexaaluminate materials (around 24 �
2 nm, Table 1) explains why high surface areas are obtained.
The ARS process is consequently efficient for preparing a wide
variety of substituted hexaaluminates at the nanoscale level
with high surface area.

3.2 Transition metal characteristics in hexaaluminates

3.2.1 Surface distribution and the oxidation state of transi-
tion metal. Binding energies of surface elements and Ba and
transition metal relative surface concentrations, obtained from
XPS analysis, are gathered in Table 2.

Relative surface concentrations obtained from XPS analysis
indicate that surface concentrations in active metal differ little
from the bulk compositions. The bulk atomic ratio of M/Al in

monosubstituted samples is B0.09, while the M/Al surface
atomic ratio measured for BaMn1 and BaCo1 is 0.12 and 0.10,
respectively. For BaFe1, the M/Al ratio measured is 0.06, which
is slightly lower than the M/Al bulk ratio. Compared to the
monosubstituted samples, the bisubstituted materials exhibit
higher M/Al atomic surface ratios (Table 2). The increase in the
M/Al surface ratio is however a little lower for BaCo2 materials,
compared with the other transition metal containing materials.
The presence of the external Co3O4 phase, in the form of large
particles (>5 nm) that should partially escape from XPS analysis,
can explain the different behaviour observed over BaCo2.

High resolution XPS spectra in the Mn2p, Fe2p and Co2p
regions were analysed to obtain information on the oxidation
state of surface transition metal (Fig. 3–5). Observations made
for the different materials are:
� Mn-containing hexaaluminate: the Mn2p3/2 binding energies

measured for BaMn1 and BaMn2 are 641.5 eV and 641.8 eV,
respectively (Table 2 and Fig. 3). The position of the Mn2p3/2

signal in both samples is intermediate between the position
reported for MnII (641.1 eV) and MnIII (641.9–642.1 eV).26,27

Table 1 Structural and textural properties of mono- and bisubstituted hexa-
aluminates prepared by the ARS process

Samples Dcryst
a/nm SBET

b/m2 g�1 Phase compositionc

BaAl12O19�d 19 100 HA
BaMn1Al11O19�d 23 60 HA
BaMn2Al10O19�d 25 71 HA
BaFe1Al11O19�d 24 78 HA
BaFe2Al10O19�d 26 74 HA
BaCo1Al11O19�d 26 79 HA
BaCo2Al10O19�d 27 50 HA/Co

a Dcryst is the crystal domain size evaluated from the X-ray line broad-
ening using the Scherrer equation. b SBET is the specific surface area
evaluated using the BET equation. c Crystalline phase detected by X-ray
diffraction. HA is the Ba-b-Al2O3 phase (JCPDS-ICDD file no. 33-0128),
and Co is the Co3O4 phase (JCPDS-ICDD file no. 42-1467).

Table 2 Binding energy and chemical composition of surface elements in
BaMxAl12�xO19�d

Sample

Binding energies/eV

Surface atomic ratioAl O Ba Cation M

2s 1s 4p 2p1/2 2p3/2 Ba/Al M/Al

BaMn1 119.2 531.2 179.2 653.1 641.5 0.04 0.12
BaMn2 119.2 531.2 178.2 653.4 641.8 0.1 0.27
BaFe1 119.2 531.2 178.2 724.5 710.7 0.06 0.06
BaFe2 119.2 530.9 178.2 725.0 711.3 0.1 0.2
BaCo1 119.2 531.2 179.2 795.9 780.4 0.06 0.1
BaCo2 119 531 178 795.9 780.4 0.09 0.17

Surface atomic ratios are calculated from cation surface composition
(atomic %) obtained from XPS. M is a generic term for ‘transition
metal’.

Fig. 3 Mn2p XPS spectra for BaMn1 (bottom) and BaMn2 (top).
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Higher Mn2p3/2 binding energy is reported for MnIV (642.9),28

while Mn2p3/2 binding energy for Mn0 is around 638.7 �
1.0 eV.26 To conclude, the mean oxidation state of manganese
surface atoms is between +2 and +3, and is observed to slightly
increase with an increase in the substitution degree.
� Fe-containing hexaaluminate: the Fe2p3/2 binding energies

measured for BaFe1 and BaFe2 are 710.7 � 0.2 and 711.3 �
0.2 eV, respectively. The range of these values discriminates the
presence of metallic iron in both samples, since the position of
the Fe2p3/2 signal is reported to be at 706.5 eV.29 However,
Fe2p3/2 displays a similar binding energy range for both FeII

(709.8–710.6) and FeIII (711.0–711.2 eV).30,31 Then, the oxida-
tion state of iron in the samples has to be discussed in regard to
the presence/absence and the position of the shake-up satellite.
Indeed, the binding energy difference between Fe2p3/2 and the
associated satellite has been reported to be around B8 eV for

FeIII, while this difference decreases to 4.3–5.6 eV for FeII.32 The
binding energy difference between the Fe2p3/2 signal and the
associated satellite is around B9 eV for both samples (BaFe1

and BaFe2, Fig. 4). From the DBE measured, it can be concluded
that iron is present exclusively as FeIII on the material surface.
� Co-containing hexaaluminate: the Co2p3/2 signal is observed

at 780.4 eV for both samples (Fig. 5). This value is close to the
value reported for CoO,33 indicating that cobalt can be present
as CoII on the hexaaluminate surface. Since the Co2p3/2 signal
in Co3O4 is reported to be at a similar binding energy range
(779.6 eV),29 the presence of external surface Co3O4, as evidenced
by XRD in the BaCo2 sample, can contribute to the measured
signal for this material. In addition, Co2p3/2 and Ba3d5/2 signals
overlap at B780.4 eV, while Co2p1/2 and Ba3d3/2 signals overlap
at B795.7 eV, which makes difficult the evaluation of the cobalt
oxidation state. Usually, the splitting value of the doublet Co2p1/2–
Co2p3/2 (DCo) allows discriminating between CoII and CoIII.
Indeed, DCo = 16 eV is reported for the high-spin CoII, while
DCo = 15 eV for the low-spin CoIII.34 The DCo is, in our case, of
15.2 eV, which suggests the presence of CoIII on BaCo1 and
BaCo2 surfaces. However, Co2p spectra (Fig. 5) show additional
shake-up satellites. The presence of shake-up satellites at
786.4 eV and 803.3 eV is correlated with the presence of CoII

on the surface.33 From these results, it can be concluded that
cobalt is present in a mixed valence state on the hexaaluminate
surface, i.e. Co2+ and Co3+.

3.2.2 Transition metal reducibility in substituted hexaalu-
minates. Reducibility of transition metal was evaluated using
H2 temperature programmed reduction (H2-TPR). Profiles of
hydrogen consumption are presented as a function of temperature
in Fig. 6. The amounts of H2 consumption at each reduction step,
obtained from profile deconvolution, are gathered in Table 3. First
of all, TPR-H2 results obtained for BaAl transition metal free
material confirm the absence of reducibility up to 1000 1C.

Observations made for the different transition metal con-
taining materials are:
�Mn-containing hexaaluminate: for the Mn-containing materials,

two reduction processes are observed (Fig. 6(a) and (b)). A first
broad H2 consumption, with a maximum located at B450 1C, is
observed. A second reduction process, decomposed into successive
peaks, is observed at higher temperatures (between 600 1C and
1000 1C). Only Mn3+ is suggested to reduce to Mn2+ until 1000 1C,
since thermodynamic data indicate that Mn2+ reduction to metal
by H2 only occurs at higher temperatures (above 1200 1C).35 The
reduction observed is depicted in eqn (2):

Mn3+ + e� - Mn2+ (2)

The presence of manganese at the 3+ valence state on the
surface of these materials was already observed by XPS analysis
(Fig. 3), while the presence of Mn4+ was not observed. Consequently,
the presence of two main reduction processes suggests the reduction
of manganese 3+ ions being located in different environments,
and exhibiting different stability upon reduction. Mn3+ ions
located in the aluminium spinel blocks are believed to be more
difficult to reduce than Mn3+ ions located in the aluminium

Fig. 4 Fe2p XPS spectra for BaFe1 (bottom) and BaFe2 (top).

Fig. 5 Co2p XPS spectra BaCo1 (bottom) and BaCo2 (top).
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sites near the mirror planes.20 Hydrogen consumed during H2-
TPR is observed to increase with the Mn content in the
hexaaluminate. The mean oxidation state of manganese is

reported to increase with the substitution degree.36 Then, the
amount of hydrogen consumed allows calculating the fraction
of manganese present initially as Mn3+ in the materials. The
calculated fraction of Mn3+ present in BaMn1 is 17.6% (general
formula of the material: Ba2+Mn3+

0.18Mn2+
0.82Al11O19�g), and this

proportion is observed to increase up to 24.0% in BaMn2 (general
formula of the material: Ba2+Mn3+

0.48Mn2+
1.52Al11O19�g) (Table 3).

Finally, an increase in the substitution degree results in a more
important increase in H2 consumed in the first reduction step,
than in the second reduction step. This result indicates a limited
solubility of Mn3+ in the aluminium spinel blocks, which will be
preferentially located near the mirror planes.
� Fe-containing hexaaluminate: BaFexAl12�xO19�d reduction

profiles are presented in Fig. 6(c) and (d). Two different
reduction processes, i.e. below 600 1C and above 600 1C, are
clearly observed for both BaFe1 and BaFe2. Amounts of hydro-
gen consumed are limited, corresponding to only B27 � 2% of
Fe3+ into Fe2+ reduction, supposing only Fe3+ is initially present
in the material (Table 3) as evaluated on the surface by XPS
analysis. Consequently, only reduction presented, eqn (3), is
supposed to occur until 1000 1C:

Fe3+ + e� - Fe2+ (3)

As in the case of the Mn-containing materials, the Fe3+

localisation in the structure can be at the origin of the different
temperatures of reduction observed. The increase in the Fe
substitution degree results in an increase in hydrogen con-
sumed (Table 3). However, the fraction of reducible trivalent
iron ions remains almost constant, at B27 � 2%. In addition,
compared to the Mn-based material, hydrogen consumption
during the first step and during the second step is observed to
increase in a similar manner. This result shows that the
proportion of Fe-ions in each site remains similar for the two
materials. It is important to note that reduction is not achieved
at 1000 1C (hydrogen consumption clearly observed at this
temperature for BaFe2, Fig. 6(d)), showing that part of iron
ions in the materials will reduce at higher temperature.
� Co-containing hexaaluminate: H2-TPR profiles obtained for

BaCoxAl12�xO19�d are presented in Fig. 6(e) and (f). The
reduction profile of BaCo1 is characterized by a slow and
continuous consumption of H2 up to 1000 1C (Fig. 6(e)). Never-
theless, the increase of Co loading results in a drastic change in

Fig. 6 Temperature programmed reduction profiles obtained for the
BaMxAl11�xO19�d samples. (a) BaMn1; (b) BaMn2; (c) BaFe1; (d) BaFe2; (e) BaCo1;
(f) BaCo2.

Table 3 Reduction temperatures, H2 consumption, and amounts of reducible metal measured for the mono- and bi-substituted hexaaluminates

Sample
Metal reducible
fractiona/%

1st Peak 2nd Peak 3rd Peak

Temperature/
1C

H2 consumption/
mmol g�1

Temperature/
1C

H2 consumption/
mmol g�1

Temperature/
1C

H2 consumption/
mmol g�1

BaMn1 17.6 100–600 59.1 600–1000 52.1
BaMn2 24.0 200–600 218.1 600–1000 74.5
BaFe1 29.1 300–600 118.7 600–1000 64.9
BaFe2 25.6 300–600 185.2 600–1000 125.5
BaCo1 22.5 300–500 10.7 500–900 88.6 800–1000 42.3
BaCo2 n.d. 200–400 17.2 400–1000 198.1 700–1000 211.0

a Calculated fraction of transition metal reducing during the TPR experiment, assuming the following reduction processes: Mn3+ to Mn2+ (cases of
BaMn1 and BaMn2), Fe3+ to Fe2+ (cases of BaFe1 and BaFe2), and Co3+ to Co2+ (cases of BaCo1 and BaCo2). n.d., not determined.
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the reduction profile of the BaCo2 sample (Fig. 6(f)). However,
the contribution of the external Co3O4 phase, as detected by
XRD analysis, to the hydrogen consumption makes the inter-
pretation of this profile not reliable. Due to the identification of
trivalent cobalt on the material surface by XPS analysis (Fig. 5),
and due to the difficulty in reducing divalent cobalt stabilized
in the hexaaluminate crystal network, we suppose that the H2

consumed during the TPR experiment is related to the
reduction of Co3+ into Co2+, as depicted in eqn (4):

Co3+ + e� - Co2+ (4)

As in the case of the other transition metal stabilized in the
hexaaluminate structure, the amount of hydrogen consumed
remains low. The total hydrogen consumed allows calculating
the fraction of trivalent cobalt initially present in the material,
i.e. 22.5%. On the basis of this calculated Co3+ fraction, the
general formula can be written for BaCo1 material:
Ba2+Co3+

0.225Co2+
0.775Al11O19�g.

3.3 Oxygen transfer properties of transition metal containing
hexaaluminates

To investigate in depth the role of the transition metal in the
oxygen mobility in the crystal structure, TPIE experiments were
carried out, except for BaCo2, for which the presence of an
external phase was evidenced by XRD. The evolution of the
partial pressure of the different isotopomers is monitored
versus reaction time to extract the number of exchangeable
oxygen atoms from the solids, as well as the exchange rates.

3.3.1 Exchange mechanism. An example of a raw TPIE
result is presented in Fig. 7. Only 18O2 is present initially in
the gas phase. When reaction temperature reaches 350 1C, the
18O2 partial pressure is observed to decrease. A decrease in 18O2

partial pressure is accompanied by an increase in 16O18O partial
pressure, and with a lower intensity, in 16O2 partial pressure.

The observed isotopomer evolution indicates that the
exchange reaction mainly occurs through a simple mechanism.
The simple exchange is characterized by two consecutive reac-
tions, as depicted in eqn (5) and (6):

18O2(g) + 16O(s) -
18O16O(g) + 18O(s) (5)

18O16O(g) + 16O(s) -
16O2(g) + 18O(s) (6)

According to eqn (5) and (6), a gas phase dioxygen molecule
exchanges only one of its oxygen atoms at each exchange step.
The 18O16O isotopomer is first produced during exchange
reaction (product of reaction in eqn (5)), and evidenced during
TPIE experiment presented in Fig. 7. Thereafter, 16O2 can be
produced when the 18O16O isotopomer exchanges again with
the material surface (eqn (6)), and observed to progressively
increase up to the end of reaction in Fig. 7. In spite of different
metal substitutions and degrees, BaMx (M = Mn; Fe, Co, x = 1,
2), a similar evolution of the isotopomer partial pressures is
observed, indicating that the dominant exchange mechanism is
the simple exchange whatever the hexaaluminate composition.

3.3.2 Availability of oxygen atoms from the structure. The
evolution of the fraction of exchangeable oxygen from the
materials with the reaction temperature is presented in Fig. 8,
while the values of oxygen exchanged at the end of the reaction
(aoxygen) are gathered in Table 4. Results of oxygen exchange for
BaAl12O19 material are also presented for comparison, despite
the absence of any redox cation in the structure. As can be
expected very limited oxygen mobility was measured for the
non-substituted hexaaluminate in the range of temperature
studied in this work (Fig. 8 and Table 4). However, as reported

Fig. 7 Evolution of isotopomer concentrations with reaction temperature dur-
ing the TPIE experiment of the BaMn1 sample.

Fig. 8 Evolution of the fraction of oxygen from the solid exchanged with the
reaction temperature.

Table 4 Parameters extracted from TPIE curves recorded over the different
hexaaluminates

Samples Rmax
ex /10+17 atoms per g per s Tmax

ex /1C aoxygen/at%

BaAl 2.6 700 1.09
BaMn1 6.71 677 13.2
BaMn2 8.43 700 13.8
BaFe1 7.61 527 13.1
BaFe2 8.33 530 16.3
BaCo1 5.25 677 12.0

Rmax
ex is the maximal rate of exchange measured; Tmax

ex is the temperature
at which the Rmax

ex is measured; aoxygen is the fraction of oxygen from the
hexaaluminate that is exchanged at the end of the test (700 1C).

Catalysis Science & Technology Paper

Pu
bl

is
he

d 
on

 1
3 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ité
 L

av
al

 o
n 

25
/0

9/
20

13
 0

3:
09

:1
7.

 
View Article Online

http://dx.doi.org/10.1039/C3CY00192J


2266 Catal. Sci. Technol., 2013, 3, 2259--2269 This journal is c The Royal Society of Chemistry 2013

by Martin and Duprez,15 oxygen mobility can be affected by the
material surface basicity. Therefore, the basic character of the
BaAl12O19 surface can be at the origin of the small oxygen
mobility measured at high temperature (Fig. 9). However, the
activation of oxygen occurs at largely higher temperature com-
pared to that over metal transition substituted hexaaluminate
(T Z 600 1C), confirming that the measured mobility is
unambiguously originating from transition metal in Mn-, Fe-
and Co-containing materials. Compared to the total amount of
potentially exchangeable oxygen atoms (1.44 � 10+22 atoms per
g of the catalyst in the case of the BaMn1 sample), only a limited
part is observed to exchange until 700 1C (1.89 � 10+21 atoms
per g of the catalyst at 700 1C, in the case of BaMn1). Indeed,
all monosubstituted materials are observed to exchange
B12–13 at% of their available atoms. It is also observed that the
increase in the substitution degree is in favour of the oxygen
availability, with an observed increase in the exchanged oxygen
fraction at the end of the reaction. While BaMn1 exchanged only
13.1 at% of its oxygen at 700 1C, BaMn2 exchanged 13.8 at% of its
oxygen, which corresponds to a slight increase of 5% of the oxygen
availability in manganese containing materials. The increase in
oxygen availability is however a little more important for Fe-based
materials (Table 4). Compared to other transition metal based
materials, including perovskites, hexaaluminates display very low
oxygen mobility. Indeed, at a similar range of temperature, LaCoO3

is reported to be able to exchange all its oxygens from the struc-
ture.14,37 In regard to this result, the particular structure of the
hexaaluminate can play a role in the exchange reaction. The
hexaaluminate structure can be described as closely packed spinel
blocks separated by loosely packed planes in which oxygen atoms
are weakly bound compared to the oxygen atoms in the spinel
blocks.8 The impact of the structure was clearly observed during the
Mn3+ reduction, during which manganese atoms inserted in the
interstitial site near the mirror planes are suspected to be more

easily reduced than those inserted in the spinel blocks.38 Therefore,
we can assume that in the range of TPIE experiment (300–700 1C),
only oxygen atoms near the mirror plane, in interaction with easily
reducible species, will exchange. Thus, the hydrogen consumption
during the first reduction peak (presented in Table 3), characterizing
the reducibility of the transition metal in mirror planes, determines
the oxygen availability for exchange (aoxygen, presented in Table 4).
Evolution of aoxygen, characterizing the ease of oxygen to diffuse
in the crystal, is as follows:

BaCo1 o BaMn1 B BaFe1 o BaMn2 o BaFe2

3.3.3 Activation temperature and the rate of exchange. The
rate of exchange was calculated from the rate of 18O disappear-
ance from the gas phase, based on eqn (7):

Rex ¼ �Ng

datg
dt
¼ Ns

dats
dt

(7)

where Ng and Ns are, respectively, the total number of oxygen
atoms in the gas phase and in the solid, while at

g and at
s are the

18O fraction in the gas phase and in the solid. The evolution of the
exchange rate with reaction temperature, presented in Fig. 9,
provides a basis for the comparison of oxygen mobility between
different hexaaluminate samples.15 Characteristic values of the
reaction, i.e. Rmax

ex and Tmax
ex , are summarized in Table 4. Samples

can be classified into two groups according to their rate of
exchange patterns. The first group of substituted hexaaluminate,
with Mn and Co, displays a monotonous increase of the exchange
rate before reaching a plateau and then the exchange rate
increases again to reach a maximum at high temperature (Tmax =
677 1C for BaMn1, Tmax = 700 1C for BaMn2, and Tmax = 677 1C for
BaCo1). Then, oxygen exchange activity progressively increases
with temperature for these materials. The second group of
materials, composed of BaFe1 and BaFe2 samples, showed differ-
ent exchange behaviour. The exchange rate increases faster than
observed for the three previous samples, reaching a maximum at
lower temperature. The maximum rates of exchange for BaFe1 and
BaFe2 are measured at 527 1C and 530 1C, respectively. Oxygen
mobility in the hexaaluminates samples, classified according to
the temperature at Rmax

ex , follow the order:

BaFe1 B BaFe2 o BaMn1 B BaCo1 B BaMn2.

3.3.4 Role of the transition metal valences. Oxygen diffusion in
the solid occurs through the migration of anionic vacancies and
valence shift of the transition metal in the structure. Therefore, the
reducibility of the M cation is expected to impact the oxygen
mobility in the solid. According to Machida et al.,39 the reversibility
of the redox cycle, allowing vacancy migration, can be estimated by
the difference between the heats of formation of sesquioxides and
monoxide form of the transition metal, DHo

f (MO1.5) � DHo
f (MO).

This difference is reported to be minimal for manganese. The
BaMn2 sample displayed a high Tmax

ex , which reflects the continuous
increase of the exchange rate with temperature. Consequently, high
oxygen mobility is expected for this sample. Compared to the
BaMn1 sample, oxygen mobility is observed to increase in BaMn2.
The increase in the Mn3+/Mn2+ ratio noted when the substitution

Fig. 9 Evolution of the rate of exchange with reaction temperature over the
different transition metal containing hexaaluminates.
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degree increases, as observed by TPR-H2, can be considered as the
key reason for this oxygen mobility promotion. For the Fe-containing
materials, in which Fe is present exclusively in the trivalent state
in the material, the mono and bi-substituted samples exhibit similar
Tmax

ex and similar evolution of the exchange rate.
The Co monosubstituted hexaaluminate displayed low oxygen

mobility with the Tmax
ex at the high value and low aoxygen. This lowest

oxygen mobility is in good agreement with results of TPR-H2 and
cobalt was observed to be hardly reduced.

3.4. Properties evaluated for methane oxidation

Properties of the hexaaluminate were evaluated for the methane
oxidation reaction. Arrhenius plots obtained from the low conver-
sion region are plotted in Fig. 10, and main catalytic properties
gathered in Table 5. Under similar conditions, the methane thermal
conversion was measured to be 7%. In addition, results obtained for
the transition metal free materials (BaAl12O19) are also presented in
Table 5 and Fig. 10. Conversion measured at 700 1C remains low
compared to that over transition metal containing material, i.e. 31%
(Table 5), confirming, as clearly observed in Fig. 10(A), the limited
activity of this solid.

3.4.1 The case of the monosubstituted materials. The
materials display different activity toward CH4 oxidation. At 10%
conversion (Table 5), BaMn1 presents the lowest temperature

(545 1C), while BaCo1 presents the highest temperature (568 1C).
However, the difference in activity is relatively limited, especially
in this low conversion region, as deduced from the Arrhenius
plots presented in Fig. 10(A). At higher temperature, close
activities are achieved for BaMn1 and BaFe1 (close T50 and
similar X700 in Table 5; close Arrhenius plots in Fig. 10), even
if BaFe1 remains very slightly less active than BaMn1. Compared
to BaMn1 and BaFe1, a largely lowest activity was obtained for
BaCo1. Specific activities (AS

600) are given in Table 5 for these
materials to take into account the differences in surface areas
between the different materials and evaluate surface reactivity
of the materials. After normalization per surface area unit,
BaMn1 is evidenced to present the highest activity, with AS

600 =
0.26 mmol h�1 m�2, which is 1.5 times higher than for BaFe1

(0.17) and 3.2 times higher than for BaCo1 (0.08).
3.4.2 The case of the bisubstituted materials. The catalytic

activity results of bi-substituted samples are presented in
Fig. 10(B). The increase in the substitution degree strongly
promotes the material activity, with a shift of the Arrhenius
plots toward the lowest temperatures (Fig. 10(B)), also con-
firmed by a significant shift of the light-off temperatures (see
T10 and T50 evolution between BaMn1 and BaMn2, or between
BaFe1 and BaFe2). At high temperature, 700 1C, the catalytic
activity reaches B95% for both BaMn2 and BaFe2 samples,
which is close to the values obtained for the monosubstituted
materials (90%).

From the specific reaction rate evolution (AS
600, Table 5), the

increase in the substitution degree is observed to promote
surface activity. Indeed, while BaMn1 presents AS

600 = 0.26 mmol
h�1 m�2, a 1.4 times higher surface activity is obtained for
BaMn2 (0.36 mmol h�1 m�2). A similar trend is observed for
BaFe1 and BaFe2 materials.

3.5. Oxygen transfer properties and their impact on the CH4

oxidation rate

The methane oxidation reaction at high temperature over
mixed oxide is believed to proceed through a Mars and van-
Krevelen redox-type mechanism.40 The following two equations
depict the mechanism:

MOS + CH4 - MS + products of reaction (8)

MS + MOB - MSO + MB (9)

Fig. 10 Arrhenius plots obtained for the CH4 oxidation reaction over (J)
BaAl12O19 (’) Mn-containing materials, (K) Fe-containing materials, (m) BaCo1;
(A) monosubstituted hexaaluminates, (B) bisubstituted hexaaluminates.

Table 5 Activity parameters measured for the CH4 oxidation reaction over
transition metal containing hexaaluminates

Sample T10/1C T50/1C X700/% AW
600/mmol h�1 g�1 AS

600/mmol h�1 m�2

BaAl 620 — 31 3.98 0.04
BaMn1 545 640 90 15.38 0.26
BaMn2 500 568 95 25.21 0.36
BaFe1 553 630 89 12.93 0.17
BaFe2 527 600 96 18.06 0.24
BaCo1 568 700 50 6.52 0.08

T10 and T50 are the temperatures at 10% and 50% conversion, respec-
tively; X700 is the conversion achieved after stabilisation at 700 1C; AW

600

and AS
600 are the activities expressed in mmol of CH4 converted at 600 1C

per unit of weight and surface, respectively.
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where MO and M are oxidized and reduced sites, S and B
indicate surface and bulk, respectively.

For manganese-substituted hexaaluminate, the increase
in the manganese substitution degree strongly improves the
catalytic activity per surface unit. The increase of the catalytic
activity is observed to vary in parallel with manganese surface
content, Mn3+ content, and oxygen mobility, as clearly observed
in Fig. 11. Therefore, the increase in total manganese content,
which was experimentally observed to result in Mn surface
concentration and Mn3+ fraction increases, is suggested to act
positively on the oxygen transfer properties in Mn-containing
materials. Unfortunately, the increase in oxygen mobility
occurs at high temperature (see Tmax

ex in Table 4), making the
increase in exchangeable oxygen very limited at 700 1C between
the mono- and bi-substituted materials. As a consequence,
higher activity is achieved since the oxidation reaction is
suggested to proceed through a Mars and van-Krevelen mecha-
nism, with consumption of the oxygen from the solid.

For Fe-containing hexaaluminate, a similar evolution in
activity is observed with the increase in the substitution degree.

In contrast to the manganese-substituted sample, the increase
in specific activity is not accompanied by the increase of all
parameters presented in Fig. 12. Indeed, a more important
increase in Fe surface concentration is observed (+233%),
compared to the increase in Mn surface concentration
(+125%, Fig. 11). In addition, the Fe3+ reducibility is observed
to slightly decrease with the increase in the substitution degree.
However, oxygen exchange capacity, as determined by the
fraction of oxygen exchangeable, is observed to increase in parallel
with the specific activity. This result confirms that oxygen mobility
strongly impacts catalytic activity at high temperature over mixed
oxides, even if the final catalytic activity is derived from a complex
balance between the transition metal state and concentration on
the surface, its reducibility, and oxygen mobility in the bulk.

4. Conclusion

Nanocrystalline hexaaluminates, exhibiting high surface areas,
were prepared by Activated Reactive Synthesis (ARS). The synthesis
process was evidenced to be efficient for the insertion of a
transition metal (manganese, iron, cobalt) in the structure,
while maintaining low crystal size and high surface area.
Manganese containing hexaaluminates were evidenced to be
more active than iron and cobalt containing materials. The
increase in transition metal content in the material is also
observed to be beneficial to the catalytic activity. Material
characterization evidenced the important roles of the oxygen
mobility and the transition metal state for the specific methane
oxidation rate, which is in accordance with an oxidation
through a Mars and van-Krevelen type mechanism.
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