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Abstract

Catalytic decomposition of nitrous oxide has been carried out over calcined cobalt aluminum hydrotalcites of general
formula [Co1−xAlx(OH)2[CO3]x/2 H2O wherex= 0.25–0.33 at 50 Torr (1 Torr = 133 Pa) initial pressure of N2O in a static
glass recirculatory reactor (130 cc) in the temperature range 150–280◦C. All catalysts showed a first order dependence in N2O
without significant oxygen inhibition. The activity increased with an increase in cobalt concentration present in the sample.
The catalyst precursor synthesized under low supersaturation (LS) exhibited a higher activity than the precursor synthesized
by sequential precipitation (SP) method. The observed trend in the activity is explained based on the surface concentration of
cobalt, determined by XPS and matrix effects. Prior to catalytic studies, the fresh and calcined samples were characterized by
various physicochemical techniques such as XRD, FT–IR, TG–DSC, TEM (with EDAX) and BET surface area measurements.
©1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nitrous oxide is an environmental pollutant, owing
to its potential involvement in stratospheric destruc-
tion of ozone layer and being a greenhouse gas [1].
The continuous increase in its concentration, both due
to natural and anthropogenic sources (0.2–0.3% p/a)
and longer atmospheric residence time (150 years),
enforce us to develop efficient catalysts for its de-
composition (into nitrogen and oxygen) to protect
our global environment. Hydrotalcite-like (HT-like)
compounds are a new class of layered materials,
otherwise referred as anionic clays or layered dou-
ble hydroxides, are receiving an increasing atten-
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tion, especially for the synthesis of multicomponent
catalysts [2]. Structurally, they possess positively
charged brucite-like layers [M(II)1−xM(III) x(OH)2]
with the interlayer space filled with anions and water
molecules [An−

x/n] · mH2O [3]. Calcination of these
materials (>300◦C) yield mixed metal oxides with
unusual properties such as non-stoichiometry, high
thermal stability and good surface area, which have
been efficiently exploited for various catalytic trans-
formations [4–10]. The results of our previous study
[11] on the catalytic decomposition of nitrous oxide
indicated that calcined cobalt aluminum hydrotalcites
are more active than the claimed zeolite-based cat-
alysts. In this paper, we would like to disclose the
effect of synthetic methodology and cobalt concen-
tration on the catalytic activity of these compounds
An attempt has also been made to unravel the nature
of active species participating in the reaction through
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X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) studies.

2. Experimental

The samples were synthesized by sequential and
low supersaturation methods. In sequential precipita-
tion method, the precipitants namely NaOH/Na2CO3
were added to metal nitrate solution of appropriate
concentration with an increasing pH under stirring
at ambient temperature. In low supersaturation tech-
nique, both metal nitrates and precipitants were added
slowly and simultaneously by holding the pH around
9–10. In both cases, the final pH was adjusted to 10.
The samples were subjected to further aging wherein
sequentially precipitated sample was treated at 65◦C
for 24 h without stirring while low supersaturated
sample was treated at 65◦C for 30 min under vigor-
ous stirring. The slurry is filtered, washed thoroughly
with distilled water and dried in an air oven at 110◦C
overnight. The samples were characterized by vari-
ous physicochemical techniques whose experimental
details are disclosed elsewhere [12]. Since physico-
chemical studies of some of the catalysts are disclosed
in our earlier publications [13], focus will be made
to study the effect of preparation methodology on the
physicochemical properties of the samples.

The kinetics of the reaction was performed in an all
glass recirculatory static reactor. About 1 g of pow-
dered hydrotalcite-like compound (∼100 mesh size)
was packed between silica wool plug. The glass beads
occupying the void space served as a pre-heating zone
for the reactant gas. The catalyst tube was radiatively
heated by a tubular furnace whose temperature was
controlled with an accuracy of±1◦C. Before each
kinetic run, the precursor was evacuated ‘in situ’ at
350◦C for 5 h to a final pressure of 5× l0−6 Torr. It
was then cooled to the reaction temperature and treated
with 100 Torr of oxygen for 12 h to attain surface satu-
ration. In other words, an equilibrium of oxygen exist
between the catalyst surface and gas phase. The gas
phase and weakly adsorbed oxygen were then removed
by mild evacuation using a rotary pump for 2 min. A
catalyst thus undergone these treatments was termed
‘pretreated’. These pre-treatments are indeed neces-
sary for the generation of a reproducible active surface
[14]. It may be noted here that the hydrotalcite-like

compound is only a precursor while the mixed metal
oxide generated upon thermal activation is the true
catalyst. 50 Torr of nitrous oxide (>99.5% purity) was
admitted on to this pretreated catalyst from a gas reser-
voir (under circulation using a gas circulation pump)
and the progress of the reaction was monitored by
measuring the change in the total pressure of the sys-
tem through a cathetometer capable of reading to an
accuracy of±0.001 cm. Reactions were usually fol-
lowed for a period of 1 h and data were taken till re-
producible results were obtained. For kinetic study,
the conversion (of N2O into N2 and O2) was restricted
to 25%, in order to avoid diffusional limitations. No
significant difference in the rates measured when the
decomposition reaction was performed at different gas
circulation speeds confirming the above statement.

The spent catalysts were analyzed using X-ray pho-
toelectron spectroscopy (XPS) to perceive the surface
nature and concentration of the active species. The
spectra were recorded in an ESCALAB Mark II spec-
trometer (Vacuum Generators, UK) using MgKa radi-
ation (hν = 1253.6 eV) with a constant pass energy of
50 eV. The samples were mounted on a nickel holder in
a pellet form and the working pressure in the analysis
chamber was maintained below 5× 10−9 mbar. Charg-
ing effects were corrected by referencing C 1s mea-
surements at 285.0 eV. Ar+ ion sputtering was done at
5× 10−6 mbar pressure with a beam voltage at the or-
der of 8 kV and a filament current of 30mA cm−2. The
data were collected as an average of 10 scans of 40 s
each and processed in a Apple Europlus microcom-
puter (USA). The binding energies were calculated us-
ing Al 2p line at 74.5 eV as an internal reference. It
is well documented in literature that the binding en-
ergy calculations are more accurate with Al 2p line as
reference for Al-containing samples [15].

3. Results and discussion

3.1. Physicochemical characterization of fresh and
calcined samples

X-ray diffraction (XRD) of all the samples showed,
within the composition range mentioned and irrespec-
tive of method of preparation, a single phase with
hydrotalcite structure (JCPDS: 41-1428) exhibiting
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Table 1
The cell parameters and surface area of the samples synthesised

Sample M2+/M3+ (atomic ratio) a (Å) c (Å) V (Å3) Surface area (m2/g)

CoAl2.0 : 1-HT(LS) 2.0 3.052 22.144 178.6 64
CoAl2.5 : 1-HT(LS) 2.6 3.055 23.057 186.4 57
CoA13.0 : 1-HT(LS) 3.0 3.059 23.578 191.1 35
CoAl2.0 : 1-HT(SP) 2.0 3.073 22.782 186.3 65
CoAl2.5 : 1-HT(SP) 2.6 3.081 23.758 187.1 28
CoAl3.0 : 1-HT(SP) 3.0 3.095 22.751 188.7 69

sharp and symmetric reflections for (0 0 3), (0 0 6),
(1 1 0) and (1 1 3) planes and broad asymmetric peaks
for (1 0 2), (1 0 5) and (1 0 8) planes, which are charac-
teristic of these materials [13]. However, the samples
prepared by low supersaturation technique yielded a
better crystallinity over their corresponding sequen-
tially precipitated samples. The lattice parameters
were calculated by indexing the peaks under hexag-
onal crystal system and are summarized in Table 1.
From the data presented, clearly with an increase in
Co/Al atomic ratio both the lattice parameters ‘a’ and
‘c’ increased, The increase in the lattice parameter
‘a’ can be attributed to higher octahedral ionic radius
of Co2+ (0.74 Å) with respect to Al3+ (0.53 Å) while
the increase in ‘c’ parameter is due to a decrease in
electrostatic interaction prevailing between layer and
the interlayer [16]. Aging of LS samples at 65◦C for
30 min was sufficient as there was no significant dif-
ference between the background corrected intensities
of (0 0 6) and (1 1 0) XRD reflections and surface area
of this sample and that of 24 h aged sample.

Transmission electron microscopy (TEM) showed
a spherical to hexagonal morphology for LS prepared
samples while a platy morphology for sequentially
precipitated samples, indicating the effect of method of
preparation. Energy dispersive X-ray analysis (EDAX)
has been carried out to assess the homogeneity of the
samples by monitoring the atomic composition at the
microscopic level. The atomic composition was cal-
culated based on the background subtracted integral
intensity of the respective elemental peaks. Two re-
gions with 25 and 50 nm spot sizes were examined
to calculate the elemental composition for the sample
CoAl3.0 : l-HT(LS), which showed a Co/Al atomic ra-
tio of 3.0 assenting the sample homogeneity.

FT–IR absorption spectra of all the samples, irre-
spective of method of preparation, showed prominent
bands around 3400, 1640 and 1370 cm−1 attributed

to νOH stretching,νOH bending andν3 asymmetric
stretching of carbonate, respectively. The low value
of νOH in comparison with free hydroxide group
(>3650 cm−1) indicates that all hydroxyl groups of the
sheets are hydrogen bonded. A weak absorption band
around 3050 cm−1 was observed and is attributed
to the hydrogen bonded interaction between water
molecules’ with carbonate ion present in the inter-
layer [17]. The other characteristic bands of carbon-
ate, namelyν2(out of plane deformation) andν4(in
plane bending of carbonate) were observed around
870 and 680 cm−1, respectively. A regular deviation
exists between the observed vibrations of carbonate
and free carbonate, which may be attributed to spa-
tial confinement and hydrogen−bonded interaction of
carbonate anion in the interlamellar space The other
bands noticed in the region 1000–400 cm−1 were
assigned to lattice vibrations such as Co–O(H)–Al
bending and Co(Al)–O stretching. Further, theνOH
band position for aged sample showed a red shift
(shift to higher wave numbers) with an increase in
Co/Al atomic composition, could be attributed to a
decrease in the electrostatic interaction between layer
and interlayer with its consequent effect on hydrogen
bonding.

Thermogravimetric (TG) studies showed a two
stage weight loss pattern for all the samples. The first
weight loss occurred below 200◦C and is attributed
to the removal of interlayer water molecules. The
second weight loss observed in the temperature range
250–300◦C is associated with the removal of water
from brucite-like sheet and CO2 from the interlayer
carbonate anion leading to the destruction of layered
structure, with concomitant phase transformation of
HT-like phase to spinel phase. The TG peak temper-
atures shifted to higher side while the net weight loss
increased with a decrease in Co/Al atomic composi-
tion. In other words, an increase in aluminum content
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Fig. 1. XRD patterns of (a) CoAl2.0 : 1-HT(SP), (b) CoAl2.5 : 1-HT(SP), (c) CoAl3.0 : 1-HT(SP) calcined at 400◦C for 5 h.

of the sheets enhances the electrostatic interaction
between layer and the interlayer and thereby enhanc-
ing the thermal stability. Further, more carbonate is
required for charge compensation and hence higher
weight loss is noticed. TG transformation tempera-
tures of corresponding LS and SP aged samples were
similar indicating that the thermal stability is not sig-
nificantly altered with method of preparation. DSC
results documented TG results, by exhibiting two en-
dothermic peaks corresponding to two weight losses.

Calcination of the materials was carried out to ob-
tain a better picture on the nature of the thermally
decomposed products (CHT — calcined hydrotal-
cite). Fig. 1 shows XRD pattern of aged samples,
synthesized by sequential precipitation, calcined at
400◦C for 5 h in air. All samples yielded a spinel
phase upon calcination (probably a solid solution of
Co3O4), however the crystallinity of the phase var-
ied with Co/Al atomic composition. The formation
of spinel at such low temperature (even at 200◦C) is
due to the facile oxidizability of Co2+ ion and the
thermodynamic stability of Co3O4 (than CoO) in air

Table 2
Lattice parameters and surface area of CoAlCO3-HTs aged samples
calcined at 400◦C for 24 h

Compound a (Å) Surface area (m2/g)

CoAl2.0 : 1-HT(LS) 8.028 122
CoAl2.5 : 1-HT(LS) 7.989 145
CoA13.0 : 1-HT(LS) 7.995 143
CoAl2.0 : 1-HT(SP) 8.052 138
CoAl2.5 : 1-HT(SP) 7.965 134
CoAl3.0 : 1-HT(SP) 7.981 115
CoAl2O4 8.104 44–l60a

Co2AlO4 8.086 38–814a

Co3O4 8.084 43–1003a

a JCPDS file.

[18]. The lattice parameter ‘a’ and surface area of the
calcined samples (both LS and SP) are summarized
in Table 2. The lattice parameters of pure CoAl2O4,
Co3O4 and Co2AlO4 are also included in Table 2 for
reference. It is clear that these values are much lower
than that for pure cobalt oxides and cobalt aluminum
oxides indicating the presence non-stoichiometry,
probably in the form of anion vacancies and/or
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Fig. 2. Variation of surface area with calcination temperature for Co–Al HT-like compounds.

dissolution of Al3+ ions in spinel phase. The de-
crease in the lattice parameter ‘a’ with an increase in
Co/Al atomic ratio (CoAl2.0 : 1-CHT(SP) = 8.053 Å,
CoAl3.0 : 1-CHT(SP) = 7.981 Å) may be due to an
increase in the concentration of such defect sites.
However, the surface area values of the calcined ma-
terials, irrespective of method of preparation, were
similar indicating their alike behavior towards growth
of the spinel phase. An increase in the calcination
temperature enhanced the crystallinity of the spinel,
as evidenced from the increase in the intensity and
sharpness of (3 1 1) reflection, probably due to growth
of the spinel phase and sintering of the particles.
These results are substantiated by surface area mea-
surements (Fig. 2) of the samples calcined at various
temperatures for 1 h. For all the compounds, an in-
crease in the surface area was observed up to 200◦C,
at which a transformation of HT-like phase to spinel
phase occur with concomitant loss of water and CO2,
which lead to an increase in the porosity of the ma-
terial. Furthermore, the surface area of LS prepared
samples were higher than the corresponding SP pre-
pared samples for this transient phase. Reichie et al
[19] has earlier attributed this increase to the forma-

tion of pores/craters (through TEM) on the surface of
the material through which water molecules and CO2
escapes and showed that 60% of sample surface area
is due to the contribution from these fine pores. On
further increase in the calcination temperature a drop
in the surface area was observed, which could be at-
tributed to growth of the spinel phase formation, prob-
ably involving redissolution of metal ions. However,
at higher calcination temperature (>600◦C), XRD
showed a clear increase in the intensity and sharpness
of (3 1 1) reflection of the spinel phase conforming
the particle size growth (sintering of mixed metal
oxide particles). The extent of drop in surface area
with temperature is almost similar irrespective of the
composition. FT–IR spectra of the calcined materials
showed a pattern similar to spinel phase [20] exhibit-
ing two bands around 670 and 568 cm−1 correspond-
ingly attributed toν1 andν2 vibrations. The observed
band positions of these materials closely resemble
the band position of Co3O4(672 and 590 cm−1). The
shift in the ν2band position, characteristic of Co3+
in octahedral co-ordination, may be due to the disso-
lution of Al3+ and/or non-stoichiometry associated
with spinel phase.
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Fig. 3. Kinetic plots for the decomposition of N2O on
CoAl2.5 : 1-CHT(LS).

4. Kinetics and catalytic studies

At 50 Torr initial pressure of N2O, all catalysts, ir-
respective of method of preparation or composition,
exhibited a no inhibition by oxygen mechanism, i.e.
the observed kinetic data can be fitted into a rate ex-
pression corresponding to first order condition Eq. (1).
In other words,

−dP/dt = k1PN2O (1)

the adsorption and activation of N2O molecule on
the surface is the rate determining step [21]1 . Fig. 3
shows a representative kinetic plot observed for
CoAl2.5 : l-HT(LS) and the rate constantsk: normal-
ized per unit weight of precursor andkCo: normalized
per active cobalt ion present on the surface) mea-
sured at various temperatures over the catalysts are
summarized in Table 3. The activation energy (Ea)
and frequency factor (lnA), also given in Table 3,
were computed by constructing the Arrhenius plots.
Fig. 4 shows a bar diagram indicating the tempera-
ture required for 25% conversion of N2O over these
catalysts.

1 However, when the reaction was performed at 200 Torr initial
pressure of N2O, some of the catalysts showed a strong inhibition
by oxygen (order with respect to oxygen was−0.5). Further,
our activity studies under flow conditions also exhibited a strong
reduction in N2O conversion when the reaction was performed
in an added oxygen containing feed stream. However, at 50 Torr
and under our experimental conditions, owing to concentration of
surface valence states and oxygen formed, the reaction rates were
not significantly affected by oxygen.

It is clear from Fig. 4 that the activity increased with
an increase in Co/Al bulk atomic composition. How-
ever, a little difference in the activity was observed be-
tween CoAl2.5 : 1-HT(LS) and CoAl3.0 : 1-HT(LS).
This can further be substantiated by observing the
rate constants for this series of catalysts measured
at fixed temperature. For example, ‘k’ measured at
180◦C on CoAl2.0 : 1-HT(LS), CoAl2.5 : l-HT(LS)
and CoAl3.0 : l-HT(LS) are 5.94× 10−3, 7.94× 10−3

and 8.00× 10−3 min−1, respectively, confirming the
above conclusion. These results could clearly imply
that the number of adsorption centers increases with
an increase in Co/Al bulk composition. It is apparent
from the temperature range studied (150–280◦C) that
the activity arises primarily due to cobalt. However,
comparison of normalized activity (kCo = k/xCo where
xCo is the surface concentration of cobalt in fresh
sample determined by XPS) of LS prepared catalysts
showed a characteristic behavior wherein the intrinsic
activity of cobalt increased with an increase in dilu-
tion. This is a normal trend observed for dilute solid
solutions (0.05–5% of metal ion on a matrix) for N2O
decomposition [21].

Cobalt containing catalysts on various supports
have been tried earlier for catalytic decomposition of
N2O [22]. The observed high activity of our catalysts
prompted us to compare their activities with some of
the similar catalysts reported. Cimino and Pepe [23]
have carried out decomposition studies under static
conditions (similar to our studies) over CoO–MgO
solid solutions. They have concluded that the activity
per cobalt ion increased with dilution, attributed on
the basis of Co–O bond strength. However, compar-
ing the activity of these catalysts with our catalysts
based on the normalized rate constants indicated,
kCo of 0.05 at.% of CoO on MgO and 50 at.%
CoO–MgO are 5× 10−2 at 310◦C and 4.0× 10−4 at
375◦C, respectively, whilekCo of CoAl3.0 : 1 HT(LS)
is 2.3× 10−2 at 190◦C, that our catalysts are re-
markably active. The most interesting feature of our
catalysts is, despite the presence of high concentra-
tion of active metal ion (66–75 atoms of Co for every
100 atoms), the normalized activity was higher than
dilute solid solutions. Comparison with CoO sup-
ported A12O3catalyst (10% by wt.), however under
flow conditions, also insinuated a superior behavior
of our catalysts [24]. CoAl3.0 : l-HT(LS) exhibited
84% conversion of N2O while CoO–Al2O3 showed
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Table 3
Kinetic parameters for the decomposition of N2O on CoAl-CHTs at 50 Torr

Compound Temperature (◦C) k (min−1) kCo (×10−2)c Ea (kJ mol−1) ln A (min−1) Conversion at 30 min
(×10−3)a,b (min−1) time interval (%)

CoAl2.0 : 1-HT(LS) 170 4.663 1.793 28.1 2.2 12.8
180 5.942 2.285 15.6
190 6.359 2.445 18.4
200 7.500 2.885 20.3

CoAl2.5 : l-HT(LS) 160 4.414 1.193 43.5 6.7 12.6
170 5.949 1.608 16.2
180 7.938 2.145 21.0
190 9.737 2.632 25.0

CoAl3.0 : l-HT(LS) 160 5.077 1.209 35.9 4.7 14.4
170 6.375 1.518 17.8
180 8.000 1.905 21.3
190 9.629 2. 293 25.4

CoAl2.0 : 1-HT(SP) 250 9.330 39.3 4.3 24.6
260 10.770 NDd 27.2
270 13.160 30.0
280 15.150 36.0

CoAl2.5 : 1-HT(SP) 190 4.896 35.1 3.8 13.8
210 6.923 19.4
230 10.230 ND 26.4
250 13.840 33.6

CoAl3.0:1-1-IT(SP) 150 3.652 46.8 7.4 10.4
160 5.000 13.8
170 6.473 ND 17.0
180 7.878 21.0

a All catalysts obeyed no inhibition by oxygen mechanism.
b Normalised rate constant per unit gram of precursor.
c Normalised rate constant per active cobalt ionkCo = k/xCo wherexCo is the surface concentration of cobalt in fresh sample determined

by XPS.
d Not determined.

only 15% conversion at 450◦C under similar reaction
conditions (985 ppm of N2O in He, 0.1 g sample and
flow rate is l00 cm3/min.). These results imply that,
although Co2+ is the active species in all catalysts,
the environment around Co2+ (imposed by matrix),
the surface structure and composition and prepara-
tion methodology play a crucial role in controlling
the overall activity [25]. We believe that, owing to
the high concentration of cobalt in our catalysts, it
is not possible to have isolated Co2+ centers on the
surface where participation of neighboring ions has
to be considered. In our case, one can visualize a
system comprising Co2+–O–Co3+ may constitute an
active site and such kind of system is rationalized by
Zener double exchange which lead to an average and

easily adaptable oxidation state that facilitates both
adsorption and desorption processes [26].

Comparison of the activity of the catalysts syn-
thesized by different preparation methods indi-
cated that Co–Al catalysts synthesized under LS
conditions are correspondingly more active than
those prepared under SP conditions (k at 190◦C;
CoAl2.5 : l-HT(LS) = 9.74× 10−3, CoAl2.5 : 1-HT
(SP) = 4.90× 10-3; k at 180◦C CoAl3.0 : l-HT(LS) =
8.00× l0−3, CoAl3.0 : l-HT(SP) = 7.88× 10−3). The
observed difference in the activity could be due to
a higher concentration of the active species on the
surface of the catalysts prepared under LS conditions.
Further, it is clear that the difference in the activity
between the two series of catalysts decreases with an
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Fig. 4. Temperature required for 25% conversion of N2O over
CoAl-CHTs with various compositions (a) Sequential precipitation,
(b) Low supersaturation.

increase in cobalt content. In other words, preparation
methodology have significant influence for the sam-
ple having low Co/Al atomic composition. Since the
activation energies for the corresponding catalysts are
almost similar (8–l0 kJ/mol), the activity difference
between these two series of catalysts, is probably due
to the differences in the extent of segregation of ac-
tive species on the surface. Further, on both the series
of catalysts, a linear correlation was observed be-
tweenEa and InA (Fig. 5) suggesting the operation of
compensation effect. This would imply that although
cobalt is the active species on all the catalysts, the en-
ergetics of the active sites are significantly modified
by their associated environment, denoting the hetero-
geneity of these sites [26]. XRD analysis of the spent
catalysts showed a spinel phase with varying crys-
tallinity depending on the Co/Al atomic composition
and synthesis methodology, with non-stoichiometry,
as evidenced from their lattice parameter values
(along with their surface areas), furnished in Table 4.

Considering reaction mechanism, in the case of ther-
mally calcined Co-containing HT-like compounds, the
adsorption of N2O occurs on Co2+ site where a par-
tial donation of electron from its filledd-orbital to
π∗ molecular orbital of N2O (in the case of 50 Torr)
occur thereby gets oxidized to Co(2+δ)+. Due to the

Fig. 5. Compensation plots for the decomposition of N2O on
CoAl-CHTs (h) CoAl-CHT(SP); (s) CoAl-CHT(LS).

Table 4
Lattice parameters and surface area of spent catalysts

Compound a (Å) Surface area (m2/g)

CoAl2.0 : 1-HT(LS) 8.032 97
CoAl2.5 : 1-HT(LS) 8.036 62
CoAl3.0 : 1-HT(LS) 8.062 83
CoAl2.0 : 1-HT(SP) 8.056 53
CoAl2.5 : 1-HT(SP) 8.085 48
CoAl3.0 : 1-HT(SP) 8.035 61

instability of N2Oads
δ−, it decomposes rapidly with

an evolution of N2 and adsorbed Oδ− The adsorbed
Oδ− species migrates on the surface, where matrix ef-
fects play a predominant role, and desorb as molecular
oxygen through combination of two such species con-
comitantly donating electrons back to Co(2+δ)+ [22].
Thus, the concentration of Co2+ present on the sur-
face controls the overall rate. Hence, the differences
observed in the activity of these catalysts could be ra-
tionalized on the basis of the variation in the surface
concentration of Co2+.

4.1. Surface studies of spent catalysts (LS samples)
by X-ray photoelectron spectroscopy

It is well known, that the nature of the active
species present on the surface of the catalyst plays a
predominant role in determining the activity of the re-
action [15]. X-ray photoelectron spectroscopy (XPS)
has been carried out for the spent catalysts (N2O
treated catalyst) in order to characterize the species
present on the surface. The etching of the surface
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Table 5
Salient features of XP spectra of CoAl-CHTs(LS) spent catalysts (Reference — Al 2p line)

Region CoAl2.0 : 1-HT(LS) CoAl2.5 : 1-A(LS) CoAl3.0 : 1HT(LS)

Co 2p3/2 satellite 783.4 782.0 783.4
Co 2p1/2 satellite 798.4 797.0 798.4
DE (Co 2p3/2–Co 2p1/2) 15.0 15.0 15.0
O 1s 533.0 532.5 532.9
Al 2s 119.5 119.4 119.4
Co/Al atomic ratio 0.36 0.59 0.73

Fig. 6. XP (Co 2p) spectra of spent catalysts (a) CoAl2.0 : 1-HT(LS), (b) CoAl2.5 : 1-HT(LS), (c) CoA13.0 : 1-HT(LS), (d) CoAl2O4.

was performed using Ar+ ion sputtering to study the
reduced surface/sub-surface region.

The salient features of the XP-spectra are summa-
rized in Table 5 and Co 2p spectra of these sam-

ples are shown in Fig. 6. For comparison purpose, XP
spectrum of pure CoAl2O4 is also included. Surface
composition of the catalysts is determined using the
formula (Eq. (2)) reported by Powell and Larsson [27]
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nA/nB = (IA/IB)(σA/σB)(EB/EA)1/2 (2)

In our studies Co/Al surface composition is calculated
using integrated intensity of Co 2p3/2 (with satellite)
and Al 2p XPS peaks. The photo-ionization cross sec-
tion (σ ) for these elements are taken from literature
[28]. The surface atomic composition (Co/Al) calcu-
lated for these spent catalysts are given in Table 5.

Focusing attention on Co 2p spectra, it is clear that
the satellite contribution for Co 2p3/2 is negligible
for spent catalysts indicating that cobalt is present
predominantly in +3 oxidation state on the surface. It
is well established in literature [29] that diamagnetic
Co3+ (t6

2g) does not possess any satellite features.
Furthermore, the binding energy difference between
Co 2p3/2 and Co 2p1/2 is around 15.0 eV confirm-
ing (spin-orbit splitting) the presence of Co3+ on
the surface. This could probably be due to surface
oxidation of Co2+ (thought to be the active species
generated after activation of catalyst) to Co3+ during
nitrous oxide decomposition reaction. However, the
binding energy values calculated are slightly higher
than those reported in the literature (∼781.5 eV) [30].
This could due to a strong interaction of Co3+ on the
surface, probably in the form of CoO(OH) species as
the samples were synthesized as hydroxycarbonates
through coprecipitation [25,31]. Further, Co 2p3/2
peak of these spent catalysts was broad and tail-
ing (however Co 2p peak was sharp with prominent
satellite features for CoAl2O4; Fig. 6) towards higher
binding energy side which is similar to the spectra of
Co3O4 [32]. Such tailing of this peak towards higher
energy side along with the shift in binding energy
was attributed to the presence of hydroxyl functional-
ity in CoO–MgO catalysts [25]. It is also reported in
literature [32] that segregation of Co3O4 is favorable
with higher percentage loading of cobalt (>30%) in
the case of cobalt supported alumina catalysts under
oxidizing conditions. Hence, we presume the pos-
sible formation of Co3O4 on the surface during the
decomposition reaction.

The O 1speak of CoAl2O4 was sharp (FWHM = 2.7
eV) whose binding energy was observed at 530.8 eV,
correspond to O2− lattice oxygen. However, the O 1s
peaks were relatively broad for spent catalysts, whose
FWHM (∼3.3 eV) showed a small variation with bulk
composition and a tailing end indicating the presence
of more than one kind of oxygen present on the sur-

face. Further, a shift in the binding energy values to
higher side was observed (with respect to CoAl2O4),
occurring around 531.5 eV in most of the cases, could
be assigned for oxygen of hydroxyl groups and/or
non-stoichiometric spinel-type phases [25,30]. There
is no considerable shift in Al 2s binding energy value
centered around 119.5± 0.1 eV indicating the pres-
ence of Al3+ on the surface, less affected due to elec-
tronic interactions.

An important factor regarding the surface property
of oxides is the occurrence of preferential segregation
of one ion over other on the surface leading to a differ-
ence between the bulk and surface composition and in
turn on catalytic properties. This could be explained
based on the differences in the surface free energies of
individual elements wherein the element which has a
low surface free energy preferentially segregate to the
surface [33]. It is clear from Table 5 that the surface
Co/Al atomic composition is very much different from
the bulk composition with a preference of aluminum
segregating on the surface. For example, the bulk
Co/Al atomic composition for CoAl3.0 : 1-HT(LS) is
3.0 while surface Co/Al atomic composition of the
fresh sample is 0.72 and that of 10 min etched sample
is 1.08. Al which has got low surface free energy
(γ Al = l140 mJ/m2; γ Co = 2100 mJ/m2; almost half
the value of cobalt) has apparently segregated to the
surface. Such surface enrichment of trivalent cation
on the surface was earlier observed by Trifiro et al.
[34] for Ni–Al hydrotalcites and Uzunova et al. [35]
for Co–Fe hydrotalcites upon calcination.

Fig. 7 show the Co 2p XP spectra of spent cata-
lysts etched for 1 and 10 min. This is done in order to
discern the reduced surface/sub-surface level features
which may be active surface participating in our cat-
alytic reaction [30]. Interestingly, in all catalysts Co
2p3/2 showed a prominent satellite around 6 eV shifted
from the main line position after Ar+ sputtering (even
after 1 mm). Furthermore, the intensity of the satellite
peak (compare Fig. 7(a) and (d)) enhanced with an
increase in etching time. This clearly indicates the
generation of Co2+ on the surface upon sputtering.
The binding energy value of Co 2p3/2 also showed a
value between 781.5 and 782.8 eV, depending on the
nature of the sample, which resembles the value of
cobalt in +2 oxidation state, as evidenced by many
bivalent cobalt compounds (∼782.0 eV) [36]. The
spin-orbit splitting between Co 2p3/2 and Co 2p1/2
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Fig. 7. XP (Co 2p) spectra of spent catalysts after 1 min Ar+
and 10 min Ar+ sputter etching (a) CoAl2.0 : 1-HT(LS), (b)
CoAl2.5 : 1-HT(LS), (c) CoAl3.0 : 1-HT(LS).

showed a value >15.5 eV substantiating the presence
of Co2+. However, upon etching only a slight change
in O 1s peak position and shape was observed in-
dicating (FWHM of fresh and etched samples were
almost same) the retention of the similar kind of
oxygen on the reduced/sub-surface as that of fresh
sample.

Surface composition analysis of etched samples,
given in Table 6 indicated a surface enrichment of
cobalt. The increase is nearly 70% in the case of
CoAl2.0 : I -HT(LS). The enhancement in surface con-
centration decreases with an increase in the bulk com-
position [30% in the case of CoAl2.5 : l-HT(LS) and
20% in the case of CoAl3.0 : l-HT(LS)]. These differ-
ences observed in the extent of enrichment of cobalt on
the surface could be due to differences in the availabil-
ity of sites on the surface. We believe that a significant

reduction and reconstruction of surface may occur dur-
ing our pretreatment which generate an active surface
(probably similar to the one generated after Ar+ sput-
tering), which is involved in the catalytic reaction.
A marked difference in the activity of N2O decom-
position between CoAl2.0 : l-HT(LS) and CoAl3 0 : 1
HT(LS) (see Fig. 4) could be related to higher sur-
face concentration of cobalt for the later. However,
similar activity observed between CoAl2.5 : l-HT(LS)
and CoAl3.0 : l-HT(LS) (only 10◦ difference between
these two catalysts for achieving nearly 25% conver-
sion) may be due to the presence of similar surface
concentration of cobalt. From these results, it may be
possible to conclude that the high activity observed
for our catalysts could be due to a good dispersion
of Co2+ ion (generated by surface reduction and re-
construction) on a relatively large surface, probably
in form of Co2+–O–Co3+ redox couples, wherein the
overall activity is controlled by the surface concentra-
tion of active metal ion while the intrinsic activity is
controlled by the nature of cobalt present in the sam-
ples. Further, one cannot completely exclude the con-
tribution of activity from defective structure of spinel,
as evidenced from XRD and IR measurements.

5. Conclusions

1. In the composition range studied, irrespective of
method of preparation, all the samples were crys-
tallized in HT-like structure without any impu-
rity. However, the crystallinity was affected with
method of preparation and composition.

2. Thermal treatment of these materials yielded
non-stoichiometric spinel phase (even at 200◦C),
whose crystallinity enhanced with an increase in
calcination temperature.

3. All samples obeyed a first order kinetic equation
indicating that the adsorption and activation of
N2O on the surface is rate controlling.

4. The activity of samples synthesized under LS con-
ditions showed a better activity than the samples
prepared by SP method.

5. The variation in the observed activity is in direct
relation with the surface concentration of cobalt
The normalized activity for nitrous oxide decom-
position reaction increased with an increase in
dilution.
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Table 6
Surface and subsurface compositions of CoAl-CHTs(LS) spent catalysts

Parameters CoAl2.0 : 1-HT(LS) CoAl2.5 : 1 -HT(LS) CoAl3.0 : 1-HT(LS)

Cobalt
Bulka 0.66 0.71 0.75
Freshb 0.26 0.37 0.42
Etched (1 min)b,c 0.44 0.48 0.49
Etched (10 min)b,c 0.43 0.47 0.52

Aluminum
Bulka 0.33 0.29 0.25
Freshb 0.74 0.63 0.58
Etched (1 min)b,c 0.56 0.52 0.51
Etched (l0 min)b,c 0.57 0.53 0.48

Co/Al atomic ratio
Bulka 2.0 2.5 3.0
Frcshb 0.35 0.59 0.72
Etched (1 min)b,c 0.79 0.92 0.96
Etched (10 min)b,c 0.75 0.89 1.08

a Determined using inductively coupled plasma emission spectroscopy.
b Determined using XPS.
c Ar+ sputtering.
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