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Several Co/Mg/Al layered double hydroxides (LDH) with
(Mg211Co21)/Al31 5 2 and 3 and Mg21 /Co21 ranging from 0 to
4 have been synthesized by coprecipitation at pH 5 9 and NO2

3

as main compensating anions. All samples present well-crystal-
lized layered structures. From the evolution of the lattice a
parameter with respectively the Al content and the
Mg21/(Mg211Co21) ratio, it could be concluded that Mg21,
Co21, and Al31 belong to the same lattice, which is confirmed by
X-ray diffraction (XRD), where no excess phases are detected.
Distinct structures, related to the composition of the samples,
are detected when calcination is performed up to 773 K. For the
cobalt rich samples a spinel-like phase is formed whose amount
decreases when the magnesium content increases. At high mag-
nesium content a MgO-type phase is found. The thermal stabili-
ties of intercalated NO2

3 provided by the synthesis salts and of
CO22

3 provided by the surrounding atmosphere increase with the
magnesium content of the samples. Specific areas are also stabil-
ized by Mg. TPR experiments provide evidence of two distinct
reducible cobalt species whatever the sample. The species below
623 K are assigned to Co3O4. Those reduced around 970–1030 K
must belong to a spinel-like phase whose composition largely
depends on the Mg and Al content of the LDH. These two types
of phases are quite indistinguishable by XRD due to their similar
patterns. ( 1999 Academic Press

INTRODUCTION

Cobalt as a metal found applications in many important
industrial catalytic processes, such as Fischer—Tropsch syn-
thesis (1), hydrogenation of nitriles into amines (2), and
reductive amination of alcohols (3). In supported catalysts,
the reducibility of cobalt species often depends on the extent
of metal—support interaction. It has been shown that cobalt
reducibility became easier when changing the support from
1To whom correspondence should be addressed. E-mail: tichit@
cit.enscm.fr.
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SiO
2

to Al
2
O

3
and MgO or when the Al content increased

in SiO
2
—Al

2
O

3
(4). A detailed temperature-programmed

reduction (TPR) study provided evidence that four cobalt
species would exist as a function of the reduction temper-
ature of Co/Al

2
O

3
(5). A high-temperature of calcination

will favor the formation of a Co2`—Al3` solid solution of
spinel-type and of the stoichiometric CoAl

2
O

4
spinel phase.

Several species and particularly cobalt silicates were also
detected by TPR in the case of Co/SiO

2
catalysts calcined

at high temperature (6). These cobalt species in strong
interaction with the support are generally inactive in hydro-
genation due to their low reducibilities; their amounts de-
pend largely on the type of the support. Moreover many
parameters in the preparation, like the metal precursor, the
nature of the solvent, and the aging time, influence the
reducibility, the dispersion of the metals, and the nature of
the crystalline phases (6). An interesting way to obtain
mixed cobalt catalysts is through the use of layered double
hydroxides (LDH), of the hydrotalcite-like family, as precur-
sors (7, 8). They lead after calcination and reduction to small
and stable metal crystallites. LDHs are anionic clays of the
general formula

[M2`
1~x

M3`
x

(OH)
2
]x` (Am~)

x@m
, nH

2
O

with layers built up by condensation of octahedra whose
M2` or M3` cations occupy the center and hydroxides
ions the vertices. The cationic charges of the layers are
compensated by hydrated anions in the interlayer space.
These structures can also accommodate, simultaneously,
several types of divalent and trivalent cations in the layers
(7, 9). Their interest for catalytic applications arises
from their ability to give mixed oxides of high specific
surface area upon thermal treatments, inducing dehyd-
roxylation of the layers and decomposition of the va-
porizable anions (7, 10, 11). In a previous study (12), we
used Ni/Mg/Al LDHs, with different Mg/Ni ratios, as
precursors of catalysts for the hydrogenation of acetonitrile
into amines. The metallic function was provided by
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reduction of Ni2` into Ni, while Mg2` was introduced with
the aim to induce a basic character. It was indeed shown
that:

(i) Co and Ni are the preferred metals for the primary
amines formation (2, 13);

(ii) on tuning the acid-base character of the support,
a change in selectivity should be found in favor of primary
amines (12, 14, 15).

Several studies claimed that the support has a minor
effect on the selectivity (2, 16).

From these observations we have decided to investigate
the potential of Co/Mg/Al LDHs as precursors for hydro-
genation catalysts. In the present study the synthesis of
Co/Mg/Al LDHs with several cationic compositions will be
presented. The as-prepared solids and those obtained at
different stages of the activation, i.e., after treatments under
oxidizing and reducing atmospheres, will be thoroughly
investigated. Several observations have been reported con-
cerning the crystallographic phases involved during the
thermal decomposition of LDHs containing more than one
divalent and/or trivalent cations, respectively. The nature of
these cations and the temperature of activation induce the
formation either of monophasic solid solutions with rock
salt or spinel-like structures, or of a marked segregation of
several phases (7). The Co2`/Al3` and Mg2`/Al3` LDHs
indeed behave differently for calcination temperatures up to
1073 K (8). The former lead to a spinel-like structure (17)
when the latter has the rock salt-like structure. When
Co, Mg, and Al are associated the formation of
Co

x
Mg

1~x
Al

2
O

4
solid solutions with the spinel structure

and with various cations distribution has been reported
(18, 19). With the aim of exploring new routes to catalytic
materials, the activation of LDHs has been studied with
attention paid to the textural properties, the chemical and
structural homogeneity, and the reducibility of Co species.
These aspects were investigated as a function of cations
compositions and calcination treatments. It was indeed al-
ready shown that the reducibility of the cations strongly
depends on the stoichiometry of the catalysts obtained from
the LDHs (12, 20, 21).

EXPERIMENTAL

Preparation of the LDH Precursors

The materials were synthesized by coprecipitation under
low supersaturating conditions. A solution containing the
metallic nitrate salts Co(NO

3
)
2
, 6H

2
O, Mg(NO

3
)
2
, 6H

2
O,

and Al(NO
3
)
3
, 9H

2
O (Aldrich) dissolved in 250 cm3 of de-

ionized water in appropriate concentrations was delivered,
at room temperature under air, into a polypropylene reactor
by a chromatography-type pump at a constant flow of
1 cm3 min~1. A second aqueous solution of 1 M NaOH
(SdS) was fed by a pH-stat apparatus (718 STAT TITRINO,
Metrohm). The careful control of flow maintained the pH
during precipitation in the reactor at a constant value of ca.
9.0$0.2. After the precipitation was complete the resulting
suspension was aged at 373$5 K for 15 h under stirring.
The solid product was isolated by centrifugation, washed
thoroughly with deionized water, and dried overnight at
353 K in an oven. Eight samples were synthesized following
this procedure, by varying both the total content in divalent
cations M2`/Al3`"2 and 3, with M2`"Co2`#Mg2`,
and the ratio between the divalent cations Mg2`/Co2`"0,
0.25, 1, and 4.

The Mg free samples were labeled CoAl2 and CoAl3,
and the mixed Co/Mg/Al compounds were labeled
Mg(1)CoAl2, designating a sample containing Mg, Co, and
Al cations with Mg2`/Co2`"1 and M2`/Al3`"2.

Characterizations of Solids

Chemical analyses of the samples were performed at the
Service Central d’Analyse du C.N.R.S. (Solaize, France).
The powder X-ray diffraction (XRD) patterns were recorded
on a Philips instrument (40 kV, 20 mA) using CuKa
radiation (j"0.15401 nm). The 2h angle ranged from 6°
to 70°. A monochromator was applied to avoid fluores-
cence phenomenon. Thermogravimetric (TG) experiments
were carried out on a Setaram TG 85 1000°C microbalance
under a flow of air (80 cm3min~1) at a heating rate
of 2 K min~1 from 293 to 973 K. Specific surface areas
were determined by N

2
adsorption at 77 K with a Microm-

eritics ASAP 2000 instrument and using the BET equation.
The samples were outgassed under vacuum (2]10~4Pa)
at 523 K overnight before N

2
adsorption. The calcination

of the samples was carried out, either at 573 K or at
773 K, with a furnace in flowing air at a heating rate
of 2 K min~1. The final temperature was maintained for
5 h.

The reducibility of the samples was examined by TPR
by hydrogen. The experimental setup was derived from
that proposed classically (22). The detection was carried
out with the thermal conductivity detector of a Shimadzu
GC8 chromatograph. The experimental parameters
were carefully selected to meet the recommendations
of Monti and Baiker (23). An aliquot of the catalyst
(20—30 mg) was activated first at 623 and 773 K for 4 h in air
(ramp; 2 K min~1; flow; 50 cm3min~1) and then cooled to
room temperature. Air was replaced by helium (purity
'99.995%); then helium was replaced by the reducing
H

2
/Ar gas (3/97 vol/vol, purity of both gases '99.995%).

Heating was then started from 293 to 1293 K (ramp;
10 K min~1; flow; 20 cm3min~1). For CoAl2 and
Mg(4)CoAl2, the nature of the outflowing gases was identi-
fied with the help of a Balzers QSM421 mass spectrometer
in a different setup, but according to the same experimental
procedure.



FIG. 1. X-ray diffraction patterns of the different samples: (a) CoAl2,
(b) Mg(0.25)CoAl2, (c) Mg(1)CoAl2, (d) Mg(4)CoAl2, (e) CoAl3, (f )
Mg(0.25)CoAl3, (g) Mg(1)CoAl3, (h) Mg(4)CoAl3.
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RESULTS

Chemical Composition and X-ray Diffraction
of the Materials from Synthesis

The compositions of the materials from synthesis are
listed in Table 1. They have been derived from the elemental
analyses for Co, Mg, Al, C, and N contents, and from
thermogravimetric experiments for the amount of structural
water. The determined Co/Mg/Al molar compositions are
very close to the composition of the original solution, except
for the Mg content, which is always slightly lower than
expected. The interlayer ions are both NO~

3
, which come

from precursor salts, and CO2~
3

, which come from the
surrounding atmosphere. The excess of anionic charge ob-
served in some samples could be accounted for by the
presence of bicarbonate or neutral carbonate species weakly
bonded to the surface of the crystals. The presence of a small
amount of Co3` formed by oxidation of Co2` during syn-
thesis could not, however, be excluded (24).

The XRD profiles of the uncalcined materials are shown
in Fig. 1. All samples crystallized in a single phase, with the
layered structure. The different typical peaks of the hy-
drotalcite-like compounds are present: sharp and symmetri-
cal reflections for (003), (006), (110), (113) planes and broad
and asymmetrical peaks for (012), (015), (018) planes. How-
ever, there is a difference in the intensities of the reflections
from one sample to another, indicating different degrees of
crystallinity or structural order when the cationic composi-
tion varies. The CoAl2 and CoAl3 samples, containing only
Co2` and Al3` cations, present sharp and intense (00l )
peaks reflecting a high stacking order along the c axis. The
other reflections are broad or totally vanished. For the Mg
containing samples, the general trend is an increase in
the peak intensity, other than (00l ), as the Mg content
increases. The (110) and (113) reflections thus become in-
tense and well defined on Mg(4)CoAl2 and Mg(4)CoAl3,
which could mean that the ordering along the c direction
decreases while it increases into the layers. Moreover the
(00l ) reflections remain better defined with M2`/Al3`"2
TABL
Composition and Lattice P

Co: Mg:Al
Sample (at. ratio) Chemic

CoAl2 2 :0 :1 [Co
0.66

Al
0.34

(OH)
2
](CO2~

3
CoAl3 3 :0 :1 [Co

0.75
Al

0.25
(OH)

2
](CO2~

3
Mg(0.25)CoAl2 1.6 :0.4 : 1 [Co

0.53
Mg

0.13
Al

0.34
(OH)

2
]

Mg(1)CoAl2 1 :1 :1 [Co
0.31

Mg
0.32

Al
0.37

(OH)
2
]

Mg(4)CoAl2 0.4 :1.6 : 1 [Co
0.13

Mg
0.53

Al
0.36

(OH)
2
]

Mg(0.25)CoAl3 2.4 :0.6 : 1 [Co
0.62

Mg
0.13

Al
0.25

(OH)
2
]

Mg(1)CoAl3 1.5 :1.5 : 1 [Co
0.41

Mg
0.32

Al
0.27

(OH)
2
]

Mg(4)CoAl3 0.6 :2.4 : 1 [Co
0.18

Mg
0.52

Al
0.30

(OH)
2
]

(CoAl2, Mg(0.25)CoAl2, Mg(1)CoAl2, and Mg(4)CoAl2
samples).

The lattice a and c parameters, calculated using, respec-
tively, the (110) and the (003) reflections and assuming
a hexagonal structure, are listed in Table 1. Figure 2
shows that the lattice a parameter decreases when the
Mg2`/(Mg2`#Co2`) ratio goes on for the two series of
samples with different Al molar fraction. This provides
evidence that Co2` is substituted by Mg2` of smaller ionic
radius. From this observation, we can deduce that in the
range of compositions explored the Co2`, Mg2`, and Al3`
cations belong to the same lattice of the hydrotalcite-like
layers. This is confirmed by the absence of an additional
phase or of a second hydrotalcite lattice in the XRD pat-
terns.
E 1
arameters of the Samples

al composition a (nm) c (nm)

)
0.13

(NO~
3

)
0.27

, 0.45H
2
O 0.3070 2.651

)
0.07

(NO~
3

)
0.12

, 0.60H
2
O 0.3022 2.335

(CO2~
3

)
0.13

(NO~
3

)
0.21

, 0.44H
2
O 0.3074 2.544

(CO2~
3

)
0.15

(NO~
3

)
0.11

, 0.25H
2
O 0.3059 2.307

(CO2~
3

)
0.13

(NO~
3

)
0.17

, 0.35H
2
O 0.3055 2.448

(CO2~
3

)
0.03

(NO~
3

)
0.19

, 0.46H
2
O 0.3032 2.420

(CO2~
3

)
0.04

(NO~
3

)
0.19

, 0.56H
2
O 0.3080 2.447

(CO2~
3

)
0.10

(NO~
3

)
0.08

, 0.50H
2
O 0.3057 2.286



FIG. 2. Variation of the lattice a parameter of the samples as a function
of the Mg2`/(Mg2`#Co2`) ratio for M2`/Al3`"2 (L) M2`/Al3`"3
(d) samples.

FIG. 3. TG—DTG profiles of the different samples: (a) CoAl2, (b)
Mg(0.25)CoAl2, (c) Mg(1)CoAl2, (d) Mg(4)CoAl2.
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Activation under Air of the Materials from Synthesis

The decomposition of the samples in air was followed by
thermogravimetry in the 293 to 973 K temperature range.
Moreover, for the CoAl2 and Mg(4)CoAl2 samples the
nature of the gases released during the thermal treatment
was monitored by mass spectrometry following the masses
18 (H

2
O), 30 (NO, NO

2
), 44 (CO

2
), and 46 (NO

2
).

The representative TG and DTG curves of CoAl2,
Mg(0.25)CoAl2, Mg(1)CoAl2, and Mg(4)CoAl2 are shown
in Fig. 3. The total weight loss varied from 34 to 43% and
exhibited from two to five steps when the Mg content
increases. The most intense peak of the DTG profile shifted
concurrently from 548 to 603 K. The comparison between
TG (Fig. 3) and mass spectrometry (MS, Fig. 4) experiments
shows that the first weight loss for CoAl2 (8% at 400 K)
corresponds to the evolution of H

2
O alone. A similar be-

havior occurred for Mg(4)CoAl2, for which the first weight
loss (13%) was accounted for H

2
O alone, too, but in a wider

range of temperatures, from 350 to 520 K. These releases
below 570 K are due to H

2
O differently bonded to the

exchangeable anions in the interlayer space. The weight
losses between 523 and 673 K (Fig. 4) correspond to
H

2
O release due to the dehydroxylation of the layers and

accompanied by evolution of CO
2

(mass 44) from CO2~
3

and NO (mass 30) from NO~
3

; only trace amounts of NO
2

(mass 46) were detected. It is worth noting that CO
2

and
NO were concurrently released at 523 K for CoAl2 , while
NO was released at a higher temperature than CO

2
in

Mg(4)CoAl2. This last material gave a tailing peak of H
2
O

evolution with a maximum at 563 K, with the distinct
release of NO under the tail. The slight shift between
the temperatures of decomposition of the anions in the MS
and TG experiments likely comes from the different setup
used.
The XRD patterns of the samples calcined at 573 and
773 K are reported in Figs. 5 and 6, respectively. After
calcination at 573 K, only the (003) peaks of the hydrotal-
cite-like phases are still detected, but with a very low



FIG. 4. Temperature-programmed decomposition followed by mass
spectrometry of (a) CoAl2 and (b) Mg(4)CoAl2.

FIG. 5. X-ray diffraction patterns of the samples calcined at 573 K:
(a) CoAl2; (b) Mg(0.25)CoAl2, (c) Mg(1)CoAl2, (d) Mg(4)CoAl2.
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intensity. Great changes in the patterns occur with the
chemical compositions. A phase assigned to a spinel-like
structure gives intense lines in CoAl2 and CoAl3 samples.
As the Mg content increases these lines are broadened, while
those of a mixed oxide phase of the MgO type appear for
Mg(1)CoAl2 and Mg(1)CoAl3. This latter phase, poorly
crystallized, was the only one detected at the highest Mg
content, i.e., in Mg(4)CoAl2 (Fig. 6d). After calcination at
773 K of every sample, the hydrotalcite-like structure is no
longer detected. The peaks attributed to the spinel phase
become narrower, while those of MgO-type phase remain
comparatively broader. Therefore, these studies show that
under calcination at 573 K, the hydrotalcite lattice of CoAl2
and CoAl3 is transformed into a well-crystallized CoAl

2
O

4
spinel structure (Fig. 6a), as reported elsewhere (17). For the
mixed Mg2`/Co2`/Al3` samples the behavior depends on
the composition. As the Mg/Co ratio increases, the amount
of spinel phase decreases as expected, but with a parallel
decrease of crystallinity.

The specific surface areas of the materials after calcina-
tion at 573 and 773 K are given in Table 2. They range from
80 to 250 m2 g~1 and culminate generally after calcination
at 573 K, with a small decrease at both higher temperature
and Mg content. The samples exhibit type II N

2
adsorption

isotherms, following the BET classification (Fig. 7). On the
other hand, the desorption isotherms are of type H4 for
CoAl2 and of type H1 for Mg containing samples. This
provides evidence that the pore shape moves from that
characteristic of a lamellar structure to that with tubular
capillaries (25). It should be pointed out that the calcination
temperature did not affect the shape of either adsorption or
desorption isotherms. The influence of both Mg content and
temperature of calcination on the total surface area and the
extent of microporosity, expressed as the specific surface
area in pores smaller than 2 nm, are reported in Figs. 8 and
9, respectively. One can remark that the gap between the
total surface area of the samples calcined at 573 and 773 K



FIG. 6. X-ray diffraction patterns of the samples calcined at 773 K:
(a) CoAl2; (b) Mg(0.25)CoAl2, (c) Mg(1)CoAl2, (d) Mg(4)CoAl2.
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tends to reduce as the Mg content in the samples increases.
They become thus almost similar for Mg(4)CoAl3 and
Mg(4)CoAl2. This is likely due to a stabilizing effect of Mg.
TABLE 2
Specific Surface Area of the Samples Calcined at 573 and 773 K

Surface area (m2 g~1)
Co :Mg:Al

Sample (at. ratio) 573 K 773 K

CoAl2 2 :0 :1 158 82
CoAl3 3 :0 :1 166 145
Mg(0.25)CoAl2 1.6 :0.4 : 1 181 133
Mg(1)CoAl2 1 :1 :1 268 200
Mg(4)CoAl2 0.4 :1.6 : 1 242 249
Mg(0.25)CoAl3 2.4 :0.6 : 1 178 102
Mg(1)CoAl3 1.5 :1.5 : 1 177 146
Mg(4)CoAl3 0.6 :2.4 : 1 233 242

FIG. 7. Nitrogen adsorption—desorption isotherms at 77 K of the sam-
ples calcined at 573 K: (a) CoAl2; (b) Mg(0.25)CoAl2, (c) Mg(1)CoAl2, (d)
Mg(4)CoAl2.
Moreover, a high Mg content gave rise to a significant
microporous domain which maintained after calcination at
773 K. Figure 8 also provides evidence for the stabilizing
role of Al since the samples with M2`/Al3`"2 exhibit



FIG. 8. Variation of the specific surface area of the samples with
M2`/Al3`"2 (L, d) and M2`/Al3`"3 (e, r) calcined at 573 K (open
symbols) and 773 K (closed symbols) as a function of the Mg content.

388 RIBET ET AL.
surface areas generally higher than the samples with
M2`/Al3`"3.

Reduction of the LDHs and of the Mixed Oxides

Figures 10 and 11 present the TPR profiles of the
Co/Mg/Al samples after drying at 353 K and calcination at
623 or 773 K, respectively. The H

2
uptakes are listed in

Table 3. As general comments, one can observe the follow-
ing:

(i) For all the samples, two domains exist for the H
2

consumption, in the low-temperature (LT) and high-tem-
perature (HT) ranges. In some cases, these H

2
consumptions
FIG. 9. Variation of the specific area in the micropores of the samples
with M2`/Al3`"2 (L, d) and M2`/Al3`"3 (e, r) calcined at 573 K
(open symbols) and 773 K (closed symbols) as a function of the Mg content.

FIG. 10. Temperature-programmed reduction profiles of the non-
calcined samples: (a) CoAl2, (b) Mg(0.25)CoAl2, (c) Mg(1)CoAl2, (d)
Mg(4)CoAl2.
are featured by broad unresolved peaks with shoulders,
which provide evidence of the reduction of several different
cobalt species. A great number of cobalt species, in interac-
tion with the support, were proposed in various supported
cobalt catalysts (3, 5, 26). Arnoldy and Moulijn (5) thus
identified up to five different species in Co/Al

2
O

3
as a func-

tion of Co loading and calcination temperature.
(ii) H

2
consumption tends to decrease after calcination of

the sample at 623 K and further at 773 K. This decrease,
which can be higher than 50%, takes place mainly for the
LT H

2
consumption.

(iii) There are two clear contributions in the LT H
2

consumption for samples with Mg/Co(1, which trans-
formed into a narrow and intense peak of H

2
consumption

for the samples with Mg/Co51.



FIG. 11. Temperature-programmed reduction profiles of the samples
calcined at 623 K (A) and 773 K (B): (a) CoAl2, (b) Mg(0.25)CoAl2,
(c) Mg(1)CoAl2, (d) Mg(4)CoAl2.
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(iv) There is an upward shift of the faster reduction rate,
for the HT H

2
consumption, when the Mg content in-

creases. Moreover, this shift is Al content dependent
since it reaches ca. 80 K for the sample series with
(Mg#Co)/Al"3, and ca. 140 K for the series with
(Mg#Co)/Al"2.

With the aim of clarifying these behaviors and identifying
the different contributions in the TPR profiles, the TPR of
CoAl2 and Mg(4)CoAl2 were followed by mass spectro-
metry (Fig. 12). After drying at 353 K there was a first peak
of H

2
O evolution below 423—473 K which corresponds to

the release of interlayer water. CoAl2 exhibited then a first
H

2
consumption at ca. 650 K with a concurrent release of

CO
2

(mass 44), NO (mass 30), and H
2
O (mass 18) (Fig. 12a).

The reduction of NO~
3

to NO thus corresponds to the first
intense peak observed in TPR profiles (Fig. 10a) at ca.
570 K. NO

2
was not detected due to reduction into NO.

The first H
2

consumption was followed by a second one,
which appeared as a shoulder at 750 K with a concurrent
H

2
O evolution (Fig. 12a). This provides evidence that the

reduction of some Co species has occurred which corres-
ponds to the second H

2
uptake observed at 620 K in the

TPR experiments (Fig. 10a). On the other hand, for
Mg(4)CoAl2 the H

2
consumption gave, in the same temper-

ature range, a unique and broad peak from 573 to 823 K
with CO

2
, NO, and H

2
O evolutions (Fig. 12c). This is in

agreement with the unique and intense peak observed in
TPR (Fig. 10d). For CoAl2 and Mg(4)CoAl2, which only
suffered drying at 353 K, the total H

2
consumptions
corresponds to H
2
/Co stoichiometry larger than one

(Table 3), due to the simultaneous reduction of Co and
NO~

3
species. The mass spectrometry profiles of CoAl2

calcined at 623 K (Fig. 12b) shows below 773 K only one
broad peak of H

2
consumption with a concurrent H

2
O

evolution thus attributed to the reduction of Co species.
This H

2
uptake corresponds to the LT H

2
peak in the TPR

experiment (Fig. 11a). Trace amounts of NO are only detec-
ted in agreement with the nearly complete decomposition of
NO~

3
after calcination at 623 K. The H

2
/Co molar ratio is

therefore close to one. Mg(4)CoAl2 calcined at 623 K exhib-
ited a rather different behavior (Fig. 12d). The first H

2
consumption corresponds well with a still intense peak of
NO evolution, while the release of H

2
O is shifted by 100 K

at higher temperature. The reduction of remaining NO~
3

explains the H
2
/Co stoichiometry of 1.2 (Table 3), and the

shift to higher values of the LT peak in the TPR profile
(Fig. 11d). When Mg(4)CoAl2 was previously calcined at
773 K, only one broad peak of H

2
consumption with a

concurrent evolution of H
2
O is observed in the LT range,

thus corresponding to the reduction of a Co species alone
(Fig. 12e). The H

2
/Co stoichiometry is close to one (Table

3). The behavior of these samples is thus in agreement with
(i) the higher thermal stability of NO~

3
and CO2~

3
at

increased Mg content and (ii) the existence in the LT
H

2
consumption domain of reducible Co species, which

could be CoO or Co
3
O

4
generally reduced in this temper-

ature range (5). It is worth noting that for the samples
calcined at high temperature, the H

2
consumption ratio

between the LT and HT peaks increases with the Mg
content. This is likely due to a different reducibility of the
two Co species.

DISCUSSION AND CONCLUSIONS

The Co/Mg/Al layered double hydroxides of this study
show a unique layered structure. The evolution of the lattice
a parameter with the composition in cations provides
evidence that Co2`, Mg2`, and Al3` are combined in the
same layer. However, in these syntheses performed at
pH"9, Mg2` is always introduced in the LDH in lower
amounts than expected from the composition of the
solutions. This reflects the complex nature of the coprecipi-
tation mechanism involved when several cations are present
(9). The crystallinity is dependent on the amounts of
Co2` and/or Mg2`, probably due to their respective ionic
radius. The high stacking orders along the c axis, as found
in the CoAl2 and CoAl3 samples, are in line with pre-
vious reports on similar LDH materials (17, 27). The
isomorphous replacement of Co2` by Mg2` has three main
effects:

(i) an increase in the amount of interlayer water due
to the well-known ability of these cations to be hydrated
(28);



FIG. 12. Mass spectrometry profiles of the gases evolved during a programmed reduction of various samples; CoAl2 noncalcined (a) and calcined at
623 K (b); Mg(4)CoAl2 noncalcined (c), and calcined at 623 K (d) and at 773 K (e).
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(ii) a higher thermal stability of CO2~
3

and NO~
3

shown
by TG and mass spectrometry experiments due to the high-
er local charge density of the layers when Co2` is replaced
by divalent cations of smaller ionic radius, or to the higher
affinity of Mg2` for CO2~

3
(29)—this also means that the

basicity of these samples is enhanced when Mg is introduced
(3);

(iii) a stabilization of the specific area—this might result
from the decrease in the amount of spinel phase.

XRD studies, thermal decomposition, and TPR experi-
ments allow us to explain the decomposition processes and
to identify the crystalline phases formed in these mixed
Co/Mg/Al oxides. Specific behaviors have been reported in
the literature for the decomposition of different hydrotal-
cite-like systems. For example, the Ni/Mg/Al LDH mater-
ials are decomposed up to 1100 K into a mixed oxide of
MII(Al)O type, where the reducibility of Ni decreases with
the Mg content and the calcination temperature of the
starting material (12, 20). In the case of hydrotalcite-like
compounds containing copper, like Cu/Co/Al (30),
Cu/Zn/Al (31), and Cu/Mg/Al (32), CuO segregates in each
case. The present study confirms that the Co/Al starting
materials decomposed into a spinel phase upon calcination
above 573K. A nonstoichiometric spinel phase was even
detected at 473 K (17). This indicates that spinel formation
is thermodynamically more favored with Co than with Mg
or Ni. The latter elements give a mixed metal oxide in the
same temperature range and the spinel phase only above



TABLE 3
List of H2 Uptakes in TPR Experiment

mol H
2
/mol CO

Sample
Uncalcined 573 K 773 K

CoAl2 1.32 0.85 1.00
CoAl3 1.01 0.99 0.99
Mg(0.25)CoAl2 1.08 0.94 1.08
Mg(1)CoAl2 0.98 1.27 1.04
Mg(4)CoAl2 1.78 1.26 1.10
Mg(0.25)CoAl3 1.27 1.11 1.12
Mg(1)CoAl3 1.31 1.27 1.13
Mg(4)CoAl3 1.34 1.41 1.02
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1073 K (2, 10). In the composite Co/Mg/Al hydrotalcites,
the different crystalline phases obtained are very dependent
on the chemical composition. A spinel-like phase is detected
above 573 K at low Mg content, i.e., with Co2`/Mg2`

ratios of 4/1 and 1/1, respectively, but with a lower crystal-
linity in the latter case. The MgO-type phase is never identi-
fied in these samples within the limits of detection by XRD.
In contrast, MgO is indeed identified in the Mg rich samples
(Co2`/Mg2`"0.25). One could speculate that Co and Mg
segregate in distinct phases, as shown by the single separate
phase in the XRD patterns. The TPR experiments provide
additional informations on these multiple phases compo-
nents, and at least two Co species are always detected. In
these LDH compounds, Co could interact with Mg and/or
Al. From the TPR studies on the reducibility of Co/Al

2
O

3
catalysts (5) it was concluded that, besides Al

2
O

3
, two main

phases are present in the temperature range investigated:
Co

3
O

4
and a CoAl

2
O

4
spinel which reduced around 600 K

and above 1100 K, respectively. In the case of Co
3
O

4
—MgO

catalysts, Sexton et al. (26) showed that Co
3
O

4
was first

reduced to CoO which then reacted with MgO to give
a solid solution; this solid solution is in turn reduced around
773—873 K. In the composite Co/Mg/Al compounds, spinel
solid solutions of the type Co

1~x
Mg

x
Al

2
O

4
have been re-

ported and used as catalysts for N
2
O decomposition (18, 19)

or CO oxidation (33).
On the basis of these arguments, the occurrence of

Co
3
O

4
, reduced below 693 K, and of CoAl

2
O

4
reduced

around 970—1030 K, is very likely for CoAl2 and CoAl3
samples calcined at above 673 K. Their spinel structures
give similar XRD patterns. The reduction of Co

3
O

4
normal-

ly occurs in two steps, Co
3
O

4
PCoOPCo (5, 26), and the

corresponding reduction peaks, both around 600 K, are
almost indistinguishable (4, 5, 26). This explains the
broadening of the first TPR peak assigned to Co

3
O

4
reduc-

tion in CoAl2 and CoAl3 (Fig. 11). The total H
2
taken up by

the reduction of these calcined samples (Table 2) is lower
than expected by the occurrence of Co

3
O

4
; very likely Co
species are not fully reduced. The occurrence of both Co
3
O

4
and the stoichiometric spinel phase could easily be justified
on the basis of the compositions of Mg(0.25)CoAl2 and
Mg(1)CoAl2 with Co/Al values of 1.6 and 1, respectively.
Moreover, an alumina phase is also expected if the same
phases are formed in the Mg(4)CoAl2 sample. On the other
hand, when the amount of Mg increases the main changes in
the TPR profiles are as follows:

(i) an increase of the H
2

consumption in the first reduc-
tion peak accounting for an increasing amount of Co

3
O

4
or

for a lower size of these particles;

(ii) an increase in the reduction temperature of the second
peak—this suggests that a nonstoichiometric spinel phase
containing Mg is formed which decreases the reducibility of
Co or that the accessibility to Co belonging to CoAl

2
O

4
is

hindered by the presence of increasing amounts of Mg(Al)O
phase.

Therefore, the catalysts obtained from the LDH precur-
sors give a Co

3
O

4
phase easily reducible below 723 K, and

Co species which reduce at higher temperature depending
on the nature and the amount of the other cations in the
layer. This is due to the great ability of Co to be combined in
spinel-like phases, which is particularly true when the neigh-
boring cations are Al and Mg. However, their specific sur-
face areas and their control reducibility by the way either of
the temperature or of the composition, make them available
as hydrogenation catalysts.
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