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Intercalated layered double hydroxides (LDHs) of chromate (CrO4
2�) and dichromate (Cr2O7

2�) have been
synthesised and characterised. The parent chloride material ([Ni–Al–Cl]) was obtained by coprecipitation at constant
pH and further anion-exchanged to incorporate the desired oxo-anions. The physico-chemical properties of all
compounds were investigated using X-ray powder diffraction, infrared spectroscopy, thermogravimetric analyses
and extended X-ray absorption spectroscopy (EXAFS). The structural evolution of the pristine and pillared
materials, following calcination between 100 to 450 �C, was also thoroughly studied. It is shown that the intercalated
guests, chromate and dichromate anions, interact with the host hydroxylated sheets at moderate temperatures. This
so-called “grafting process” is characterised by a reorganisation of the anionic species within the interlamellar
domain associated with a shrinking of the basal spacing. This phenomenon was clearly evidenced with powder
X-ray diffraction (contraction of the interlamellar distance) and, more interestingly, by chromium K-edge EXAFS
(variation in the local environment of the probe element). On the other hand, thermogravimetric studies indicated
that the thermal stability was greatly enhanced following pillaring with oxo-anions. This is reflected through the
dehydroxylation step of the LDHs sheets which shifted to much higher temperatures, from 280 �C in the [Ni–Al–Cl]
precursor to over 450 �C in the dichromate intercalated compound. Rehydration and reverse exchanges with
carbonate anions of the thermally treated materials were both unsuccessful, suggesting that the grafting phenomenon
is irreversible. The specific surface areas were also negatively affected following anion exchange and moderate thermal
treatment, indicating that the structural changes observed through the different analytical techniques also influence
the microtextural properties.

Introduction
Layered double hydroxides (LDHs) are materials of increasing
interest because of their potential use in various fields such as
pharmaceuticals, adsorbents, sensors, etc., and mostly in the
area of catalysis.1 They constitute a class of layered com-
pounds, resembling the naturally occurring hydrotalcite,2 and
are generally described by the empirical formula [M2�

1 � xM3�
x-

(OH)2]A
m�

x/m�nH2O, abbreviated hereafter as [M2��M3��
A], where x may vary from 0.17 to 0.33; A represents the m-
valent anion necessary to compensate the net positive charge.

One of the most important properties of LDHs is based
on their high anion exchange capacities: a value of 250 m
equivalents per 100 g of dried material has been reported for
a zinc–aluminium LDH.3 The primary objective of anion
exchange is to modify the chemical composition of LDHs,
mainly through the incorporation of those elements that
cannot enter in the composition of the brucite-like sheets,
and also to have a combination of different potentially active
species to induce a synergetic effect. Also, it has been shown
that the contribution to catalytic activity of a particular
element can be different whether this element is originally
present in the brucite-like sheets or as an intercalate.4 A
large number of organic and inorganic anions intercalated in
LDHs have been reported, giving a very good insight into
this specific property.5 However, one major drawback to the
technological utilisation of layered double hydroxides, as com-
pared to other similar structures like zeolites or cationic clays, is
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associated to their thermal instability. Their resistance to ther-
mal decomposition is usually low and their use as lamellar
materials in high temperature applications is often impeded by
this.

Another significant characteristic of lamellar compounds is
the presence of micro- or meso-porosity that imparts the solid
with a series of desirable properties. For example, some authors
have explained observed differences in reactivity and selectivity
by the effect of the pore structure on the diffusion of reactants.6

The specific surface areas of as-synthesized hydrotalcite-like
compounds are known to be relatively low (around 30–60 m2

g�1) compared, for instance, to those of zeolites, e.g. for Na–Y
a value of 715 m2 g�1 is reported.7 However, we have shown 8

that the use of organic media during synthesis or regeneration
of calcined phases can enhance significantly the surface and
porosity properties of synthetic hydrotalcite. Attempts to im-
prove both the thermal and surface properties of LDHs have
been realised through the intercalation of polyoxometalates 9

to mimic the pillaring effects achieved in cationic clays. Apart
from improvement of the structural properties, oxo-anions
generally confer LDHs with redox as well as bifunctional acid–
base properties: the basic sites are located on the hydroxylated
brucite-like sheets while the acid sites are borne by the metalate
pillars.10

In the present work we report on the preparation and prop-
erties of chromate and dichromate intercalated [Ni–Al] LDHs.
The structural changes following thermal treatment were
studied using powder X-ray diffraction (PXRD), TGA-DTA,
X-ray absorption and nitrogen adsorption. The catalytic
properties of these materials, thermally activated at 450 �C,
have been investigated elsewhere 11 in the oxidative dehydro-
genation of ethylbenzene.
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Table 1 Chemical composition of [Ni–Al–Cl] and the derived chromate and dichromate phases

Parameter [Ni–Al–Cl] [Ni–Al–CrO4] [Ni–Al–Cr2O7]

Ni :Al (molar ratio)
x (degree of substitution)
Anion (moles per unit cell)
CO3

2� (moles per unit cell)
Residual chloride ions (moles per unit cell)
(Σn[Ai

n�]) : [Al3�] (molar ratio) a

Effective anion intercalation b(%)

2.91
0.256
1.92
0.14
—
1.04
—

2.88
0.258
0.95
0.05
0.02
1.02

95.3

2.83
0.264
0.92
0.00
0.25
1.05

92
a Sum of all negative charges over the net positive charge (imposed by the amount of Al3�). b Based on idealised formula derived from the Ni :Al
atomic ratio.

Experimental
(a) Materials

Commercial materials were of reagent grade and used without
further purification. A [Ni–Al–Cl] LDH was prepared by
coprecipitation at constant pH according to previously pub-
lished procedures,12 using a mixture of 0.75 M NiCl2�6H2O and
0.25 M AlCl3�6H2O. A [Ni–Al–CrO4] layered double hydroxide
was prepared following a procedure analogous to that described
by de Roy and co-workers.13 The exchange reaction was carried
out without pH control due to the basicity of the LDH slurry.
The dichromate-intercalated takovite [Ni–Al–Cr2O7] was pre-
pared according to Depège et al.14 The procedures were much
the same as above except that here the pH was monitored and
maintained at 6 by controlled addition of 1 M HCl.

(b) Methods

X-Ray powder diffraction analysis. All takovite-like materials
were examined by powder XRD with a Siemens D501 diffrac-
tometer using Cu-Kα radiation. The samples were scanned
from 2 to 76� (2θ) in steps of 0.08� with a count time of 4 s at
each point.

FTIR spectroscopy. The IR spectra were recorded on a
Perkin-Elmer 2000 FT spectrometer at a resolution of 2 cm�1

and averaging ten scans in the 400–4000 cm�1 region using
the KBr pellet technique. A typical pellet contained ca. 1 wt.%
sample in KBr.

Elemental analysis. Chemical analyses were performed by
inductively coupled plasma (ICP) emission spectroscopy at the
Analysis Centre of the CNRS, Vernaison.

Thermogravimetric analyses. Thermogravimetric analysis
(TGA) was performed on a SETARAM thermogravimetric
analyser. The samples were heated between 25 and 1050 �C
under continuous airflow at a heating rate of 5 �C min�1 for all
data collection.

X-Ray absorption spectroscopy. The XAS data were recorded
in the transmission mode at the LURE (Orsay, France).
Experiments were done near the nickel and chromium K
edge at room temperature and 8 K. A step-by-step technique
was used over a 1000 eV interval, with 2 eV steps and 1 s
accumulation time. The data were processed using the single
scattering formulae developed by Sayers et al.15,16 and software
elaborated by Michalowicz.17

Surface area and porosity measurements. The nitrogen
adsorption–desorption isotherms were recorded at liquid
nitrogen temperature on a Fison SP1920 instrument. The
materials were pre-treated as follows: heating in air at 100 �C
for 16 h followed by degassing for 4 h at 80 �C. Pore size dis-
tributions were calculated using the Barret–Joyner–Halenda
(BJH) model on the desorption branch.

Results and discussion
Characterisation of the fresh samples

Results of chemical analyses for the parent and anion
exchanged LDHs are given in Table 1. The Ni :Al atomic ratios
in the coprecipitated solids are close to the solution values with
some deviations in the exchanged materials. A loss of nickel
through partial dissolution of the brucite-like sheets is not to be
excluded during the anion exchange process. We can also note
a slight contamination of [Ni–Al–Cl] and [Ni–Al–CrO4] with
carbonate ions, which is believed to occur during the washing/
centrifuging cycles. However, this is not observed with the di-
chromate exchanged LDH owing to the acidity of the reaction
mixture. Given that HCl is added to maintain a constant pH
value (5.5–6.0), the presence of extra chloride ions implies a
competition with the dichromate anion, the main consequence
being a lower intercalation percentage. This competition
between monovalent and divalent anions has been studied by
Châtelet et al.,18 showing a dependence on the solubility prop-
erties of the anions.

The effective anion intercalation, based on the Ni :Al ratio of
the final compound, indicates an excess of negative charges: the
ratio of all anions to the amount of aluminium is ideally equal
to one. This results mainly from adsorption of anions on the
crystallites, the incoming anion and/or carbonates. The relative
amounts (in moles) of the different anions are given per unit
cell, by reference to hydrotalcite whose structural formula
is given as [Mg6Al2(OH)16]CO3�4H2O. The advantage is that
the determination of the extent of anion exchange becomes
relatively straightforward.

The X-ray powder diffraction patterns of [Ni–Al–Cl] and
the exchanged phases are shown in Fig. 1. We have also sum-
marised in Table 2 the main crystallographic parameters that
can be derived from these analyses. Assuming a structure
similar to that of hydrotalcite, the peaks can be indexed in a
R3̄M symmetry with the interlamellar distance d(003) being equal
to c/3 while the intermetallic distance is derived from the (110)
diffraction line a = 2d(110). The pattern of [Ni–Al–Cl] exhibits a
relatively sharp symmetric set of (00l ) reflections indicative of
a long range ordering in the stacking dimension. The analogous
peaks for the exchanged materials are less intense and much
broader, indicating a less organised stacking arrangement. This
broadening of the diffraction peaks following anion exchange
has been explained by various authors 19,20 as being the result of
a disturbance in the structure due to the size of the incoming
anions or to different aggregation mechanisms.21 The particle
size (Table 1) is an alternative way to point out the loss
of crystallinity following anionic exchange. Given the results of
elemental analysis and the relatively high crystallinity of the
chloride precursor, we can tentatively assign a chemical formula
for this compound: [Ni5.92Al2.08(OH)16]Cl1.92(CO3)0.08�4.26H2O.
Although the elemental compositions of the exchanged
materials are very close to those for a hydrotalcite-like com-
pound, for obvious reasons of poor crystallinity, there has
been no attempt to derive a chemical formula. The expansion
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Table 2 Crystallographic parameters of the parent and anion exchanged takovite-like LDHs

2θ/� of main peaks Basal
spacing/Å

Intermetallic
distance/Å Domain

Sample (0 0 3) (0 0 6) (1 1 0) (c/3) (2a) size a/Å

[Ni–Al–Cl]
[Ni–Al–CrO4]
[Ni–Al–Cr2O7]

11.03
10.78
9.39

22.35
21.72
19.01

60.79
60.79
60.79

8.01
8.19
9.42

3.04
3.04
3.04

1215
403
556

a Using the Scherrer equation.

Table 3 Absorption bands (cm�1) of the chromate and dichromate anions for: (1) crystalline state, (2) the respective potassium salt and (3)
intercalated [Ni–Al] LDHs

Symmetry
Band assignments

Chromate Td νd(Cr–O) νsym(Cr–O) δd(Cr–O) δd(Cr–O)

(1) Free anion a

(2) K2CrO4

(3) Interlayer

890
890
867

846 b

—
—

349 b

—
—

378
—
—

Dichromate C2v νasym(Cr–O) νasym(Cr–O) ν(Cr–O–Cr) δ(Cr–O–Cr)

(1) Free anion c

(2) K2Cr2O7

(3) Interlayer

966
962
948

935
942
939

905
902
910

893
884
880

764
795, 772, 757
743

560
559
—

a Nakamoto.23  b Raman active only. c Calculated frequencies for the dichloromate anion from Brown and Ross.24

of basal spacing observed with the chromate and dichromate
strongly suggests the presence of these entities within the inter-
lamellar domain.

The FTIR absorption spectra of the starting chloride
LDH together with its intercalated derivatives are illustrated
in Fig. 2. The set of characteristic bands at around 3480,
1624 and 1300 cm�1 correspond to the νOH stretching, νOH

bending and ν3 carbonate stretching vibrations. The relative
width of this band has been associated with a disorganised
interlamellar domain,22 which seems to corroborate the XRD
patterns. We can also note the absence of CO3

2� contamination

Fig. 1 XRPD patterns of (a) [Ni–Al–Cl], (b) [Ni–Al–CrO4] and
(c) [Ni–Al–Cr2O7] takovite-like LDHs.

in the dichromate intercalated LDH. We have summarised in
Table 3 the main absorbance bands observed in the exchanged

Fig. 2 Infrared of (a) the parent LDH, (b) potassium chromate,
(c) chromate exchanged [Ni–Al], (d) potassium dichromate and (e) the
dichromate intercalated [Ni–Al].
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LDHs and starting potassium salts, together with the fund-
amental frequencies of the respective anions as per literature
values.23,24

With reference to Nakamoto,23 the only visible absorp-
tion band of CrO4

2�, centred at 867 cm�1, is assigned to the
stretching frequency ν(Cr–O). The significant shift (23 cm�1)
of this band towards lower frequencies, indicating a weakening
of the Cr–O bond, can be explained by an interaction via
hydrogen bonds, either with the water molecules present in the
interlamellar space or with the OH groups from the brucite-like
sheets. The spectra of the dichromate species have been com-
pared to those in a study of this anion by Brown and co-
workers.24,25 In the spectral window ranging from 800 to 400
cm�1, where the strong lattice vibrations of the layered double
hydroxides are normally found, it is rather difficult to assign
specifically the vibration modes for ν(Cr–O–Cr). One broad
band centred at 743 cm�1, not visible in the chloride precursor,
is nevertheless ascribed here to this vibration mode. Here also,
the slight shift of the terminal Cr–O towards lower frequencies
suggests the existence of hydrogen bonding.

The Fourier transform spectra of the materials at the nickel
K edge are presented in Fig. 3 and the different structural
parameters derived from these analyses are summarised in
Table 4. For all three samples, the composition of the first peak
is visibly very close given the good superposition of the spectra.
This first shell corresponds to the octahedral environment
of nickel, surrounded by the six OH groups, and the second
reflects the contribution of heavier atoms, aluminium and/or
nickel. As in these compounds no ordered distribution of the

Fig. 3 X-Ray absorption spectra (EXAFS) of the as-synthesized
LDHs. The inset shows the Fourier transformed simulation for
[Ni–Al–Cl].

Table 4 Structural parameters for the different LDHs derived from
X-ray absorption at the nickel K edge

LDH Shell
Co-ordination
number r/Å 2σ2 a/Å2

[Ni–Al–Cl]

[Ni–Al–CrO4]

[Ni–Al–Cr2O7]

1st (oxygen)
2nd (metal) b

1st (oxygen)
2nd (metal) b

1st (oxygen)
2nd (metal) b

6
6
6
6
6
6

2.06
3.07
2.06
3.07
2.06
3.07

0.078
0.086
0.080
0.088
0.078
0.086

a Debye–Waller factor σ = root-mean-square internuclear separation.
b No distinctions were made between Ni–Al and Ni–Ni at this level.

metals has been evidenced by X-ray diffraction, there were no
attempts to resolve the exact nature of these atoms. The two
fused peaks appearing between 5 and 6 Å are most probably
due to the other atoms in the brucite-like sheets, rather than the
interlamellar species, as no evolution in either their position or
intensity is observed in the exchanged LDHs. Also, this value
corresponds to approximately twice the intermetallic distance.
However, their weak intensity and irregular shape, together
with the existence of important multi-diffusion phenomena
with increasing distance, hampered further simulation. One
interesting observation that can be made is that the inter-
calation of anionic species does not seem to disturb the original
arrangement in the brucite-like sheets. The nickel–oxygen and
nickel–metal distances are in good agreement with values
reported concerning takovite-like LDHs.26

The collation of the results from these various analytical
tools seems to confirm the presence of the desired charge
balancing anionic species within the interlamellar region. The
next step in this work is to study the influence of these anions
on the thermal properties and structure of synthetic takovite-
like compounds.

Analysis of thermal behaviour

The X-ray powder diffraction patterns of the LDHs calcined
between 100 and 450 �C are reproduced in Fig. 4. All the
samples were calcined at the designated temperature for 16 h
under ambient conditions and analysed without prior cooling.
While the chloride LDH collapses quite rapidly at around
200 �C, the chromate and dichromate takovites are revealed to
be much more stable, even after a prolonged calcination at
400 �C. With the pillared takovites, the slightly higher stability
observed for the dichromate may result from the combined
effect of the structural characteristics of the anion and the
chromium loading, which is theoretically twice that of [Ni–Al–
CrO4]. However, the role of the pillar is not merely physically
to support the layered framework, as the LDH structure is
primarily conditioned by the presence of the hydroxylated
sheets. When considering the thermal stability of the chloride
LDH it is obvious that the hydroxide groups are eliminated at
200 �C, which is somehow associated to the relative stability
of Ni(OH)2, 230 �C, and Al(OH)3, 300 �C. It seems that, in the
pillared materials, the presence of the chromium oxo-anions
hinders the condensation process which normally leads to
destruction of the lamellar structure.

Fig. 5 shows the contraction of the basal spacing as a func-
tion of the calcination temperature. One important point is
that, given the extent of the interlayer contraction, dehydration
alone cannot account for the extremely low distances observed.
On the other hand, no significant interlayer contraction was
observed with the chloride LDH, the variation being at most
0.05 Å, attributed mainly to the loss of interlamellar water
molecules, while in [Ni–Al–Cr2O7] the maximum decrease is
2.01 Å. There is a marked difference in the behaviour of the
two exchanged materials; while in [Ni–Al–CrO4] the interlayer
contraction is gradual, in the dichromate LDH there is a
considerable shrinkage at 100 �C (≈1.7 Å). However, both
LDHs exhibit the same interlamellar spacing at temperatures
equal to and above 250 �C, suggesting that the two anions
might adopt identical orientations. The same behaviour of
layered double hydroxides pillared with oxo-anions has been
reported, e.g. CrO4

2� in [Zn–Cr] 13 LDHs, Cr2O7
2� in [Cu–Cr] 14

and SO4
2� in [Mg–Al].27 The authors all suggested the existence

of a grafting process, mainly on the basis of the contraction
of the basal spacing evidenced by X-ray diffraction. We have
in this work extended the characterisation to a variety of
analytical techniques to verify if this phenomenon can be
evidenced by other means.

The TGA and DTG profiles for the three samples are shown
in Fig. 6. The thermal decomposition of hydrotalcite-like
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Fig. 4 XRPD patterns of (I) [Ni–Al–Cl], (II) [Ni–Al–CrO4] and (III) [Ni–Al–Cr2O7] calcined at (a) 100, (b) 150, (c) 200, (d) 250, (e) 300, (f) 350,
(g) 400 and (h) 450 �C.

compounds has extensively been studied.27–30 It is generally
agreed that these materials tend to decompose in three distinct
steps: loss of water molecules (adsorbed and intercalated),
dehydroxylation for the brucite-like sheets and either loss of the
anion (for volatile species like Cl�, NO3

� or CO3
2�) or, for non-

volatile species, inclusion of the metallic part in the formation
of mixed metal oxides (e.g. CrO4

2�, Cr2O7
2�, V2O7

2�). Concern-
ing the first weight loss, the DTA profiles show a slight shift
towards higher temperatures. In the chloride precursor the
maximum loss is centred at 130 �C while for the exchanged
LDHs this elimination peaks at 165 �C for [Ni–Al–Cr2O7] and

Fig. 5 Evolution of the interlamellar distance (d003) as a function of
the calcination temperature.

175 �C for [Ni–Al–CrO4]. The shape of this first minimum gives
an indication of the kinetics involved in the elimination of
water molecules: in [Ni–Al–Cl] there is no marked separation
between adsorbed and interlamellar water, suggesting that the
process occurs in a slow and continuous way. On the other
hand, in the anion exchanged materials, the DTG curves show a
smooth loss up to 120 �C, which then changes into an abrupt
slope for the departure of the intercalated water at a higher
temperature. It is believed this is due to the possible interaction
with the anionic species as well as the occupancy of the inter-
lamellar domain.

In terms of the occupancy of the interlayer, it is easily
imagined how the charge of the respective anion will dictate its
density per unit volume while its geometry will influence its
orientation. During the first minutes of the thermogravimetric
analysis there is most probably a rearrangement of the inter-
lamellar species: the water molecules and anions become more
dynamic with increasing temperature. Owing to their spherical
geometry the halogen anions are not affected by an eventual
reorganisation, in contrast to the oxo-anions which can un-
doubtedly adopt different orientations. The loss of interlayer
water molecules can therefore be hindered by the presence
of obstacles defined by the anions and can thus get trapped
between these entities. To simplify our viewpoint on the
possible interactions of interlamellar water with the anions, the
problem can be set the other way round: elimination of water
is essentially determined by its boiling point. The existence
of hydrogen bonds will greatly influence the intrinsic properties
of the interlamellar water. The strength of hydrogen bonds is
determined by the element, or more precisely its electron-
negativity, to which the hydrogen is linked, and the stronger the
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bond the more difficult it would be to eliminate the water. The
interlayer water molecules inevitably solvate the anions and this
might partly explain the shift towards higher temperatures,
the extent of which will depend on the nature of the anion. In
the chloride form, hydrogen bonding with the chloride ions is
expected to be much weaker than the bonding with the oxygen
of the chromate and dichromate.

There is moreover a peculiarity in the behaviour of the
chromate exchanged LDH: the peak ascribed to loss of inter-
lamellar water is doubled, with two minima at 175 and 210 �C.
A similar evolution has been reported for LDHs intercalated
with the decavanadate anion, for example [Ni–Al] 31 and [Zn–
Cr],32 which the authors attributed to the removal of differently
held hydroxyl groups. However, when considering the TGA/
DTG profiles of the chloride precursor, it is clear that the
dehydroxylation process starts only at around 210 �C, with the
maximum loss being at 290 �C. It is thus difficult in the case
of the chromate-intercalated [Ni–Al] to assign this second
minimum in the DTA specifically to partial dehydroxylation,
in which case the same phenomenon should be also visible in
the dichromate LDH. Some possible explanations for this
observation are as follows.

The existence, within the interlamellar domain, of two types
of interactions involving the water molecules: loosely bound
ones through weak van der Waals forces and those hydrogen

Fig. 6 Thermogravimetric analyses of (a) [Ni–Al–Cl], (b) [Ni–Al–
CrO4] and (c) [Ni–Al–Cr2O7].

bonded to the anions and/or hydroxylated layers. On gradual
heating the loosely bound water is readily eliminated while
it will be slightly more difficult to free the second hydrogen
bonded ones.

In the event of a grafting process, this second weight loss
associated to water would then result from condensation of
chromate anions on the brucite-like sheets. Such a step is not
visible with [Ni–Al–Cr2O7] as the grafting seems to proceed
instantaneously at lower temperatures rather than gradually, as
shown in Fig. 5, and all the interlamellar water is eliminated in
a single step in the temperature range 140–220 �C.

The next major weight loss in the LDHs concerns the
dehydroxylation process. When comparing the TGA profiles
of the LDHs the striking feature is the gradual evolution of
this process with the intercalated anion. The chloride precursor
collapses at around 290 �C, while the chromate is completely
dehydroxylated above 360 �C and the dichromate at the
surprisingly high temperature of 470 �C. The existence of a
plateau, a range of temperature during which absolutely no
thermogravimetric event is observed, indicates a very stable
material. This particular behaviour of the dichromate LDH can
prove to be a beneficial feature, mainly in catalytic application:
structural modification can sometimes greatly influence the
catalytic properties of a given material. This is unequivocal
evidence of the enhancing of the thermal properties of
takovite-like LDHs by the intercalation of chromium oxo-
anion. The occurrence of this last weight loss shows that not
all the hydroxyl groups are involved in the grafting process. The
delay in the complete dehydroxylation of the LDHs may be
related to the fact that the remaining OH are either not close
enough to undergo condensation or are mobilised in some kind
of interaction with the anionic species. We would be more in
favour of the second possibility as no free hydroxyls have been
evidenced by FTIR. These observations would rather suggest
that only a fraction of the total hydroxyls are eliminated via
a grafting process while the remaining are most probably
involved in a network of hydrogen bonds, possibly with the
oxygen atoms of the chromate or dichromate anions. These
anionic species would thus be acting like a kind of bridge
between the OH groups.

Better to investigate the occurrence of a grafting process
within the interlayer, the local surroundings of the anion were
analysed using X-ray absorption. EXAFS at the nickel K edge
was not very effective in this because of the intense second
peak (Fig. 3). Indeed, this peak is located at around the same
distance where the contribution of the interlayer species is
normally expected to be visible. Instead, it is more convenient
to carry out the analyses at the chromium K edge in order to
follow the change in its environment, as an anionic entity, with
increasing calcination temperatures. The Fourier transform
EXAFS spectra of the untreated material and that calcined
at 150 �C are shown on Figs. 7 and 8. For both chromate
and dichromate, no significant variation from the spectra of
the 150 �C sample was observed for materials calcined at higher
temperatures. In these spectra, the constancy of the first peak
clearly evidences that the immediate neighbourhood of
chromium is not affected by calcination at 150 �C implying that
the chromate and dichromate anions conserve most of their
structural characteristics. However, due to thermal excitation
and the absence of long range ordering, only this first peak is
well defined and intense. Beyond a (non-corrected) distance of
about 2 Å the peaks are broad and of very weak intensity,
which renders further refinements of the EXAFS signals
practically impossible. On the other hand, this demonstrates the
lack of a structural arrangement around both anion entities.

In order to limit the effects of thermal excitation, and, hence,
to improve the resolution of the peaks above 2 Å, the EXAFS
data were also recorded at very low temperature (8 K). For
example, in the case of the untreated [Ni–Al–CrO4] (Fig. 7a),
it becomes possible to distinguish two clearly separated peaks,

http://dx.doi.org/10.1039/a903766g


J. Chem. Soc., Dalton Trans., 1999, 3831–3839 3837

the first one at 2.4 and the other at 2.9 Å. The experimental data
were also treated using both k- and k3-weighted Fourier trans-
form: a treatment using k3-weighted functions will normally
increase any contribution from heavy atoms. With this method,
the difference between the atomic numbers of oxygen and other

Fig. 7 EXAFS at the chromium K edge of [Ni–Al–CrO4] for (a)
k- and (b) k3-weighted simulations.

Fig. 8 EXAFS at the chromium K edge of [Ni–Al–Cr2O7] for (a)
k- and (b) k3-weighted simulations.

cations (Ni, Al, and Cr) is high enough to distinguish oxygen
from the other retrodiffusors’ contributions. As the relative
intensities of the two maxima do not seem to be affected by the
k3-weighting (Fig. 7b), it suggests that the peaks are most prob-
ably due to oxygen atoms. In which case, the one located at 2.4
Å can be assigned to the interlayer water molecules, the first
atoms of the brucite-like sheets are well beyond this limit, at
around 3.3 Å. This would then suggest the presence of water
molecules solvating the anions, as underlined earlier on the
basis of thermogravimetric analysis. Regarding the peak at 2.9
Å, it can be attributed either to interlamellar species or to the
OH� from the LDHs framework, knowing that the corrected
distance due to phase shift is about 0.4–0.5 Å greater. Given the
regular shape and good resolution of the peak, it is more likely
to represent the OH� groups, the positions of which are better
defined than those of the surrounding anions or water
molecules.

On calcining the material at 150 �C the spectrum is sig-
nificantly altered in the region between 2 and 3 Å. The dif-
ference is further enhanced and becomes more evident when
a k3-weighted Fourier transform is applied. First, there is a
considerable weakening of the peak at 2.4 Å following the
loss of interlamellar water molecules, which would be in good
agreement with the PXRD data and thermogravimetric
analyses discussed earlier. Another important feature is
observed: the increase of the peak at 2.9 Å. The difference in
intensity between the two peaks is now more important. It
would be appropriate to assume that this third peak represents
the contributions from atoms heavier than oxygen. The grafting
of the anions implies a decrease in the distance between
chromium and the metallic cations of the LDH sheets, together
with the elimination of OH�. The evolution of this distance,
from 4.3 to 3.4 Å for the chromate LDH can be related to the
modification of the peak located at 3 Å: the oxygens of the
OH groups are then in the first co-ordination shell of chromium
and the metallic components of the hydroxylated sheets move
closer to chromium.

The same structural modifications are observed with the
dichromate containing [Ni–Al], and the evidence for a grafting
process is thus reinforced (Fig. 8). The main difference in this
sample concerns the peak at 2.4 Å which is more intense than in
[Ni–Al–CrO4]. However, this can be explained by the structural
characteristics of the dichromate anion, which consists of two
corner-sharing tetrahedra: the proximity of another chromium
will affect the atomic distribution around the probe atom.

Analysis of the textural properties of the takovite-like solids
has been carried out through the adsorption–desorption iso-
therms of N2 at 77 K. The isotherms for the three samples
are included in Fig. 9. They all correspond to type IV in the
IUPAC classification,33 a characteristic of mainly mesoporous
materials, while the shape of the hysteresis, according to de
Boer’s classification,34 is compatible with the structural prop-
erties of layered compounds. The measured surface areas and
the Brunauer–Emmett–Teller (BET) parameters are sum-
marised in Table 5. It is interesting that pillaring of the parent
LDH with chromium oxo-anions results in a decrease of the
specific area, while we were expecting a higher surface following
the interlayer expansion. However, before being analysed by the
adsorption technique the materials had to be cleaned from
surface impurities and interlayer water removed to obtain
accurate and reproducible results. This step implies a mild
calcination in air followed by outgassing of the sample. Given
the results observed, it is believed that the measured surface
represents mainly the interparticle voids rather than the
interlamellar space. Anions adsorbed on the surface of the
cystallites will enhance their aggregation, making them more
compact and leaving less empty space or limiting the diffusion
of the gaseous adsorbate. Although the chloride precursor
exhibits the highest crystallinity of the three materials, it also
possesses the highest surface area. This can be related to the
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Fig. 9 Nitrogen adsorption–desorption isotherms for (a) [Ni–Al–Cl], (b) [Ni–Al–CrO4] and (c) [Ni–Al–Cr2O7]. The αs plots of the exchanged
materials are compared to that of the parent LDH in (d).

fact that in this material no grafting process is involved. The
αs plots for the three LDHs are shown in Fig. 9(d), with the
chloride precursor being used as reference to study the variation
from the parent material. The curves for [Ni–Al–CrO4] and
[Ni–Al–Cr2O7] are very similar, hence involving matching
microtextural properties, which is not very surprising given
their chemical similarity. On the other hand, their common
downward deviation from [Ni–Al–Cl] indicates that both
anions seem to interact in the same way with the LDH frame-
work to yield close porous structures. However, the difference in
the specific surface areas of the pillars is not significant enough
to be ascribed to any particular characteristic of the respective
anions.

The grafting of oxometalates has previously been reported
by several authors dealing with different metal cations in the
layer and intercalated anions: [Mg–Al–SO4],

27 [Zn–Al–CrO4]
and [Zn–Al–Cr2O7],

32,35 [Cu–Cr–CrO4] and [Cu–Cr–Cr2O7].
14,36

However, it was mainly on the basis of interlayer contraction
(PXRD) and evolution in the symmetry of the anions (FTIR)
that these authors suggested the possibility of a grafting
process. We have detailed in this work how a wealth of struc-
tural information can also be obtained by a combination of
thorough thermogravimetric analyses and anion-edge EXAFS
spectroscopy, most of which is new. Although the [Cu–Cr]
LDHs were also analysed at the chromium K edge by X-ray
absorption, the presence of chromium in the layers thwarted
the specific study of the chromate and dichromate anions.
Whether with [Zn–Al] or [Cu–Cr] LDHs the maximum

Table 5 BET parameters of [Ni–Al] LDHs

LDH

Monolayer
volume,
Vm/cm3

Specific
surface area,
SBET/m2 g�1 CBET

Porous
volume,
Vp/cm3 g�1

[Ni–Al–Cl]
[Ni–Al–CrO4]
[Ni–Al–Cr2O7]

23.5
10.8
12.1

98
47
53

88
145
77

0.399
0.205
0.210

calcination temperature for which the lamellar structure
was reported to be maintained was 200 �C. The takovite-like
LDHs are thus proved to be thermally more stable than their
homologues. This stability is the result of the conjugate effect
of nickel being present in the hydroxylated sheets and the
nature of the interlamellar anion.

Conclusion
One of the main objectives of this work was to obtain pillared
LDHs by intercalation of inorganic anions in the interlayer
domain and through interaction of these entities with the
host’s framework. The idea was to create three-dimensional
structures, with the possibility to modulate the dimensions
of these interlayer pores and the chemical properties of the
material by a judicious choice of the incoming anion. The
physical techniques used to characterise the different properties
of anion-exchanged LDHs all show deviations from the typical
behaviour of the parent material. In all cases, these deviations
can be explained by a grafting process during which the anionic
entity, chromate or dichromate, becomes strongly attached
to the hydroxylated sheets. Upon mild thermal treatment,
a considerable shrinkage of the interlayer is evidenced by
PXRD, compatible with the formation of new bonds with the
hydroxylated sheets. This phenomenon was further revealed
by X-ray absorption (EXAFS), the spectra showing the
appearance of new features in the thermally treated samples.
Moreover, thermogravimetric analyses have shown that the
exchanged LDHs possess a much better thermal stability than
that of the chloride precursor; in the best case, the lamellar
structure is maintained up to 450 �C.

Generally, the anionic exchange properties of LDHs are
maintained after a first exchange, which will limit their applica-
tion in areas necessitating a liquid, e.g. heterogeneous catalysis.
The preparation of ready to use materials will thus imply a
step which will induce the formation of new bonds between
the anions and the LDH framework, strong enough to over-
come swelling by hydration or competition from other anions.
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We have tried to rehydrate and back exchange (with CO3
2�)

calcined [Ni–Al–CrO4] and [Ni–Al–Cr2O7], by re-slurrying the
materials in water or an aqueous solution of sodium carbonate,
and no interlayer expansion was observed for samples calcined
at 150 �C or above. The grafting process is thus permanent.
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