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Synthetic Mg-, Ni- (takovite), and Co-hydrotalcite are char-
acterized by FT-IR and FT-Raman spectroscopy. Changes in the
composition brought about by changing the divalent metal result
in small but significant changes in band positions of the modes
related to the hydroxyl groups, as each hydroxyl group in the
hydrotalcite structure is coordinated to three metal cations. It
has also a similar effect on the interlayer water and carbonate
band positions as evidenced by small shifts in band positions and
the occurrence of doublets, especially for the interlayer carbon-
ate ions. The carbonate doublets are due to site symmetry
lowering. © 1999 Academic Press
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INTRODUCTION

Hydrotalcites found in nature are known as the pyro-
aurite-sjogrenite group. The structure of hydrotalcite, also
known as anionic clays or layered double hydroxides
(LDH), can be visualized as positively charged OH-layers
comparable to those in brucite (Mg(OH),) in which a part of
the Mg?* is substituted by a trivalent metal like AI®*
separated by charge compensating, mostly hydrated, anions
between the OH-layers. In hydrotalcites a range of composi-
tions are possible of the type [M1% M3 (OH),1[A" 1
yH,O, where M>* and M>* are the di- and trivalent ca-
tions in the octahedral sites within the OH-layers with
x normally between 0.17 and 0.33. 4"~ is an exchangeable
anion. The first hydrotalcites were synthesized by Feit-
knecht during World War II (1,2). The structure was first
described by Allmann and Taylor (3-6).

Coprecipitation is probably the best technique for the
synthesis of hydrotalcites, as it allows homogeneous precur-
sors as starting materials. For coprecipitation it is necessary
to work under conditions of supersaturation mostly
achieved by variation in pH (7). Two frequently used tech-
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niques are coprecipitation at low (8-10) and at high super-
saturation (11-13). In this study we used the latter route for
the preparation of hydrotalcites with Mg?*, Ni?*, or Co*”*
combined with AI** in a molar ratio M?*/M?>" of 6/2 and
CO3~ as charge balancing anion.

Infrared and, rarely, Raman spectroscopy have been used
for the study of hydrotalcites with different cations and of
the anionic pillaring and thermal decomposition of hydro-
talcites, but mainly for the study of exchangeable anions,
like CO3~, Cl~, ClO;,NO3,SO3 ", and CrO%~ (8,9,13, 14)
and but also larger groups as anionic silica SiIO(OH);3 (15)
and larger polyoxometalate ions or Fe(CN)g~ (16-18). Each
of these anions shows specific infrared or Raman bands; e.g.,
carbonate is characterized by a double peak around 1360
and 1400 cm ™! and peaks at 880 and 680 cm ™! (19).

Many variations in divalent/trivalent metal compositions
have been reported for hydrotalcites (7). Nowadays a vast
amount of literature describes the synthesis of takovite,
a hydrotalcite in which Mg?™ is replaced by Ni**, e.g.,
(11,14,20-29). Takovite is an important precursor for the
preparation of Ni/Al,O5 catalysts (30-38). A much smaller
number of papers describe the use of Mg-hydrotalcite as
a catalyst precursor. Suzuki and co-workers described an
aldol condensation reaction over a heat-treated Mg-hy-
drotalcite containing various interlayer anions and for hali-
de-exchange reactions between alkyl halides (39, 40). Corma
et al. (41) reported the condensation of benzaldehyde with
ethyl acetoacetate over a calcined Mg-hydrotalcite together
with a range of side-reactions caused by the basicity of the
calcined hydrotalcite. Cobalt plays an important role in
heterogeneous catalysis, and therefore the incorporation of
cobalt in hydrotalcites has been described for the prepara-
tion of mixed metal oxide catalysts. In the simplest case the
Mg?* in the hydrotalcite is replaced by Co** (42-45). This
type of catalyst has mainly been tested for Fischer-Tropsch
reactions (44,45). Or the cobalt was added as an extra metal
to hydrotalcites in which Mg and Al were replaced by other
divalent and/or trivalent metals (46-48).

The infrared spectra from hydrotalcites with Mg partly or
completely replaced by Ni, Co, and Zn have been briefly
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reported. Recently, we have described assignments of the
infrared and Raman spectra at room temperature and in situ
during heat-treatment by infrared emission spectroscopy of
(Mg,Zn)sAl,(OH),cCO5-nH,O (49-52). However, detailed
descriptions of the influence of different cations on the
Raman and IR spectra, especially on the lattice region, of
Ni- and Co-hydrotalcite have not been published. There-
fore, this paper, following our work on hydrotalcites (51, 52),
aims at a detailed description of hydrotalcites containing
Mg, Ni, or Co.

EXPERIMENTAL

The hydrotalcites with theoretical compositions of
MgeAl,(OH);sCO3 - nH,0, NigAl,(OH);,CO3-nH,0, and
CosAl,(OH);,CO5-nH,O were synthesized according to
the method described before by Kloprogge and co-workers
for the synthesis of three-metal hydrotalcites (Mg, Zn)sAl,
(OH);,CO3-nH,0O (49-52). This method comprises the
slow simultaneous addition of a mixed aluminum nitrate
(0.25 M)-magnesium nitrate (0.75 M), aluminum nitrate
(0.25 M)-nickel chloride (0.75 M), or aluminum nitrate
(0.25 M)-cobalt chloride (0.75 M) solution and a mixed
NaOH (2.00 M)-Na,COj; (0.125 M) solution under vigor-
ous stirring, buffering the pH at a value above 10. The
products were washed to eliminate excess salt and dried at
60°C.

The nature of the resulting material was checked by X-ray
powder diffraction (XRD). The XRD analyses were carried
out on a Philips wide-angle PW 1050/25 vertical goniometer
equipped with a graphite diffracted beam monochromator.
The d-values and intensity measurements were improved by
application of an in-house-developed computer-aided diver-
gence slit system enabling constant sampling area irradia-
tion (20 mm long) at any angle of incidence. The goniometer
radius was enlarged to 204 mm. The radiation applied was
CoKu from a long fine-focus Co tube operating at 35 kV
and 40 mA. The samples were measured at 50% relative
humidity in stepscan mode with steps of 0.02° 20 and a
counting time of 2 s.

The Fourier transform Raman spectroscopy (FT-Raman)
analyses were performed on a Perkin-Elmer System 2000
Fourier transform spectrometer equipped with a Raman
accessory comprising a Spectron Laser Systems SL301
Nd:YAG laser operating a wavelength of 1064 nm. Spectral
manipulation such as baseline adjustment, smoothing, and
normalization were performed using the Spectracalc soft-
ware package GRAMS (Galactic Industries Corporation,
NH, USA). Band component analysis was undertaken using
the Jandel “Peakfit” software package, which enabled the
type of fitting function to be selected and allows specific
parameters to be fixed or varied accordingly. Band fitting
was done using a Lorentz-Gauss cross-product function
with the minimum number of component bands used for the
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fitting process. The Gauss-Lorentz ratio was maintained at
values greater than 0.7, and fitting was undertaken until
reproducible results were obtained with squared correla-
tions of r? greater than 0.995.

The hydrotalcites were oven dried to remove any adsor-
bed water and stored in a desiccator before measurement in
the FT-IR spectrometer. The sample (1 mg) was finely
ground for one minute, combined with oven dried spectro-
scopic grade KBr having a refractive index of 1.559 and
a particle size of 5-20 pm (250 mg), and pressed into a disc
under vacuum. The spectrum of each sample was recorded
in triplicate by accumulating 64 scans at 4 cm ™' resolution
between 400 and 4000 cm ™' using the Perkin-Elmer 1600
series Fourier transform infrared spectrometer equipped
with a LITA detector. Data interpretation and manipula-
tion was carried out using the Spectracalc software package
GRAMS (Galactic Industries Corporation, NH, USA) and
Microsoft Excel. Band component analysis was undertaken
using the Jandel “Peakfit” software package which enabled
the type of fitting function to be selected and allows specific
parameters to be fixed or varied accordingly. Band fitting
was done using a Lorentz—Gauss cross-product function
with the minimum number of component bands used for the
fitting process. The Gauss-Lorentz ratio was maintained at
values greater than 0.7, and fitting was undertaken until
reproducible results were obtained with squared correla-
tions of r* greater than 0.995.

RESULTS AND DISCUSSION
X-Ray Diffraction

Figure 1 shows the XRD patterns of the Mg-, Ni-
(takovite), and Co-hydrotalcites. The (00!) reflections (003),
(006), and (009) are easily recognized, although the last one
shows overlap with the (012) and (015) reflections resulting
in a broad signal between 40 and 45° 20. Furthermore, the
two reflections of (110) and (113) can be clearly distin-
guished between 70° and 75° 26. The (001) reflections are
characterized by high intensities combined with broad
lineshapes indicating that the hydrotalcites are of relatively
high crystallinity but with very small crystallites. No other
crystalline phases can be detected in the XRD patterns,
indicating that all three syntheses were successful. Further
analysis of the observed XRD patterns revealed small differ-
ences in the cell parameters as a function of the composition.
Mg-hydrotalcite had an a-axis of 3.055 + 0.001 A and a c-
axis of 23.17 4 0.04 A. Co-hydrotalcite had a slightly bigger
a-axis of 3.065 + 0.006 A but the same c-axis. The takovite,
in contrast, showed a smaller a-axis of 3.024 + 0.005 A and
a larger c-axis of 23.48 + 0.05 A. The substitution of Mg
with an ionic radius of 0.65 A by the larger Co with an ionic
radius of 0.74 A is thought to be causing the increase in the
a-axis. Ni, however, has an ionic radius of 0.72 A, very close
to that of Co, but the a-axis of the takovite is much smaller
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FIG. 1. X-ray diffraction patterns of the divalent metal hydrotalcites, Mg, Ni, and Co.

although in agreement with the literature value of 3.025 A,
while the c-axis is significantly bigger. The c-axis is also
bigger than the value of 22.59 A reported for takovite in the

literature (7).

FT-IR Spectroscopy

Figure 2 displays the infrared spectra of the Mg-, Ni-, and

Co-hydrotalcites in the region between 400 and 4000 cm ™ .
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1

Band component analysis of the hydroxyl-stretching region
between 2500 and 3900 cm ! reveals the presence of four
bands (Fig. 3). In general the band observed around 2950-
3050 cm ! is interpreted as the CO% ™ -H,O bridging mode
of carbonate and water in the interlayer (8,29,51). There
seems to be a very small influence by the hydroxide layer
composition as indicated by a shift in the band position from
2972 cm ™! for the Mg-hydrotalcite to 2973 cm ™' for the
Ni-hydrotalcite and to 2981 cm ™! for the Co-hydrotalcite.
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FIG. 2. FT-IR spectra of hydrotalcites with Mg, Co, and Ni in the region 400-4000 cm 1.
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FIG. 3. (a) Band component analysis of the FT-IR spectrum of Mg-hydrotalcite in the region 2500-3900 cm ~*. (b) Band component analysis of the
FT-IR spectrum of Ni-hydrotalcite in the region 2500-3900 cm ~ . (c) Band component analysis of the FT-IR spectrum of Co-hydrotalcite in the region

2500-3900 cm ~ .
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TABLE 1
Band Assignment of the Hydroxyl Stretching Modes

Brucite* Gibbsite* Heterogenite* Assignment for
Mg-hydrotalcite Ni-hydrotalcite Co-hydrotalcite Mg(OH), Al(OH); CoO(OH) hydrotalcites
3471 3380-3436 3400 “Co”-OH
3467 3445-3428 “Al”-OH
3597 3570 3573 3570 3520-3527 “Mg”-OH/“Al”-OH
3617-3623
3697 3661-3685 “Al”-OH/“Ni”-OH

“Based on (53-55).

The second band assigned to hydrogen-bonded interlayer
water around 3300 cm ™' (8,29,51) shows a similar trend.
The remaining two bands represent different M-OH
stretching modes. Based on the crystal structure of hy-
drotalcite, it can be argued that each OH group is coor-
dinated to three metal cations. In the case of hydrotalcite
with a M?*/M?>" ratio of 3 this means that one stretching
mode probably truly reflects a M?*~OH bonding while the
other one is more an intermediate between an M?**-OH
and an M>*-OH. Comparison with pure M?*(OH), and
M?*(OH); will show a shift in the band positions. Infrared
spectra of the various hydrotalcites reported in the literature
only display a very broad band around 3400-3500 cm ~*,
without any evidence for multiple bands based on the pres-
ence of shoulders and asymmetry of the band (20, 22, 28, 42).
Furthermore, none of these papers reports band component
analysis results as in this paper. Based on the band compon-
ent analysis of the spectra of the hydrotalcites and the
comparison with simple hydroxides, a more detailed assign-
ment is possible (Table 1). The band at 3467 cm ™! for the
Mg-hydrotalcite seems to be mainly due to the AI-OH
bond with only a small influence of nearby Mg cations
causing a small shift to higher frequency. The other band
can not be clearly assigned to either Mg- or AI-OH and
probably represents a hydroxyl coordinated by both metals.
A similar reasoning is true for the Ni- and Co-hydrotalcite.
The lowest frequency band represents mainly the influence
of the bivalent metal on the hydroxyl group whereas the
higher frequency band is of a more mixed nature, where
both the divalent and trivalent metal influences the hy-
droxyl group. Comparison of the Ni- and Co-hydrotalcite
spectra with the Mg-hydrotalcite spectrum shows a trend
from around 3570-3575 cm ! to around 3600 cm ~ !, which
can be explained mainly by the difference in the mass of the
cations involved and by the difference in bond-strength
between the cations and adjacent oxygen atoms. Generally,
the band positions are reciprocally related to the bond-
strength of the cation to oxygen atoms, which fits well with
the observed differences between the Mg- and the Ni- and
Co-hydrotalcites as the bond-strength increases approxim-
ately 12.5% from Mg-O to Ni/Co-O (Mg-O approxim-

ately 330 kJ/mol, Ni-O approximately 372 kJ/mol, and
Co-0 approximately 368 kJ/mol).

Figure 4 displays the low frequency region of all three
hydrotalcites. This region of the infrared spectrum has been
reported for Co-hydrotalcite by Kannan and Swamy (42),
but they did not give a band assignment for this region. The
same is true for takovite or Ni-hydrotalcite; various papers
show the spectrum but do not even report the band posi-
tions (see, e.g., (20-22,27,28)). The assignment in this paper
mainly follows the assignment given for Mg-hydrotalcite by
Kloprogge and co-workers (51). Based on comparison with
their work the bands around 553 and 755cm™' can be
assigned to translation modes of the hydroxyl groups main-
ly influenced by the trivalent aluminum. The corresponding
deformation modes are observed as two bands around 925
and 1010-1055 cm ™ . The exact positions of these bands for
the various hydrotalcites are influenced by the divalent
metal present in the structure. The bands observed at 635,
597,and 588 cm ~ ! for the Mg-, Ni-, and Co-hydrotalcite are
interpreted as being hydroxyl translation modes mainly
influenced by the divalent metal in the hydrotalcite struc-
ture. Similar to the shift observed in the hydroxyl stretching
region for the hydroxyl bands related to the divalent cations
in the hydrotalcite structure due to changes in mainly the
bond-strength and atomic weight, the bands shift by ap-
proximately 50 cm ™! from around 580-600 cm ™' for the
Ni/Co related OH translation modes to 635 cm ™' for the
Mg related OH translation modes. The two bands around
660 and 860 cm ~ ! are characteristic for the v, and v, modes
of the interlayer carbonate group (51). The shift in the
positions of these two modes depending on the metal con-
tent of the hydrotalcite indicates that the divalent metal
influences the exact nature of the interlayer carbonate, in
accordance with the observations described above for the
hydroxyl stretching region. (See Table 2.)

The region roughly between 1200 and 1800 cm ™' for
Mg-hydrotalcite is characterized by the bending mode of
interlayer water around 1655 cm ™! and the two v modes
(symmetric stretch) at 1365 and 1401 cm ™~ ! associated with
the interlayer carbonate (51,52). Figure 5 shows the band
component analysis of this region for all three hydrotalcites.
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FIG. 4. (a) Band component analysis of the FT-IR spectrum of Mg-hydrotalcite in the region 500-1200 cm ~'. (b) Band component analysis of the
FT-IR spectrum of Ni-hydrotalcite in the region 500-1200 cm ~ . (c) Band component analysis of the FT-IR spectrum of Co-hydrotalcite in the region
500-1200 cm ™~ 1.
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TABLE 2
Band Component Analysis of the Low Frequency Region between 500 and 1200 cm™! of the Infrared Spectra of Mg-, Ni- and
Co-hydrotalcite

Mg-hydrotalcite (cm ') Ni-hydrotalcite (cm ™ 1)

Co-hydrotalcite (cm ')

Co-hydrotalcite (42) (cm 1) Assignment

553 558 548
597 588
635
667 657
759 753 733
870 846 861
939 913 925
1012 1041 1054

550 “Al”-OH translation
600 “Ni”-, “Co”-OH translation
“Mg”-OH translation
vy CO%™
785 “Al”-OH translation
870 v, CO3~

doublet “Al”-OH deformation

These two carbonate modes are only recognizable after
band component analysis, and therefore until now a lot of
publications only reported a broad band around 1350-1400
cm ™! (42,53). There are two possible explanations for the
existence of the double band. Bish and Brindley (20) sugges-
ted that the site symmetry of the carbonate ion in the
interlayer is lower for takovite compared to sjogrenite, for
which they observed only one band. This, however, is not
reflected in the Mg-hydrotalcite in this study, which also
showed the double band. An alternative explanation was
given by Labajos et al. (26), who claimed that the splitting of
this carbonate mode is due to the fact that there exists some
sort of interaction between the carbonate ion and the water
molecules in the interlayer and/or the cations (or hydroxyl
groups) from the layers causing a decrease in site symmetry.
This second interpretation is supported by the results of this
study, because there are small but distinct differences in the
band positions for both the interlayer water and the carbon-
ate ions depending on the divalent metal present in the
hydrotalcite structure. Very interesting is the fact that the
interlayer water band at 1643 cm ™! for the takovite shows
a shoulder belonging to a second band at 1697 cm ™~ !. This
band indicates the presence of a small amount of strongly
coordinated water to a cation. This may indicated the pres-
ence of a very small amount of either nickel or aluminum
not incorporated in the hydrotalcite structure, which could
not be observed in any other way.

FT-Raman Spectroscopy

Figure 6a shows the low frequency region of the Raman
spectrum of Mg-hydrotalcite. Unfortunately, the Ni- and
Co-hydrotalcite Raman spectra could not be measured due
extensive fluorescence. The low frequency region of the
Mg-hydrotalcite Raman spectrum is shown by two small
bands around 303 and 388 cm~!. The two much stronger
bands around 476 and 552 cm ™! are both assigned to hy-

droxyl groups associated with mainly Al (50,51) but also
influenced by probably one Mg in its coordination. The
band at 476 cm ™! is only Raman active while the band at
552 cm ™! has an equivalent in the infrared spectrum at 553
cm ™', The interlayer carbonate ions can be observed as
bands in the Raman spectrum as a very weak v, mode at
694cm™' and a very strong and sharp v, at 1061 cm™'.
Band component analysis of the v; mode shows that it
actually contains a second much broader band at a slightly
lower frequency of 1053 cm ™~ *. Like for the doublet v in the
infrared spectrum, this again is evidence for a lowering of
the site symmetry of the interlayer carbonate ion. Theoret-
ically the v, and v are only infrared active and not Raman
active. However, the Raman spectrum does show a very
broad and low intensity band around 1403 cm ™!, which
coincides with the infrared active v, position. This can be
explained by the fact that the symmetry lowering of the
carbonate interlayer site causes changes in the polarizabi-
lity, and the originally Raman inactive band can become
Raman active although only with very weak intensity.

The hydroxyl-stretching region in the Raman spectrum
(Fig. 6b) is slightly more complex than the similar region in
the infrared spectrum (Fig. 3a). In addition to the CO3 -
H,O bridging mode around 3097 cm ™!, the hydrogen-
bonded water around 3245 cm ™! and the metal-hydroxyl
stretching modes around 3454 and 3580 cm ™!, which are all
Raman and infrared active, an extra band is observed
around 3358 cm ™~ '. Based on the present data the assign-
ment of this band is not straightforward. This band can be
interpreted either as a third metal-hydroxyl mode or as
a second hydrogen-bonded water mode.

CONCLUSIONS
The synthesis of phase pure hydrotalcites containing vari-

ous divalent metals like Mg, Ni, or Co is relatively simple
and results in the formation of good crystalline material.
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This material is very suitable for detailed spectroscopic
investigations resulting in a much more detailed assignment
of the bands in both the infrared and the Raman spectra.
This study has shown that changes in the composition
brought about by changing the divalent metal results in
small but significant changes in band positions of the modes
related to the hydroxyl groups as expected as each hydroxyl
group in the hydrotalcite structure is coordinated to three
metal cations. These three cations can all be the same or
they can have a mixed nature of both divalent and trivalent
cations which will result in a shift in the band position. This
study has also shown that changing the divalent cation
content in the hydroxide layers has also a small but signifi-
cant effect on the interlayer water molecules and carbonate
anions, as evidenced by small shifts in band positions and
the occurrence of doublets, especially for the interlayer
carbonate ions.
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