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Layered double hydroxides (LDH ) with the hydrotalcite-like structure, but containing Ni(11) and V (111) cations in
the layers, have been prepared by the constant pH method. Characterization by elemental chemical analysis,
powder X-ray diffraction, differential thermal analysis, thermogravimetric analysis, FT-IR spectroscopy,
temperature-programmed reduction and specific surface area assessment indicates the formation of well crystallized
materials after hydrothermal treatment, without significant oxidation of V(1) species, and with interlayer, flat-
oriented, carbonate anions. Reduction in H, takes place in a single step at ca. 400 °C [Ni(11)—Ni(0)]; V(ur) is not
reduced. On calcination in air, Ni,V;Oy is formed, together with NiO, but crystallization is only evident after
calcination at 750 °C. No major difference was found between samples with Ni: V molar ratios close to 2 or 4.

Introduction

Layered double hydroxides (LDHs) with the so-called
‘hydrotalcite-like’ structure consist of brucite, Mg(OH),,
layers, where a partial M (11)/M (11) substitution gives rise to
positively charged layers, balanced by anions,! coexisting with
water molecules in the interlayer region. Pillaring of these
layers gives rise to different polytypes. The general formula is
[M",_ M™ (OH),] (A" ),,-nH,0. The materials display
ionic exchange ability, adsorption and catalytic properties,
and deserve much attention in recent years because of their
use as catalyst precursors. In hydrotalcite-like materials, the
cations are rather close to one other, and so, upon calcination
they usually lead to homogeneously dispersed mixed oxides
with large specific surface areas.!'™

Hydrotalcites have been prepared with all first row transition
metal cations except Ti(1r). On the other hand, decomposition
of hydrotalcites with interlayer metal-containing anions (e.g.,
oxometalates, cyano complexes, halogen complexes, etc.)* also
gives rise to mixed oxides, and represents an alternative route
to the preparation of oxides with different cations. It has also
been demonstrated that the precise nature of the phases formed
upon decomposition changes if a given cation is located in the
layers or in the interlayers, e.g., V(1) in the layers or V;;0,s®~
in the interlayers.’

In recent years we have reported on the preparation and
characterization of different hydrotalcite-like materials, with
different cations in the brucite-like layers, and, in some cases,
with interlayer metal-containing compounds (oxometalates).
In the present paper, we report on the preparation and
characterization of hydrotalcites containing Ni(mr) and V(1)
in the layers. Ni(ir) had been previously combined with Al(iir)?
and some other trivalent cations, such as Mn,® Cr,”® and
Fe,° 1! and V(m) with Mg(u),>!>"'* but, to the authors’
knowledge, this is the first report on hydrotalcites with these
two cations in the brucite-like layers.

As mentioned above, calcination of hydrotalcites gives rise
to formation of mixed oxides. For the materials studied here,
the formation of Niz(VO,),, which is isostructural with
Mg;V,04,'° consisting of [NiO4] octahedra linked to [VO,]
tetrahedra,'® is expected. Magnesium vanadates are currently
used as oxidative dehydrogenation catalysts, and it is expected
that Mg/Ni exchange would give rise to changes in surface
acidity, thus changing the catalytic properties, as already
reported for Ni-Al-V, Ni-Cr-V, and Mg-Cr-V mixed oxides
obtained upon calcination of hydrotalcites containing inter-

layer decavanadate,!” while it has also been reported!®!° that
nickel vanadates can host intercalated Li ions for use in solid
state batteries.

Experimental
Sample preparation

All chemicals used were from Fluka (Switzerland), and gases
were from L’Air Liquide (Spain). Two samples, A0 and BO,
were prepared, with different nominal Ni/V ratios (see
Table 1). Syntheses were carried out following the constant
pH method described by Reichle et al?®?' using Schlenk
methods to work under an inert atmosphere.?> A solution
(200 ml) containing V(ur) and Ni(ir) chlorides in the selected
ratio was slowly added to 250 ml of a solution containing
0.14 mol Na,CO; and 0.42 mol NaOH, under similar con-
ditions to those previously described to prepare analogous
Mg (un)-V(m) hydrotalcites.>!?1* The precipitates obtained
were hydrothermally treated at autogenous pressure at 125 °C
for 7 (samples Al and B1) or 14 days (samples A2 and B2)
in stainless steel Phaxe 2000 bombs lined with Teflon. In all
six cases, the solid was centrifuged and washed until total
removal of Na™ and C1~ 2 and dried in a desiccator with CaCl,.

Characterisation

Elemental chemical analyses for nickel and vanadium were
carried out by atomic absorption in a Mark-2 ELL-240
apparatus at Servicio General de Analisis Quimico Aplicado
(University of Salamanca, Spain).

The powder X-ray diffraction (PXRD) patterns were
recorded in a Siemens D-500 diffractometer equipped with

Table 1 Elemental chemical analysis results and formulae of the
samples

Sample Ni* V¢ Ni/V®  Formula®

A0 3451 1224 245 [Nig;Voa0(OH),[(CO3)0 15:0.92H,0
Al 3627 1237 2.54  [Nig+2Vo25(OH),1(CO3)014°0.72H,0
A2 36.80 1217 2.63  [Nig~2Vo25(OH),(CO3)014°0.58H,0
[
[

BO 3587 775 402 [NigsoVo20(OH),1(CO5)0100.89H,0
Bl 3629 726 435  [NiggiVo1o(OH),(CO3)0 10:0.84H,0
B2 38.85 7.43 453 [Nigs2Vo1s(OH)21(CO3)p.000.96H,0

2% weight. *Molar ratio. “Values have been rounded to the closest 0.01.
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Diffract-AT software and a DACO-MP microprocessor,
copper (4=1.5405 A) tube and graphite filter. The crystalline
phases were identified from comparison with JCPDS
databases.

Differential thermal analyses (DTA) and thermogravimetric
(TG) analyses were carried out in Perkin-Elmer DTA 1700
and Perkin-Elmer TGS-2 instruments, respectively, coupled to
a Perkin-Elmer 3600 data station. The analyses were carried
out under a flow of air or nitrogen (60 ml min~') at a heating
rate of 12°C min 1.

The FT-IR spectra were recorded following the KBr pellet
technique in a Perkin-Elmer FTIR-1730 spectrometer, with a
nominal resolution of 4cm~! and averaging 100 scans to
improve the signal-to-noise ratio.

The nitrogen adsorption—desorption isotherms for specific
surface area and porosity assessment were recorded at — 196 °C
in a Gemini instrument from Micromeritics, after degassing
the samples for 2 h at 150°C in a Flowprep 060 apparatus,
also from Micromeritics; the isotherms were analyzed using
literature software.?*

Temperature-programmed reduction (TPR) runs were
performed in a TPR/TPD 2900 instrument from
Micromeritics, using a 5% H,/Ar (by volume) mixture to
reduce the samples. Amounts of samples of ca. 15 mg were
used, and the gas flow, sample weight and heating rate
(10°C min~') were chosen in order to attain good resolution
of the reduction peaks.?® The gas, at the reactor exit, was
passed through a cold trap (melting isopropanol) to retain
vapours and condensable gases before entering the detector.

Results and discussion
Hydrotalcites

All samples were green, their intensity depending on the Ni
content. Chemical analysis results are summarized in Table 1;
the formulae, also included in Table 1, were determined
assuming carbonate as the single anion in the interlayer (FT-
IR results below), while the water contents were calculated
from TG measurements (see below). The Ni/V ratios in the
solids obtained are slightly larger than those in the starting
solutions; this sort of disagreement is usually found when
synthesizing LDHs.®> Upon hydrothermal treatment, the ratio
steadily increases, indicating that some changes take place in
the solids; this treatment also leads to higher crystalline solids
(see PXRD results below), as concluded from sharper and
more intense diffraction peaks for samples X1 and X2 than
for samples X0. The ionic radii of Ni(i1) and V(i) in octa-
hedral coordination (i.e., that attained in the M(OH )¢ units
of the brucite-like layers) are 0.83 and 0.78 A, respectively.?®
Substitution consequently leads to some sort of distortion and,
probably, under hydrothermal treatment, removal of distorting
V(1) cations is favoured.

The water content in the interlayer is within the expected
values for this sort of material. Assuming a close packing of
carbonate and water molecules in the interlayer, and assuming
that the size of an oxide ion is the same as that of a water
molecule, and one third of a carbonate anion, the maximum
number of water molecules in the interlayer, per ‘formula’ of
hydrotalcite-like material ((M", - M™ (OH),] (CO;),,,,nH,0)
would be n <2—3x/2.?” The experimental values (see Table 1)
are always lower than the maximum expected value, probably
because of preferred orientation of the interlayer species, due
to hydrogen bonding.

Powder X-ray diffraction patterns for all six samples are
included in Fig. 1. Ascription of the peaks recorded to diffrac-
tion planes was done assuming a 3R packing of the layers®:>°
and the a and ¢ values calculated as follows. In this packing,
the spacing corresponding to the first harmonic, planes (003),
at low 20 values corresponds to one third of the ¢ dimension,
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Fig. 1 PXRD patterns for the samples studied.

and the second harmonic, planes (006), to one sixth of such
a value. If the peaks are sharp enough, determination of ¢ is
performed from the position of any of them; however, as the
peaks are somewhat broad, dimension ¢ has been calculated
averaging both positions, according to:

¢=(3/2) [d(oo3)+2 do0e)]

On the other hand, the value of a, corresponding to the
average cation—cation distance in the brucite-like layers, is
related to the position of the peak due to planes (110), the
first (low 20) of the doublet recorded close to 20 =60°, by:

a=2 dy

The values calculated for ¢ and ¢ for all six samples are
included in Table 2, together with the experimental and calcu-
lated (assuming 3R packing) positions of the main maxima
recorded, and with JCPDS data for hydrotalcite. The value of
lattice constant a slightly increases for the samples submitted
to hydrothermal treatment, if compared to those for the parent
samples; this could be due to the progressive removal of V(1)
from the brucite-like layers (leading to larger Ni/V ratios),
and following Vegard’s rule, a increases as the content of
Ni(r), with a larger ionic radius, increases; nevertheless, the
variation is extremely small, and the values are almost coinci-
dent for both series of samples. On the other hand, when
comparing the values for parameter c, it is observed that, for
a given series of samples (A or B), it decreases as the Ni(1r)
content does, although, if the value of ¢ were related to the
ionic radii of the cations in the brucite-like layers, the opposite
effect would be observed; the ¢ value for a series B sample is
always larger than that for the corresponding series A sample.
This may be related to the different Ni(mr)/ V(1) ratio. As the
content of the trivalent cation decreases, the formal positive



Table 2 Calculated and experimental spacings (A) for main diffraction maxima of the samples, their ascription, values for hydrotalcite from

JCPDS file 14-191 (HT), and lattice parameters a and ¢ (A)

A0 Al A2 BO Bl B2
dexp dcalc dexp dcalc dexp dcalc dexp dcalc dexp dcalc dexp dcalc (hkl) HT
7.79 7.79 7.67 7.67 7.65 7.65 7.95 7.95 7.89 7.89 7.86 7.86 (003) 7.69
3.88 3.90 3.82 3.84 3.81 3.83 3.92 3.98 3.92 3.95 3.90 3.93 (006) 3.88
2.59 2.60 2.60 2.56 2.60 2.55 2.58 2.65 2.60 2.63 2.60 2.62 (009) 2.58
2.59 2.58 2.60 2.60 2.60 2.60 2.58 2.59 2.60 2.60 2.60 2.60 (012) 2.58
2.32 2.31 2.32 2.31 2.31 2.31 2.34 2.32 2.34 2.32 2.32 2.32 (015) 2.30
1.98 1.96 1.90 1.96 1.94 1.95 1.93 1.98 1.96 1.98 1.94 1.98 (018) 1.96
1.53 1.53 1.54 1.54 1.54 1.54 1.53 1.53 1.54 1.54 1.54 1.54 (110) 1.53
1.51 1.51 1.51 1.51 1.43 1.50 1.52 1.51 1.51 1.51 (113) 1.50
23.31¢ 22.97 2291 23.84 23.75 23.49 23.07
3.06° 3.08 3.08 3.06 3.08 3.08 3.06

“Lattice parameter c. "Lattice parameter a.

charge of the layers decreases as well, and thus the electrostatic
forces between the layers and the interlayer anions, therefore
increasing the spacing (value for series B larger than for series
A).23° The differences among the samples within a given
series should be related to the changes introduced by the
hydrothermal treatment, probably a better packing of the
layers.

The PXRD peaks become sharper and more intense upon
submitting the samples to hydrothermal treatment; we have
previously shown-3° that this effect is important for treatments
shorter than 7 days, becoming less evident when the hydrother-
mal treatment is prolonged. The lack of symmetry of the peaks
due to (hkl) planes with ##0 and k+#0 is probably due to a
turbostatic disorder between the layers.

Differential thermal analysis curves for selected samples are
shown in Fig. 2. As the samples contain oxidizable cations,
the analyses were recorded both in nitrogen (inert) and in
oxygen (oxidant). The curves recorded for sample A0 (in
nitrogen) and for sample BO (both in nitrogen and in air) are
coincident with those reported®3!:32 for this sort of material,
with a first endothermic peak around 130 °C, associated with
removal of interlayer water molecules, and a second peak at
ca. 330°C, due to removal of layer hydroxyls (condensed to
water molecules) and interlayer carbonate anions (as CO,).
However, the curve recorded for sample A0 in air is completely
different and, after the first endothermic peak, an ill-defined,
broad endothermic peak is recorded. This behaviour is

107~ 7
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Fig. 2 Differential thermal analysis and thermogravimetric analysis
curves for selected samples. The diagrams were recorded in air (dotted
line) and in nitrogen (solid line).

undoubtedly related to the presence of oxidizable cations,
V (), in the sample. During calcination in air, the V(ur) ions
are oxidized, an exothermic process which presumably takes
place in the same temperature range as the endothermic
removal of water and CO,; consequently, both effects become
almost completely cancelled. In the case of sample B0, however,
the exothermic effect seems to be absent, probably because
the amount of heat released during oxidation is sensibly
smaller than in the case of sample A0, due to the much lower
V(1) content in sample BO. When comparing samples B0 and
B2, Fig. 2, it can be observed that while the second endothermic
effect seems to be about the same in both cases, the first
endothermic effect is much sharper for sample B2 than for
sample B0. Probably, hydrothermal treatment has led to a
higher crystallinity of the samples, decreasing the temperature
range for water removal.

These conclusions coincide with those which can be obtained
from the TG results; the curves for the original samples (AO
and BO0) are included in Fig. 3. In all cases, two consecutive
weight losses are recorded, the inflexion points of which
roughly coincide with the minima of the DTA curves, and so
a correlation can be established between the thermal effects
giving rise to these curves; weight losses are observed at slightly
lower temperatures when the analysis is carried out in nitrogen
than when it is carried out in air.

It should be noted that, for sample AO, the weight loss
recorded in air is lower than when the pattern is recorded in
nitrogen. This difference comes from the oxidation process,
V(m)—V(v), taking place in air. Upon heating and decompo-
sition, hydrotalcites give rise to mixed oxides. From a Mg,Al-
CO; hydrotalcite, MgO and MgAl,O, are formed;3*33-3* from
a MgV-COj; hydrotalcite, MgO and V,0; (or solids related to
these) will be formed in nitrogen, but MgO and V,Os in
oxygen, thus accounting for the larger weight in air of the
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Fig. 3 Thermogravimetric analysis curves for parent samples. The
diagrams were recorded in air (dotted line) and in nitrogen (solid line).
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final solid, i.e., a lower weight loss. The fact that sample B0
gives rise to a total weight loss coinciding (within experimental
error) in air and in nitrogen can be explained by taking into
account that the extremely small vanadium content in this
sample makes it difficult to distinguish any difference in the
weight of the solid obtained after heating.

As the first weight loss is attributed to removal of interlayer
water molecules,>>3® their determination can be straightfor-
wardly carried out; the values obtained are included in Table 1.

FT-IR spectroscopy was applied in order to confirm the
nature of the interlayer anion; it is well known that carbonate
is strongly held in the interlayer space of hydrotalcites®’-3® and
that polyvalent anions are hosted in preference to monovalent
ones; thus, intercalation of carbonate, rather than nitrate, is
expected. On the other hand, formation of crystals where two
different sorts of anion coexist in the interlayer space is
strongly unstable,* and so if two different anions, with different
molecular size and/or orientation in the interlayer space, exist
in the interlayer, two series of high order reflections are usually
recorded in the PXRD diagrams.>°

The spectra for samples Al and B1 are shown in Fig. 4; no
major differences were found for samples A2 and B2, while
for samples A0 and BO the bands recorded were slightly
broader. The broad band around 3400 cm~! is due to OH
stretching of hydrogen-bonded hydroxyl groups and water
molecules. Note the extreme broadness of this band on the
low wavenumber side, which is probably due to the presence
of a weak shoulder around 3200 cm !, which was previously
ascribed to the OH stretching mode of water molecules hydro-
gen bonded to interlayer carbonate anions.?’-3>4° The group
of weak bands around 2928 cm ™! are due to vey modes of
adsorbed organic impurities, while the weak feature at
2354 cm™! is due to a miscancellation of the bands due to
gaseous CO, during recording of the spectra of the sample
and the background. The band close to 1635 cm ~ ! is originated
by the bending mode of interlayer water molecules.

Most of the bands in the low wavenumber region (below
1000 cm ') are due to metal-oxygen vibration modes and
their assignment is rather complicated, taking into account
the similarity between the atomic weights of Ni and V. The
remaining absorptions are mostly due to carbonate modes.
The band at 1366+5cm™!, with a weak shoulder at ca.
1482 cm ! in sample B1, comes from splitting of the band due
to the v; mode of carbonate. Although this band is recorded
at 1450 cm ! for free carbonate, it shifts and splits as the
symmetry (Ds;, in free carbonate) is decreased; the cases of
calcite (symmetry D5, band at 1492—1429 cm ~') and aragonite
(symmetry C,, bands at 1502 and 1492 cm~!) are well docu-
mented in the literature.*"*?> Such a shift has already been
reported for other carbonate-containing hydrotalcites.*

Transmittance/%
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Fig. 4 FT-IR spectra for samples Al and BI.
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Larger deviations have been reported recently for Mg,AlY
hydrotalcites,*® where, in addition to a decrease in the local
symmetry of the carbonate anion in the interlayer, electrostatic
interactions should arise from the heavy distortion of the
brucite-like layers due to the different sizes of the cations.
Correspondingly, activation of the totally symmetric mode,
v;, slightly above 1000 cm ', is observed in both cases, Fig. 4.
Other bands due to carbonate are recorded at lower wave-
numbers. In any case, the bands due to carbonate are sharper
and stronger in series B samples than in series A ones;
probably, the lower carbonate contents permit in some way a
more symmetric disposition of the carbonate anions in the
interlayer.

Temperature-programmed reduction (TPR) curves were
rather similar for all six samples; those for samples Al and
Bl are shown in Fig. 5. From previous TPR studies on
hydrotalcites** it was concluded that under the experimental
conditions used, Ni(i) ions are reduced to the zero-valent
state, while V(1r) ions are not reduced; carbonate is removed
instead of being reduced to C or hydrocarbons. So, the single,
although asymmetric, peak recorded in both cases at ca. 400 °C
should be due to reduction of Ni(u), which takes place with
a nominal H,/Ni consumed molar ratio of 1.0. In these
samples, the experimental ratios, as calculated from the nickel
content obtained by elemental chemical analysis (Table 1) and
hydrogen consumption (related to the area under the recorded
curve), were 1.08 and 1.06, respectively, for samples Al and
B1, thus confirming reduction of Ni(ir). Although the differ-
ence from the expected value is within experimental error, a
partial oxidation of V ions close to the particle borders would
account for the values being larger than unity.

The nitrogen adsorption—desorption isotherms were
recorded at —196 °C. Those for samples Al and BI are shown
in Fig. 6. Both correspond to type II in the TUPAC classifi-
cation,*® although a type H4 hysteresis loop is recorded for
sample Al; this shape corresponds to the presence of slit-like
mesopores, formed by plate-like particles. Although the nitro-
gen molecules are not small enough to enter in the interlayer
space (and swelling of the structure is not expected, due to the
non-polar nature of the N, molecule, and the low temperature
at which adsorption is measured), probably the primary

3 T T T T T T T
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Fig. 5 TPR profiles for samples Al, Bl, A-450, B-450, A-1000, and
B-1000.
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Fig. 6 Nitrogen adsorption—desorption isotherms for samples Al
and Bl.

particles are associated in plates. The curve recorded for
sample B1, also corresponding to type II, shows, however, a
narrow hysteresis loop, corresponding to type H3, ascribed to
mesopores open at both ends, probably slit-like pores in these
samples. The specific surface areas calculated were 72 m? g~ !
for sample Al, and 97 m? g~ ! for sample B1; similar values
were obtained for samples A2 and B2, and the samples did
not contain micropores, as concluded from the z-plots.*°
Adsorption abilities of samples Al and A2 were similar, as
those of samples B1 and B2, as confirmed from the f-plots.*’

Calcined products

As it is well known, one of the most interesting uses of
hydrotalcites and related materials is as precursor for prep-
aration of well dispersed mixed oxides. As cations in the
hydrotalcite are homogeneously located in the brucite-like
layers, upon calcination they lead to phases where such a
homogeneous dispersion is preserved. However, it is difficult
to obtain pure phases, because the M(1)/M(11) ratio in
hydrotalcites is different to that existing in spinels. According
to data in the literature,? such a ratio should be between 2
and 5 to avoid coprecipitation, when synthesizing the hydrotal-
cite, of the corresponding M(OH); or M(OH), hydroxides.
Calcination of a M (11)-M (1) hydrotalcite (without oxidizable
cations) thus leads to a mixture of M"O and M"M'",0,.48:4°
However, if oxidizable cations exist, other products can be
formed,® due to simultaneous decomposition and oxidation.
In the present study, we calcined samples Al and B1 (better
crystallized than samples A0 and B0) in air for 2 h at tempera-
tures selected from the DTA curve. The temperatures chosen
were 150, 250, 300, 450, 550, 750, and 1000 °C. The first one
corresponds, approximately, to the temperature just after the
first endothermic effect, due to removal of interlayer water;
the second and third temperatures are just before and at the
second effect; 550 °C corresponds to the end of the thermal
effects, and, finally, samples calcined at 750 and 1000 °C should
be hopefully crystalline enough to determine unambiguously
the phases present. These samples are named as A-T (B-T),
where T stands for the calcination temperature, in °C, and
have been characterized by PXRD, FT-IR spectroscopy and
texture assessment by nitrogen adsorption at —196 °C.

The PXRD diagrams for series B-7" are shown in Fig. 7.
Differences with the behaviour shown by samples A-T were

B-1000

Detector response/c.p.s.
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B Q
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Fig. 7 PXRD patterns for sample Bl calcined at the temperatures
given (°C) (* =diffraction peaks due to the Al sample holder).

only evident after calcination at high temperatures, and will
be commented upon below.

Calcination at 150 °C does not destroy the layered structure,
as high order reflections due to planes (%#00) are still recorded,
although shifted towards higher 20 values (lower spacings),
probably due to removal of interlayer water molecules; also,
these peaks broaden slightly, indicating a decrease in crystal-
linity. Upon calcination at 250 °C sharp diffraction peaks are
no longer recorded, and four broad diffractions are recorded,
positions of which coincide with those of the presumably
dehydrated sample after calcination at 150 °C. It seems that
the layered structure (highly disordered) is stable up to ca.
450 °C. Calcination at this temperature, however, leads to a
profile with only three broad reflections, the positions of which
coincide rather well with those reported in the literature for
the rock-salt structure NiO, without any reflection which could
be attributed to any V-containing material. This behaviour is
not unusual, and in the case of Mg,Al hydrotalcites, crystalliz-
ation of the spinel, in addition to MgO, is observed only after
calcining the samples at temperatures as high as 1000 °C,30-34
while Al(mr) ions are dissolved in the MgO lattice at lower
temperatures. This situation gives usually rise to small shifts
in the positions of the peaks, with respect to those reported
for pure MgO, because of the difference in the ionic radii of
Mg(u) and Al(mr). In our case, however, the peak recorded
at 2.55A for the sample calcined at 300°C is at a higher
spacing than the peak due to NiO (2.41 A), and that at 1.49 A
is recorded also at a higher spacing (1.475 A for NiO); but
the position of the central peak coincides with that reported
for NiO (2.09 A). If the shift were originated by an isomorphic
Ni/V substitution, it would be expected that the shift would
be in the same direction in all cases (towards larger or towards
smaller spacings). These findings mean that the shift is not
due to such an isomorphic substitution.

When the calcination temperature is increased to 750 °C,
many well defined, sharper peaks are recorded, this finding
being more evident after calcination at 1000°C. It can be
easily observed that the new peaks are somewhat ‘grouped’ in
the 20 ranges where the diffraction peaks due to NiO are
recorded. In other words, the broad peaks recorded close to
2.5,2.1, and 1.5A (ca. 20=36, 42, and 63°) in the profile of
the sample calcined at 450 °C should correspond to diffraction
by extremely distorted, ill-crystallized species, which crystallize
upon heating at high temperature, thus resolving into sharp,
well defined peaks. On comparison with literature reference
data, the peaks recorded (both for series A-T and for series
B-T') correspond, in addition to NiO (bunsenite, JCPDS file
4-835), to Niz(VO,), (JCPDS file 37-353). It should be noted
that, due to the small amount of sample available in some
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Fig. 8 FT-IR spectra of sample Al (original) and calcined at 450
and 1000 °C.

cases, Al sample holders were use(}, and so diffraction peaks
due to Al (2.338, 2.022, and 1.432 A) were recorded, and were
used as a sort of ‘internal reference’. As mentioned above,
Ni;(VO,), is isostructural with Mg;V,0g, and crystallization
of Mg;V,04 upon calcination of Mg,V hydrotalcites has been
previously reported.>!'3

No major difference could be observed between the
behaviour of samples A-T and B-T; in both cases mostly
amorphous materials were formed at intermediate calcination
temperatures, giving rise to crystalline Ni;V,0g and NiO at
750 and 1000 °C. The only difference was in the relative
intensities of the diffraction lines due to NiO and NizV,Og,
the former being more intense for series B samples than for
series A samples, as expected from the relative amounts of Ni
and V in the parent samples (see inset in Fig. 7).

FT-IR spectra for samples A-T and B-T confirm the
conclusion reached from the PXRD study: carbonate is com-
pletely removed after calcination at 450°C, and at 1000 °C
bands are recorded below 900 cm ™! which can be ascribed to
different vibration modes of tetrahedral [VO,] units (see
Fig. 8); the positions of the main bands, as well as their
assignments, from comparison with literature data>® are
included in Table 3.

Temperature-programmed reduction (TPR) profiles for
samples calcined at 450 °C and 1000 °C are included in Fig. 5.
As shown by PXRD data above, calcination at 450 °C leads
to mostly amorphous samples (where FTIR data show removal
of carbonate), while at 1000 °C crystallization of well defined
phases has been completed. Hydrogen consumptions calcu-
lated from these curves were larger than those needed for
reduction of Ni?* to Ni° only, indicating that other reducible
species (absent in the uncalcined samples) exist in these

Table 3 Positions (cm ') and assignments of bands recorded in the
spectra of samples Al and BI calcined at 1000 °C

A-1000 B-1000 Assignment
891 892 Vas(VO,)
829 828 vs(VO,)
700 702 Vs (VOV)
482 482 v,(VOV)
428 428 0,5(VO,)
339 338 0,(VOy,)
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samples. The values measured are in agreement with, in
addition to reduction of Ni** to Ni°, a V**—V3* reduction,
ie., oxidation of V3* has already taken place at 450°C, in
agreement with the DTA profiles recorded in air (see Fig. 2).

However, note also the different shape of the curves as the
calcination temperature is increased. For samples calcined at
450 °C a single reduction peak is recorded, at slightly higher
temperature than that needed to reduce Ni** in the original
samples. On increasing the calcination temperature to 1000 °C,
a double peak is recorded, with a broad maximum at ca.
430°C, and a sharper one at ca. 550 °C. Between these two
temperatures, shoulders can be also observed; the resolved
shoulders in the first maximum for sample B-1000 are probably
also present in the reduction profile of sample A-1000, but as
in this case the peak is weaker, they can be hardly detected.

The area under the curve corresponds, once normalized and
calibrated, to the amount of hydrogen consumed during
reduction. In these samples, as two different cations are
reduced, and two peaks are recorded (for samples calcined at
1000 °C), it seems easy to ascribe each peak to a reduction
process. However, this is not always straightforward.

Elemental chemical analysis for sample A-1000 gives 44.7%
Ni and 15.12% V. Assuming NiO and Niz(VO,),, ie., the
crystalline phases detected by PXRD, are the only phases
existing in this sample (and vanadium is acting as a limiting
reagent), its formula corresponds to Niz(VO,),2.14NiO. If
reduction of Ni?* (to Ni®) and V°* (to V3") takes place in
two different steps, the ratio between the integrated areas of
the peaks would be 5.14:2, ie., 2.57:1; otherwise, if each
crystalline species is reduced in a single step, then the ratio
between the corresponding reduction peaks would be 2.14:1.
However, a tentative deconvolution of the two peaks recorded
for sample A-1000 indicates a ratio (second peak:first peak)
of 6: 1. Similar results were obtained for sample B-1000 (44.5%
Ni, 9.1% V), with an assumed formula of Ni3;(VQ,),-5.5NiO;
so, step-by-step reduction of cations would lead to a ratio
between the areas of the peaks of 4.3:1, while if step-by-step
reduction of crystalline species takes place, the expected ratio
would be 0.9:1; the experimental ratio was 2:1. These results
indicate that, unfortunately, no further information can be
concluded from the TPR results on the reduction sequence of
these materials. Probably, reduction of Ni** and V° takes
place simultaneously, and the different peaks are a consequence
of different reduction kinetics, probably related to different
crystallite size, proximity to crystallite edges, etc.

The specific surface areas of the samples, as well as their
pore volumes, have been measured from the corresponding
nitrogen adsorption—desorption isotherms at —196°C. The
changes in these variables with the calcination temperature
have been plotted in Fig. 9. As observed previously with other
hydrotalcite-like materials,3%31>2 an increase is observed up

200 0.5
—e— A-T(SBET) —&— A-T(Vp)

—S—B-T(YP) |{ 0.4

—e— B-T(SBET)

0 T T T T T T T 0
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T/°C

Fig. 9 Changes in specific surface area and pore volume for samples
Al and BI1 with the calcination temperature.



to intermediate calcination temperatures, where PXRD data
indicate formation of mostly amorphous materials. At higher
temperatures, where crystallization of NiO and Niz(VO,),
takes place, both the specific surface area and the pore volume
sharply decrease. Calcination below 550 °C leads to type IV
isotherms in the case of the A samples (type II for samples
B), due to capillary condensation in mesopores, where adsorp-
tion is limited for high relative pressures; the hysteresis loop
is characteristic of pores with narrow necks. The width of the
hysteresis loop decreases as the calcination temperature is
increased, and also in this same sense decreases the
adsorption capacity.

When the calcination temperature is increased, the specific
surface area decreases, and values close to 5m? g~! were
measured for the samples calcined at 1000 °C. Formation of
micropores is also observed at intermediate temperatures, but
they represent merely ca. 10% of the total surface area.

Pore size distribution curves were also rather similar for
both series of samples. A narrow distribution of pore size is
observed for the uncalcined solids (ca. 4 nm); the maximum
shifts towards larger diameters as the calcination temperature
is increased, and simultaneously broadens.

Conclusions

The synthesis method followed leads, upon thermal treatment,
to well crystallized, single phase, hydrotalcites, with Ni(1r) and
V() in the brucite-like layers, and with interlayer carbonate
ions, with their molecular plane parallel to the brucite-like
layers. This is the first description in the literature of LDH
materials containing simultaneously Ni(i) and V().
Oxidation of V(1) to higher oxidation states is negligible. On
reduction, Ni(11) is reduced to Ni(0) at ca. 400 °C, and V(1)
is not reduced. Calcination at increasing temperatures leads
to destruction of the layered structure and progressive forma-
tion of NiO and Ni,V;0q, after calcination at 750 °C, this
crystallization leading to a sharp decrease in the specific
surface area.
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