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A series of nickel-aluminum mixed hydroxides was prepared by coprecipitation and their struc- 
ture and composition was examined by X-ray diffraction and thermal analysis. The homogeneity of 
the Ni(II) and AI(III) cations in the brucite-type layers has been verified by EXAFS spectroscopy. 
The hydrotalcite-type precipitates were calcined and the composition of the resulting mixed oxides 
investigated. The selective dissolution of a Ni-doped alumina phase has been performed in concen- 
trated NaOH solution. The alumina phase significantly contributes to the surface area of the mixed 
oxides but is suggested to play a minor role for the thermal stability of nickel oxide. A model for 
the nickel-aluminum mixed oxides obtained from hydrotalcite decomposition is proposed to involve 
the formation of nickel oxide and Ni-doped alumina phases in strong interaction with partially 
decomposed precursor layers or with a spinal-type phase at the NiO-A1203 interface. The latter 
phase is thought to be responsible for the thermal stabilization of the nickel oxide phase. © 1992 
Academic Press, Inc. 

INTRODUCTION 

Hydrotalcite-type anionic clays are cur- 
rently used as precursors for aldol conden- 
sation and epoxide polymerization (1-3), 
hydrogenation (4-7), and steam-reforming 
catalysts (8-10). The nickel-aluminum 
mixed oxides resulting from the thermal de- 
composition of hydrotalcite-like coprecipi- 
tates are among the most studied catalysts 
precursors for steam-reforming and metha- 
nation reactions. The interest in these ox- 
ides is due to remarkable properties of the 
final catalysts, such as a high metallic dis- 
persion and a high particle stability against 
sintering under extreme conditions for 
nickel contents up to 75 wt% (11-17), Two 
models have been proposed to explain the 
origin of the stability of the nickel particles 
after reduction. The nucleation of an alu- 
mina phase on the surface of the nickel crys- 
tallites as reduction proceeds has been pro- 
posed (13). This nucleation was thought to 
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occur by diffusion of aluminum ions from 
the bulk of the nickel oxide particles. The 
alumina phase, together with a Ni-doped 
alumina formed during calcination, was con- 
sidered as a support in intimate contact with 
the nickel particles preventing particle sin- 
tering. This model was supported by an elec- 
tron microscopy investigation of the cata- 
lysts after extraction of nickel as nickel 
carbonyl (18). This study showed a porous, 
sponge-like structure, likely alumina, with a 
mesoporosity in which the nickel particles 
were trapped before extraction. 

In a second model, the nickel particles 
obtained by reduction of the calcined hydro- 
talcite precursors have been suggested to be 
"paracrystalline," the lattice of the nickel 
particles being strained by defects con- 
sisting of aluminate groups (9). The concept 
ofparacrystallinity, first applied to ammonia 
synthesis catalysts (19), may be applicable 
to nickel catalysts. Using a very simple 
mathematical model, Schultz has demon- 
strated how homogeneously distributed 
FeAI204 point defects in an iron matrix 

0021-9517/92 $3.00 
Copyright © 1992 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 



232 C L A U S E  ET AL.  

(paracrystallinity) induced an equilibrium 
iron particle size (20). The paracrystallinity 
of nickel particles was justified on the basis 
that the complete removal of the aluminate 
groups from the nickel lattice during reduc- 
tion would be energetically unfavorable. An 
original model of the Ni-A1 oxide form 
named "continuously variable phase 
model" was also proposed (9). 

The composition of the mixed oxides was 
relatively homogeneous and there was a 
continuous evolution from an Al-doped 
nickel oxide to a "spinel-like material" and 
finally to true spinel and nickel oxide phases 
with increasing calcination temperature. No 
alumina phase was detectable by X-ray dif- 
fraction independent of the calcination tem- 
perature. However, this model failed to ex- 
plain the reasons for the thermal stability 
of the nickel oxide particles in the calcined 
state. 

In this paper we have studied the thermal 
stability and reducibility of mixed oxides 
obtained from hydrotalcite-type precursors. 
The structure of the coprecipitates has been 
investigated by thermogravimetric analysis, 
X-ray diffraction, and EXAFS techniques 
to ensure that the coprecipitation operation 
does not induce heterogeneities such as sep- 
arated phases of nickel hydroxide or alumi- 
num hydroxide. The existence of an alumina 
phase in the calcined precursors is discussed 
in view of the loss of aluminum upon wash- 
ing the solid with hot alkaline solutions, the 
nickel oxide being insoluble under these 
conditions. The thermal stability and reduc- 
ibility of the washed mixed oxides have been 
examined. Finally, a new model for the 
calcined precursor involving the presence 
of a very stable compound at the nickel 
oxide-alumina interface is proposed. This 
model provides an explanation for the prop- 
erties of the calcined precursors and the sta- 
bility of the reduced catalysts. 

EXPERIMENTAL 

Hydrotalcite-type precursors were pre- 
pared by coprecipitation at pH 8.0 +- 0.1 by 
adding a solution of the nickel and aluminum 

nitrates to a solution containing a slight ex- 
cess of NaHCO3. The Ni/A1 molar ratios in 
solution ranged from 0.3 to 3.0. The copre- 
cipitates were kept in suspension at 60°C 
for 30 rain under stirring then filtered and 
washed with distilled water at 60°C until 
Na20 contents lower than 0.02% w/w were 
reached. The coprecipitates were then sub- 
jected to a hydrothermal treatment (200°C, 
2.5 MPa, 48 h) using a Teflon-lined container 
so as to avoid the formation of nickel sili- 
cates (from glass). The materials were then 
dried overnight in an oven at 100°C. 

The Ni and A1 contents in the coprecipi- 
rates were determined by X-ray fluores- 
cence spectroscopy. The precursors were 
calcined in air for 12 h at various tempera- 
tures ranging from 350 to 900°C. The cal- 
cined samples were subsequently treated 
with sodium hydroxide solutions as follows: 
suspensions of 0.2 g of sample suspended in 
100 cm 3 of a 1 N sodium hydroxide solution 
were refluxed at 90°C under energetic stir- 
ring. The solutions were then filtered and 
the resulting materials rinsed with distilled 
water. The Ni(II) and AI(III) concentrations 
in the washing solutions and in the insoluble 
materials were determined by atomic ab- 
sorption and X-ray fluorescence spectrom- 
etries, respectively. The alkaline treatments 
were performed in polyethylene containers 
so as to prevent glass dissolution leading 
to nickel silicate formation. Likewise, the 
washing solutions were kept in glass-free 
containers. The absence of silicon ions in 
the NaOH-treated products is of paramount 
importance: the formation of nickel silicates 
greatly modifies the thermal properties of 
nickel oxide, hindering the reduction and 
stabilizing the NiO particle dimensions. 

The surface areas of the samples were 
determined on a Carlo Erba Sorptomatic 
Model 1700, using nitrogen adsorption. 

X-ray powder diffraction analysis was 
carried out with a Phillips PW 1820 diffrac- 
tometer using a cobalt target and a second- 
ary beam monochromator. The wavelength 
w a s  CoKo~l,  2 = 0.17209 nm. A Ko~I-KOz 2 de- 
convolution was performed before further 
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calculation on the XRD data. The lattice 
constants were determined by least-squares 
refinements. The nickel oxide crystallite 
size dimensions were obtained by the Scher- 
rer equation averaging the values obtained 
from (111), (200), and (220) reflections using 
the Warren correction for instrumental 
broadening. 

The temperature-programmed reduction 
profiles (TPR) of samples after various ther- 
mal treatments were obtained on a thermo- 
gravimetric device described previously 
(heating rate: 5°C/rain) (21). The weight 
losses, due to the reaction NiO + H 2 ~- 
Ni + H20 , were recorded as a function of 
temperature. Preliminary tests of water ad- 
sorption and desorption on calcined materi- 
als revealed that water was not adsorbed (or 
fully desorbed) at temperatures higher than 
200°C. 

EXAFS (extended X-ray absorption fine 
structure) measurements were performed at 
the LURE radiation synchrotron facility us- 
ing the X-ray beam emitted by the DCI stor- 
age ring. The energy was scanned with 2-eV 
steps starting from 100 eV below until 600 
eV above the Ni Kabsorption edge. A chan- 
nel-cut single crystal of silicon was used as 
a monochromator. The edge jump heights 
(/xx variation through the edge, x being the 
sample thickness) ranged from 0.8 to 1.2 for 
all samples and references. The analysis of 
the EXAFS spectra was performed follow- 
ing standard procedure for background re- 
moval, extraction of the EXAFS signal, and 
normalization to the edge adsorption. Fou- 
rier transforms of the EXAFS spectra were 
made after multiplication of the signal by a 
k 3 factor over a 3 to 12 ,~-] Hanning win- 
dow. The Hanning window was identical for 
the references and investigated systems. All 
fittings were performed both in E and R 
spaces. 

Samples were examined by transmission 
electron microscopy using a Jeol 120 CX at 
100 kV. Thin foils of the solids (about 70 
nanometers in thickness) were obtained by 
ultramicrotomy using a diamond knife on 
grains embedded in an epoxy resin. 
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FIG. l. XRD powder patterns of nickel-aluminum 
mixed hydroxides with different Ni/A1 molar ratios 
after hydrothermal treatment. 

RESULTS 

Characterization of the Coprecipitates 

The Ni/A1 atomic ratios in the coprecipi- 
tates were determined by X-ray fluores- 
cence and the results are reported in Table 
1. The Ni/A1 atomic ratios in solution before 
coprecipitation and in the mixed hydroxide 
precipitates are identical. Both Ni(II) and 
AI(III) ions quantitatively precipitate during 
preparation. 

A well-crystallized hydrotalcite-type 
structure is present in all samples; see the 
X-ray diffraction patterns in Fig. 1. In addi- 
tion to this structure, a boehmite-like alumi- 
num oxyhydroxide phase is observed in the 
samples with a Ni/A1 ratio below 2 (samples 
D and E). The hydrotalcite-type coprecipi- 
tates have a rhombohedral R-3 m symmetry. 
In the hydrotalcite-type structure, the Ni(II) 
and AI(III) cations are incorporated in bru- 
cite-type layers, the excess positive charge 
of the layers being compensated by carbon- 
ate ions in the interlayers (22). The a and c 
unit cell parameters (c corresponding to 
three times the distance between adjacent 
brucite-type layers) extracted from the XRD 
data, are presented in Table 2. The lattice 
constants obey Vegard's law in the Ni/A1 
molar ratio range 2 < Ni/A1 < 3 but are 
independent of the composition for Ni/A1 
ratios below 2, in accord with previous stud- 
ies (23). 

The TG-DTG diagrams of the samples in 
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TABLE 1 

Chemical Composition of Samples A - E  

Sample Chemical analysis Total weight 
loss (%) 

Ni A1 CO3 Ni/A1 on thermal 
(wt%) (wt%) (wt%) molar ratio decomposition 

Sample formulae 

A 40.7 6.33 5.4 3.0 32.0 
B 39.7 7.37 6.8 2.5 32.3 
C 37.7 8.40 8.8 2.0 33.0 
D 30.3 13.8 7.8 1.0 32.4 
E 18.7 26.1 n.d. 0.33 29.3 

[Ni0.75A10,25(OH)2](CO3)0.12 " 0.50 H20 
[Ni0.TzA10.z8(OH)2](CO3)0.14 • 0.54 H~_O 
[Ni0.67A10.33(OH)2](CO3)0.16 ' 0 .45  H 2 0  

Mixture of hydrotalcite and boehmite 
Mixture of hydrotalcite and boehmite 

air are presented in Fig. 2. For samples A, 
B, C, corresponding to Ni/A1 molar ratios 
between 2 and 3, two weight losses are de- 
tected: the first loss around 210°C may be 
attributed to interlayer water whereas the 
second one around 360°C is due to the dehy- 
droxylation of the brucite-type layers and 
the elimination of carbonate ions from the 
interlayers (22). The weight losses relative 
to the weight of starting material and the 
sample formulae, deduced from X-ray fluo- 
rescence and thermal analysis, are shown in 
Table 1. In addition to the two weight losses 
at 210 and 360°C, samples D and E exhibit 
an additional weight loss at 260°C, indicating 
the presence of another phase in these sam- 
ples. This weight loss increases with the alu- 
minum content in the samples (see Fig. 2): 
the presence of an aluminum (oxy)hydrox- 

TABLE 2 

X-Ray Diffraction Data for Samples A - E  

Sample Ni/AI Phases Hydrotalcite 
atomic ratio detected structure lattice 

by XRD constants (ran) 

A 3.0 Hydrotalcite-like 0,3041 2.317 
B 2.5 Hydrotalcite-like 0.3035 2.293 
C 2.0 Hydrutalcite-like 0.3027 2.272 
D /.0 Hydrotalcite-like 0.3028 2.270 

+ boehmite 
E 0.33 Hydrutalcite-like 0.3028 2.273 

+ boehmite 

ide phase in samples D and E revealed by 
XRD is thus compatible with TG-DTG 
analysis. 

The Fourier-transformed EXAFS spectra 
of samples A-E  at the Ni K edge are pre- 
sented in Fig. 3. The first peak from the 
origin of each spectrum is due to the first 
neighbors around the Ni(II) ions in the pre- 
cipitates, i.e., oxygen atoms belonging to 
water molecules or OH groups. Amplitude 
and phase functions for the Ni -O system 
have been extracted from the spectrum of 
stoichiometric NiO and the composition of 
the first peak of sample A is given in Table 3. 
The composition of the first peak of samples 
A - E  is visibly identical (see Fig. 3) and has 
been omitted for samples B-E.  The coordi- 
nation number is equal to 6.3 +- 1.0. Thus 
the Ni(II) ions maintain their octahedral co- 
ordination in the coprecipitates over the 
range of Ni/A1 ratios used in this study. 

The composition of the next nearest 
neighbor peak gives information on cation 
distribution in the brucite-type layers. An 
increase of the coprecipitate aluminum con- 
tent has a decreasing effect on the next near- 
est neighbor peak height; see Fig. 3. Thus 
the contribution of both nickel and alumi- 
num backscatterers must be taken into ac- 
count in the analysis of the peak composi- 
tion. The amplitude and phase information 
for the Ni-Ni  and Ni-A1 systems have been 
extracted from the spectra of reference com- 
pounds. A well-crystallized Ni(OH) 2 and 
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Fie. 2. TG (solid lines) and DTG (dotted lines) of 
nickel-aluminum mixed hydroxides with different 
Ni/A1 molar ratios after hydrothermal treatment: (a) 
Ni/A1 = 3; (b) Ni/A1 = 2.5; (c) Ni/A1 = 2.0; (d) Ni/ 
AI = 1.0; (e) Ni/AI = 0.33. 

Ni(OH)2 diluted in Mg(OH) 2 have been cho- 
sen as Ni-Ni and Ni-A1 absorber-scatterer 
pair reference materials, respectively. For 
the latter reference material, it should be 
noted that Ni(OH)2 and M g ( O H )  2 a r e  com- 
pletely miscible and that Mg and A1 masses 
are very close (24). Furthermore, the struc- 
ture of the brucite-type layered references is 
very similar to that of samples A-E.  Hence 
these references are well suited for the 
EXAFS analysis of nickel-aluminum copre- 
cipitates. The difference between the nickel 
and aluminum atomic numbers is high 
enough to distinguish aluminum from nickel 
retrodiffusor contributions by EXAFS spec- 
troscopy. The best fits of the next nearest 
neighbor peak composition in samples A-E  

TABLE 3 

Structural Parameters of Samples A - E  Determined 
by EXAFS Spectroscopy at the Ni K edge 

Sample Shell Distance o" (~_) Q Ni/A1 ~ 
atom (A) Number  

A O 2.08 6.3 0.08 0.0086 
Ni 3.07 5.1 0.09 0.0080 3.2 
A1 3.14 1.6 0.08 

B Ni 3.07 4.9 0.09 0.0170 2.7 
AI 3.16 1.8 0.07 

C Ni 3.07 4.6 0.09 0.0170 2.3 

A1 3.12 2.0 0.07 
D Ni 3.07 4,5 0.09 0.0120 2.3 

A1 3.12 2,0 0.07 
E Ni 3,07 4,5 0.09 0.0080 2,3 

AI 3.12 2,0 0.07 

Note. The best fits are obtained by minimizing 
Q - F = 1.0 • - 2  for all samples. 

a As determined from EXAFS measurements.  

the agreement factor 

are listed in Table 3. The precision on the 
nickel and aluminum numbers is -+0.4. The 
total next nearest neighbor number is 6.7 + 
0.8 for all samples. This value is compatible 
with a brucite-type structure for the precipi- 
tates. The contribution of the interlPyer car- 
bonate ions, such as that of nickel backscat- 
terers belonging to other layers, is 
negligible. For samples A-C,  the Ni/A1 ratio 
determined by EXAFS spectroscopy is 
slightly higher than that given by X-ray flu- 
orescence but the agreement, taking into ac- 
count the precision of the nickel and silicon 
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FIG. 3. Fourier-transformed EXAFS spectra (k 3 
weighted; without phase correction) of the precursors 
after hydrothermal treatment. 
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scatterer numbers, is correct. By contrast, 
for samples D and E the local environment 
around Ni(II) ions is exactly the same as 
that found in sample C; see Table 3 and Fig. 
3. Thus the EXAFS spectroscopy shows 
that for Ni/A1 atomic ratios lower than 2 the 
coprecipitation leads to the mixture of, first, 
a hydrotalcite-type mixed hydroxide with a 
Ni/A1 atomic ratio equal to 2 and, second, a 
Ni-free precipitate likely of aluminum hy- 
droxide or oxyhydroxide nature. This con- 
clusion agrees well with the XRD analysis. 

In conclusion, the repartition of Ni(II) and 
AI(III) ions in samples A-C is found to be 
very homogeneous. In particular, no segre- 
gation of aluminum hydroxide takes place 
in these samples. Conversely, the coprecipi- 
tation does not lead to a single phase product 
for Ni/A1 atomic ratios lower than 2, the 
formation of aluminum oxyhydroxide being 
revealed by X-ray diffraction and confirmed 
by thermogravimetric and EXAFS analysis. 
In this case, a subsequent calcination will 
probably lead to the formation of an alumina 
phase in addition to the products of decom- 
position of the hydrotalcite phase. One goal 
of this study is the characterization of a Ni- 
doped alumina phase among the products 
of decomposition of the nickel-aluminum 
hydrotalcite-type precipitates: the samples 
D and E have thus been excluded from the 
following characterization of the calcined 
precursors. 

Characterization of  the Calcined 
Precursors 

The XRD patterns of the precursors 
heated in air at various temperatures have 
been previously examained (9, 21, 23). The 
main results are: first, the only phase de- 
tected from 350 to 800°C is NiO. The NiO 
crystallite size increases slightly with the 
calcination temperature, showing a high 
thermal stability; see Table 4. No alumina 
phase is detected. Second, the nickel oxide 
lattice parameters are lower than those of 
pure nickel oxide, suggesting the presence 
of AI(III) ions inside the NiO particles. 
Third, the spinel-phase NiA1204 pattern is 

observed only when the calcination temper- 
ature reaches 850°C (21). Simultaneously 
the NiO average crystallite size undergoes 
a very fast increase, indicating a complete 
separation of NiO and NiAl204 phases. 

The Fourier-transformed EXAFS spectra 
at the Ni K edge of sample B calcined at 
350, 450, and 650°C are presented in Fig. 4 
with that of bulk NiO. The presence of 
nickel oxide particles in sample B calcined 
at 350°C is revealed by the characteristic 
features of NiO spectrum between 2 and 6 
A. The height of the next nearest neighbor 
peak increases with calcination tempera- 
ture: this fact is consistent with XRD data 
indicating an increase of the NiO particle 
sizes with calcination temperature (see Ta- 
ble 4). The determination of NiO particle 
sizes by EXAFS is in progress. This study 
should give more insight on the possible 
presence of other Ni-containing phases in 
addition to NiO. 

The specific surface areas of sample B 
calcined at various temperatures are re- 
ported in Table 4. There is a marked de- 
crease of the surface area for calcination 
above 900°C, in accord with previous work 
(13). 

In order to separate nickel oxide from alu- 
minum-rich phases, washing of calcined 
precursor with various acidic and alkaline 
solutions was performed. The calcined 
products were found to be completely solu- 
ble in acidic solutions. By contrast, a treat- 
ment in basic solutions did not affect the 
nickel oxide particles, whereas, significant 
amounts of aluminum ions were removed by 
dissolution into the liquid phase. 

Treatment of  Calcined Precursors by Hot 
Concentrated Sodium Hydroxide 
Solutions 

As the results for all samples A, B, C 
are identical, further discussion is limited to 
sample B. The AI(III) concentration in the 
washing solutions as a function of washing 
time for sample B calcined at 450 and 650°C 
is presented in Fig. 5. The AI(III) concentra- 
tion in the solution was found to rapidly 
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TABLE 4 

Composition, Specific Surface Area, and XRD Data of Sample B Calcined and NaOH treated 

2 3 7  

Calcination NaOH Water Recalcination Ni/A1 Surface Phases identified NiO crystallite NiO lattice 
temp (°C) treatment rinsing temp (°C) moIar ratio area (m2/g) by XRD size (rim) parameter a (rim) 

450 No  - -  - -  2.5 219 NiO 3.5 0.4154(5) 

650 No  - -  - -  2.5 147 NiO 5.5 0.4165(3) 

750 No  - -  - -  2.5 130 NiO 7.0 0.4178(2) 

900 No - -  - -  2.5 27 NiO >50  0.4 i76(2) 

+ NiAI204 

650 Yes No  - -  6.5 n.d. NiO 5.0 0.4173(3) 

+ Ni(OH) 2 Hydrate ° 
650 Yes Yes 120 6.5 n.d.  NiO 5.0 0.4174(3) 

650 Yes Yes 650 6.5 96 NiO 5,7 0.4181(3) 

Note. Lattice parameter of pure NiO according to JCPDS 04-0835:0.4177 nm.  n.d. ,  not determined. 
a See JCPDS 38-0715. 

reach a plateau (135 mg/liter for sample B 
calcined at 650°C; see Fig. 5). By contrast, 
the Ni(II) concentration in the washing solu- 
tions was always very low, around 0.5-2 
mg/liter for all samples. This low concentra- 
tion may be related to the low solubility of 
Ni(OH)2 at pH 14 in the absence of ammonia 
(27): the precipitation of nickel hydroxide 
during the NaOH treatment cannot be ex- 
cluded. The quantity of AI(III) ions re- 

maining in the washed mixed oxide was 
found to be independent of the volume of 
washing solution. 

The maximum concentration of AI(III) 
ions in solution, obtained after 2 h washing, 
as a function of the calcination temperature 
of the precursor is presented in Fig. 6. The 
solubility of the dried precursor is very low, 
such as that of nickel hydroxide. Likewise, 
the precursor calcined at 850°C, consisting 
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FIG 4. Fourier-transformed EXAFS spectra (k 3 weighted; without phase correction) of sample B 
calcined at 350, 450, 650°C, and of bulk NiO. 
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FIo. 5. AI(III) ion concentration in washing solution 
as a function of NaOH treatment time; (a) sample B 
calcined at 450°C; (b) sample B calcined at 650°C. 0.2 
g of calcined precursor was washed in 0.1 1 of molar 
sodium hydroxide solution. The calculated AI(III) ion 
concentration corresponding to the total oxide dissolu- 
tion is 227 rag/liter. 

of  large crystallites of nickel aluminate and 
nickel oxide, has a very low solubility in 
basic medium. The amount of AI(III) that 
passed in solution exhibits a maximum for 
calcination temperatures around 700°C: 
60% of aluminum initially present  in the cal- 
cined precursor  was dissolved. 

Electron micrographs of sample B before 
and after calcination at 650°C are shown in 
Fig. 7 and 8 and a micrograph of sample B 
after NaOH treatment in Fig. 9. The mor- 
phology of sample B is characteristic of a 
hydrotalcite-type precursor  (25, 26), with 
platelets about 20 to 60 nm in size. After 
calcination at 650°C, the general morphol- 
ogy is conserved but with a nodular appear- 
ance, see Fig. 8. These nodules are about  5 
nm in size and are probably the NiO parti- 
cles revealed by the XRD analysis. The nod- 
ules seem to be embedded in another  phase. 
The same description is valid for the mate- 
rial washed with NaOH;  see Fig. 9. In addi- 
tion to this morphology,  however ,  highly 
contrasted large particles are observed.  
These particles may arise from nickel hy- 
droxide reprecipitation during washing. To 
verify this hypothesis,  the sample was 
rinsed with distilled water  until these large 
particules were no longer observed.  The 

XRD patterns of sample B calcined at 650°C 
before and after washing with sodium hy- 
droxide solution and the XRD pattern of the 
latter after subsequent rinsing with distilled 
water  are presented in Fig. 10. The hydrated 
Ni(OH) 2 structure visible in Fig. 10b in addi- 
tion to that of NiO has disappeared after 
rinsing with distilled water. Fur thermore ,  
the atomic Ni/A1 ratio in the contrasted par- 
ticles given by X-ray microanalysis (STEM) 
was found to be higher than 100: the parti- 
cles were not of hydrotalcite type. Thus the 
hypothesis of reprecipitation of nickel hy- 
droxide during t reatment  with sodium hy- 
droxide solution is confirmed. The particles 
of nickel hydroxide are simply deposited 
onto the NaOH-trea ted  mixed oxides; they 
are removed by a subsequent rinsing with 
distilled water. The Ni/A1 ratio in the sam- 
ples measured by X-ray fluorescence is not 
modified by rinsing; see Table 4. Thus the 
amount  of  Ni(II) in the nickel hydroxide par- 
ticles in comparison with the total amount  
of Ni(II) in the samples is small. 

The XRD data relative to the N a O H  
treated mixed oxides without subsequent 
calcination are reported in Table 4. The NiO 
crystallite sizes are not modified. The NiO 
particles do not appear to be altered by the 
N aO H  treatment.  On the other  hand, the 
NiO lattice parameter  increases and be- 
comes very  close to that of  pure NiO. 

160" 
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FIG. 6. AI(III) ion concentration in washing solution 
as a function of the calcination temperature of the pre- 
cursor. The calculated AI(III) ion concentration corre- 
sponding to the total oxide dissolution is 227 mg/liter. 
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FIG. 7. Electron micrograph of sample B before calcination. 

Large particles of nickel hydroxide de- 
posited on mixed oxides form large NiO par- 
ticles upon calcination, which alters the in- 
terpretation of the NiO average crystallite 
size from XRD data. It is therefore im- 
portant to rinse the samples before further 
analysis. 

Thermal Properties of  the NaOH Treated, 
Rinsed, Calcined Precursors 

The thermal stability and reducibility of 
the calcined precursors after NaOH treat- 
ment and water rinsings have been investi- 
gated. 

The lattice parameters and crystallite 
sizes of NiO particles in the NaOH-treated 
samples after subsequent calcination are 

presented in Table 4. The lattice parameters 
are very close to those of pure NiO. The 
NiO crystallite sizes are the same in the 
treated and in the untreated materials after 
calcination at the same temperature; see 
Fig. 11. Thus the removal of more than one- 
half of the AI(III) ions initially present in 
calcined materials has no effect on the ther- 
mal stability of the NiO particles. 

The specific surface areas of sample B 
calcined at 650°C and of the latter sample 
NaOH-treated, water-rinsed then recal- 
cined at 650°C are reported in Table 4. The 
NaOH treatment results in a decrease in 
area of 30%. 

The TPR profiles of (a) sample B cal- 
cined at 650°C and (b) sample B calcined 
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Fro. 8. Electron micrograph of sample B calcined at 650°C. 

at 650°C then washed and calcined at 650°C 
are presented in Fig. 12. The treatment 
with sodium hydroxide solution involves a 
slight increase of the NiO particle reduc- 
ibility, the reduction starting at lower tem- 
peratures. Nevertheless, the maximum of 
the hydrogen consumption profile is not 
modified. 

In conclusion, the Al-rich phase, which 
can be removed by the NaOH treatment, 
has little influence on the thermal stability 
and reducibility of the NiO particles, but 
contributes around 30% to the specific sur- 
face area of the calcined precursors. The 
aluminum fraction remaining in the samples 
after NaOH treatment is responsible for the 
thermal properties of the NiO phase. 

DISCUSSION 

This paper focuses on the characteriza- 
tion of the products of decomposition of 
nickel-aluminum hydrotalcite-type precur- 
sors heated in air. The thermal stability of 
the obtained NiO particles is well known; 

-however, the location of the AI(III) ions, 
Which are clearly responsible for this inter- 
esting property, remains uncertain. The X- 
ray diffraction analysis of precursors cal- 
cined between 300 and 850°C does not reveal 
phases other than NiO, such as alumina or 
spinel-type phases, whereas the characteris- 
tic reflections of NiO are shifted towards 20 
values higher than those corresponding to 
pure NiO. The shift of the NiO reflections 
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FIG. 9. Electron micrograph of sample B calcined at 650°C then treated with a 1 M NaOH solution 

may be attributed to the presence of At(III) 
ions in the NiO lattice, keeping in mind that 
the accurate determination of lattice param- 
eters for poorly crystallized materials, such  
as the samples reported in this study, is very 
difficult. For samples calcined at tempera- 
tures higher than 700°C, however, the NiO 
lattice distortion becomes negligible (see 
Table 4). Thus the presence at these calcina- 
tion temperatures of X-ray amorphous 
phases containing AI(III) ions located out- 
side the NiO particles is highly probable. 

The study of the reducibility of the NiO 
particles as a function of the calcination tem- 
perature also provides interesting informa- 
tion on phase composition in calcined 
hydrotalcite-type precursors. The TRP pro- 

files of the calcined precursors have already 
been presented by us and others (10, 21). 
One broad peak only is observed for the 
samples calcined up to 900°C. This suggests 
that NiO is the main nickel-containing phase 
in the mixed oxides. The reduction peak 
shifts toward high temperatures as the 
calcination temperature increases. The hin- 
dered reducibility in comparison with un- 
supported nickel oxide is obviously related 
to the presence of AI(III) ions in the mixed 
oxides, which may be present i n the nickel 
oxide lattice or in another phase strongly 
interacting with nickel oxide. The former 
hypothesis is not consistent with XRD data, 
since the NiO phase becomes more difficult 
to reduce when the calcination temperature 
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FIG. 10. XRD patterns of (a) sample B calcined at 650°C; (b) (a) after NaOH treatment; (c) (b) after 
rinsing with distilled water. 

increases, although the NiO lattice parame- 
ters shift toward those of pure nickel oxide. 
Thus there are doubts that the presence of 
AI(III) ions inside the nickel oxide particles 

is responsible for the low reducibility of NiO 
in calcined samples. 

Hence both XRD analysis and TPR inves- 
tigation strongly suggest that the thermal 
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FIG. 11. XRD patterns of (a) sample B calcined at 650°C; (b) (a) after NaOH treatment; rinsing, then 
calcination at 650°C. 
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FIG. 12. Temperature-programmed reduction pro- 
files of (a) sample B calcined at 650°C; (b) (a) treated 
with 1 M NaOH, rinsed with distilled water, then cal- 
cined at 650°C. 

properties of the nickel oxide phase cannot 
be explained by the presence of Al(III) ions 
inside the NiO particles. Aluminum-rich 
phases are likely present in the calcined pre- 
cursors. These phases are X-ray amorphous 
and contribute to the low reducibility of the 
NiO particles. They may also contribute to 
the thermal stability of the nickel oxide 
phase: therefore we attempted to separate 
nickel oxide and other Al-rich phases by 
selective dissolution in various media. 
Acidic solutions are aggressive for NiO-, 
alumina-, spinel-, or hydroxide-type phases: 
thus the treatment in acidic medium is not 
selective enough. By contrast, the solubility 
of NiO and Ni(OH)2 is known to be very low 
in strongly basic media (27, 28) whereas 
alumina phases dissolve more easily in these 
conditions. 

When calcined precursors are treated in 
sodium hydroxide solutions, an important 
fraction of AI(III) ions initially present in 
the samples goes into solution. This fraction 
does not depend on the volume of NaOH 
solution used for washing. Thus there is no 
chemical equilibrium, such as a solubility 
equilibrium for example, between the 
AI(III) concentration in solution and the un- 
dissolved AI(III) fraction in the solid. Like- 
wise, the Na concentration measured by X- 
ray fluorescence analysis is found to be neg- 
ligible in the washed mixed oxides: thus the 
NaOH treatment does not involve the ex- 

change of A13+ by Na + cations in the cal- 
cined precursors. The Ni-A1 mixed oxides 
obtained from hydrotalcite decomposition 
do not exhibit microporosity: the pore size 
distribution of Ni-AI hydrotalcites calcined 
at 650°C show one peak at approximately 6 
nm (21). Hence the aluminum removal by 
NaOH treatment is very different from 
framework dealumination of zeolites by acid 
leaching. The nickel oxide, like magnesia, 
has the NaC1 structure (29). However, the 
rehydration of nickel oxide to nickel hy- 
droxide is much more difficult than that of 
magnesia: indeed, the XRD pattern of sam- 
ple B after NaOH treatment and water rins- 
ing only presents the NiO reflections; see 
Fig. 10c. It is very unlikely that the NiO 
particles form nickel hydroxide first, the A1 
fraction initially included inside the NiO 
particles being removed by dissolution in 
NaOH solution, and the nickel hydroxide 
then forms NiO particles of the same size 
again! The deposition after NaOH treatment 
of large nickel hydroxide particles weakly 
bound to the samples suggests that an alumi- 
num- and nickel-containing phase has dis- 
solved. The AI(III) ions form hydrated alu- 
minate ions in NaOH solution (30-32), 
whereas the Ni(II) ions reprecipitate onto 
the washed samples. The amount of Ni(II) in 
the deposited Ni(OH)2 particles with respect 
to the Ni(II) amount in the sample is low 
and not detectable by X-ray fluorescence, 
whereas the amount of removed aluminum 
is between 40 and 60% of the aluminum ini- 
tially present in the samples. Thus it is likely 
that the phase that enters in solution is a Ni- 
doped alumina. This phase is responsible for 
the shift of the NiO reflections observed in 
the XRD pattern of the calcined materials, 
since this shift is canceled by the NaOH 
treatment. For calcination temperatures 
about 650-750°C, the aluminum fraction 
contained in the alumina phase is around 
two-thirds of the aluminum present in the 
samples; see Fig. 6 and Table 4. The contri- 
bution of the alumina phase to the specific 
surface area of the samples calcined at 650°C 
is little more than 30%. 
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The formation of the alumina phase upon 
calcination does not arise from the existence 
of a Ni-free or Ni-doped aluminum (oxy)hy- 
droxide phase in the precursor, since the 
hydrotalcite-type precursors were found to 
be very homogeneous. Therefore we have 
moved aside nonhomogeneous mixed hy- 
droxides obtained for Ni/A1 atomic ratios 
lower than 2. The results concerning the 
precursors are consistent with previous 
work (22). Ni(II) and AI(III) cations are ho- 
mogeneously distributed in brucite-type lay- 
ers (hydrotalcite-type structure) when the 
Ni/A1 atomic fraction in the coprecipitates 
ranges from 2 to 3. The separation of an 
aluminum hydroxide or oxyhydroxide 
phase from the hydrotalcite phase occurs in 
the precipitates after hydrothermal treat- 
ment for Ni/A1 atomic ratios lower than 2 
(samples D and E). The structure of the co- 
precipitates deduced from X-ray diffraction 
and thermal analysis is confirmed by 
EXAFS spectroscopy. EXAFS is shown to 
be a useful tool to ensure that no separation 
of discrete aluminum or nickel hydroxide 
phases occurs during coprecipitation. 
EXAFS at the Ni K edge provides informa- 
tion on the possible formation of an alumi- 
num (oxy)hydroxide phase. Likewise, 
EXAFS at the A1 K edge should give 
information on the segregation of a nickel 
hydroxide phase; this work is in progress 
and will be presented in a future paper. In 
short, even though samples D and E were 
not calcined and further investigated, initial 
studies of these precursors have proven that 
the TG and EXAFS techniques can accu- 
rately distinguish between heterogeneous 
and homogeneous precursors. 

The AI(III) ions remaining in the NaOH- 
treated materials cannot be extracted by the 
NaOH treatment. This aluminum fraction 
is, however, of paramount importance for 
the thermal stability of the mixed oxides. 
The remaining AI(III) ions may be included 
inside the lattice of the nickel oxide parti- 
cles, as was suggested for the unwashed 
mixed oxides. However, the NiO lattice dis- 
torsion after NaOH treatment is found to be 

negligible; see Table 4. Thus it seems more 
likely that ~ the remaining AI(III) ions form 
another phase outside the NiO particles and 
in Strong interaction with them. This phase 
constitutes the true support for nickel oxide 
and is responsible for the thermal properties 
of the calcined NiA1 hydr0talcites. By anal- 
ogy with previous studies concerning alumi- 
na-supported catalysts (33, 34), a spinel- 
type structure may be hypothesized, the 
formation of NiAI204 being reported at 
temperatures as low as 650°C by many au- 
thors (12, 35-38). However, we have al- 
ready observed that the formation of true 
spinels had a detrimental effect to the ther- 
mal stability of nickel-chromium and 
nickel-aluminum mixed oxides (21). For 
calcination temperatures above 900°C, Ni 
A120 4 formation is revealed by X-ray dif- 
fraction whereas both NiO crystallite size 
and reducibility markedly increase. Thus 
the "spinel-type" phase consists of a non- 
stoichiometric, very poorly crystallized 
phase. The AI(III) ions may also be retained 
in partially decomposed brucite-type plate- 
lets, The compensation for the excess 
charge in the brucite-type layers in the ab- 
sence of carbonate ions may be satisfied by 
cation vacancies in the layers, as already 
proposed for nickel hydroxide (39). In fact, 
the determination of the exact nature of this 
Al-containing phase is very difficult: no 
phase other than NiO is revealed by XRD; 
the 27A1 NMR spectra are broadened beyond 
detection by the paramagnetic Ni(II) spe- 
cies. An EXAFS investigation of NaOH- 
treated samples at the A1 K edge should give 
more insight on the A1 environment and will 
be presented in a further paper. 

We may now present a model for the ther- 
mal decomposition of Ni-A1 hydrotalcite- 
type precursors consistent with our obser- 
vations and previous studies. In the precur- 
sors, the Ni(II) and Al(II) cations are homo- 
geneously distributed in brucite-type layers 
for Ni/A1 atomic ratios between 2 and 3. As 
mentioned in previous work (13), there is 
no relationship between the part'~cle size of 
the coprecipitates and that of the NiO parti- 
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cles formed upon calcination. The hydro- 
thermal treatment has no influence on the 
thermal properties and crystaUite sizes of 
the oxidic form of the materials. The Ni-A1 
hydrotalcite decomposition proceeds topo- 
tactically, as reported previously for Mg-AI 
hydrotalcites (23, 40). The general morphol- 
ogy is conserved upon calcination, although 
the composition of the mixed oxides varies 
locally, as suggested in this study. The ther- 
mal decomposition of the Ni-A1 hydrotal- 
cites leads to the segregation of three 
phases: a NiO phase, a Ni-doped A1203, and 
a spinel-type compound. The alumina phase 
can be readily removed by NaOH leaching. 
This phase contributes little to the nickel 
oxide stability. The spinel-type phase plays 
a major role in the thermal properties of the 
mixed oxides and may be visualized either 
as decorating the NiO particles or as acting 
as a support for the NiO particles. The ther- 
mal sintering of the NiO phase is thus 
avoided. Likewise, the reduction of the NiO 
particles is strongly hindered by the pres- 
ence of the spinel-type phase at the surface 
of the particles, making the generation of 
nickel nuclei at the NiO surface difficult. 
This conclusion is quite similar to that of a 
previous work of Ross et al. (41) concerning 
alumina-supported nickel catalysts. The spi- 
nel-type phase also protects the alumina 
phase against crystallization. This phase 
likely plays an important role for the stabil- 
ity of the reduced catalysts, preventing 
nickel particles from sintering. 

The nonhomogeneity of the mixed oxides 
obtained from decomposition of hydrotal- 
cite type precursors illustrates the limits to 
the use of foreign ions (here AI(III) ions) 
to stabilize the crystallite sizes and specific 
area of oxides. The nickel oxide phase ob- 
tained by calcination of Ni/AI hydrotalcites 
exhibits a high thermal stability in compari- 
son with NiO formed by calcination of 
nickel hydroxide. Unfortunately, the AI(III) 
ions are concentrated onto and in the NiO 
surface, forming other phases such as alu- 
mina or spinel-type phases, so that the NiO 
surface is wholly modified. One-third of the 

total surface area arises from an alumina 
phase. The segregation of phases upon 
calcination of hydrotalcite-type homoge- 
neous precursors may occur in other sys- 
tems, such as Al(IlI)-stabilized magnesia. 
The latter precursors have been used as sup- 
ports for metallic particles (42) and as basic 
catalysts (2, 43). Even though the chemical 
properties of MgO and NiO are different, 
the possibility that Mg-doped alumina, mag- 
nesium carbonate, and spinel-type phases 
may coexist with magnesia in such systems 
should not be overlooked. 
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