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Abstract

NiCuMgAl layered double hydroxides (LDHs) with hydrotalcite-like structure containing different proportiongf@i?*, Mg?* and
AlI3%* cations have been prepared. Thermogravimetry and X-ray diffraction data indicate that the transformation of LDH into mixed oxides is
effective after calcination at 45C. The acid—base properties of these mixed oxides have been investigated using adsorption microcalorimetry
and X-ray photoelectron spectroscopy with, S@r basicity) and NH (for acidity) as probe molecules.

The basicity depends principally on the Ni/Cu ratio and increases with the Ni proportion. The strength (strong and medium) of the basic
sites is particularly homogeneous. On the surface of the oxides, they are ottt (~60%) and Lewis sites (~40%).

The acidity (only Lewis type) is rather weak and dependant, as the basicity, of the Ni/Cu ratio. The observed heterogeneity of these sites
can be related to the heterogeneity of the interactions between the nickel atoms and the other elements.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Thermal treatments of LDHs induce dehydration,
dehydroxylation and loss of compensating anions, and
Layered double hydroxides (LDHs) or hydrotalcite-like give a stable, high surface area, homogeneous and highly

compounds have the general formula M2 M,3*(OH),]** dispersed mixed metal oxides with acidic, basic and redox
(A" )yn-yH20 and belong to the class of anionic cldgé characteristic$1,2]. LDHSs, either as such or after thermal
The identities of the di- and trivalent cations {NMnd M'") decomposition, have found a wide variety of uses as anions

and the interlayer anion (IX) together with the value of  exchangers, adsorbents, catalysts and catalyst supports. The
the stoichiometric coefficient (x) may be varied over a wide activity of these catalysts, related to their acid—base and/or
range, giving rise to a large class of isostructural materials. redox properties (when they contain a reducible metal),
Their structure consists of positively charged brucite-like lay- depends on their composition, the preparation method and
ers. When part of Mg from the brucite layers (Mg(OH) the treatment conditions.
is substituted by a trivalent cation, a formal positive charge  In this paper, we examine the thermal decomposition of
appears in hydroxyl layers which is counterbalanced by ex- MgNiCuAl LDHSs (with CO3;~ as interlayer anions) by XRD,
changeable anions"A located, as water molecules, in the TPR, TGA and X-ray photoelectron spectroscopy (XPS).Ina
interlayer space. second stage, we determine the evolution of the surface acido-
basicity of the corresponding mixed oxides obtained by calci-
* Corresponding author. Tel.: +33 559 407 620; fax: +33 559 407 622. nation at 723 K with the help of adsorption microcalorimeiry
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2. Experimental spectrometer was directly coupled to a glove box. The hemi-
spherical analyser functioned with a constant pass energy of
2.1. Materials 40eV for high-resolution spectra. The analysed area of the

samples was 300m x 700p.m. Charge neutralisation was

Eight LDH samples with different Ni/Cu/Mg/Al compo-  used for all measurements to compensate the charge effects.
sitions (Table 1) were prepared by co-precipitation method. The binding energy scale was calibrated using the Al 2p peak
An aqueous solution containing appropriate amounts of at 75.0 eV (corresponding to Al(Okl)for precursors and at
Mg(NO3)2-6H,0, AI(NO3)3-9H,0, Cu(NGs)2-3H,O and 74.1eV (corresponding to ADs3) for calcined samples. The
Ni(NO3).-6H,0 was added dropwise to a vigorously stirred XPS signals were analysed using a nonlinear Shirley-type
solution containing a slight excess of M&03. The pH was background3]. The fitting peaks of the experimental curves
maintained constant (9:50.2) by NaOH addition. Precipi-  were calculated using a combination of Gaussian (70%) and
tate was kept in suspension at“fSfor 15 h under stirring. Lorentzian (30%) functions. For the deconvolution of the S
The resulting solid was filtered, thoroughly washed with dis- 2p bands (S 2}*-S 2pg/2doublet), the theoretical peaks were
tilled water and dried overnight at 8C. obtained using fixed intensity ratio (¥f2p/2=2), fixed

The samples are named according to their formal composi- spin-orbit split (1.2 eV) and fixed FWHM (full-width at half-
tion, i.e. the relative proportions of the metals (Ni/Cu/Mg/Al, maximum: 1.9 eV) deduced from the spectra of reference
0/1/1/1, 0.2/0.8/1/1, etc.). The real compositions, determined compounds. A minimum number of doublets have always
by ICP AES, are very close to these ones. In this series, been used in the fitting of the experimental curves.
we varied, on the one hand, the Cu/(Cu+ Ni) ratio (with Temperature-programmed reduction (TPR) measure-
Mg/Al constant) and, on the other hand, the Mg/Al ratio (with  ments of the samples were carried out in a quartz reactor
Cu/(Cu + Ni) constant). After calcination, except the sample of a flow system (GIRA, X-sorb model) equipped with a
without nickel (0/1/1/1), the BET surface areas (Table 1) lie TCD (thermal conductivity detector). Prior to the TPR ex-
between 209 and 31659~ 1. periments, the precursors were calcined at450inder ar-
gon flow with linear heating rate (C min~1). The TPR runs
were carried out with linear heating rate{4°C min—1)ina
temperature range of 30—800. A hydrogen—argon mixture

The X-ray diffraction (XRD) patterns of LDHs and cor- (5-95%) was L_jseld to reduce_the sample (100 mg) at a flow
responding mixed oxides formed by their thermal decom- rate _Of 20mi mir=. The e>.<per|.mental }jconsumpﬂon was
position were recorded using a INEL diffractometer using a monltorled on line by a calibration carried out by a pure argon
curved position-sensitive detector (INEL CPS 120) calibrated C|rcullat|on W't_h thg same flow. .
with NaoCasAl2F14 as standard. The monochromatised radi- . I\/I_|crocalor|m_etr|c measurements of ammonia anq sulfur
ation applied was Cu Kc@1.54065\) from a long fine focus dioxide adsorption were carried out at ®D using a Tian-

Cutube operating at40 kV and 20 mA. Scans were performedcalvet'type apparatus (C80 from Setaram). The apparatus
over the 2érange from 10 to 90° was linked to a volumetric line allowing the introduction of

Thermogravimetric experiments were carried out on a _reactive gaseous probes. The equilibrium pressure after the
TGA model 2950 coupled with a Mass Spectrometer (TA mtrodyctlon ofeach gas dose was measqred bymean; ofadif-
Instruments) from 30 to 85 (5°C min~1) under nitrogen ferential pressure gauge from Data_metncs._Suc_:cesswe doses
flow. were sent onto the sample until a final equilibrium pressure

The XPS analyses were carried out with a Kratos spec- of 67 Pawas obtained._ Before adsorptio.n, samples were out-
trometer (model Axis Ultra) using a focused monochroma- gassed at 400C overnight. The adsorption was performed

tised Al Ka radiation (1486.6 eV) under a residual pressure at80°C to I|m|t physisorption. The amount.of intermediate
of 10-7 Pa. To prevent any exposure of the sample to air af- and strong sites was evaluated from the difference between

ter NHg and SQ adsorption and before analysis, the XPS the primary and the secondary isotherms obtained aft_er des-
orption under secondary vacuum at°&and re-adsorption

of the gas under an equilibrium pressure of 27 Pa. This dif-

ference is named irreversibly chemisorbed amoupt)(V

2.2. Characterisation

Table 1
Molar proportions of synthesised LDHs and BET areas of corresponding
mixed oxides

Composition ~ Cu/(Cu+Ni)  Mg/Al  M/Mm" BET (mPg~ 1) 3. Results and discussion

0/1/1/1 1 1 2 108

0.2/0.8/1/1 0.8 1 2 232 . . o

0.8/0.2/1/1 0.2 1 5 316 3.1. Physicochemical characterisation

0.9/0.1/11 0.1 1 2 272 _ . .
0.4/0.1/1/2 0.2 0.5 0.75 289 Fig. 1 shows examples of X-ray diffractograms of dried
0.4/0.1/1.572 0.2 0.75 1 295 and calcined LDHs. The XRD pattern for this representa-
0.4/0.1/171 0.2 1 15 284 tive sample reveals an hexagonal structure with sharp sym-
0.4/0.1/15/1 0.2 15 2 209

metric peaks for the (003), (006), (110) and (11 3) planes
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Fig. 1. XRD patterns of as-synthesised and calcined {@3MNiCuMgAl
(0.8/0.2/1/1) LDH.
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Fig. 2. TG/DTG analysis of NiCuMgAl (0.8/0.2/1/1) LDH.

to the interlayer water. The third loss, at about 3G0 is

caused by the removal of the compensating anions, carbon-

and broad and asymmetric reflections for (102), (105) an
(108) planes, characteristic of hydrotalcite-like compounds

g ates ions in our case, and of the water from the dehydroxyla-
tion of the brucite layers. The mass loss varies according to

[4]. The XRD pattern of 0.8/0.2/1/1 (Fig. 1) shows two peaks the composition of the sample. It is noticed that the temper-

with a low intensity between 50and 60 which have al-
ready been observed in well-crystallised hydrotalcites. These
diffraction peaks could come from a little part of magnesium
hydroxide not included in the brucite structure.

The crystallographic parametersadc) of LDH sam-
ples were calculated for an hexagonal cell on the basis of
rhombohedraR3mspace group (16 6). The parameteis
given by the formulaa=2d; 1 ¢ (with respect to hexagonal
axes) anat=3c’ (¢ is the thickness of one layer constituted
by a brucite-like sheet and one interlayer). As indicated by the
XRD pattern, no excess phase was detected, so we can con-
clude that N§* and C#* have isomorphically replaced the
Mg?* cations in the brucite layer. The lattice parameters
and c were calculated using the lattice distandgg s and
dh10 (@=2d110=3.05362A and c=3dyg3=22.76493).

The values are close to those of the literature for this type
of material[4].

The calcination of the samples was made under a flow of
inert gas (helium) with a rate of & min~1 up to 450°C (2 h)
and then analysed by XRD.

The spectrum of the calcined sample shows only a series
of broad peaks corresponding to reflections close to those
of MgO (JCPDS file no. 78-0430), NiO (JCPDS file no.78-
0643) and CuO (JCPDS file no. 80-1916) in agreement with
the literaturg5—8]. Thus the calcination of the sample causes
dehydroxylation and a loss of the charge compensating anions
and leads to the conversion of the LDH to an amorphous
homogeneous oxide mixture.

A thermogravimetric study was performed to confirm
these results. An example ofthe TG/DTG curves (mass losses
as a function of temperature and the corresponding differen-
tial curves) is shown itfrig. 2. The total mass loss is in the
range 30-35% for all the samples and is practically effective
above 450C as for NiMgAI[9] and CuMgAl LDHs[10].

The first mass loss at low temperature (<100} corre-
sponds to the removal of physisorbed water on the surface of
material. The second mass loss (aroundI50corresponds

atures of dehydroxylation are lower for the Cu-rich samples.

The temperature-programmed reduction data of three
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samples 0/1/1/1, 0.2/0.8/1/1 and 0.8/0.2/1/1 are shown in
Fig. 3. With the gradual replacement of copper for nickel,
different peaks can be identified. The first peak of each curve
below 300°C is associated to the reduction of the copper
(Cu' — CWP) [11]. Only one peak is observed in this region
for the CuMgAl (0/1/1/1) mixed oxide. It comes from the
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Fig. 3. TPR patterns of NiCuMgAIl mixed oxides.
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reduction of the highly dispersed copper oxide. The shapeis slightly lower than the expected value (0.4 instead of 0.5)
and the maximum (240C) of this peak are characteristic of because of the ultra-high-vacuum conditions of the XPS anal-
the reduction of copper without (or very weak; labelledfu  ysis. A small part of the carbonate ions remains up to€D0
in Fig. 3) interaction with the support. Indeed, the reduction (0.06). Onthe other hand, all the carbonates disappeared after
temperature is very close to that of pure CuO (with crystallite reduction at 700C, which confirms well the attribution of
size about 14 nm) at 23T [12]. the TPR band located between 600 and “00
The presence of nickel inthe compositioninduces a shift of
the maximum (280C) of this peak. In 0.2/0.8/1/1 oxide, the 3.2, Acid—base character of mixed oxides
preceding peak at 24 (Cu without interaction) appears as
a shoulder of the main peak which should be assigned to the We have used two complementary techniques (adsorption
reduction of the copper atoms in interaction with the nickel microcalorimetry and adsorption XPS) to study the acidic
atoms (labelled Guin Fig. 3). This shift toward the high  and basic properties of the NiCuMgAIl mixed oxides ob-
temperatures indicates a small charge transfer in oppositetained from the calcination (45€) of LDHs. Adsorption
direction than that observed for example in Cu—Zn system microcalorimetry is a powerful technigue for these charac-
[12] and could be related to the respective electronegativitiesterisations since it gives the concentration and the strength of
of these different elements. the acid or basic sites located on the outer and inner surface
When the Ni/Cu ratio increases (0.8/0.2/1/1), the low- of the porous catalytic materials. Adsorption XPS mainly in-
temperature shoulder disappears. The quite sharp peak aforms on the nature and the relative strength of the external
280°Cindicatesthatallthe copper atoms are in homogeneoussurface sites (Lewis and/or 8nsted sites).
interaction with nickel atoms. This confirms thus our hypoth- The acidic character of catalysts is usually studied by the
esis about this type of interaction between the reducible met-adsorption of nitrogen basic probes as ammonia or pyridine
als. (or homologue molecule$}9]. Here, we used Niliwhich
At high temperature, the TPR spectra show a broad bandtitrates the main part of acid sites because of its small size and
with two maxima, the first at about 50C, the second around its relatively strong basicity. In FTIR, the basic properties are
700°C. The first peak between 450 and 6@is asymmetric  the most often analysed using carbon dioxide as acid probe.
and characteristic of Ni with different interactions with the However in our case, on the one hand, the carbonate anions
other elementf 3]. This agrees the observations of Forsanari which partly remain after calcination prevent the analysis of
et al.[4] for the NIMgAIl mixed oxides. In this case, the au- the XPS C 1s band, and, on the other hand, @Ca weak
thors concluded that the decrease in reducibility &fNons acid which tends to be desorbed in the UHV conditions of
may be attributed to the presence of foreign ions$Mug/and the XPS analyses. The adsorption of sulphur dioxide is more
AI3*) in NiO phase. The reduction of pure black NiO occurs suitable to study basicity by XFA80] because it is a stronger
below 420°C [14-16], whereas NiO in interaction with alu-  acid probe gaf21] and it displaces a part of the carbonates
mine support is reduced between 500 and BD(17] and still present.
nickel aluminate above 70@ [18]. As shown by the XRD As already indicated, we studied the evolution of the ba-
spectra and in agreement with the literature, aluminates aresicity and the acidity as a function of the Cu/(Cu + Ni) ratio
not generated in our calcination conditions (the spinel phase (with Mg/Al constant) or the Mg/Al ratio (with Cu/(Cu + Ni)
is only observed after calcination at or above 8G{. Thus constant).
the TPR data show an heterogeneity of the interactions be-
tween the nickel atoms and the other metallic elements (Cu,3.2.1. Basicity
Mg, Al), contrary to the copper atoms which seemstointeract  Fig. 4 shows the differential heats of adsorption of SO
with alone Ni. versus coverage of the NiCuMgAl mixed oxides with con-
Moreover, the reduction of residual carbonates is observedstant Mg/Al (equal to 1) and variable Cu/(Cu + Ni) ratios. As
~700°C), despite the calcination at 45Q, in agreement  of the first dose, the curves show a plateau characteristic of

with preceding studief9,10]. In Table 2we report the XPS ~ homogeneous basic sites (in terms of strength) between 150
CO3z~ /Al ratio for the sample NiCuMgAl 0.8/0.2/1/1 taken

as example, after synthesis (LDH), after calcination at 450 200

and 800°C and after reduction at 70C€. For LDH, this ratio _ 150 ——0,800;11/1
=) —e—0,8/0,21/1

Table 2 5 100 —a—0,2/0,81111

XPS CQ~/Al ratio for the 0.8/0.2/1/1 HDL before and after calcination g, o —>—=0nnn

(450 and 800C), and after reduction at 70C

NiCuMgAlIl (0.8/0.2/1/1 COz7 /Al ratio 0+ " " y

e ) % 0 200 400 600

As-synthesised (HDL) 0.36 e

Calcined (450C) 0.07 Vipmolsoo.-g

Calcined (800C) 0.06 . . . . .

Reduced (700C) 0. Fig. 4. Differential heats of S©adsorption vs. coverage on NiCuMgAl

mixed oxides.
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Mg/Al) on NiCuMgAI mixed oxides.

and 180 kJ motl. The strength and the number of these sites basicity was obtained for a Mg/Al ratio around 0.75. Taking
follow the Ni concentration as shown a|sd:|"rg_ 5which re- into account the small variation of basicity when the Mg/A|
ports the amount of Sgirreversibly adsorbed (proportional ~ ratio is modified it could assume that the basicity of our sam-
to the concentration of the intermediate and strong sites). Thisples is rather determined by the substitution of Mg in brucite
isin agreement with the TPR results and the presence of re_layers with other divalent cations, than with trivalent cations.
maining carbonates ions in the Ni-rich oxides. The numberof ~ An example of XPS S 2p peak after adsorption 0hb3®O
basic sites is also related to the specific surface area (Table 1)80°C on the mixed oxides is reported Fig. 8. This peak
The fast decrease of the differential heats of adsorption at theis decomposed into two doublets g-2p!?) irrespective
end of the plateau of each curve indicates that the weak sitesf the sample composition. The first¥ppeak appeared at
are very few in these mixed oxides. These characteristics arel67.4 eV and the second at 169.2 eV. The first doublet can be
summarised ifrig. 6which shows the strength distribution of ~ assigned to the interaction of S@olecules with hydroxy!
the basic sites (in terms of chemisorbed,@@ounts associ-  (OH™) surface groups (Bmsted sites). Indeed, after adsorp-
ated with an adsorption heat range). The sites are separated ifion of SQ over CuMgAl LDHs before calcination (SO
three categories according to their force defined by the valuereacts only with the hydroxyl groups), the binding energy
of differential heats of adsorption: strong Q50 kJ mot 1), S 2p2 is at about 167.2e\22]. The second doublet cor-
intermediate (Qbetween 150 and 100kJmd) and weak  responds to S@in interaction with G~ anions (~169eV)
(Q< 100 kJ mo‘[’l)_ The Ni-rich Samp|es present a |arge [18], i.e. Lewis sites. The relative proportion of these compo-
majority of strong and homogeneous sites (especia”y nents (60 and 40% respectively), whatever the Composition
0.8/0.2/1/1), whereas the Cu-rich samples which presentof the oxides, shows that the main part of the surface basicity
smaller surface areas (Table 1) have basicity definitely lower. is due to the surface OH groups.

The influence of the Mg/Al ratio on the basicity of the
mixed oxides is shown iRig. 7which reports the Spamount 3.2.2. Acidity
irreversibly adsorbed (Y) versus Mg/Al (Cu/(Cu + Ni) ratio The differential heats of ammonia adsorption on the mixed
was maintained constant and equal to 0.2; we chose this ra-oxides as a function of the NHuptake are reported in
tio because the previous results showed high basicity for it, Fig. 9. The heats, initially around 140 kJ mél(thus indi-
thus it could be possible to better evidence the influence of cating an absence of strong sites), decrease to 70 kJ'mol
the Mg/Al ratio on this property). The variations are smaller (chemisorption—physisorption limit) without any plateau,
than previously observed, but it seems that a maximum of showing a heterogeneity of the strength of the acid sites,

350 4 = 200>Q>150
B m 150>Q>100
@ 100>Q>50
i &
S £
g g
- =2
£ =
= Z
= g
E
0.1 0.2 0.8 1 176 172 168 164
%0/ %Ni+%Cn Binding energy/eV

Fig. 6. Repartition of the basic sites vs. strength as a function of Cu propor- Fig. 8. S2p XP spectrum after adsorption of,3® NiCuMgAl (0.8/0.2/1/1)
tion (with constant Mg/Al). mixed oxide.
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Fig. 12. N 1s XP spectrum after adsorption of Nidn NiCuMgAl
(0.8/0.2/1/1) mixed oxide.

As previously with the S@adsorption, XPS analyses after
NH3 adsorption allow to identify the nature of acid sites on the
solid surfacg20]. The neighbourhood of its nitrogen atom is
modified differently when the ammonia molecule reacts with
a Bronsted or Lewis site. The former leads to the formation
of an ammonium ion characterised by a N 1s binding energy
higher than 402 eV. The Lewis acid is defined as an acceptor
Fig. 10. Repartition of the acid sites vs. strength as a function of Cu propor- of electronic doublet (corresponding thus to a metal with
tion (With constant Mg/Al) on NiCUMgAl mixed oxides. a Vacancy) and the N 1s b|nd|ng energy for Chemisorbed

ammonia on this site is lower than 401 eV. In our case, the
contrary to that of the basic sites. This heterogeneity can adsorption of ammonia reveals only the presence of Lewis

be related with the heterogeneity of the interactions betweensites, the N 1s binding energy being about 400 eV (Fig. 12).
the nickel atoms and the other metallic elements evidenced

by the TPR study. These interactions influence the electronic
population of the atoms, in particular that of nickel, and there-
fore modify their acidity. The amount and the repartition of

the sites in terms of acid strength (Figs. 9 and 10) indicate In this work, the thermal evolution of NiCuMgAl layered

a relztively dweak aﬁidity /for these ;amplers] which IiIS h%‘{v' double hydroxides has been studied, as well as the acid—base
ever dependant of the Cu/Ni proportions. The overall acidity e ries of the oxides resulting from their calcination at
increases approximately with the ratio Ni/Cu and the con- 450°C. At this temperature, physisorbed, interlayer and de-
centration of the medium sites reaches a maximum for the hydroxylation water is released with G@oming from the

composition 0.8/0.2/1/1. The small difference observed be- compensation carbonate ions, although some carbonates are
tween the samples 0.8/0.2/1/1 and 91'9/0'1/1/1 comes probay jetected by TPR and XPS, blocking a part of the strong
bly from the specific surface (3164g~1 for 0.8/0.2/1/1 and basic sites

-1
2721t g .for ?\'9/0'1(1_/1)' h | ratio h faht infl The TPR study has evidenced a slight charge transfer from
Regarding t.e' basicity, the Mg/Al ratio 1asasig t.m' U Nito Cuin the case of Ni-rich oxides and various interactions
ence on the aC|d|_ty. It seems that t_he maximum of acidity is between Niand the other elements, in particulaiGy. These
obtained for a ratio close to the unity (Fig. 11). various interactions induce an heterogeneity of the strength
of the acid sites which are all of Lewis type (metallic sites).

V/pumolyys.g”!
o
1

0.1 0.2 0.8 1
YaCn / YaNi+%Cn

4, Conclusion

200 These sites are rather weak, particularly in the Cu-rich com-
1% pounds.

Just like the acidity, the basicity of the mixed oxides is
100 more sensible to the Ni/Cu ratio than to the Mg/Al ratio. The

SO, adsorption data indicate an increase of the concentration
and the strength of the basic sites with the amount of nickel.
< s : » ! The strgngth of these sites is homogeneous (particularly the
’ ’ VMg | %Al ’ ’ composition 0.8/0.2/1/1_). The XPS analyses show that about
60% of the surface basic sites are obBsted type (OH) and
Fig. 11. Irreversibly chemisorbed NHimounts vs. Mg/Al ratio (with con-  40% of Lewis type (&). Indeed the surface of these mixed
stant Cu/(Ni+ Cu)) on NiCuMgAl mixed oxides. oxides remains still partly hydroxyled.

Vi/umoly; ,3.g"
2
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Catalytic tests (condensation reactions) are in progress t010] S. Casenave, H. Martinez, C. Guimon, A. Auroux, V. Hulea, E.

correlate them to these observations.
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