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Intercalation of metallic oxalato complexes CoOx,?~, CuOx,%~, MnOx3%~, and GaOxz®~ in
[Zn,Al] and [Mg,AIl] LDHs was successfully carried out leading to well characterized products
in which metallic complexes lying between layers were subjected to minor modifications
following intercalation as confirmed by XRD, FTIR, and particularly XAFS studies. The
obtained data permitted modeling the layout of metallic oxalato complexes between the layers
for each compound. Thermal treatments undertaken on exchanged compounds led to a mixing
of oxides with increase in surface areas particularly for the Ga-containing product. Dispersed
oxide and metallic particules were obtained by a soft chemistry treatment in refluxing
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ethylene glycol.

1. Introduction

Layered double hydroxide (LDH) materials are the
result of a combination of host net obtained by the
stacking of inorganic layers and chemical species trapped
in the interlamellar domain. The structure looks like a
brucite type with a 2D distribution of coplanar octaedra
[M(OH)g] which corresponds to the hydrolyzed layer
M(OH); of the brucite.

The simultaneous presence of divalent and trivalent
metallic cations in these layers leads to a positive charge
which is balanced by anionic species located in the
interlamellar space with water molecules. The ratio
between divalent and trivalent metallic cations must
be such that M"/(M'' + M'!) value is from 0.2 to 0.4
for the majority of couples (M'/M'").1 The general
formula of LDH compounds is then [M";_yM"! ) (OH),]
[X™ym+nH20].

According to the fields of application, a great choice
of metallic couples (M'"/M"!) or interlayer species is pos-
sible. A main property of these materials is their anionic
exchange capacity which makes them unique inorganic
materials for intercalate organic or inorganic anions. It
permits the use of LDH in several disciplines, such as
medicine, environment, and, of course, catalysis.2~* The
purpose of this work is to replace anionic species such
as Cl—, NOg3™, etc., generally present in the interlamellar
space, by metallic complexes® to obtain catalyst precur-
sors. It is important to point out that papers have
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already dealt with the subject, which shows the interest
of such compounds in heterogeneous catalysis.62873% The
ultimate aim is to prepare a mixture of dispersed oxides
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which present activities in catalysis, either by using
thermal treatment or a soft chemistry treatment in
ethylene glycol.”-8 Nanoparticles with at least two
metallic elements were recently described in the litera-
ture and seem interesting enough.®~19 The choice of
metallic oxalato complexes anions to be trapped in the
interlayer domain resulted in previous studies which
permitted intercalation of two pure metallic oxalato
complexes,’1~12 put also mixed LDH phases with im-
purities.’! The particular choice of [GaOx3]3~, [MNOx3]®~,
[CuOx;]%~, or [CoOx,]?>~ anions depends on really inter-
esting possibilities of the metal or even of the oxalato
complex in catalysis.’®=26 The compound corresponding
to [CuOx,]?>~ intercalated between [Zn,Al] LDH layers
will be abbreviated hereafter as [Zn,AlICu]. In a same
way we note for [Zn,Al] layers [Zn,AlCo], [Zn,AlGa], and
[Zn2AIMnN] and for [Mg2Al] layers [Mg2AICu], [Mg,AICo],
[Mg2AIGa], and [Mg.AIMn], the obtained compounds
with metallic complexes [CoOx;]?~, [GaOx3]®~ and
[MnOx3]3~ respectively. This variety of metals could
bring a large range of possibilities to create single or
mixed oxides for practical applications.

2. Experimental Section

2.1. Sample Preparation. [Zn,AlICI] pn and [Mg2AICI]Lpn
with ideal formula [Zn,Al(OH)e]Cl-2H,0 and [Mg,Al(OH)g]Cl-
2H,0, respectively, were used as precursors for the studies in
intercalation of oxalate anions between LDHs layers.

2.1.1. Synthesis of Precursors. These precursors were pre-
pared by a coprecipitation method to control pH.?” Mixed
solutions of ZnCl, (Prolabo)—AIClI; (Sigma 99%) and MgCl,
(Sigma 98%)—AICl; (Sigma 99%) with the required M"/M"!
ratio, having total cations concentrations equal to 1 M, have
been used at constant pH 8.5 and 9.5, respectively, for [Zn,-
AICI] and [MQg2AICI] precursors. These preparations were
performed under nitrogen atmosphere to prevent contamina-
tion by carbonate from atmospheric CO, at room temperature
except for [Mg.AICI] (which was prepared at 65 °C). For a
higher positive charge of the layer, the value of the molar ratio
M!"/M"" was fixed to 2; this permitted an interesting ratio
between layer metals and intercalated metals corresponding
to the best activities in basic and redox catalysis.?®~3%

2.1.2. Anionic Exchange. First, we tried unsuccessfully to
realize a classical anionic exchange in aqueous solution. Even
with important excess of anions in methanol, acetone, or
ethylene glycol, we had no more results. So we developed a
new way of synthesis using anionic exchange under hydro-
thermal conditions. Different parameters, such as heating
duration, temperature, excess of anion to intercalate, and
solution volume in autoclave were tested. In some cases
classical anionic exchange was carried out at room tempera-
ture, under nitrogen atmosphere, during a well-defined time
before the hydrothermal treatment.

Optimal parameters were determined for each compound
(Table 1). As an example, the intercalation of [MnOx3]®~ anion
in [Mg.Al] precursor is described below.

In a first step, a well-defined mixture of LDH precursor and
K3Mn(C,04)s with 1.4 molar ratio excess was crushed in an
agate mortar during five minutes and placed in an autoclave
(22 cm?®) with distilled and decarbonated water. The autoclave
was then heated at 120 °C during 48 h developing autogenous
pressure of about 2.4 kbar.

After autoclave quenching in water, powdered products were
recovered by centrifugation. Three washing cycles with car-

(34) Jyothi, T. M.; Raja, T.; Talawar, M. B.; Rao, B. S. Appl. Catal.,
A 2001, 211, 41.
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Catal. Lett. 1999, 59, 33.
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Table 1. Synthesis Parameters for Exchanges LDH
Samples

molar 6 °C of )
exchanged excess steamroom for duration of

anion of hydrothermal hydrothermal preliminary
Xx]¥~ X ¥~ treatment treatment treatment?
[MOx,] [MOx,]
A. [MgAl] Layer
nOXxz]3~ . no
[MnOx3]® 1.4 120 48 h
[GaOxs]®~ 2.1 150 5 h 30 min no
00x2]2~ . no
[CoOx.]? 0.86 155 65 h
[CuOx,]> 0.91 155 65 h no
B. [ZnAl] Layer
[MnOx3]3~ 1.25-3.3 120 48h no
aOxs]®~ . min es durin
GaOxs)® 1.18 120 2h 20 mi yes during 2 h
00xX2]2~ . no
[CoOx.]? 0.91 155 65 h
[CuOx,]>~ 0.84 155 65 h no

a Classical anionic exchange under nitrogen atmosphere.

bonate-free water were required, then the powders were dried
in air at 50 °C during 12 h.

2.2. Characterization Techniques and Procedure. Pow-
der X-ray diffraction patterns were performed on a Siemens
D 501 X-ray diffractometer using Cu Ko radiation and fitted
with a graphite scattered beam monochromator. The samples
as unoriented powder were scanned from 2 to 76° (26) in steps
of 0.08° with a count time of 4 s at each point. Fourier
transform infrared spectra were obtained with a Perkin-Elmer
16PC spectrophotometer at a resolution of 2 cm™ and averag-
ing 10 scans in the 400—4000 cm~* region on pressed KBr
pellets. Thermogravimetry coupled with mass spectrometry
were respectively recorded on a Setaram TG DTA 92 thermo-
gravimetric analyzer at a typical rate of 5 °C min~* under air/
argon atmosphere and on Quadstar 422 Balzers. The nitrogen
adsorption isotherms of the samples at liquid nitrogen tem-
perature were recorded on a Coulter SA 100. Prior to a
pretreatment, which consisted of a degassing period of 500 min
at the temperature corresponding to the end of dehydration
for each compound. This was done to remove the adsorbed and
interlayer water, and to leave only anions in the interlayer
space. The pore distribution in all samples was calculated
using the BJH model on the desorption branch. Elementary
analyses were performed at the Vernaison Analysis Center of
CNRS. Particle size distributions were performed on a Malvern
mastersizer 2000 using the accessory for powder. Zn K-edge,
Cu K-edge, Co K-edge, Mn K-edge, and Ga K-edge XAFS (X-
ray absorption fine structure) studies were performed at LURE
(Orsay, France) using X-ray synchrotron radiation emitted by
the DCI storage ring (1.85 GeV positrons, average intensity
of 250 mA) at the D44 line. Data were collected at room
temperature in transmission mode at the Zn K-edge (9.658
keV), Cu K-edge (8.978 keV), Co K-edge 7.708 keV), Mn K-edge
(6.539 keV), and Ga K-edge (10.367 keV). The quantity of
powered samples was chosen to obtain edge jumps of about
Aux near 1. A double-crystal Si (111) monochromator scanned
the energy in 2-eV (XAFS) or 0.5-eV (XANES) steps from 100
to 900 eV (XAFS) or 80 eV (XANES) above the absorption
edges. Three spectra were recorded for each sample. An
accumulator time of two seconds was used per point.

The analysis of the EXAFS data was performed following
standard procedures for extraction of the signal and normal-
ization to the edge adsorption. All the EXAFS spectra were
treated by using the classical plane wave single scattering
approximation. Fourier transforms of the EXAFS spectra were
made after multiplication of the signal by a k3 factor over a
2.8—14 A1 Kaiser apodization window with 7 = 2.5 to
determine electronic parameters, such as the scale factor (the
intrinsic loss factor, S,?) and the I' factor related to the mean
free path 1 of the photoelectron (1 = k/T'). The contribution of
oxygen atoms in [Zn,AICI] then of carbon and metal atoms
neighbors were extracted by a Fourier transform of k® y (k)
versus R (A) curve back to the k space. The resultant y (k)
signal was fitted using the following formula:

x(k) =S,? z A, (k) sin[2kr; + @, (k)]
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Table 2. Chemical Compositon of Exchanged LDHs and Proposed Formula

chemical analysis % and proposed formula

sample ratio M''/mMM

[Mg2AICI] 2.06

[Zn,AICT] 1.98

[Mg2AICo] 1.94 C 9.65 H 2.66 Mg 17.50 Co11.81 Al 10.83
Mdo.66Al0.34(OH)2[(C204)2Co0]o.17°H200.12

[Mg2AICu] 1.94 C7.84 H 2.48 Mg 15.78 Cu 10.37 Al 8.97
Mgo.66Al0.34(OH)2[(C204)2Cu)]o.17*H200.26

[Mg,AlGa] 1.94 C 6.87 H 2.49 Mg 13.08 Ga6.71 Al 7.55
Mgo.66Al0.34(OH)2 [(C204)3Ga)]o.12:H200.53

[Mg2AIMnN] 1.94 Cc8.16 H 2.58 Mg 16.12 Mn 6.22 Al 9.2
Mgo.66Al0.34(OH)2 [(C204)3sMnN)]o.11*H200.33

[Zn,AlCo] 1.89 C 6.47 H1.81 Zn 32.54 Co 7.95 Al 7.14
Zng.66Al0.35(0H)2[(C204)2C0]o.18:H200.19

[Zn2AlCu] 1.86 C 6.05 H 1.62 Zn 32.28 Cu 8.54 Al 7.29
Zng,65Al0.35(0H)2[(C204)2Cu)]o.18*H200.06

[Zn,AlGa] 1.83 C6.18 H 2.34 Zn 31.97 Ga 5.92 Al 7.19
Zno.64Al0.35(0H)2 [(C204)3Ga)Jo.11*H20054

[Zn,AlMN] 1.94 C6.85 H 2.00 Zn 35.42 Mn 5.26 Al 7.48

Zno.66Al0.34(OH)2 [(C204)3MnN)]o.12°H200.23

with the amplitude
A(k) = (Ni/kr2)F(k) exp(—2k’ai?)

where r; is the interatomic distance, taken as the crystal-
lographic data for the reference, ®; is the total phase shift of
the ith shell, N; is the effective coordination number, o; is the
Debye—Waller factor and Fi(k) is the backscattering amplitude.
[anAICI], KzCU(C204)2, KzCO(C204)2, K3G&(C204)3, and Kz;Mn-
(CN)s were taken as the reference materials. The theoretical
functions from Mc Kale’s tables were taken as the phase and
amplitude.®® The EXAFS signal treatments and refinements
were performed with the program package developed by A.
Michalowicz.®” The residual p factor is defined as p = [Z(k3
exp (k) — k® ytheo(k))?]*2. The commonly accepted fitting
accuracy is about 0.02 A for the distance and 10—20% for the
number of neighbors.

3. Results and Discussion

3.1. Characterization of Exchanged Layered
Double Hydroxides. 3.1.1. Chemical and XRD Analy-
ses. Chemical analysis and XRD study confirmed the
reality of a full exchange of chloride anions by anionic
oxalato complexes. Chemical compositions of obtained
compounds are reported in Table 2 (nonstoechiometric
formulas were suggested). They revealed that M'/M'!!
molar ratios were close to LDH’s chloride precursors
values which excluded a partial dissolution of the
divalent ion of the layers due to hydrothermal synthesis.
Indeed the existence of defective sheets has already been
noted for tetracyanoquinodimethane3® and [RuClsH,0]%°
in [ZnzAl] LDHs and reported for the synthesis of
pillared clays with Keggin ions.*® Chemical analysis
revealed no carbonate contamination.

X-ray powder diffraction patterns of exchanged prod-
ucts are presented in Figure 1. All compounds crystal-
lized with no remaining crystallized LDH chloride
precursors. The best results obtained for the indexation
correspond to a 3R stacking sequence (R3m space group

(36) MacKale, A. G.; Veal, B. W.; Paulikas, A. P.; Chan, S. K,
Knapp, J. 3. Am. Chem. Soc. 1988, 110, 3763.

(37) Mickalowicz, A. Programs available on the web site of lure.
http:// www.lure.fr.
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783.
(39) Inacio, J.; Taviot-Guého, C.; Morlat-Thérias, S.; de Roy, M. E;
Besse, J. P. J. Mater. Chem. 2001, 11, 640.

(40) Wang, J.; Tian, Y.; Wang, R. C.; Clearfield, A. Chem. Mater.
1992, 4, 1276.
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Figure 1. Diffraction patterns of [Zn,AlCu],; [Zn,AlCo], [Zn»-

AIMnN], and [Zn,AlGa] (A); and [Mg.AICu], [Mg.AICo], [Mgz-
AIMn], and [Mg.AIGa] (B).

with hexagonal axes (Table 3 and Figure 2)). For LDH,
the c-parameter corresponds to three times the inter-
lamellar distance dpos and the a-parameter, which
represents the average intermetallic distance, is calcu-
lated from the position of the d(110) ray. Cell parameters
in precursors and in exchanged products are compared
in Table 4. As expected, the exchange of anionic species
between layers induced an increase of c-parameter. In
contrast, we noted a decreasing a-parameter value in
LDH intercalated by oxalato complexes comparatively
to that of LDH chloride precursors. The nature of the
intercalated complex has no major influence upon
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Table 3. X-rays Peaks Indexation (Space Group R3m)

[Zn,AlCo] [Zn,AlMnN] [Zn,AlGa] [Mg2AIGa] [Mg2AIMN] [Mg2AICU] [Mg2AICo]
(hkl) [Zn.AlCu] 2 6 (°) 26 260 260) 26 26 260() 260)
(003) 9.06 9.04 9.04 9.2 9.28 8.92 9.12 9.04
(006) 18.06 18.08 18.08 18.16 18.23 17.78 18.09 18.08
(009) 27.19 27.12 27.2 27.28 28.19 27.17 27.12
(101) 33.91 33.85 34.00 33.96
(012) 34.43 34.4 36.61 34.39 34.68 34.48
(0012) 36.45 37.55
(015) 37.11 37.12 36.10 37.47 37.12
(018) 42.07 42.00 42.44 41.84
(1010) 46.10 46.16
(0111) 48.21 48.24
(0114) 55.48 55.44
(110) 60.48 60.48 60.59 60.52 60.41 60.47 60.62 60.80
(113) 60.88 61.15 61.32 61.24 60.73 61.37 61.41 61.55
(116) 63.62
(0117) 64.15
(003)—> A common feature on all the X-ray patterns is that
N the second (00I) diffraction line becomes stronger than
_’_b [Zn,AlCI) the first one. This has been attributed to the electron
g (006) [Zn,A1Co] density increase in the interlayers midpoint due to the
’2 heavy metal’s presence. In this case, the XRD patterns
g show an important intensity ratio between (006) and
S (003) diffraction lines, which could be linked to the high
2 electronic density of the intercalated metal.
5 In the precursor, the position commonly admitted for
A Cl~ anion is the 18 g site of R3m space group.2® For
example, after exchanging Cl~ anion by [CoOx;]?~, the
ratio between the atomic scattering factors of cobalt
Eesnrafrnsanafrtr et atom and chloride anion is about 2.2 for the (006)

30 40 70
2 Theta (degrees)

Figure 2. Compared and indexed diffraction patterns of [Zn,-
AICo] and [Zn,AICI] compounds.

10 20 50

Table 4. Cell Parameters and Basal Spacing (d)
(Hexagonal Symmetry, Space Group R3m)

sample a (nm) ¢ (nm) d (nm)
[zn;AICI] 0.3089(1) 2.3715(7) 0.7905
[Zn,AlCu] 0.3066(1) 2.9377(8) 0.9792
[Zn,AlCo] 0.3059(8) 2.9454(9) 0.9818
[Zn,AlMn] 0.3061(8) 2.9466(5) 0.9822
[Zn.AlGa] 0.3062(9) 2.9404(6) 0.9801
[MgoAICI] 0.3073(9) 2.3860(5) 0.7953
[Mg2AICu] 0.3052(3) 2.9515(4) 0.9838
[Mg.AICo] 0.3050(6) 2.9521(1) 0.9841
[Mg2AIMN] 0.3062(0) 2.8790(2) 0.9596
[Mg.AlGa] 0.3066(3) 2.8843(6) 0.9614

a-parameter (~0.306 nm) in compounds obtained from
[Zn,Al] precursor while a small influence of the oxida-
tion number of the metal in oxalato complex appears
in [Mg2Al]l compounds. However, the basal spacing
values are rather similar for all the exchanged LDHs
except for [Mg,AIMn] and [Mg,AIGa] for which it is
slightly lower. This phenomenon will be discussed
below.

For all the compounds, an inversion of intensity
between the two first peaks (00l) in the exchanged
products is observed, compared to that of the chloride
LDHs precursors (Figure 2). This phenomenon appeared
in previous works for LDHs containing heavy interlayer
molecular species such as chromate or vanadate anions
between [MgAl] layers,?” [AIOx3]3~ anions between [Zns-
Al]l layers,'* or hybrid hexa-chlorohydroxo-platinum
anions between [Zn,Al], [Mg.Al], and [CuAl] layers.*!

diffraction lines according to the value z = 1/5.

This would explain the observed inversion in the
relative intensities of (003) and (006) diffraction lines
between the precursor containing chloride anions and
the exchanged phase containing metal complexes within
the layers.

This phenomenon clearly points out the presence of
a heavy atom between the layers.

3.1.2. FT-IR Characterization. Previous works 42745
give the characteristic bands of metallic anionic oxalato
complexes which are listed in Table 5A. Experimental
bands of LDH intercalated products are reported in
Table 5B. LDH intercalated products correspond to com-
pounds free of carbonate contamination: the v3(CO3z%7)
band around 1375 cm~?! does not appear.

The main absorption band centered in the 3500—3400
cm™! region corresponds to the vibration v (OH) of
hydroxyl groups from the brucite-like layers as well as
from the interlamellar water molecules. The other
intense bands at 1620 cm™1, which are normally ob-
served for LDHs compounds, concern the vibration
resulting from the water molecule 6 (H20); in our case,
we observe a superposition of the previous bands with
the very intense bands of metallic oxalato complexes va-
(C=0). Between 1650 and 1290 cm~1, the three char-
acteristic bands of intercalated metallic oxalato com-

(41) Beaudot, P.; de Roy, M. E.; Besse, J. P. J. Solid State Chem.
2001, 161, 332.

(42) Nakamoto, K. Infrared and Raman Spectra of Inorganic and
Coordination Compounds, 4th ed.; Wiley: New York, 1986; part B, p
74.

(43) Fujita, J.; Martell, A. E.; Nakamoto, K. J. Chem. Phys. 1962,
36, 324

(44) Edwards, H. G. M.; Hardman, P. H. J. Mol. Struct. 1992, 273,
73.

(45) Edwards, H. G. M.; Farwell, D. W.; Rose, S. J.; Smith, D. N. J.
Mol. Struct. 1991, 249, 233.
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Table 5. Infrared Bands Data

A: For Metallic Oxalato Complexes

band Kz[CU-(C204)2]'2H20 (Cmil) Kz[CO(CzO4)2]'2Hzo (Cmil) K3[Ga(Czo4)3]'3Hzo (Cmil) Ks[Mn(C204)3]'3H20 (Cmil)
»(OH) 3472 3380 3532 3365
va(C=0) vy 1672 1622 1722 1643
va(C=0) v 1645 1614 1702—-1653
v5(CO) + v(CC) v, 1411 1364 1405 1454
vs(CO) + & (O—C=0) vg 1277 1316 1295-1265 1304
vs(CO) + & (0—C=0) v3 886 827 907 887
6 (0—C=0) + v(MO) vg 795 790 820-803 780
»(MO) + v(CC) va 539 499 588 519
8 (0-C=0) v1o 481 429 519
U(MO) V11 499

B: For Intercalated Compounds

vs(CO) + v(CC) vs(CO) + 6 (O—C=0) vg
(cm™) (cm™)

LDH v(OH) (cm™1)  § (H20) (cm™1) v, (C=0) (cm™1) vm-o (M™)  do-m-o (cm™?)
[Zn,AlCo] 3522 1653 1623 1354 1314 598 430
[Mg,AICo] 3522 1643 1623 1354 1314 590 400
[Zn,AlICu] 3482 1623 1623 1434 1324 608 439
[MgzAICu] 3462 1623 1623 1434 1324 600 419
[Zn,AlGa] 3482 1633 1633 1384 1324 658 459
[Mg,AlGa] 3482 1613 1613 1384 1324 618 419
[Zn,AIMN] 3472 1623 1623 1424 1324 618 419
[Mg,AIMnN] 3472 1623 1623 1424 1324 580 420

Table 6. Results of EXAFS Study for Zn Atom Local Environment in Layers?

compound N1=N, R; nm 011074 nm? F R, nm 021074 nm 2 F

[Zn2AICI] 6.02 0.205 3.2 3.18 102 0.308(3) 8 5.78 102
[Zn2AlCu] 6.02 0.206 3.2 3.55 102 0.310(1) 8 5.94 102
[Zn,AlCo] 6.02 0.206 3.2 2.94 1072 0.309(3) 8 5.06 102
[Zn,AlGa] 6.00 0.208 3.2 1.64 1072 0.309(4) 8 6.01 102
[Zn2AIMN] 6.00 0.208 3.2 2.68 102 0.308(1) 8 6.06 102

a gi, Debye—Waller factor (fixed); N;j, effective coordination number; R;, interatomic distance between studied atom and its neighbor

(A); F, disagreement factor.

plexes appear, respectively, due to v,(C=0), v5(CO) +
v(CC), and vs(CO) + 6 (O—C=0) vibrations. Other less
intense characteristic bands of metallic oxalato com-
plexes appear between 900 and 400 cm™1.

So, it is clear that metallic oxalato complexes pre-
served their structural characteristics, without modifi-
cation due to hydrothermal conditions.

The bands in the range of 700—500 cm~! character-
istic of LDHSs structure correspond to the vibration vym-o
(M = layer's metal); the deformation vibration bands
do-m—o are located around 425 cm™1,

The IR spectra between 400 and 4000 cm~! are typical
of LDH and confirmed the effective intercalation of
metallic oxalato complexes between LDH layers.

3.1.3. X-ray Absorption Spectroscopy. A study at the
ZnK-edge carried out on [Zn,AICI] and all the Zn-
containing compounds shows that all the pseudo radial
distribution functions are superimposed. So it seems
that, during exchange, no modifications occurred con-
cerning the local order around the layers Zn atoms; that
is six oxygen atoms about 0.2 nm and six metallic atoms
about 0.31 nm. Simulation results are presented in
Table 6. In the same way and according to chemical
analysis results, preservation of [Mg,Al] layers could be
a reasonable hypothesis.

To study interlamellar metals environment in com-
plexes, X-ray absorption spectra were also recorded at
the K-edge of Cu, Co, Ga, and Mn atoms.

[Cu(C204)2]2~ Anion. Projection of the well-known
[Cu(C204);]%> anion’s structure*“S is presented in Scheme
1. Simulation carried out on reference compound: Ks-
[Cu(C204)2]-2H,0 permitted fixing of parameters (ex-

40\ K,[Cu(C,0,),1,2H,0

F(R)

R R B B S DI By P NP ELLR |
0 0,1 0,2 0,3 0,4 0,5
distance (nm)

Figure 3. Comparison of Fourier transform curves of [Mg.-
AlCU] and Kg[CU(CgO4)2]‘2H20.

cepting distance and number of neighbors) used for
exchanged LDHs study. Results are presented in Table
7.

It is noteworthy that the [Cu(C,04),]>~ structure is
preserved but with increasing Cu—0O(1) and Cu—C
distances for [Mg,AICu] compound, indicating a signifi-
cant interaction between layers and intercalated com-
plexes (Figure 3).

We did not obtain results concerning the third coor-
dination shell of copper in the reference compound as
it was previously reported in the literature.*¢ But, these
results concerning intercalated products are presented
in Table 7 and Figure 4.

Measured distances Cu—0O(2) are similar enough to
the literature value: 0.390 nm in K3[CuOx,]-2H,0.
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Table 7. Results of EXAFS Study for Cu Atom Local Environment

Rinm Rz nm Rz nm 01=02=03
compound N1 (Cu—0(1)) N2 (Cu—C) N3 (Cu—0(2)) 10-4nm? F1102 F,102 F310°2
K2[Cu(C204)2]:2H,0  4.01 0.193 4.01 0.270 2.4 1.99 3.71
[Zn;AlCu] 4.00 0.196 4.00 0.274 4.00 0.395 2.4 0.853 3.03 5.62
[Mg.AICu] 3.99 0.197 4.00 0.276 4.00 0.380 2.4 3.33 3.55 5.84
Table 8. Results of EXAFS Study for Co Atom Local Environment
R;nm Ronm Rz nm 01=02=03
compound N3 (Co—0(1)) N2 (Co—0C) N3 (Cu—0(2)) 10~4nm? F;1072 F,1072  F3107?
K2[C0o(C204)2]:2H,O0  3.99 0.209 4.01 0.285 4.00 0.391 8.4 1.66 5.21 5.71
[Zn2AlCo] 3.99 0.212 4.00 0.288 4.00 0.394 8.4 1.29 5.03 5.29
[Mg,AICo] 4.00 0.211 4.00 0.287 4.00 0.381 8.4 1.46 4.35 3.89
60
[Zn_AICu] K,[Ga(C,0 ).], 3H.0|
_____ [Mg:AlCu] 3 243 2
3 z
=
0 0,1 0,2 0 0,1 0,2 0,3 0,4 0,5

distance (nm)

Figure 4. Comparison of Fourier transform curves of [Mgs-
AlCu] and [Zn,AICu] on the third coordination shell.

Scheme 1. [Cu(C204)2]2— Projection Plane

2 019311m
|4—0151nm Cu 0130nm || 0120nm
N\ o/
0 \0 0 o
2 1 1 z

However, the small value obtained for the [Mg,AICu]
compound is in favor of stronger interactions between
metallic complexes and [Mg.Al] layers than with [Zn,-
Al] layers, as will be discussed below.

[Co(C204)2]2~ Anion. Results obtained for the first,
second, and third shells of cobalt coordination are listed
in Table 8. It appeared that the cobalt environment was
preserved with variations of Co—O and Co—C distances
that were small compared to those of the reference
compound K;3[CoOx5]-2H,0.

[Ga(C,04)3]®~ Anion. Structures of trivalent metallic
oxalato complexes are well-known (Scheme 2), and
distances values of first neighbors are in the range of
0.195—0.206 nm.*’

The Ga atom environment in [Mg,AlGa] is compared
with that of the reference compound K3[GaOxs]-3H,0
in Figure 5. This structure was preserved after inter-
calation of [GaOx3]®~ between both [Zn,Al] and [Mg,-
Al] layers (Table 9). However, it is noteworthy that the
third coordination shell was disturbed, showing two
oxygen atoms at 0.322 nm and four oxygen atoms at
0.346 nm, inducing probable modifications of angles in
the complex. In this case the interactions of both [Zn,-

distance (nm)

Figure 5. Comparison of Fourier transform curves for Ks-
[Ga(CZO4)3]-3HZO and [MngIGa]

Scheme 2. [Ga(C,04)2]®~ Projection Plane

ON

\/

02

All] layers and [Mg,Al] layers on the [GaOx3]3~ complex
seem to be similar.

[MNn(C,04)3]®~ Anion. Because of the high instability
of K3[MnOx3]-3H20,%8 no XAFS measurements were
carried out on this compound, and we have considered
that the [MnOx3]®~ anion was structured as the
[GaOx3]®~ anion.

Otherwise a XANES study was carried out on MnOxz3~
exchanged HDLs with K3[Mn(CN)¢] as reference to
confirm oxidation state |11 for the manganese atom in
these compounds (Figure 6). The energy step was
observed at 6550 eV for each compound, showing that
the manganese oxidation state was preserved during
intercalation. Results of the XAFS study are reported
in Table 10, showing similar first and second coordina-
tion shells around the Mn atom comparatively to the
Ga atom in intercalated oxalato complexes. However,
the third coordination shell is quite different from that
of the gallium oxalate ion (Table 10 B): it is composed
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Figure 6. Comparison of Xanes curves of K3JMn(CN)s] (a) and
[Zn,AIMN] (b).

Table 9. Results of EXAFS Study for Ga Atom Local
Environment

A: For the Two First Coordination Shells

Rinm Ronm o=
compound Nl (Ga—0(1)) N, (Ga—C) 10~ 4nm2 Fy F,102
K3[Ga(C204)3] 0.198 6 0274 483 72103 472
3H,0
[Zn,AlGa] 6 0197 6 0274 483 147102 3.64

[Mg,AlGa] 6 0196 6 0274 483 187102 482

B: For the Third Coordination Shell

Rz >nm o3
compound N33 (Ga O(2)) N3— (Ga O(2)) 10 4nm2 F
K3[Ga(Cz04)3]° 6 0.376 0 4.83 2.6910°2
3H,0
[Zn,AlGa] 2 0.322 4 0.347 4.83 3.48 102
[Mg2AIGa] 2 0.320 4 0.344 4.83 4.87 102

Table 10. Results of EXAFS Study for Mn Atom Local
Environment

A: For the Two First Coordination Shells

a1 02
R; nm 1074 R, nm 104
compound N; (Mn—0(1)) nm? F N2 (Mn—C) nm? F,
[ZnAIMN] 6 0.199 2.00 448102 6 0.278 2.00 5.68 102
[Mg,AIMn] 6 0.198 2.00 5.07102 6 0.278 2.00 5.97 102

B: For the Third Coordination Shell

Nz—13= Rsz-1nm Rz—2nm  03-1=03-
compound Nz, (Mn—-0(2)) (Mn—0(2)) 10~*nm?2 Fs3
[Zn,AIMN] 3 0.332 0.354 2.00 5.17 1072
[Mg.AIMnN] 3 0.330 0.351 2.00 5.05 1072

with 3 oxygen atoms at 0.331 nm and 3 oxygen atoms
at 0.354 nm.

For the same LDH host net, according to the nature
of the trivalent metal Mn or Ga, different surroundings
are observed in the intercalated oxalato complexes. The
distribution of the six oxygen atoms involved in the third
coordination shell is clearly different, with the best
tested hypothesis leading to < 3—3 > and < 2—4 >
distributions for [MnOx3]3~ and [GaOx3]®~, respectively.

3.1.4. Layout of Intercalated Complexes between the
Layers. We tried to model the layout of metallic oxalato
complexes between the layers by using the results
presented above, which can be summarized as follows:

(46) Michalowicz, A. These de doctorat d'état de I'Université Paris
Val de Marne. France, 1990.

(47) Wyckoff, R. W. G. Crystal Stuctures, 2nd ed.; Interscience
Publishers: New York, 1966; vol. 5, pp 418—419.

(48) Carteledge, G. H.; Ericks, W. P. 3. Am. Chem. Soc. 1936, 58,
2061.
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(a) intercalated metallic complexes take place in the
middle of the interlayer; (b) small modifications of angle
values in (C,04) groups exist according to possible
interactions with layers; and (c) the structural environ-
ment of intercalated metal and basal spacing values are
clearly defined from XAFS and XRD studies.

The intercalation model used to obtain the free
interlamellar space (dfe) Was based on the equation dsree
= dobs — (Trayer + 2LH). TrLayer coOrresponds to the
thickness of the layer consisting of [MOg] octahedra;
previous studies have shown that this thickness is
nearly the same whatever the choice of LDH layer
elements (about 0.20 nm).*°~51L, corresponds to hydro-
gen bond length between the layers and the anionic
species (about 0.27 nm).52

As observed in Table 4, the basal spacing values for
LDHs intercalated by metallic oxalato complexes are
very similar (~0.98 nm), except for [Mg.AlGa] and [Mgz-
AIMnN] (~0.96 nm). This weak difference suggests that
all the complexes have nearly the same orientation in
the interlamellar space, which could depend on the
position of (C,04) groups.

Concerning the bivalent anionic metallic oxalato
complexes, a rapid calculation showed that we could not
accept the hypothesis of (C,04) groups parallel with the
layers, so having (C,04) groups quasi-perpendicular to
the layers was the only possibility.

As it appears in Scheme 1, the literature*’ indicates
that the two (C,04) groups present different angle
values relative to the projection plane, for example 12°
and 24° for K, [Cu(C204)2]-2H,0. These values seemed
to depend on the cation’s nature. It was also pointed
out that (O(1)—M"—0(1)) angle values in the same
(C204) group and angle value between two (C,0,4) groups
could vary.

This phenomenon is clearly confirmed by some of our
results. Indeed, IR spectroscopy pointed out a small shift
for the characteristic bands for metallic oxalato com-
plexes intercalated products compared to that for free
complexes (Table 5). XAFS study showed that, for
example, the Cu—O(1) bond length in intercalated
products increased compared to that with Ko[Cu(C204)2]
2H,0 (Table 7). These results are in accordance with a
smaller value of (O(1)—M '"—0O(1)) angle for intercalated
complexes. This was already reported by Wickoff>3 for
the [Zn((C204)2]%™ anion, in which (O(1)—Zn—0(1)) angle
value was 71°.

The ideal (C,04) group’s size calculated with this
angle value is in accordance with a perpendicular
arrangement of metallic oxalato complexes in the in-
terlamellar area.

All theis information suggests that the (C,0,4) group
could be compressed, leading to an adaptability of the
oxalate structure without destruction.

Remark: We did not use the third neighbor atoms
O(2) for basal spacing evaluation because the literature
reports that distance O(2)—0O(2) is smaller than the

(49) El Malki, K.; Guenane, M.; Forano, C.; de Roy, A.; Besse, J. P.
Mater. Sci. Forum 1992, 91, 171.

(50) Bonnet, S.; Forano, C.; de Roy, A.; Besse, J. P.; Maillard, P;
Momenteau, M. Chem. Mater. 1996, 8, 952.

(51) Ennadi, A.; Khaldi, M.; de Roy, A.; Besse, J. P. Mol. Cryst. Liq.
Cryst. 1994, 244, 373.

(52) Meyn, M.; Beneke, K.; Lagaly, G. Inorg. Chem. 1993, 32, 1209.

(53) Wyckoff, R. W. G. Crystal Stuctures, 2nd ed.; Interscience
Publishers: New York, 1966; vol. 5, p 42.
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Scheme 3. (A) Proposition for the Layout of a
[M"Ox,]?~ Anion between LDHs Layers; (B)
Proposition for the Layout of a [M'"'Ox3]3~ Anion
between LDHs Layers (3—3 Distribution); (C)
Proposition for the Layout of a [M'"'Ox3]®~ Anion
between LDHSs Layers (2—4 Distribution)
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distance O(1)—0O(1) of 0.010 nm, and because XAFS
studies showed an oxygen atom’s mobility with non-
identifiable directions.

XAFS studies suggested also a more important effect
of [Mg.Al] layers than [Zn,Al] layers on the third neigh-
bors atoms O(2) positions (Tables 7—10). The effect of
the layers’ basicity is evident: indeed, [Mg,Al] layers im-
posed smaller basal spacing (0.96 nm) than [Zn,Al] lay-
ers (0.98 nm) (Table 4). It appeared that there were no
consequences in the basal spacing for bivalent metal-
lic oxalato complexes intercalates contrary to trivalent
metallic oxalato complexes intercalates. Bivalent metal-

Beaudot et al.

Table 11. TGA Study Results

exp. calc.
temperature loss of loss of
LDH range (°C) observed step weight (%) weight (%)
[Zn,AICu] 20—-170 dehydration 3.6 3.7
170-650  dehydroxylation + 32.6 32.8
anion decomposition
[Mg-AICu]  20-140 dehydration 5.0 4.8
140—750 dehydroxylation + 38.8 39.4
anion decomposition
[Zn,AlCo] 20—-170 dehydration 2.9 2.7
170—-550 dehydroxylation + 33.8 34.0
anion decomposition
[Mg,AICo]  20—130 dehydration 2.4 2.2
130—700 dehydroxylation + 41.2 41.7
anion decomposition
[Zn,AlGa] 20—-130 dehydration 7.5 7.4
130—700  dehydroxylation + 33.3 33.0
anion decomposition
[Mg.AlGa] 20—210 dehydration 9.0 8.8
210-720  dehydroxylation + 41.2 41.2
anion decomposition
[Zn,AIMn]  30—170 dehydration 35 3.3
170—720 dehydroxylation + 34.2 34.2
anion decomposition
[Mg,AIMn]  30—-150 dehydration 55 5.1
150-750  dehydroxylation + 42.6 42.7

anion decomposition

lic oxalato complexes could have better mobility in the
interlamellar domain than trivalent metallic oxaloto
complexes, which could permit balancing of the com-
pression interactions. Layouts of these complexes in in-
terlamellar domain are proposed in Scheme 3A, B, and
C.

3.1.5. TG—MS Analysis. Thermal decomposition of
hydrotalcite-like compounds is well described in the lit-
erature,*154-56 and particularly by Prevot et al. concern-
ing oxalato complexes intercalated in LDH.!! Generally,
two steps of dehydration are observed: the dehydration
of water molecules physisorbed at the external surface
of the crystallites, and dehydration of intercalated water
molecules more strongly attached to the network with
hydrogen bonds. For the majority of intercalates studied
in this paper, these two phenomena are not really
separated and are observed in the temperature range
of 30—200 °C depending on the host matrix (Table 11).
At higher temperatures, the two steps corresponding to
the dehydroxylation of the host matrix and the decom-
position of oxalato complexes overlap each other.

The corresponding mass spectrometry for decomposi-
tion products was performed for [Zn,AlMn] focused on
some ions and molecules such as HCI and CI~ in order
to detect possible remaining chloride precursor phases;
H,0, OH~, and O?~ in order to know how water removes
and decomposition of layers occurs; and C, CO, and CO,
for oxalato complexes decomposition. These curves
(Figure 7) indicate that dehydroxylation and complex
decomposition take place around 320 °C, but the last
phenomemon occurs on a larger temperature domain.
Indeed, the CO; curveshows two clear decomposition
steps at 320 and 480 °C, whereas TG analysis and the
literature'® mention only one step in the range 215—
320 °C for decomposition of the metallic oxalato com-
plex. Nevertheless the decomposition scheme of the
(C,04) group from a metallic oxalato complex is usually
proposed as the following:

C,0,” — CO + CO,*~

CO,”” — CO, + 0*~
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Figure 7. Mass spectrometry and TGA curves for [Zn,AlMn].

We observed a disproportion of peaks intensities at 320
and 480 °C in favor of the first, so we attributed the
second peak to carbonate anion or (C;04)?~ trapped in
the decomposed structure. On the basis of the study of
[Zn3AICO3] decomposition by Prévot® showing two mass
spectrometry peaks in CO; curves, we supposed that
CO32~ anions were trapped in the oxide mixture during
thermal treatment rather than (C,04)?~ groups. The
really weak amount of observed CO could be due to the
rather weak oxidant air/argon atmosphere (curves not
reported).

XRD results did not reveal the presence of intermedi-
ary carbonated LDH phases, as was reported by Tra-
versa®® during the decomposition of [MgzAl] LDH phase
intercalated by simple oxalate anion.

In accordance with XRD characterizations no chlorine
was observed.

Using chemical analysis and TGA results, we calcu-
lated the weight loss corresponding to major steps of
thermal decomposition, and the values are listed in
Table 11 and compared with measured values.

3.2. Characterization of Layered Double Hy-
droxides upon Thermal Treatment. 3.2.1. XRD
Characterization. XRD patterns of exchanged com-
pounds heated in air (24 h) at different temperatures
in the range of 25—1050 °C were recorded. The total
decomposition of LDHSs leads to a mixture of divalent
metal oxides, spinel phases, and, in some cases, oxides
of trivalent metal.

The LDH structure was retained for some compounds,
although the peaks were broader and less defined

(54) de Roy, A.; Vernay, A. M.; Besse, J. P.; Thomas, G. Anulisis
1988, 16 (7), 409.

(55) Prévot, V.; Forano, C.; Besse, J. P. J. Mater. Chem. 1999, 9,
155.

(56) Traversa, E.; Nunziante, P.; Ghozzini, G. Thermochim. Acta
1992, 199, 25.
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Table 12. Temperature of Appearance of Oxides
Obtained after LDH Calcinations (°C)

Zn-  Mg-

ZnO MgO Al,O4 Alng4 CuO CoO C0203 Gazog Mn203
[Zn,AlCu] 200 900 800
[MgzAICU] 800. 1050
[Zn,AlCo] 200 900 700 700
[Mg.AICo] 700 . 800
[Zn,AlGa] 500 900 800
[Mg,AlGa] 400 900
[Zn.AIMn] 400 800 900
[MgzAIMn] 400 700 900

showing that low-temperature calcinations led to amor-
phous phases. At temperatures higher than 300 °C, the
layered structure collapsed and only small peaks were
observed, which correspond to diffraction rays of MgO-
like compounds or intercalated metal oxides depending
on the layer composition. Calcination at 900 °C led to
crystallization of well-defined phases for [Zn,Al] com-
pounds, while badly crystallized oxides were formed for
[Mg2Al] compounds (except [Mg,AIMn]). This will be
discussed below.

According to the results presented in Table 12, two
conclusions can be pointed out as follows: (1) Interca-
lated metallic oxalato complexes have higher thermal
stability than free complexes, as it was clearly shown
for example by [Zn,AICu] and [Mg,AICu] calcinations.
CuO appeared at about 800 °C instead of 350 °C for
copper oxalat