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The cerium ion intercalated aluminosilicate was prepared by ion exchange reaction between Na+ in montmo­
rillonite and Ce4+ in aqueous solution. The X-ray absorption near edge structure (XANES) analyses indicate 
that the Ce서 ions are partially reduced to the Ce3+ ones during the intercalation into layered aluminosilicate due 
to a charge transfer between host and intercalant. From the EXAFS analysis, two different (Ce-O) bonding 
pairs could be characterized with the distances and coordination numbers of 2.31 (±0.02) A x 8.2 (±1.5) and 
2.66 (±0.02) A x 2.7 (±1.0), respectively, with the oxygen atoms as the first nearest neighbor, and two (Ce-Ce) 
pairs at 3.78 A as the second neighbor. It is therefore concluded that the most probable Ce-species stabilized in 
the interlayer space of aluminosilicate after the intercalation is the tetrameric Ce-polyoxy/hydorxy cations with 
the mixed valent state of 0.75 Ce서70.25 Ce3+

Introduction

Recently, two-dimensional (2-D) materials have attracted 
intense research interest due to their applicability in prepar­
ing highly porous nanocomposites with selective catalytic 
activity and with molecular adsorption and sieving capac­
ity.1'3 Moreover, the porous layered clays pillared with rare 
earth elements have also been studied not only to improve 
the catalytic activity and thermal stability?” but also to un­
derstand the relation between the electronic structure of mi­
xed valent rare earth cation and the physico-chemical prop­
erties such as solid acid catalysis and radioactive nuclear 
waste repositories.7,8

Since the layered materials and their intercalates are hi­
ghly anisotropic and poor in crystallinity, the conventional 
diffraction techniques may not provide their detailed struc­
tural infbmation. In this regard, the extended X-ray absorp­
tion fine structure (EXAFS) and X-ray absorption near edge 
structure (XANES) spectroscopies are the most powerful tool 
in determining the electronic and geometric structures of ions, 
molecules, and condensed matters, whatever those are crys­
talline or amorphous isotropic or not? Especially, in the 
structural characterization of silicate intercalation comple­
xes. the much lower contribution to the absorption coeffi­
cient of the lighter element like Si, Al and Mg in the silicate 
matrix can provide very good sensitivity to the intercalated 
heavy element even though those are in minor concentration?-11

In the present study, an attempt has been made to interca­
late cerium ions into layered silicate, montmorillonite, and to 
analyze the local structure and valence state of cerium ions 
stabilized in the interlayer space by X-ray absorption spec­

troscopy (XAS).

Experimental Section

Sample preparation. The particle size of the starting ma­
terial of montmorillonite (Junsei Chem. Co.) was controlled 
to < 0.2 /Im with a sedimentation-fractionation technique, and 
no impurities of other materials were found in the X-ray dif 
fraction (XRD) analysis. The chemical formula of N电4o(Feo.i9 
Mgo.26Ali.6o)(Si3.88Alo.i2)Oio(OH)2 and cation exchange capac­
ity (CEC) of 〜100 meq/100 g were determined, respectively, 
by inductively coupled plasma (ICP) and CEC measurement.

A saturated aqueous solution of Ce(SQ)2・4H2() and 1 
wt% dispersed montmorillonite suspension were used for 
the ion exchange reaction, which was performed at room 
temperature fbr 3 hours. The cerium ion exchanged clays 
were centrifuged and washed with deionized water until the 
clay suspension gave colorless supernatant, indicating the 
removal of all the cerium species attached on the clay sur­
face. The obtained Ce-montmorillonite was freeze-dried at 
room temperature fbr 1 hour and used for further analyses.

Characterization. Powder XRD measurements were made 
on a JEOL-JDX diffractometer with Ni-filtered Cu Ka radia­
tion (Z = 1.54184 A) and the amounts of metallic species were 
determined with Shimazu ICP spectrometer (ICPS-5000).

X-ray absorption measurements were carried out with syn­
chrotron radiation with the EXAFS facility installed at the 
beam line 7C of the Photon Factory, the National Laboratory 
fbr High Energy Physics (Tsukuba), operated at 2.5 GeV with 
ca. 350-400 mA of stored current. The Ce I^n-edge XAS was 
taken in a transmission mode using ionization chambers 
filled with N2 (Io) and N2 + Ar (It) at room temperature, using 
a Si(lll) double crystal monochromator. To remove the hig­
her harmonic oscillation effect, the intensity was detuned by 
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30% of the maximum of the incident beam. To ensure the 
spectral reliability, much care has been taken to evaluate the 
stability of the energy scale by monitoring the spectrum of 
cerium oxide for each measurement and thus edge positions 
were reproducible to be better than 0.05 eV.

XANES and EXAFS data analyses. The data analyses for 
experimental spectra were performed by the standard proce­
dure as previously described.”이' Photon energies of all XANES 
spectra were calibrated by the first absorption peak in the 
CeO? one, defined at 5723.4 eV. The inherent background in 
the data was removed by fitting a polynomial to the pre-edge 
region and extrapolating it thro니gh the entire spectrum, from 
which it was subtracted. The absorbance «(E) was normal­
ized to an edge jump of 나nity for comparing the XANES 
features directly to one another. Nonlinear least-squares 
EXAFS curve fitting between the experimental EXAFS 
spectrum and the theoretical one calculated by ab-initio 
FEFF6 code15,16 was carried out by UWXAFS2.0 code,17 and 
the structural parameters such as coordination number (N), 
bond distance (R), Debye-Waller factor (o;2), and thre아iold 
energy difference (AEo) were optimized as variables.

Results

Powder XRD. The intercalation of Ce^+ ions into mont­
morillonite was confirmed by powder XRD as shown in Fig­
ure 1. The (001) peak at 29 =5.9° gives the basal spacing of d 
=14.98(±0.05) A, which allows us to climate the size (5.4 
A) of intercalant cerium species by s나btracting 9.6 A of the 
thickness of the silicate layer form the observed ^/-spacing. 
The powder XRD pattern for the heat-treated Ce-montmoril- 
lonite at 250 °C shows the basal spacing of 13.8 A, even
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Figure 1. Powder X-ray diffraction patterns for (a) Na-montmori- 
llonite, (b) Ce-montmorillonite, and (c) Ce-montmorillonite heat-trea 
ted at 250 °C.
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though the crystallinity is highly reduced, contrast to Na- 
montmorillonite which shows the basal spacing of 9.6 A 
after heating at 250 °C. These layer distances suggest that 
the intercalated cerium species is not consistent with that of 
the hydrated cerium ion b니t probably with that of a large 
sized cerium oligomer, considering the ionic size of C^+ of 
0.87-1.14 A with the coordination numbers of 6-10*  This 
fact is well consistent with following XANES and EXAFS 
results. However, the Ce-montmorillonite becomes X-ray amor­
phous after the heat-treatment beyond 300°C.

XANES spectra. Figure 2 shows the Ce Lm-edge XANES 
spectra for the Ce-montmorillonite and reference compounds 
such as Ce(SO4)2-4H2O and Ce2(SO4)3-8H2O with the tet­
ravalent ceric and trivalent cerous ions, respectively. Tho­
ugh Ce2(SO4)3-8H2O shows a single peak (B) around 5727 
eV in the XANES spectrum, Ce(SCh)2-4H2O with the Ce4+ 
ion shows a remarkable splitting (about 7 eV) of the white 
line caused by two different configurations in the initial 
state.19-21 In general, the broad peak D is assigned to the Ce 
[2p54f°5d+1] O[2p6] final state configuration (possibly with 
some weak contribution of the Ce[2p?4f25d* 1] O[2p4]) and the 
peak C to the CePp^f'Sd* 1]. A distinct energy difference 
between the peaks B and C was observed as much as 4 eV as 
previously described.22-23 On the other hand, in the case of 
Ce-montmorillonite, the peak C shifts to a lower energy side 
of 1.5 eV with a slight suppression of the peak D witho나t 
any energy shift, indicating the stabilization of trivalent ceri­
um ions in the interlayer space of montmorillonite. The spec­
trum of Ce(SO4)2-4H2O shows also a shoulder (A) around 
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Figure 2. (a) Ce Lm-edge XANES spectra for Ce-montmorillonite 
(一)and reference compounds, Ce(SQi)2-8H2O ( ) and C@(SO4)3 
■4H2O (b) Ce Lm-edge XANES spectra for Ce-montmorillo-
nite (open circles) and the simulated XANES spectrum (—) based 
on the weight factor of 0.75 for Ce(SQ)2・4H2。and 0.25 for 
Ce2(SO4)3-8H2O
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5720 eV in the near of absorption edge which can be assi­
gned to the transitions to the bottom of conduction band?4

And a broad feature over 5750 eV denoted as the peak E 
can be explained by multiple scattering (MS) effects due to 
the penetration of EXAFS at continuum state which shows 
the higher energy shift as much as 15 eV in the C世 com­
pound, compared to the Cd*  one. It is well known that the MS 
peak position is highly related to the bond distance between 
central atom and the first nearest neighbors,25'26 since the 
shorter the distance is, the higher the peak energy becomes. 
Therefore, a slight low energy shift in Ce-montmorillonite 
complex compared to that in Ce(SQt)2-4H2O is an indication 
that the (Ce-O) bond distance would be slightly elongated, 
which is well consistent with the formation of trivalent cerous 
species as found in the above XANESresults.

A shoulder peak occasionally observed in XANES spec­
trum of CeCh, due to the presence of a small amo나nt of C^+ 
with the configuration of 4f', was not observed in Ce(SQ)2 
4田0, and no do나ble-peak in C©(SO4)3・8H2。indicates the 
purity of reference compounds. Therefore, it becomes possi­
ble to estimate the contribution of C^+/Ce4+ to the entire XA 
NES spectrum of the Ce-montmorillonite. Figure 2b shows 
the simulated spectrum by assuming the weight factors of 0.75 
for Ce4+ and 0.25 for Ce사, respectively. The overall shape of 
simulated spectrum shape could be reproducibly represen­
ted, and is in good agreement with experimental one, indi­
cating a charge transfer from the montmorillonite lattice to 
the intercalant cerium complex as found in various intercala­
tion compounds.

EXAFS spectra. Figure 3 shows the 1^-weighted EXAFS 
oscillations and their Fourier transforms (FTs) in the range of 
〜1.5 A~J < k < 10.0 A-1. The first peak around 2.0 A is due 
to the first oxygen ligands, and the next peak around 〜3.5 A 
corresponds to the outer Ce------ or Si shells. It is important
to note here that the cerium species intercalated show a char­
acteristic feature in FTs. The first is a strong reduction of the 
intensity in the first neighbor region compared to that of the 
trivalent or tetravalent Ce sulfate salt and the second is an 
enhancement of the intensity in the second neighbors region 
around 3.5 A, as indicated by an arrow in Figure 3b.

For the quantitative analysis of the structural data, a non­
linear least squares curve fitting was carried sit fbr refer­
ence compounds, Ce(SCk)2・4H2。and 旋2(，。4)3・8田0. The 
best-fitted structural parameters are summarized in Table 1,

Figure 3. The ^-weighted EXAFS oscillations (top) and their 
Fourier transforms (bottom) for the first shell, (a) Ce-montmoriHo- 
nite, (b) Ce(SO4)2-4H2O, and (c) Ce2(SO4)3-8H2O.

and the inverse FTs and l^%(k) fbr the first shell are com­
pared with theoretical spectra depicted by using the parame­
ters obtained (Figure 4). The best-fitted distances are in good 
agreement with the crystallographic values within the exper­
imental error limit (±0.02 A)?7,28

The first shell-fitting result fbr the Ce-montmorillonite 
complex shows the two oxygen shells with the distance dif­
ference of 0.35 A which destructively interfere with each 
other, leading to a large suppression of the FT amplitude as 
shown in Figure 4. It should be noted that the Debye-Waller 
factors for (Ce-O) bonding pairs, reflecting on static/dynamic 
disorder are largely increased after the intercalation. Such a 
fact represents the large disorder in bond distance compared 
to those of the reference compounds. A small increase of 
0.07 A in average bond distance after the intercalation, com­
pared to the tetravalent reference compound Ce(SQ)2-4H2O

Table 1. EXAFS fitting results for Ce-montmorillonite and reference compo나nd§

Compounds Bonding pairs CN* r（A）a Eo(eV) o2(xlO-3A2) R factor

Ce-Ol 8.2 2.314 -1.73 26.76 0.006
Ce-Mont. Ce-O2 2.7 2.661 tt 11.2 0.006

Ce-Ce€ 2.4 3.781 -1.83 5.17 0.047
Ce2(SO4)3 8H2O Ce-O 8.2 (7.5) 2.540 (2.552) -6.31 7.18 0.007

Ce(SO4)2 4H2O Ce-O 8(8) 2.332 (2.32Q 0.63 3.91 0.015

°The fitting ranges for k and R are 1.5-9.5 A-1 and 0.50-2.65 A, respectively and the independent points are 8. Errors fbr CN (coordination number) and 
서 (Debye-Waller factor) are 20%, and those for R (interatomic distance) and Eo (threshold energy difference) are 0.02 A and 1.8 eV, respectively. ”The 
R values and coordination numbers for Ce3+ and Ce4+ in parenthesis are from references (12) and (13), respectively. cThese values are obtained from k3- 
weighted EXAFS signal ofk = 3.0-10.0 A-1 and R = 3.0-4.1 A.
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Figure 4. The Fourier filtered EXAFS oscillations (solid line) and 
their fitting results (open circles) for the first shell, (a) Ce-mont- 
morillonite, (b) Ce(SO4)2-4H2O, and (c) Ce2(SO4)3*8H2O.

Figure 5. The second shell fitting results for Ce-montmorillonite.

Figure 6. The schematic descriptions of the tetrameric cerium 
oxy/hydroxy polycation and montmorillonite.

Discussion

On the basis of EXAFS fitting results, it is possible to pro­
pose the structural model fbr the cerium species in the inter­
layer space of clay as shown in Figure 6. It is interesting to 
point out that the hexamer polycation of [C^ (#4-0)4(#3- 
OH)4(H2O)24]12+ could be formed in an acidic aqueous 
media of which cerium atoms are in an eight fold coordi­
nated oxygen ligand field (antiprism) composed of four 
water molecules at 2.6 A and the other four oxygen atoms of 
印xo and /ihydroxo at 2.21 A and 2.46 A, respectively?9 The 
distance between Ce——is 3.77 A in the polycation which 
is identical with the present EXAFS result of 3.78 A. It was 
also reported that the tetrameric unit of C@ (^-0)(^3- 
OH)(acac)i2 as intermediates of hexamer could be formed in 
the course of the hydrolysis of cerium isopropoxide in the 
acetylacetonate medium,30 of which interatomic distance is 
very similar to that obtained from present EX AFS results. 
Considering the molecular dimension of hexameric species 
and tetrameric one, the gallery height of 5.3 A confirms that 
the cerium species in interlayer region is the tetrameric form, 
not the hexameric one. Therefore, it is suggested that the tet­
rameric Ce-polyoxy/hydorxy cations are stabilized in the 
interlayer space of two-dimensional silicate layers after the 
intercalation.

Con 이 usion

underlines the formation of Cd*  in the intercalation complex 
as observed in the XANES spectra.

The second shell around 3.5 A was fitted with the outer 
Ce—Ce pair as shown in Figure 5 and the fitting results are 
summarized in Table 1. The fits fbr the second neighbors 
with Si standard were also carried out, but it did not give any 
physically reasonable structural parameters. The magnitude 
of envelop in Figure 5 shows a maximum around 8 Ar1 whi­
ch indicates the presence of heavy metal species as a second 
neighbor. A small difference in lowk region is probably due 
to the penetration of the oscillation of the first oxygen shell 
or due to the possible Si pairs, but it was impossible to do 
curve-fit using further shells (i.e. including Si neighbors) 
since the number of the independent points was too small to 
carry o니t s니ch curve-fits.

In the present study, the local structure and valence state of 
cerium ion intercalated in montmorillonite have been inves­
tigated by X-ray absorption spectroscopy. According to the 
XANES spectroscopy, it is confirmed that about 25% C^+ 
was reduced into Ce?+ after the intercalation, which is con­
sistent with the EXAFS results representing the longer (Ce- 
O) bond distance of 0.07 A. The three cerium atoms are also 
observed at 3.78 A as second neighbors. It is therefore aig- 
gested that the tetrameric Ce-polyoxy/hydorxy cations aresta- 
bilized in the interlayer space of two-dimensional silicate 
layers after the intercalation.
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