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Abstract

Experiments reveal that the lattice constants of nanocrystallites with the number gf Ge®ula unitsV more than 68 expand relative
to the bulk CeQ but are very different depending on the fabrication method. Densities of states are calculated for hudn@&2Q s,
and for (CeQ)13 and (CeQs)13 clusters. Band gap energies of the bulk Ge@d CeQ@ s are estimated to be 3.20 and 0.30 eV, respectively.
HOMO-LUMO gap energies of the clusters (G2Q and (CeQs);3 are calculated to be almost 0 and 3.05 eV, respectively. Experimental
results of the ultraviolet absorption of nanocrystallites with the number of,@a® CeQ s formula units more than 68 show the blueshifts
from the bulk Ce@ and CeQs, respectively, due to the quantum confinement effect.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction This is in contrast to a decrease often observed in the lattice
constant of metal nanoparticles with decreasing particle size.
Cerium oxides have attracted intensive attention as ultra- The core level shift of Ce 3d in X-ray photoelectron spec-
violet (UV) absorbent$§l] and for catalytic redox reactions tra of cerium oxide (Ce®@ ,; 0= x<0.5) nanocrystallites
in order to clean the exhaust of automob|[@s The catalytic has revealed that the effective valence state of Ce ions is 3.0
effect comes from the reversible chemical reaction betweenfor a diameter of about 14 0.2 nm[6], which corresponds
the two cerium oxides, the oxygen-rich Cehd the oxygen-  to CeQ s-type cluster withV=68. It has been shown that
poor CeOs, depending on the chemical potential of oxygen. the change in the lattice constant is in good correlation with
For this reason, some studies on the electronic, bonding andhe change in the valence state for cerium oxide nanocrystal-
optical properties of cerium oxide bulk crystals have been lites[5,6]. On the other hand, the structures of (GgEand
carried out from both fundamental and technological view- (CeQ s)y clusters were previously determined by simulated
points[3]. Recently, blueshifts in UV absorption spectra of annealing with classical interatomic potentials and showed
monodisperse cerium oxide nanocrystallites have been foundthat the former is reduced in size independent of the values
for the direct optical transitiof#d]. Itis very useful to be able  of N and the latter is extended with decreasing cluster size
to control the position of the UV absorption edge by parti- down toN=13[7]. The size effect of such a material in the
cle sizes. Very recently, X-ray diffraction studies have shown range of nanometers is very interesting but has not been well
that the synthesized cerium oxide nanocrystallites have a cu-researched.

bic fluorite-type structure and large lattice expansifsis In this report, the effects of the lattice constants (or
bondlengths) and electron gap energies on the particle sizes
* Corresponding author. Fax: +81 22 215 2101. in the range from nano- to subnano-meters are clarified by
E-mail address: scorpion@imr.edu (S. Tsunekawa). both the experiments and computations.
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2. Experiments and calculations 0.565 — T T T
0.1

Measurements of lattice constants were carried out for
monosized cerium oxide nanocrystalline particles S1, S2 and
S3 having diameters of 861.3, 3.8+ 0.6 and 2.2- 0.3 nm, —_ 0560 ]
respectively, prepared by the successive microemulsification E s
method[8] using X-ray powder diffractometer (Geigerflex, © r
Rigaku) in the 2 range 20-70with a Cu Kua irradiation, £ 0555 [ Jo
where the size range indicates the standard deviation of the £
particle diameter. S

Measurements of absorbance (optical density, OD) spec- 8
tra were performed for monodisperse cerium oxide toluene § 0.550 - .

sols with a series of diameters 220.3, 2.7+0.4 and
3.2+ 0.5nmin 10 mm quartz cuvettes using a UV-VIS spec-
trophotometer (U-2000, Hitachi) with a deuterium lamp,
where OD= log(lo/I), wherely andI are the intensities be- 0.545 1
fore and after transition. The examination for the OD data
was performed with a conventional method for direct optical
transition[4]. 0540‘| L L
The band structure and/or the densities of states (DOS) o 5 10 15 20
were calculated for CefDand CeQ s bulk crystals, and Particle size, D (nm)
(Ce)13 and (CeQ.5)13 clusters using the self-consistent
full potential linearized augmented-plane-wave method un- Fig. 1. Lattice constants as a function of the particle diameter: Wu @3l. (
der the generalized gradient approximation with spin—orbit Tsunekawa et al. (the present result)(Zhang et al. 4). The inset repre-
coupling[9]. The lattice constants were set to the experimen- ngfs(z])e 10g0—log(P) plots for the resuits of Wu et a@) and Tsunekawa
tal values (0.5411 nm for Ceand 1.122 nm for Ceg). o

tice constants of the particles with octahedral shape are

little dependent on size, those with circular or ellipsoidal
3. Results and discussion shape strongly depend on size. Conesa has proposed the

order of surface stabilization of unionized isolated oxy-

The size dependence of the lattice constants for the presengien vacancy defects in the bulk Ce8y computer simula-
samples S1, S2 and S3is showFig. 1 log(Aa)-log(D) plot tions[12]: (111)<(100)<(110)<(211)<(210)<(310).
is represented in the inset, wheke = a — ag; ag is the lattice Therefore, the above size dependences should be explained
constant of the bulk Ce£andD is the particle diameter. The by the surface stability due to oxygen vacancies. It is reason-
relation is obtained from the figure: able that the present size dependence is located at the middle
position, because the present samples partially dissolve in
strong acid[8] and include both the polyhedral and round
Recently, another size dependence of the lattice constants ha%haped particles as shownfiig. 2 Th's. Is explained by the
erg effect[13], which acts preferentially on the edges of

been reported by Wu et 4L0] (seeFig. 1and the inset): polyhedral crystallites with larger sizes on both dissolution

Aa = 0.0324D7%%®  (nm). 1)

Aa = 0.0600D0~ 1% (nm). 2)

This relation was obtained by applying the lag()—log(D)

plot to their size dependence curve. Their nanoparticles
(about 3—20 nm in diameter) were made in Helium atmo-
sphere (about 1-100Torr) at about 20@0 by a vapor
phase condensation method. The outlines of the particles
were mostly circular or ellipsoidal, quite different from
the nanoparticles with octahedral shape and surrounded by
{111} planes previously reported by Zhang et[all] who
made the monosized nanoparticles by mixing cerium ni-
trate solution with an ammonium reagent and the heat treat-
ment at 400-800C for 30 min (about 6—-80 nm in diame-
ter). Fig. 1 also Shov_vs the different tyPeS of the size de- Fig. 2. Typical high-resolution transmission electron microscopic image of
pendence of the lattice constants obtained by Zhang et al.the present nanoparticles. Only the outlines of the particles with fleh}
[11]. From this figure, it is suggested that while the lat- Ilattice fringe images are illustrated by the solid line.
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Fig. 3. Band calculations for Ce@A) and CeQ s (B) bulk crystals: band structure (a), total DOS (b), and partial DOS of Ce (c) and O (d). Computed DOS for
(CeM)13 (C) and (CeQ@5)13 (D) clusters: total DOS (a), and partial DOS of Ce (b) and O (c). The thin lines denote the Fermi &peleyels. ‘G” indicates
the band gap.

and growth. The above results strongly suggest that the octa- 10 T T ' T
hedral cerium oxide nanocrystallites wifth 1 1} planes are T (b)
a poor catalyst for oxidation. L
Wu et al. have clarified by electron energy-loss spec- 8+
troscopy that C& ions in relatively large Ce® , nanoparti-
cles are primarily in the surface regions and are unevenly dis-
persed throughout a partidi€0]. This is reasonable because
the Cé* and Cé&" ions coexist in the X-ray photoelectron
spectra as previously reportgg]. We call this “core—shell
structure” for the Ce@_, nanoparticles. Using this model N:68<8" 01
(the CeOs shell and the Cefcore), we can estimate the 4r 338 Parile diamater (hm) |
thickness of Ce@s surface layery, in our nanoparticles: I
0.28 nm= r< 0.56 nm[14]. This reveals that the thickness ] /

/

a B, )2 (eV? / nm?)

34 36 38 4.0 42 44
Photon energy. E (ev)

Electron gap energy (eV)

of the CeOs shell is at most 0.561 nm, which well explain o L

the size dependence of the lattice constant in our samples. We b N=13

can also determine the thickness of the surface layydar - \

Wu et al.'s samples [Eq2)] to be 0.421 nnE 7 <0.561 nm. . |
Fig. 3A and B) shows the computed band structures and 00.1 e 10 100

the DOS of the bulk Ce@and CeQ 5. The band gap ener- Particle diameter (nm)

gies in CeQ and CeQ@ 5 are 3.20 and 0.3 eV, respectively,

where the band gap energies are multiplied by a factor of Fig. 4. Size dependence of the band gap energies fop G&@Pand CeQ s

1.7 in order to match the experimental value of bulk GeO  (®) nanocrystallites and the HOMO-LUMO gap energies for (e§XO)

It should be noted that the optical transitions for Gedd and (CeQ )13 (@) clusters. The dashed line indicates the band gap energy

. . . of bulk CeQ and the dashed—dotted line represents that of bulk;GeO
CeQ, 5 occur directly at the Brillouin zones, X (1, 0, 0) and The insets show the plot ofEpnoy? vs. photon energy for the particles of

N (0, 0, 0.5), respectively, from the band structures, but the 5 > nm @), 2.7 nm ) and 3.2 nm &) in diameter (a) and the plot &fEq vs.
types are different, i.e., charge-transfer transition from O 2p- particle diameter in cerium oxide nanocrystallites (b), whereOD/d (OD
like band to Ce 4f-like band for CeQand electronic tran- s optical density)d = (IC/p) (/ is the light path lengthC" the concentration
sition from Ce 4f-like band to Ce 5d-like band for Ce© of ‘the tolgene sols angd is_ the den‘sity of the bulk)Epnet= 12404 (eV)
Experiments reveal the blueshifts in both the optical transi- ( Is the light wavelength in the unit of nanometejitg = £ — 3.20 (V)

3 . 1 ; X for CeQ, (O) andAEg=Eg — 0.30 (eV) for CeQ s (@), and the band gap
tions with the decrease in size as showrfig. 4 and the energyE is obtained from the photon energy extrapolated $c0.
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insets (a and b)Ey=3.20 +2.3D~215 (eV) for Ce® and
Eg=0.30+5.1®" 39(eV) for CeQ_sin the nanosize range
up to 5nm diameter. This is considered to be a quantum
confinement effecf15] well known in nanosize materials.
Fig. 3(C and D) shows the computed DOS of (GQ and
(CeO 5)13 clusters which have the minimum size with a cu-
bic fluorite-type structure. The HOMO-LUMO gap energies
multiplied by the same factor 1.7 are also indicateHim 4.

It is revealed that the gap energies of the clusters (g0
and (CeQ )13, ~0 and 3.06 eV, respectively, are much low-
ered from those of the clusters (Cggs and (CeQ s)gs COr-
responding to nanocrystalline particles with the diameter of
about 1.2 nm, 4.20 and 4.60 eV, respectively, estimated from
the above-mentioned blueshift. This is expected to be due
to the cluster effecfl6] between nano- and subnano-meter
sizes.
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