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Temperature variations of the electron magnetic resonance (EMR) spectra and magnetization
measurements are used to show that*Gens in concentration=18% are present in 3 nm CeO
nanoparticles supported on silica aerogel. It is argued that the presence ah@lkes the defect structure
CeO- for ceria nanoparticles due to oxygen vacancies. This transformation*6ft€E€e+ driven by
oxygen vacancies may be the key to understanding the catalytic properties of ceria.

Introduction In this paper, we have used magnetic methods to provide
Ceria is an important support material for catalysts used convincing and direct evidence for the presence of @ms

in a variety of industrially useful processes such as auto- in 3 nm ceria NP from the temperature variations of the

motive catalytic converters, wategas shift (WGS) reactions electron magnetic resonance (EMR) spectra associated with
at lower temperatures 1,‘uel cells, and production and Ceé¥" ions. Additional confirmation and concentration offCe

purification of hydroger—4 Recently, Esch et &lused high- ions is obtained from the temperature and magnetic field

resolution scanning tunneling microscopy to show that the Ya”a“"”s of the magnetization. The concentration of'Ce

surface of ceria (Ce£) contains oxygen vacancies, leaving ions in our 3 nm ceria NP supported on silica aerogel is

electrons which may reduce €epresent in Ce@to Ce™" determln_ed .to be gbout 18% from b(?th techn|que§.
in CeO_. The presence of highly mobile lattice oxygen  FOr stoichiometric Ceg)the electronic state of Ce is €e

available at the surface of ceria is, therefore, probably Which is'diamagrjelti(z: and hence EME slilent. Fof Gehe
responsible for the useful catalytic properties of ceria. Since €/€ctronic state is f_F55’2 with spin S = /> and the total
the effective ionic radius of G& is about 14% larger than ~ @ngular momentund = %/,. Studies of C& doped in single
that of Cé* in the same coordinatiohthe size dependence crystals of ethyl sulfat@ and strontium barium niobdfehave
of the lattice parameter observed in ceria nanoparticles (NP)described the effect of crystalllnse field (CF) on the*Ce
has also been used recently to imply the presence’bfce  €nergy levels. In axial CF, tlhb - 5/2 state Ssp“t.s into three
Other techniques reported recently for determining the/lCe ~ K<ramer doublets witllz = +/5, £/, and+"5, in order of

Ce* concentrations are XPS (X-ray photoelectron spectros- increasing energy. Therefore, the role of these states in the
copy) in ceria nanoparticlé& and XANES (X-ray absorp- observed EMR spectra and magnetization studies can be used

tion near edge spectroscopy) in\G&r,0_,.1* Of these two to unambiguously identify Cé and determine its concentra-
techniques, XPS has been shown to overestimate the Ce tion. This is the procedure followed in the present work.

concentratiort® .
Sample Preparation
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Figure 1. Room-temperature X-ray diffraction pattern of Géslica Figure 2. EMR spectra for the ceria NP for selected temperatures shown.
aerogel. The miller indicesikl) correspond to tetragonal Ce@n the inset, Note the first appearance of tige= 2.80 line near 10 K, which is crucial
the plot of 3 cos6 vs sin is shown to yield the particle siZe = 2.8 nm. for identifying Cé*.
. . . L . 240
28 °C and with dynamic venting of the liquid GGnd residual o0 ee 00000
THF. After the exchange, the system was heated to beyond 200{ AH, aH,
supercritical conditions (50C, 1300-2000 psi). The supercritical @ e
i ; ; S 1601 \
CGO, was vented in a controlled fashion, overZ h, to yield aerogel T .,
doped with a cerium isopropoxide complex. The aerogel was sieved < 120 -
(<45 mesh) and was calcined (air,"6€/min ramp, 450°C, 4 h AH, %% f=028GHz
. . . 801 @aePo
soak) to yield aerogel doped with ceria. P
g,~2.07 \
Results and Discussion =30 7 9,~23
o) b \-0—0—0—0-0-0~"
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All the observed lines in the XRD spectra of the above = /
prepared 10% ceria/90% aerogel (using Gurddiation with 260
A= 0.154_185 nm) can be_ identified W!th cubic Cﬁ(@lgurg 24] & g,~28at11K
1). The_ widthg of the various _Bragg lines (aft_e_r correcting 0 20 100 150 200 250 300
for the instrumental width) is fitted to the modified Scherrer T(K)

ion: = i 15 i
equ_at'on'ﬁ _COSO - (0.89UD) + 7 sin 6, wheren is the Figure 3. Temperature variation of the resonance fielldand line width
strain andD is the size of the NP. The plot #fcosé versus AH for the observed EMR lines. Note merging of the two lines Tor

sin 6 for the reasonably well-resolved Bragg lines (220), 150 K, whereAH; nearly equals\Hs + AH..
(311), and (331) is shown in the inset of Figure 1. The slope

of the fit yields the straiy = 6.1 x 102 and the intercept |ing with g &~ 2.30 with line widthAH nearly equal to the

atsing = 0 equals 0.51 and gives the particle size= 2.8 sum of the line widths of the two lines (Figure 3). With use

+ 0.8 nm. Transmission electron microscopy (not shown) qf the discussion given earlier for three Kramer doublets of
confirmed this particle size. The EMR measurements at o+ jons. the line withg = 2.07 is associated with th =

frequencyf = 9.28 GHz were carried out in the temperature +1/, level and the line ay = 2.80 with thel, = +5/, state
range of 4-300 K using a conventional X-band spectrometer separated from the ground state by enefigy= 10 K,
and a variable temperature cryostat. The measurements ofyhereas the, = +3, level liesT, = 150 K above the ground
the magnetizatioMM vs applied fieldH and temperaturd@ state level ofl, = +1/,. Althoughg values of C& are highly
were carried c_)ut using a commercial SQUID (superconduct- anisotropic as observed in single crysti& in polycrys-
ing quantum interference device) magnetometer. talline samples only a single line due to the most prominent
The EMR spectra are strongly temperature-dependenty component is often observé&iFor T = 150 K, when the
(Figure 2). At 4.1 K, only a single line witly = 2.07is 3 — 13, also gets sufficiently populated, the EMR lines
observed wherg = hffugH: with h being Planck’s constant,  from all three Kramer doublets merge into a single line at
us the Bohr magneton, anld, the resonance field. A§ is g = 2.30. On the other hand, fdF < 10 K, only theJ, =
raised, a second line at lowex with g = 2.80 is observed +1/, is sufficiently populated, yielding only thg = 2.07
above~10 K. The temperature dependencetbfand the  jine The energy splitting of 10 and 150 K observed here

line width AH for the two lines is shown in Figure 3. {5 cet* jons in CeQ._, are quite similar to those reported
Interestingly, near 150 K, these two lines merge into a single

(16) Canevali, C.; Mattoni, M.; Morazzoni, F.; Scotti, R.; Casu, M.; Musinu,
(15) See, e.g., Dutta, P.; Manivannan, A.; Seehra, M. S.; Shah, N.; Huffman, A.; Krsmanovic, R.; Polizzi, S.; Speghini, A.; Bettinelli, M. Am.
G. P.Phys. Re. B 2004 70, 174428. Chem. Soc2005 127, 14681.
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Figure 4. Temperature variation of the magnetic susceptibjliiymeasured
atH = 500 Oe. The solid line is the Curie law fit withy = 5.9 x 103
emu/mol of Ce@Oe andC = 7.2 x 1072 emu K/mol of CeG-Oe. In the
inset, the plot oM vsH atT = 5 K is shown, with the solid line fit to eq 2
discussed in the text.
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Figure 5. Plot of (ym — x0) "1 vs T to demonstrate the departures from the
Curie law variation. The dotted (solid) line is fit to eq 1 with temperature-
independent (temperature-dependgst)The inset showgo used in the fit
(solid line).

for Cet/ethyl sulfatel? The axial crystal field for C& in

Dutta et al.

With use of the energy levels of the three Kramer doublets
with energy splitting ofT; and T, from the ground level, the
calculated susceptibilityyfs — xo) can be shown to equél

NApglzyBZI 1+oe T+ o,e ™
Om = %) = aKT l 1te W g™t (1)
where a; = (g2/01),% 02 = (g3/g1),% Kk is the Boltzmann
constant,p is the concentration of Ce ions, andN, is
Avogadro’s number. With use af; = 2.07,9, = 2.80,

gs = 2.30, T, = 10 K, T, = 150 K, andp = 0.18, the
calculated fm — x0)~* vs T is shown as a dotted line in
Figure 5 for temperature-independgpt= 5.9 x 10°2 emu/
mol of CeQ-Oe. To improve the agreement above 200 K, a
temperature dependence fgs above 200 K is inferred,
which can result from the thermal expansion of the lattice.
The solid line in Figure 5 is the fit to eq 1 with some
temperature dependence gp above 200 K shown in the
inset of Figure 5.

At 5 K, only the ground state level witd, = +%, is
sufficiently populated. TheM versusH data then should
follow the Brillouin function:

M = NApgtsSBy(X) ()
wherex = giusHSKT, S= 1/,, andBs(x) = [(2S + 1)/29
coth(2 + 1)x/2S — (1/29) coth x/2S.

In the inset of Figure 4, the comparison of the data with
the calculatedvl from eq 2 usingy = 0.18 shows very good
agreement. Thus, the magnitudepodetermined from both
the M versusT and M versusH variations are identical
(within +5%), providing additional confidence for our
conclusion about the identification of &and its concentra-
tion.

Conclusion

In summary, careful analysis of the temperature depen-
dence of the EMR spectra and magnetic susceptibility leads
to the identification of C& and determine its concentration
in CeQ, NP. As discussed in other publications? the
presence of Ce is a result of oxygen vacancies and this
effect is enhanced in NP because a larger fraction of the
atoms are on the surface as the particle size is reduced and

CeO-, nanoparticles due to oxygen vacancies is discussedthe surface atoms have reduced coordination. This leads to

in ref 9.

Ce(O— as the structure for ceria NP. The oxygen vacancies

To further test the above model, we next analyze the datalead to the transformation €e== Ce*, which may be at

of magnetic susceptibility = M/H (H = 500 Oe) versu3
shown in Figure 4. Although the data fit approximately the
Curie law variationym = yo + C/T at lower temperatures, a
more detailed analysis is possible by plotting: (— xo0)™*
versusT (Figure 5) where deviations from the Curie law at
higher temperatures are clearly evident. Heggincludes
contributions from the diamagnetic susceptibilityand the
Van Vleck susceptibilityv, which may increase at higher
temperatures because of the thermal expansion of the Fttice.

(17) Burgardt, P.; Seehra, M. Solid State Commuri977, 22, 153.

the heart of the many useful properties of ceria NP mentioned
earlier in the paper.
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