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Cerium oxide solid samples were prepared via precipitation from aqueous solution of hydrous cerium-
(1N nitrate in the presence of different percentages of hydrogen peroxige, s model corrosion
inhibiting coatings materials for aluminum alloys. X-ray absorption spectroscopy at thg-@dde was
applied for the characterization of crystalline anhydrous £efanocrystalline hydrous CeOnano-
crystalline Ce@ samplel precipitated in the presence of,®, and an amorphous Ce@amplell
precipitated at a higher 4@, concentration. An analysis by X-ray absorption near-edge structure (XANES)
for cerium oxides did not indicate a broad variation in cerium valence state in the precipitated samples
as compared to anhydrous Ce®urthermore, XANES analysis revealed a decrease in the intensity of
the white line peaks for the precipitated samples relative to those in anhydrousT®e@® XAFS spectra
of the oxides showed that,®, reduced the precipitate’s particle diameter and bulk crystallinity. Growth
in the coordination number of the first, €©, shell was observed with an increased bond dist&ace
in hydrous and precipitated Ce®@amples. However, the coordination numbers of the secondCég
and third, Ce-O, shells were reduced in comparison with anhydrous Chforeasing concentration of
H,O, during alkaline precipitation of cerium oxides caused increased hydration, corresponding to a reduced
outer-shell coordination number and reduced bulk crystallinity but no corresponding change in the cerium
valence state.

Introduction Hinton and co-workefsexamined the inhibition of cor-
, , _rosion of high tensile strength aluminum alloys by rare earth
As a consequence of changing properties, e.g., mechanicaly, oo saits. Immersion of aluminum alloy in Ce@fueous
magnetic, or electrical, the nanocrystalline phase of rare earthsolution for several days formed a cerium-rich film and
metal oxides has become of immense intetesOf these, rovided significant corrosion inhibition upon exposure to
cerium oxides have attracted considerable research mteresg corrosive NaCl solutiof?2* Surface analysis revealed

due t_o a divers_ity of applications. For_instanc_:e, the basicity incorporation of cerium into compact protective surface
f“”C“P” of cerium oxide when combined with the hydrq- films. Adding several weight percent of hydrogen peroxide
genation property of a metal such as Pt or Pd denotes ceriumy, » cecy solution resulted in improved corrosion-resistant
oxide as a promising conversion catalyst. Thus, cerium oxide gs 14 corrosion protection is attributed to the formation
can lead to selective hydrogenation catalysis of unsaturatedof cerium oxide or hydroxide films containing teand

compounds$:® Of modern interest is the ability of the cerium CéV 1518 Cerium(1V) oxides detected in the coating were

oxide to store and transport oxygen. The phenomenon ispajieved to arise from oxidation of ®ein oxygenated
associated with a fast valence change in the solid, i.¢Y, Ce

< Cé', and also with anionic vacancies, Ce© CeQ- (7) Bunluesin, T.; Gorte, R. J.; Graham, G. Wppl Catal. B1997, 14,
+ (X/2)0,.78 984.
(8) Sun, Y.; Sermon, P. Al. Mater. Chem1996 6, 1025.
(9) Hinton, B. R. W.; Arnott, D. R.; Ryan, N. BEMet. Forum1984 7,
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T University of Missouri-Rolla. (10) Groshart, E. A. Designing for Finishing, PartiConversion Coating.
# University of Ligge. Met. Finish.1984 82 (6), 69-70.
(1) Winterer, M.; Nitsche, R.; Hahn, Hl. Phys. IV Fr.1997 7, C2— (11) SeonJ. Less-Common Mel989 148 73—78.
1211. (12) Schuman, T. P. Protective Coatings for Aluminum Alloys. In
(2) Nitsche, R.; Winterer, M.; Groft, M.; Hahn, HNucl. Instrum. Handbook of Enironmental Degradation of Materialutz, M., Ed.;
Methodol. B1995 97, 127. William Andrew: New York, in press.
(3) Luca, V.; Djajanti, S.; Howe, R. RJ. Phys. Chem. B998 102, (13) Schuman, T. P.; Shahin, A.; Stoffer, J. ®roceedings of the
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1987, 66, 154. (15) Hayes, S. A.; Yu, P.; O'Keefe, T. J.; O'Keefe, M. J.; Stoffer, JJO.
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alkaline solutiong? Use of cerium oxides as corrosion Addition of H,O, to an aqueous solution of cerium nitrate increased
inhibitors in the deposited films has made it essential to the acidity of the solution to a pH of 2 as a result of the dissociation
understand their electronic and structural properties. of H,O; into H™ and HQ~.8

High-energy spectroscopic techniques, such as X-ray _Upon mixing, the solution turn_ed similarly orange in colc_)r at
. . L . either low or high HO, concentrations. The solutions were stirred
absorption, have been devoted to the investigation of different. . ; " _
. X . L . in air at 295 K for 24 h. The solid precipitates were filtered, washed
cerium oxides or hydroxides aiming at characterizing or

. . . 1210 . with deionized water, and then dried in a vacuum oven at 295 K.
identifying the predominant speci€s'® The electronic  ypon exposure to the atmosphere, the color of the precipitate

Conf|gurat|on Of the Ce”um center II’] ItS OX'deS haS been a deve|0ped at low bDZ concentration |0 faded from Orange to
subject of heightened resear®hz® Mixing of the 4f states  greenish yellow. However, the orange color of the precipitate
of the cerium with the 2p states of oxygen provides a developed at high pD, concentration I() was persistent. The
satisfactory explanation of the electronic configuration of precipitated samples under study were exposed to air at room
cerium in its oxide€2 The local atomic structure of non- temperature for 2 weeks before further study. All samples in our

stoichiometric Ce@, has also been subjected to several study were sized by grinding in a ball jar containing cylindrical
investigationg4-26 0.6 cm ZrQ media and classified through a 3x7 1075 m mesh

In this study, we report the synthesis of cerium oxide usin (#400) stainless steel screen.
Y, P y 9 X-ray Absorption Spectroscopy.X-ray Absorption Measure-

precipitatipn Conditiqns similar to. those used in.the pr.epara- ments. X-ray absorption measurements were carried out at the
tion of cerium oxide films on aluminum. We also investigated nfocused 43 beamline of the Stanford Synchrotron Radiation
the valence state of cerium ions and covalence with oxide |aporatory (SSRL). The measurements were carried out in both
ligands by varying the reaction conditions. Cerium is known transmission and fluorescence modes at room temperature. lon
to exhibit mixed-valence-like behavior and shows charac- chambers filled with a mixture of nitrogen and helium were
teristic X-ray absorption near-edge structure (XANES) installed in front of and behind the sample, which simultaneously

corresponding to the bonding between cerium and oxide detected the incident and transmission X-ray intensities. A Lytle
ligands2°-23 The cerium electronic configuration in the detector was used to concurrently detect sample fluorescence.

synthesized oxides was probed using XANES. Local struc- I;_igzhzeor h;rm;lnic X'ra3|’ i)z‘tensmes wer:e minimized by detuning the
tural features around cerium in precipitated cerium oxides '(S )trou f'crrysw: g (;r?t:o?or? romatokr'v hich .
were also investigated using extended X-ray absorption fine pectra were recorded In the range €V, which covers

. . the Ly-edge absorption of cerium. Spectra were scanned with a
structure (EXAFS) and compared with two different com- 10 eV step width between 5.500 and 5.710 keV, while the 5:710

me_rcial st:_:mdards, i.e., anhydrous cerium oxide and hydrousg 5 ey region increment was chosen to be equidistaktsipace,
cerium oxide. with a 0.03 A1 step width. The threshold was chosen as the
inflection point of the most intense transition at 5.723 keV. Up to
Experimental Section seven scans were averaged to improve the signal-to-noise ratio of
the measurements.

Materials. ACS-reagent or HPLC-grade solvents and chemicals  yANES Data Analysi# linear background was removed from
were used throughout. Certified hydrogen peroxide 30% and ihe preedge and postedge regions of each spectrum, and the edge
ammonium hydroxide were obtained from Fisher Scientific. Cerium height was normalized to unity with the postedge values asymptoti-
nitrate hexahydrate, Ce(NJ2-6H,0, 99.5%, anhydrous cerium  ca|ly approaching zero. Two different approaches were used to
oxide 99%, and hydrous cerium oxide were obtained from Alfa getermine the transition energy and the width of each electronic
Aesar. excited state: in terms of (i) many-body configuration theory for

Sample Preparation.A dilute aqueous ammonia solution (0.01  a core transition to localized electronic states and (i) one-electron
M) was added dropwise to a mixture of 0.05 mol of an aqueous band structure of the crystal for a core transition to delocalized
solution of cerium nitrate hexahydrate, Ce(j§6H,O, and electronic stated!
hydrogen peroxide, $D,. Because oxidation by 4, is slow in EXAFS Data AnalysisEXAFS data analysis was based on
acidic media, a few drops (20) of aqueous ammonia were added ~standard least-squares fitting techniques using the WINXAS
to accelerate the oxidation of Ceto Ce' and subsequent  program packag®. The region to 700 eV above the Cg tedge
precipitation. Cerium oxide was precipitated at two differepO was investigated. The absorption curves were transformiegpace
concentrations. The molar ratios of cerium tg04d were 1:0.8 and using the formulak = (2m(E—Eg)/h2)Y2. The ionization energy,
1:1.2%" The strongly oxidizing nature of 4, is attributed to its [, the origin for calculation of thg(k)-function, was fixed at the
decomposition forming KD and Q in the presence of cerium.  maximum of the most intense absorption feature, the white line of
the individual spectrum. Prior to analysis, tkfeweighted EXAFS

(17) Seah, M. PSurf. Interface Anal1989 14, 488. spectra were Fourier transformed ovek-gpace range of 2:511

(18) Sham, T. KJ. Chem. Physl1983 79, 1116. A-1 using the symmetric square window, “Hanning sills.”

ggg EQ?QI g'.;@iﬂﬁégg'r,Be.l;gssfm4;?étﬁgﬂﬁ{aran, EPMs. Re. B 1983 To extract the neighboring atomic distan& the mean square
38, 10174. radial displacements or the Deby@/aller factors,o?, and the

(21) Soldatov, A. V.; Ivanchenko, T. S.; Della Longa, S.; Kotani, A.; coordination numberdy, from the EXAFS spectrum, two fitting
Iwamoto, Y.; Bianconi, APhys. Re. B 1994 50, 5074. models were employed. In the first model, the backscattering

(22) Hu, Z.; Bertram, S.; Kaindl, G?hys. Re. B 1994 49, 39. K . . . .

(23) Dexpert, H.; Karnatak, R. C.. Esteva, J. M.: Connerade, J. P.; Gasgnier,amplltude and phase-shift functions for single-scattering paths were
M.; Caro, P. E.; Albert, LPhys. Re. B 1987, 36, 1750. calculated using FEFF 8.20.In the second model, the backscat-

(24) Tuller, H. L.; Nowick, A. S.J. Electrochem. Soc., Solid State Sci. tering ar‘np”tude’AS (.7[, k) (See eq 1), and phase Shm:& were
Technol.1975 122, 255.

(25) Bevan, D. J. M.; Kordis, 1. Inorg. Nucl. Chem1964 26, 1509.

(26) Brauer, G.; Gingerich, K. A.; Holtzchmidt, U. Inorg. Nucl. Chem. (28) Cotton, F. A.; Wilkinson, GBasic Inorganic ChemistryWiley: New
196Q 16, 77. York, 1976; p 375.

(27) Personal communication with Paul Yu and Scott Hayes. (29) Ressler, TJ. Phys. IV Fr.1997, 7, C2—269.
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Table 1. Parameters Extracted from the First Least-Squares Fitting Model of the EXAFS Spectra

Ce—01 (first shell) Ce-Ce (second shell) Ce02 (third shell)
sample R(A) Nz 02(103A?) R(A) N, 02(1073 A2 R(A) N3 02(1073A?)
crystallographic data 2.343 8 3.826 12 4.487 24
anhydrous Ce® 2.341(1) 8(1) 3.20(4) 3.836(3) 12(2.1) 1.50(2) 4.479(1) 24(0.6) 2.40(1)
hydrous Ce@ 2.360(2)  9.5(1.4) 6.40(6) 3.847(4)  7.4(1.5) 3.30(8) 4.210(6) 18.3(1.4) 3.20(4)
I 2.367(3)  10(1.6) 9.60(1) 4.134(1) 6.6(1.2) 4.50(1) 4.127(20)  16.4(1.7) 5.1(4)

[ 2.420(1)  11.5(1.9) 10.70(1) 3.814(7)  3.2(2.2) 10.90(2)

a1n this fitting model the backscattering amplitude,(r, k), and phase-shift functions for single-scattering pathblyackscatterers in theh shell were
calculated using FEFF 8.20.

Table 2. Parameters Extracted from the Second Least-Squares Fitting Model of the EXAFS Specfra

Ce-01 (first shell) Ce-Ce (second shell) Ce02 (third shell)
sample R(A) Nz 02(103A?) R(A) [\ 02(103A?) R(A) N3 02(1073 A?)
anhydrous Ce®  2.34% gb 3.20(4) 3.838 12 1.50(2) 4.48Y 24p 2.40(1)
hydrous Ce@ 2.360(2) 9.5(1) 6.45(5) 3.847(3) 7.4(1.1) 3.30(6) 4.210(5) 18.0(1.6) 3.20(5)
I 2.364(3)  10(1.5) 9.43(2) 4.122(2)  6.6(1.6) 4.20(1) 4.127(17)  16.1(1) 4.80(6)
I 2.420(1)  11.5(1.3) 10.22(6) 3.814(4)  3.6(1) 9.60(2)

aIn the second fitting model the backscattering amplitule(z, k) (see eq 1), and phase shifts, were extracted from the Ceyl-edge reference
spectrum of anhydrous Ce@nd then used to model the EXAFS of the samples hydrous,Ge@ndll . ® Fixed parameters.

extracted from the Ce l-edge reference spectrum of anhydrous
CeQ and then substituted for those of the unknown sami3ladl.
fitting operations were performed iR-space over the individual
radial distance ranges given in Tables 1 and 2.

AT K) = S7F (k) exp-2¢o) exp-2RJA) (1)

Equation 2 gives the EXAFS formufaused to fit the experi-
mental spectra

,So()

%K) = Fi(7K) exp(2k2Aa;?) exp(—2R/%(K) sin(R +

#() (2)

where R is the distance between the cerium atom ad
backscatterers in thigh shell, Fj(, k) is the effective amplitude

Normalized Absorbance
b S o o =
S & 8
W

function for each scattering path is the mean free path of the
photoelectrong; is the phase shift, ando;? = 0,2 — 04? is the 0.45 K
Debye-Waller factor where subscripts u and s stand for the 0.00
unknown and the reference sample, respecti¥elhe amplitude 1.80
reduction factorS?, was fixed at 0.82 to obtain the crystallographic 135l D
coordination number and the bond lengths of the shells in the ’ \
anhydrous Ce®fluorite structure? 0.90 *
Discussion 045
0.00
XANES Spectral Results. The XANES spectra for 5715 5730 5745 5760
anhydrous Ce@ hydrous Ce@ I, andll are depicted in Energy, eV

Figure 1. The presence of mixed valence cerium at the Ce

Figure 1. Ce Ly -edge XANES spectra with fits of (A) anhydrous CgO
L- edge makes the X- “ray absorp'uon complex XANES (B) hydrous Ce@ (C) samplel, and (D) sampldl. Experimental data
spectra of all the samples under study revealed that eachyoints are represented by (+), fitting model points by smooth curves.
major band exhibited a double white line characteristic of a
mixture of the two cerium ground-state electronic configura-  Four peaks were fit in the XANES spectra, a high-energy

tions, 4° and 4. peak A, main peak B, low-energy peak C, and preedge peak
D. Peaks A and B were assigned as due to a mixture of the
(30) Ankudinov, A. L.; Bouldin, C.; Rehr, J. J.; Sims, J.; Hung,Phys. multielectron configurations L&5d" and L4f5d", respec-
Rev. B 2002 65, 104107. ; ;
(31) Wu. Z.- Benfield. R. E.: Guo, L.: Li, H.: Yang, Q.: Grandjean, D.: Li, tively, wher_e L denotes thg hole in thg 2p shell anﬁrétﬂ_ers
Q.; Zhu, H.J. Phys.: Condens. Matte001, 13, 5269-5283. to the excited electron in the previously unoccupied 5d

(32) Sayers, D. E.; Bunker, B. A. X-ray Absorption: Principle. Applications  gtgte34
and techniques of EXAFS, SEXAFS and XANES; Koningsberger,
D. C., Prins, R., Eds.; Wiley: New York, 1988; Chapter 6.

(33) Lee, P. A;; Citrin, P. H.; Eisenberger, P.; Kincaid, B. Riv. Mod. (34) Bianconi, A.; Marcelli, A.; Dexpert, H.; Karnatak, R.; Kotani, A.; Jo,
Phys.1981, 53, 769-806. T.; Petiau, JPhys. Re. B 1987, 35, 806.
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Table 3. Cerium Ly -Edge XANES Fits of the Two Characteristic Peaks

peak A peak B valence FEFF 8.20
position width position width f-electron least-squares calculated
sample (eV) (eV) (eV) (eV) population fitting valence
anhydrous Ce® 5735.1 35 5727.6 2.8 0.55 3.45 3.48
hydrous Ce@ 5735.2 3.2 5727.1 2.9 0.49 3.51 3.49
[ 5734.3 3.6 5726.5 3.0 0.53 3.47 351
I 5734.7 3.8 5726.5 3.2 0.52 3.48 3.52
The feature D in the preedge region is a result of the 1.80
dipole-forbidden 2g,— 4f transition, which is a consequence 135
of a 5d admixture with the 4f stafé.The Ce 5d states are ’
split in the cubic crystal field of the oxygen, resulting in the 0.90
low-energy shoulder, €. Integration of peak C at5723 0.45
eV displayed a different area for each of the samples. On
the basis of this and oth¥robservations, the electronic 3 ?;28
transition that occurred at+5723 eV was interpreted as g
arising from a combination of crystal-field splitting and - 135
excitation of different amounts of a ¢te&ontaminant present 2 090
in all the samples. For instance, the characteristic white line ;% 0.45
of a typical Cd' compound, e.g., Ce(N§R-6H,0, is - '
observed at the same energy as peak C. Q ?gg
A significant change in the height of the jump at the white =
line was observed in the samples under study; that change g 1.35
could be a result of variation in the particle size of the solid 5 090
samples. Similarly, variation in thel-edge XANES white Z.
line intensity as a function of the particle size has likewise 045
been reported for nanocrystalline G&Cand Pt nanoparticle 0.00
spectra’ X-ray diffraction patterns of both hydrous CeO 180
and| revealed a fluorite structure with a particle diameter 1.35¢
of ~6 nm derived from the line broadenidgThe particle 0.90l
diameter of anhydrous Ce@as larger than that of hydrous
CeQ andl, whereadl was amorphou® A cerium oxide 045
precipitate prepared in a similar manner was found to be 0.00 k= . . ‘
amorphous to X-rays but apparently comprised of nano- ST15. 5730 5745 5760
crystallites, <2 nm, as shown by transmission electron Energy, eV

microscopy selected area electron diffractidmhe variation _ _
in particle size implied an altered particle nucleation in the E;g(t:)e azr;higrﬁﬂ;egizqféyfﬁjfé’ff&g“?éﬁ ;;'ggétggdxg\)‘ii ;gleec"a
presence of peroxide, perhaps related to induced site dislocay . Experimental data points are represented by (+), fiting model points by
tions® as supported by EXAFS results below. smooth curves.

The cerium spectroscopic valenes, is defined ag's =
3+ [Ia/(1a + 18)],3* wherel, andlg are the integrated areas
under peaks A and B, respectively. The degree of 4f state
occupation is themf = (4 — vs). Table 3 shows calculated
values of both the f-electron count and the spectroscopic
mixed valence of cerium in the samples under study. Similar
results for anhydrous CeQ@an also be found in previous

reports™:*? electron band structure of the crystal for a core transition to
No significant change in the white line areas, as determined : ) ey
delocalized electronic states, is a useful approach to deter-

from the many-body configuration theory for a core transition mine the cerium valence state and support the results obtained
to localized electronic states, was observed of the samples, pp

under study. Furthermore, changing the hydrogen peroxidefrom the many-body configuration theory for a core transition

; : L : : . to localized electronic states. The full multiple scattering
concentration during the precipitation of cerium oxide did : .
g precip calculations of XANES features have been made using FEFF
(35) Schuman, T. Cerium oxide pigments for anti-corrosion primer coatings. 8.20 code, Figure Z Thoth TSVyaShChenko et ‘@l.
Submitted for publication. concluded that the FEFF 8.1 code was unable to calculate

(36) Nachimuthu, P.; Shih, W.; Liu, R.; Jang, L.; ChenJJSolid State X ANES for cerium correctly, a modification was made in
Chem.200Q 149, 408-413.

(37) Bazin, D.; Sayers, D.; Rehr, J. J.; Mottet,XXPhys. Chem. B997,

not result in a significant change in the electronic cerium
mixed-valence state. These results are in agreement with
X-ray photoelectron spectroscopy restiltshat showed
different trivalent cerium contents but demonstrated differ-
ences in the initial and final electronic states of the
complementary X-ray absorption techniques.

Modeling of the XANES spectra, in terms of the one-

101, 5332-5336. (40) Tsvyashchenko, A. V.; Formicheva, L. N.; Sorokin, A. A.; Ryasny,
(38) Johnson, B. Y.; Edington, J.; O'Keefe, MMater. Sci. Eng. 2003 G. K.; Komissarova, B. A.; Shpinkova, L. G.; Klementiev, K. V.;
361, 225. Kuznetsov, A. V.; Menushenkov, L. G.; Trofimov, V. N.; Primenko,

(39) Frank, F. CDiscuss. Faraday S0d.949 5, 48. A. E.; Cortes, RPhys. Re. B 2002 65, 174513.
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Figure 3. R-space fitting results for (A) anhydrous Cg@B) hydrous Ce@ (C) samplel, and (D) sampldl EXAFS spectra. (Right) Corresponding
Fourier-filtered data with back-transformed fitting function. Experimental data points are represented by (+), fitting model points by sremth cur

8 10

the FEFF 8.20 code that permits a correctly calculated summarized in Tables 1 and 2. Clearly, the fitting parameters
XANES for cerium. In the FEFF 8.20 code the default cerium obtained from the two fitting models were in good agreement
ground and excited electronic states configurations areregardless of which model was chosen. The extrakted
4550 and Ly hole-4f5cP, respectively. Accordingly, the  weighted EXAFS oscillations, the corresponding Fourier
subroutine getorb in FEFF 8.20 code was modified in order filtered data, and modeled EXAFS results for anhydrous
to place the corehole potential screening electron in the CeQ, hydrous Ce@ |, andll are shown in Figure 3. For
5d orbital rather than the 4f orbital for the'8¢° to Ly hole- these samples, the extract@dveighted EXAFS oscillations,
4f15dt transition and for the 45c° to Ly hole-4P5d Fourier filtered data, and modeled EXAFS results generated
transition. by the different fitting methods were practically indistin-
The self-consistent potential calculations were carried out guishable, as evidenced by either the fitting parameters or
for a7 Acluster of cerium oxide and two different channels - the modeled spectral features within the error of the method.
in order to account for the two ground-state electronic A pronounced component between 1 and 1.5 A, representing
configurations. The first channel was due to the 25 5 |ow-frequency contribution to the EXAFS, was likewise
— Ly hole-4f5d! transition, whereas the second was due present in all spectra. The-1.5 A component was not an

0 — - iti . . . . .
to a 2pAfSd® — Ly hole-4fSd" transition. The energy  apifact of theu, spline function subtraction because it was
separation between the two channels was found to be of the

der of hich is i ith th . | persistent in the Fourier transform. Extremesubtraction
order of~8 eV, which is in agreement with the experimenta intolerably reduced the intensity of the €@ peak aR —

va_lruhes.b dening due to th imental i A =19 A A Ce-0 distance of less tma2 A made no
€ broadening due to the experimental resoiution was physical sense as the expected ionic radii is 2.34 A for 6-fold

taken into account,_and_ the weighting cpefﬂments of_the two coordinationt Furthermore, other Ce K-edge EXAFS found
channels were varied in order to obtain the best fit to the .

. : . . .~ in the literature also demonstrate a I®vfeature in the
experimental data. Figure 2 shows the linear combinations Fourier transformiz43
of the two weighted XANES features with the experimental '
spectra. The calculated valences obtained from the XANES
spectra simulation using FEFF 8.20 are in agreement with (41) Greenwood, N. N.; Earnshaw, &hemistry of the ElementyCH

. . . Verlagsgesellschaft: Weinheim, Germany, 1988.
those obtained from the many-body configuration theory, (42) Lee, %._gp_; Tang, M.-T.; Shih, W. C.: ,_ij', R. Slater. Res. Bull.

Table 3. 2002 37, 555-562.
e (43) Nagai, Y.; Yamamoto, T.; Tanaka, T.; Yoshida, S.; Nonaka, T.;
EXAFS Spectral Results.Results of the fitting of the Okamoto. R.: Suda, A Sugiura, NCatal. Today2002 74, 225

EXAFS spectra obtained from the two fitting models are 234.
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Spectra of all the samples under study revealed an intensadentical, to anhydrous CeOThe parameters in the EXAFS
Fourier-transformed peak at 1.9 A, corresponding to a phase-analysis yielded higheN1 values, highew?, and longer
correctedRce—O distance of about 2-32.5 A. This feature Ce—0 bond distances for hydrous Cg®, and, especially,
represents oxygen that comprises the first coordination shellll compared to anhydrous CeQncreasing the coordination
about a central absorbing cerium in each sample. Thenumber,N1, was attributed to incorporation of,8 mol-
spectrum of crystalline anhydrous Ce@as modeled using  ecules that resulted in a reduced crystalline order. Evaluation
single-scattering paths of the first three shells of cerium of each parameter in going from anhydrous GdO I
neighbors, i.e., the oxygen shell at 2.343 A, the cerium shell indicates a decrease in crystalline order. The Fourier-
at 3.826 A, and a second oxygen shell at 4.486 A. transformed peak representing the-@e interaction of
Crystallographic values for the fluorite structure of crystalline hydrous Ce@andl was more pronounced than in amorphous
Ce(Q were reproduced within the typical range of EXAFS Il and less pronounced than in crystalline anhydrousCeO
uncertainties. The enhanced CeCe distance and the decreased coordina-

The EXAFS spectrum of the amorphous precipitate tion numberN2, in both hydrous Cefand| compared with
(samplell ) exhibited a different structure than that of either anhydrous Ce@were attributed to a higher degree of defect
anhydrous Ce@ hydrous Ce@ or |. Above the spurious  sites in these nanocrystalline materials.
low-R feature, the major oxygen Fourier-transformed peak In practice, enhanced corrosion protection of 7075 or 2024
appeared dampened and had practically nonexistent outeraluminum alloy is observed for films synthesized in the
shell, Ce-Ce or Ce-02, features. Addition of a second presence of peroxide compared with a simple galvanic
oxygen scattering path (02) led to fittiligwith 11.5 oxygen  deposition. Rare earth coatings are primarily inhibitive of
atoms at 2.401 A and 2.5 further distant oxygen atoms at the oxygen reducing cathodic reaction and thus significantly
3.331 A. The number of oxygen atoms as second backscat-retard the surface corrosion of alumindi®:*2-1° This work
terers was very small and associated with a large discrepancysuggested an altered film structure, composition, and particle
in the Ce-02 distance compared to anhydrous GeO size, which are associated with further retardation of oxygen

Thus, modeling the Fourier transform using only a single Permeation and consistent with an improved oxygen barrier,
shell of oxygen backscatterers, without including a second Of trapping, film?:83544
oxygen shell, resulted in the best qualitative fit. Using a
single shell of oxygen backscatterers in modeling the Fourier Conclusions
transform from 1.5 to 2.9 A did result in a necessary
additional asymmetry term (third cumulant) for either fitting
method. Models ofl with a single oxygen-containing shell
revealed that the oxygen atoms were located at a distanc
of 2.42 A, which was significantly larger than that observed
for anhydrous Ce@ The increase of the CeD1 distance
in 1l reflects a higho? value and the necessity of allowing
an additional anharmonic correction term for the O1 path.
The additional anharmonic correction observation can reflect
the presence of CeO bond lengths from different coordina-
tion oxygen atoms<{O—, OH,).

The present study described the investigation of precipi-
tated cerium oxide structures using conditions similar to those
used in forming corrosion-preventive, cerium oxide films on

Gluminum alloys. Different hydrogen peroxide concentrations
were employed during the precipitations of cerium oxide.
We performed Ce k-edge XANES analyses in order to
study the electronic configuration of cerium centers in the
precipitated cerium oxide. Furthermore, the local atomic
structure around cerium in the precipitated cerium oxides
has been investigated using EXAFS and compared with two
different standards, e.g., anhydrous Ga@d hydrous Ce®

Visual inspection of th,e hydrous Ce@nd | spectra XANES analysis clearly showed a significant change in
showed that the samples’ near-neighbor structure deviatedihe intensity of the white line peaks of precipitated cerium
significantly from either anhydrous Ce@r Il. The Ce- oxide, revealing a smaller particle size as compared to

01, Ce-Ce, and Ce O2 neighbor coordinations in hydrous  anhydrous Ce® However, no significant change in cerium
CeQ, appeared more ordered with smaligras compared  gpectroscopic valence for precipitated cerium oxides was
with I or Il but less ordered than the crystalline anhydrous gpserved, regardless of peroxide concentration, in comparison
CeQ. to the anhydrous CeO

Precipitation of cerium oxide at the reducedQd con- Precipitation of cerium oxide utilizing #D, resulted in
centration resulted in precipitation of Analysis of the an increased bond distand®;e_o, as well as coordination
EXAFS spectrum ofl indicated comparable oscillation number of the first coordination shell €©. A decrease in
amplitudes to those of hydrous CeQ@he distance between  the coordination numbers of the second shell--Ce, and
cerium centers and oxygen neighbors in the first coordination third shell, Ce-O, were observed of the radial distribution
shell are of similar magnitude, 2.360 and2.364 A for  functions. Furthermore, the Deby®aller factors for the
hydrous Ce@andl, respectively. However, larger deviations  three shells exhibited a consistent trend as the values for the
were observed in CeCe and CeO2 distances between three coordination shells increased going from anhydrous
hydrous Ce®@ and I. Hydrogen peroxide thus induced cCeQ, hydrous Ce@ samplel, to samplell . On the basis
changes in the coordination spheres around cerium, longerof these observations, the degree of disorder increased with
bond distances and fewer coordinated atoms. increasing HO, concentration during precipitation of cerium

Visual inspection of EXAFS spectra of both hydrous GeO oxide, consequently increasing the potential for cerium oxide
andl indicated that the first oxygen next-neighbor coordina-
tion shell in these two samples was most similar, but not (44) Sangaj, N. S.; Malshe, V. ®rog. Org. Coating2004 50, 28.
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