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Single-crystalline ceria nanorods were fabricated using a hydrothermal process and annealed at 325 °C -

DOI: 10.1039/X0XX00000X 800 °C. As-synthesized CeO, nanorods contain a high concentration of defects, such as oxygen vacancies

and high lattice strain. Annealing resulted in improved lattice crystalline quality along with evolution of
www.rsc.org/ novel cavity-shaped defects in the nanorods with polyhedral morphologies and bounded by e.g. {111} and
{100} (internal) surfaces, confirmed for both air (ex-situ) and vacuum (in-situ) heating. We postulate that

the cavities evolve via the agglomeration of vacancies within the as-synthesized nanorods.

Introduction: reported in detail. Thus, it is valuable to investigate tfecebf
. . . ) ) .annealing of the Cefhanorods.

Ceria (CeQ) and its sub-oxides have been intensively studied Herein, we report on novel insight into the annealimyiced
for along time due to their distinctive properties of OXY9€hefect engineering in ceria nanorods by concurrergrebons
storagg capacity, oxygen ion conduct.lwty, hardness, (i) defect and strain annihilation and (ii) formatioh rew
reactivity*>. CeQ has been used as an md_ustrlal (:_atalyst f(ﬁ)éfects, with the former involving point defects and being
three-way catalysis (TWC) and fluid catalytic cracking (Fcca)etectable by XRD while the latter appearing in TEM and
pr_oces%s. Ce_rla gan be used as a pollshlng agent 'n.tm?/olving larger cavities. In addition to the experimental
mlcroe.lect.romc industry - for  the chemu:al mechan'c_ﬁ#vestigation, atomic computer simulation was employeetp
planarization (CMF) and as an oxygen ion conductor in Sc)I'Fiationalize how a rich defect microstructure inchglisolated

; . . .
OX'de;l;el ce.llé ,lam?eromertlnc oxygen rlnon_lté?sand oxygen. and associated cerium and oxygen vacancies, oxygertitiéss
pumpsg3. Ceria also finds other uses as luminescence materi nd grain-boundaries on Ce@anorods.

in gas sensoty sunscreen cosmeti€setc. Both experimentdl
and th.eoreticéF studies proved tk_lqt the physicoch(:zmiceélxperimental Section
properties of Ce® materials exhibited surface structure
dependent features. As we mentioned edflidne (100) surface Materials Synthesis:The type and concentration of cerium salt
is integrally more responsive and catalytically sigmific as directly influence the size and morphology of GeO
compared to the (110) and (111) surfaces, therefore, grdwtmanostructures. There are many reports explaining feet eff
controllable Ce® nanostructures with well-defined exposederium precursors involving the combined effects oiure ions
surfaces is of significant importance. (Ce®** and Cé") as well as associated counter-anionss(S@0s"

This crystal structure and morphology play significasles , OH, and CI)*352, In our preparation, only Ce(N§2 and
in numerous applications, which made researchers to coattenNaOH are used as reactants and an essentially ligand-free self-
on nanocrystalline Cepreparation in recent yed?sCeQ are assemblyof ceria nanocrystals into nanorods is assumed via the
exceptional oxygen buffers due to their redox capaBilityoriented attachment mechanisn8ingle crystalline Ce®
Changes in cerium oxidation state will be accommediatia nanorods were synthesized by the procedure previously reported
oxygen vacancies. The defect and valence structure of Ge(by the same grodp In detail, in a typical synthesis, 0.45 M of
active and may adjust impulsively or in response to phlysi€e(NG)s.6H0 and an appropriate amount of NaOH (22.5 M)
restrictions such as oxygen partial pressure, temperadace were dissolved in 20 ml of deionized water separately. Tinese
doping with other ions, as well as surface strédsesAlthough solutions were mixed in a Teflon bottle, and stirred for 30 min
there are a few reported attempts to explain the sudefaets with the formation of milky slurry. The resultant pradwas
of CeQ nanoparticles after annealing of the sami§lé¥ to the allowed to stand at 128C for 24 h in a stainless steel vessel
best of our knowledge, the annealing effect on the struauadhl autoclave, which led to crystallization under static bytdermal
microstructural properties of the Ce@anorods has not beerconditions. The white precipitates were centrifuged, wdstith

This journal is © The Royal Society of Chemistry 2014 J. Name., 2014, 00, 1-3 | 1
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deionized water several times, and dried i@ air overnight.

The as-synthesized solid product was annealed éC33a6d ®0

°C in oxidizing environment for 3 h.

Instruments and Characterization: The X-ray diffraction
(XRD) patterns of as-syntheseid and heated nanorods were
obtained using a Rigaku D/MAX diffractometer and a Cu X-ray
source. XRD specimens were prepared by placing the powders
on a zero-background silicon (510) plate using a 0.54tien J
of nitrocellulose in amyl acetate to adhere the spatipmavder ’ i

to the plate. Optical properties were studied using ,! \,. \h_m_*, ' e
photoluminescence (PL), spectra (Hitachi F700) wererdecb VJW ——
by dispersing ceria samples in water as dispersant wsing

concentration of 5 uM. The emission properties weresorea 80
by exciting the ceria samples at 370 nm. The XPS meamnts 2 Theta (Deg)

were carried out in an ion-pumped chamber (evacuat@dxo
10° torr) of a PE-PHI5400 spectrometer, employiMgy,
radiation (BE = 1253.6 eV). The binding energy (BE) for the
samples was calibrated by setting the measured BE oft€ 1s
284.6 eV. The microstructure and defects of ceria sam@es
studied using high-resolution transmission electroorasicopy
(HRTEM) using a Philips Tecnai and a JEOL JEM RO005
aberration corrected atomic resolution microscope, both
operating at 300 kV, and a JEOL JEM2010F at 200kV.ifhe
situ heating experiments were conducted using a JEOL JEM
3010 microscope and a Gatan single tilt heating holdelgusin CNR - As

QNP Ioaded carbon-_Cu grids sandwiched between Ta washers 400 450 500 550 600 650 700
inserted in a Ta specimen-boat.

Wavelength (nm)
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Results and Discussion +  Actual data C CNR - As
Fitted data
Structural and optical characterization of Ce®: nanorods: - - - Deconvoluted

The crystallite size, lattice strain, lattice (im-) feetion and
defect concentration, are the most important charatitsris
affecting the intensity and width of Bragg peaks in X-ray
diffraction®33*, Figure 1A illustrates typical XRD patterns of as-
synthesized and annealed Ge@norods. The XRD pattern of
all CeQ nanorods shows a high intensity peak at 20 = 28° and
other minor peaks. All the diffraction peaks can be indewed
pure cubic phase (fluorite structure, JCPDS 34-0394 spaoe g
Fm-3m) of CeQ. The sharpening of peaks with increagin
annaling temperature is an expected standard behaviour for
oxide ceramics, as annealing induces defect-healing, strain Binding Energy (eV)
release, and grain growth. However, as reported below, T%Mre 1: (A) Comparative XRD patterns of CeO2 nanorods (CNRs) without
image footage indicates that all rod particles are siagistalline annealing (“AS”) and annealed at different temperature (325, and 800 oC) in air.
and do not change size or shape during annealing. Thasle#B) PL spectra of CeO2 nanorods via excitation at 370 nm. (C) XPS Ce 3d spectra of
defect and strain annihilation as the only causesHerpeak 2 Y"t"esized Ce02 nanorods.
sharpening. Williamson-Hall analysis (W-H) could be used to

P 9. ysis ( ) Lattice constants are determined for each of the saarplea
extract micro-strain by plotting the peak-broadening aas
function of diffraction angle. However, the high anisogropthe correlation is established between lattice constants attidel

" ' . ; strain with the changes in the oxygen vacancy conceorratio

nanorods, and the preferential crystallographic grovitbetion . . . . .
of the rods, causes different reflections to arise feodifferent change in crystallite size of the CNRs is found on moving from
diameter D’ in thaense of Scherrer’s law. which influences the °°M temperature (RT) to 80C with the simultaneous decrease

W-H extrapolation. Results of such analysis as repadnt¢able in the Igttlce co_nstant anq strain. The lattice ex S.f ?S_.
. . . synthesized ceria nanoobjects compared to bulk ceria iy likel
1, using a single average D-value, are therefore approxandte

meant to report trends onl due to the presence of oxygen vacancies arid, @dich both
Y. increase bond-distancgd’. These defects will particularly

Intensity (a.u.)

920 910 900 390 880
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cumulate near and on the surface. In the case of ndsmatso
internal defects arising from oriented attachment growthdc
contribute. The excess defects produce short-range fitlelss
which are, as a mean value, compressive in n&tukanealing
of as-synthesized CNRs in air at 2Z5and 800C progressively
reduces the point defect concentration from these reginds
decreases the lattice strain.

Table 1: Physicochemical properties of Ce@anorods (Latticeonstant

(a), Crystallite size (D), and Lattice strain (¢), were estimated by W-H
method from XRD data; Oxygen vacancy concentration from Lattice
constant (a), and Geconcentration from XPS)

Sample XRD XPS
a(A) D £ Oxy. ce*

(nm) x10° Vacancy | Concent
x10%cm? ration
CNR-As 5.4135 | 50.2 | 2.6900 5.926 0.39
CNR-325°C | 5.4131 | 49.8 | 1.9800 4.978 0.35
CNR-800°C | 54123 | 49.5 | 0.6725 3.081 0.32

Using KrogerVink notatior?®® for oxygen vacancies, the
following equatiori® applies which allows vacancy concentration
and lattice constants to be interrelated:

?(a’ —ay)=C [Tce3+ — Toett + i(rV[)' - 7‘02—)] (1)

In this equationyy,- is the oxygen vacancy radius,:+ is the
Cée* radius, and ‘@’ is the lattice constant of our prepared CeO2
nanorods. The lattice constaniXa@f bulk CeQ is 5.4110 A
(JCPDS 34-0394). The sizes of the ionsmiae+ = 0.1283 nm, : ;
Teet+ = 0.1098 nmry2- = 0.124 nm andV,;' =0.138 nm° The Figure 2: Ex-Situ annealing: HRTEM images, showing various amounts of imperfect
lattice constants a(T) from our XRD data for CNR-ABIFE300 crystallinity (image pa.irs \{vith zoom-in of black rectangles): (A) as»sy.nthésized
o o Ce0, nanorod. Rod-direction <110>. (B) Sample annealed at 325 °C in air. (C)
C, and CNR-80°C are found to be 5.4135 A! 5.4131 A' angﬁnealed at 800°C: The rod-direction for (B,C) is <211>. The viewing directions for
5.4123 A, respectively. The total concentration of 0OXygemc) are of <110> type. (JEOLIEM 3100-R005 @300KV)

vacancies in each sample is obtained after substititengaiues
of the aforementioned parameters in equation (1). Tteeombination process. Therefore, from the analysihefPL
concentration of these vacancies decreases with anneadipgctra, we can say that reduction of the defectesdration is
temperature. Decrease in the concentration of these vasaribe prerequisite to get efficient visible light emiss, as
decreases the magnitude of lattice strain and latticstaon observed in CNR-@0°C.

As the PL spectrum is also associated to the defedslave  The detailed X-ray photoelectron spectroscopy (XPS) study
the CeQ nanorods, we studied the PL response of as-synthesfaedCeQ nanoods is presented in figure 1C. XPS spectra o:
and annealed CeOnanorods. In figure 1B, the position oheated nanorods are shown in figure S1. Ten peaks are deer:ad
different emission peaks are almost identical befor after necessary to model these spectra, which are labeled @g Cz,
annealing. The change in emission intensity is interrelatéuet Cs, Cs, Do, D1, D2, D3, Da. According to the literaturé; 35-37the
presence of multiple defects in the crystal structurehsas peaks labeled CO, C1, C2, C3 and C4 refer te3sthtes, while
interstitials and vacancies. High oxygen defect levels msept the peaks labeled as[Di1, D2, Dz and D refer to 3 @ states.
in the samples, and the visible light emission pea&staostly The peaks characteristic of Testates are labeled as, Cz, Do,
related with oxygen vacancies with trapped electtbfsevious and »; while remaining peaks are attributed to*Ciens. The
studies, on PL of CeQhave ascribed the emission at ~425 npeak spots of all CNRs are listed in Table S1. A serantjtative
to surface defects in Cefd 42 In the PL spectra, it is seen thainvestigation of the combined peak area can offer the
the emission intensity of CNR-As is lower than that of CB#8- concentration of C& ions in the as-synthesized and annealed
°C and CNR8QO °C. This infers that the high oxygen vacancganorods. It can be calculated®&8.
concentration acts as luminescence quencher in GfR-At
800°C, many of the non-radiative surface and bulk defects §e3*] =
removed. Decrease in point defect concentrations alseases
the carrier mobility, enhancing the radiative carrier

ACO +ACZ +AD0 +AD2

Y A;

(2)

This journal is © The Royal Society of Chemistry 2014 J. Name., 2014, 00, 1-3 | 3
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Figure 4: Details of patches due to projected cavities found through in-situ heating in
HRTEM in various rods, imaged at room temperature following in-situ heating at 600 °C.
(JEOLJEM 2010F @200kV). (a) Patches of mainly “projected octahedral” shape forming
in central grain areas, away from surface and grain boundaries. (b) Rod with facetted and
more roundish patches at the back and more rectangular shape at front. (c) Group of
nanorods in another place with variety of patch shape including roundish, rectangular
where Ais the combined area of peak “i”. The ratios of Ce3* are and oval shape. (d) Another rod (zoom-in) with patches of a more rectangular projected

listed in table 1. It shows that the Tedon concentration shape and preferred texture along the rod-axis direction.

decreases with increase in annealing temperature. Terla

ratio of Ce** ions increases the lattice strain and consequerf§/)** During OA, adjacent nanoparticles from the aqueous
increments the lattice parameter. The correlation betwieen SOlution are assembled together by distributing a mutue.
XRD and XPS results confirms that Téon concentration is in crystallographic arrangement followed by connectingsén
proportion to the lattice parameter increment. particles at a planar boundary to convert towards noaso

Electron microscopy characterization of Ce@ nanorods: At finally leading to the single crystalline anisotropicusture
first, imaging by TEM is performed (Figure) 2at room growth. Generally, the driving force for this natural OA is to

temperature for nanorods wigixsitu annealing (at 325 an®@ decrease the overall surface energy by removing the earédc
°C) and withoutexsitu annealing, before we presdntsitu which the crystallites join. Specifically for fcc-typemarals, two
annealing in Figures (3-4). Nanorods typically range 5 to 20 fLypes of OA pathways could occur, either aligned along thg [21:
in lateral size and beyond 200 nm in longitudinal sizestods direction with exposed {111} surfaces or the attachmenbisgal
are single-crystalline (Figures 2-3), although grainsd alfe [110] direction with exposed {200} surfaces. The priouldo
boundaries can also occasionally be found (Figure 4¢.rod P& More promising because the Ge@L1} surface is the most
surfaces are mostly smooth and the tip of the rodstew a stable surfac®. In this work examples of both rod directions are
variety of shapes, including faceted tip-shape (Figute, Zfoun_d, such as [211] in Figures 2B-C, and Figure S2, and [11(!
rectangular end (Figure 2B) or of apparent rounded s(fagare " Figure 2A. _ _ _ o

S2), which turns out in detail to be micro-faceting of subm Results of theexsitu annealing at 323C in oxidizing
length facets of mostly {111} type. The non-annealegonad environment are presented as Figure 2B, representeyere

of Figure 2A is characterized by a fine-speckled flucturatf different rod, which shows less smooth surfaces thanguar&
brightness superimposed to its single-crystalline niiegly 2/ while at the same time the internal strain-relapdckle
perfect) lattice-fringe pattern. The speckle is non-ordeoéd, PPears here more of a strain-band pattern (see bottomf-left
about 2 nm size, and has no sharply delimited faGtsh a Figure 2B). After heating at 80C, the previous random speckle
pattern is characteristic of internal local strainriistions, e.g. Patterns appear to be less pronounced. Instead, a newftype o
due to point defects or small vacancy clusters, which leadPfight patches appears, which now are about 2-5 nm in thame
fluctuating Bragg diffraction and varying HRTEM backgroungnd there are different shapes of these 3D defects, rfarstiyed
intensity, supporting the X-ray diffraction line broadening df &0 identical way as known from HRTEM images of GeO

Figure 1. It is also possible that the speckle pattechsarain Nanoparticles, enclosed mainly by {111} and {10&p
fluctuation indicates residual fingerprints of the thig of Surfaces. It was previously reported that annealing ioraegd
nanorodgrowth via the principle of “Oriented Attachment” nitrogen did not change the morphology of Ge&@norods even

Figure 3: In-situ annealing: TEM images of CeO, nanorods mounted in heating holder.
(A) at room temperature, (B) 80 minutes in-situ heated at 325 °C, (C+D) 80 min annealed
at 600 °C, and cooled down to RT, and then again 180 min annealed at 600 °C (totally 80
+ 180 minutes, the experiment was done over two days) (JEOL JEM 3010 @300kV).

4| J. Name., 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014
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Figure 6: Simulated crystallization of a ceria nanorod. Oxygen atom positions are
represented by the small red spheres and Cerium atom positions are represented by the

Figure 5: Formation of octahedral-projected patches in area of high-intensity electron large white spheres

beam irradiation (FEGTEM JEOL 2010F @ 200kV), along with general thinning and
ablation, without any heating applied.

Some greater variety of patch shape (believed to bee3écd

at very high temperature (900 “Eyvhile the annealing in air atin projection) including roundish, rectangular and oveldates
800 °C caused some surface damage and thinning of nafforofat possibly some metastable defects are frozen ifie wafr

In contrary, other reported that no significant change f§ating favored projected facetted octahedral-type patche
morphology and no visible damage to Gefanorods were Interpretation of the heating patterns: The origin of the bright
spotted after annealing in air upto 800°%Qn our experiment, Paiches as a projection of 3D defects is evidencedomes
annealing in oxidizing environment upto 800 °C caused gsnergl observapons: _
change in morphology but changes the internal straie arad (i) Brightness is always lower than for the crystal matrix,
leads to formation of new facet-type defect patches (seeerig ~ indicating loss of projected mass-density in beareation,

2C). being aware that mass-thickness contrast is onlyaaseo
In-situ TEM experiments of CeQ nanorods: Above annealing and first approximation in phase-contrast HRTEM images,
experiments have been repeated under high vacuum, tjpical governed by complex electron wave interference processes.
TEM, using a TEM heating holder. Temperatures of sina The contrast jump between patches and matrix is toogt

the ex-situ settings as reported above have beeredpptkcept to be caused by just one monolayer of missing matsal

for using 600°C instead of 80°C (reported in-situ temperatures _e‘iide”t from HRTEM image simulation thickness series
are approximate thermocouple readings of the heating holde in%9). _ _
which could deviate from exact sample temperature diipgn (i) Most patches are enclosed by straight lines, and some

on thermal conductivity of the sample). Our finding hatt conform to a perfect projected capped octahedron which s
vacuum heating can reproduce most of the heating patterns, corresponding to the well-known octahedral facets (e.c.
especially the formation of bright facetted patches. Thicefs {111}, {100}). This feature resembles the concept of
therefore independent of the oxidizing environment usehglur ~ ~inverted” ceria nanoparticles inside nanorods, now
annealing. Annealing with constant exposure to an electmmbe ~ &PPearing as nano-voids. The orientation of these 3D defec*~
would rather resemble a reducing environment, as @xygss matches also the orientation of transient nanoparticles
precedes cerium loss during irradiation. Figure 3 shbein- during oriented attachment formation theory of f8ds

situ TEM images for room temperature (Figure 3A), fatil by (iif) The patches do not correspond to perforated material, <
80 minutes annealing at 326 (3B), and 180 minutes at 60C lattice fringes are seen inside patches. These fringes
in addition to the previous annealing (3C), which coesistf 80 continue un-shifted from the surrounding HRTEM lattice
min annealing at 608C, cooling down to RT, and then again @nd prove that the defects are superimposed to cmutin
increased to 600C for 180 minutes, totally 80+180 minutes. layers of single crystal above and/or below the deifect

Figure 3D shows a magnified version of 3c. No significan b&am direction.

changes in size, morphology and surface smoothnessouere. f (iv) The patches appear in plan-view in projection, and are not
However, Figure 3d reveals some development of speckle and Seen (bar one exception) in cross-section as indents or
bright patchy patterns, which is found for various rods, som Surface pits on the sides of nanorods and also the patches are
more imaged in Figure S3. After cooling back to room located within the inner 3/4 or 4/5 of the rod diameted
temperature, without exposing to air, these new patoleze never reach to the final 5 monolayers of the side-faces of

imaged at even higher magnification in Figure 4: The 0ds. . o
correspondence to the patches found from air heatiaguious. Cumulated evidence supports the patches as projectionByof f
facetted 3D cavities, rather than 2D surface features, which

This journal is © The Royal Society of Chemistry 2014 J. Name., 2014, 00, 1-3 | 5
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Figure 7: Atomistic models of ceria nanorods and their defect microstructures. (A) Ceria
nanorod with [211] growth direction. (B) Segment of (A) depicting a cerium vacancy as
indicated by the yellow arrow. (C) Ceria nanorod, which comprises a grain-boundary that ~ Figure 8: Atomistic structure of model ceria nanorods (a) perspective view of the
traverses the nanorod. (D) Atomistic structure of the grain-boundary (oxygen ions are  nanorod showing the [110] growth direction and hexagonal nanorod cross-section (b)

not shown). (E) Atomistic structure of an oxygen interstitial. (F) Enlarged segment of (E);  segment of (a) showing a defect cluster comprising one Ce vacancy and two oxygen
the arrow shows the position of the oxygen interstitial. Cerium atom positions are  vacancies as indicated by the yellow arrows. (c) Enlarged section of the surface of the
represented by the white spheres and oxygen ions are represented by the red spheres. nanorod (a) showing the steps, edges and corners and close packing of the cerium ions

(oxygen ions are not shown).

minimize their internal surface energy in equivalence ® th ]
externals surfaces of nanoparticles. Accumulation of vacang@ucturally three model nanorods: (a) nanorod withrawth

into regular facetted large clusters of reduced rimtevould direction along [211], (b) nanorod with growth directialong
produce similar HRTEM patterns, however, the strikini10] @and (c) nanorod that comprises a grain-boundary.

similarity of our heating patterns with published patchesnfr 1€ nanorods were analyzed using molecular graphice!
iradiation damagd®, identified as voids, favors the first€Chniques using VMB and Materials Studio. The simulated

interpretation. For comparison, we attach an examplsuoh crystallization of the nanorod with growth direction aldag1]
electron irradiation induced projected octahedral-fadet 'S Shown in figure 6. Initially, the nanorod is amorphdigsre
patches from ceria nanorods in Figure 5. For this experithente‘(a) and at a particular time a CryS_talllnPT seed spomo
electron beam had been temporarily focused to the megfy©!ves within the amorphous sea of ions, figure 6(b,ck Séed
outlined by a fringe, while for all other experimenfgres 2- then nucleates the crystallization of the whole nanoraopuiréi

4) the electron beam was spread to more than the field of vig{l:©) together with the evolution of a rich microstructure
and did not generate irradiation-induced patterns. BeydRfluding isolated and associated point defects, graimdiaries

oxygen migration, oxygen-loss due to bulk-heating has tigcerf(d): nangrod morphology and surfaces exposgd. Under
been established via conductivity measurements in Béil-ioextended simulated annealing, the grain-boundary is annealad

anddue to much higher RT O mobility, the O migration in Ge®Ut: figyre 6(f), and some Of. .the point defects move tc
could start at lower temperatures. energetically more favorable positions.
Computer Modeling and Atomic Simulation: Atomistic Analysis of the atomistic models reveal that the nanoraas a

computer simulation was used to help support and conme"pighly defective, figure 7, 8. In particular, we observe many
our experimental findings. In particular, full atomisticaeés of iSolated oxygen and cerium vacancies, figure 7(b), oxygen

ceria nanorods were generated using molecular dyngMids interstitials, figure 7(e,f) and vacancy clusters, sasla single
simulation using pair potenti&lks The atomistic models of theCeMium vacancy associated with two neighboring oxygen
nanorods were generated by simulating their crystsitiagrom Vvacancies, figure 8(b). We also observe much largeectef

amorphous precursors; procedures have been documefitdgfers comprising several oxygen and cerium vacancigs (no
previously®. Simulating the crystallization enables th&hOWn); such complex vacancy clusters are perhaps better
hierarchical structural complexity of the model nansrdd described as voids within the nanorod. Analysis using molecular

evolve within the atomistic models including: polymiip 9raphics revealed that the defects evolve during the
crystal structure, microstructure (point defects,lodiations, crystallization process. In particular, as ions condemge the

grain-boundaries) and nanostructure  (growth directio'ﬂ,‘rface of the nucleating seed, they locate at latticeigsit
morphology and surfaces exposed). Here we characterize However, not all lattice positions become filled and a vacancy is

6 | J. Name., 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014
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Careful inspection of the first Ce-O peak (2.4 A), revaadsall

0 30 shoulder at about 2.1A, as indicated by the yellow arrovgiréi
&0 e 9. This peak corresponds to the ionic relaxation of CeCaimhs
P around a point defect such as a vacancy. The size giahlsis
50 i therefore indicative of the defect concentration within tloeleh
e i nanorods.
5 .
30 0 Conclusion
0 2 24 28 In summary, we can say that oxygen vacancies arengldkie
} key role in the tuning of the structural and microstructural
n I lh‘ ﬁ properties of Ce® nanorods via annealing. Two types of
0 _L.__.Jlgiﬂ’ju oxygen-related defects are found: Initially, disordesedall

o A

1.4 2.4 3.4 A4 .4 oxygen defects (OD - point-defects or small vacancytetak
increase the lattice strain and broaden diffraction peaks

Figure 9: Radial distribution function (RDF) calculated for the three nanorods significantly, while a small lattice expansion is foufod such

showing the considerable deviation of the Ce-O bond distances from those found N

in the bulk parent material; the RDF of bulk ceria is shown to compare. Abscissa: assynthe5|zed Cefnanorods. On thermal treatment the smali

Ce-O interatomic separation (A); ordinate: g(r). Red trace: nanorod with grain- OXygen defects are gradually healed and replaced through

boundary; green trace: nanorod with growth direction along [110]; blue trace: oxygen migration by a second type of oxygen defect throug N

nanorod with growth direction along [211]; black trace: parent bulk material. . . . sy

evolution of nanocavities with polyhedral morphologighin
the nanorods. The first type of defect is strongly ddikctiia

' 1 1 1
Crea.lted Whel.l other (.a.lmorphous) ions condense around .thls XRD but barely visible in HRTEM, while the second type is
unfilled lattice position. lons can also locate, during th

. .. . . prominent in HRTEM and undetectable in XRD.
simulated crystallization process, at 'non-fluorite' lattice . . . . 3
. . . e e MD simulation was used to simulate the crystallization ¢
positions as evidenced by the oxygen interstitial in &gi(e,f). . o
. . ; . ceria nanorods from amorphous precursors. The atomistic
Inspection of figure 8(c) shows'git' on the surface of the ceria . . . .
) - models derived comprised a high concentration of alefe
nanorod that has a pseudo-hexagonal profile similar teetho . . &
. - ) . . including Ce and O vacancies and vacancy clusters, <
observed in our experiments, figure 2(c). In partigudaring the

. o . ) interstitials and graifroundaies; calculated Radial Distribution
simulated crystallization/high temperature annealinga@e O . . . {
. . L Functions was used to quantify the defect concentratiom. W
ions are mobile and move across the surface to facilitate cl . o .

. . postulate that the nanocavities evolve within the narsovadthe
packing of the Ce sublattice; the steps/edges that ezohferm . . I .
. agglomeration of the vacancies within the defective (as
to (energetically stable) {111} and {110} surfaces. Steguiges repared) nanorods
and corners of the model nanorods exhibit similancstral P oPo o, 60
! ) . Previous worR®%° have found some defect-contrast feature -
features, figure 7(a,c), figure 8(a). Accordingly, we padtuthat . .
. ) . in ceria nanostructures by TEM, however, patches were ddrk a
the as-synthesized nanorod, figure 2(a), comprises a hi

. . . . - 09 very small size while roundish and of random distributian. |
concentration of vacancies, which, under annealing conditions

. - . . contrast, our new TEM findings show bright extendedhegof
agglomerate to facilitate nanocavities with stable (mabr L . 9 9 . .
. ... sharp delimitation organized along crystallographiemations
surfaces such as {111}, {110} and {100}. Oxygen ion mo#ilit . .
. . L ) with facets commensurate with those commonly found for
is vacancy driven and cerium ions move along thergavirfaces

. . .__nanoparticles of ceria. These cavities are formed fraernal
of the nanorod analogous (energy-driven) to cerium ions

. . ._atomic and vacancy diffusion, not involving air-barxygen, as
moving on the nanorod surface as shown by our simulatio y 9 9

S; . )
previously we observed (experimentally) the mobilifycerium Huéy appear for both air heating and vacuum healihgy are

. . ...mostly internal cavities and not surface-pores. All togebur
ions on a Cee(100) surface®. We note that ceria nanorods with y P 9

o . . annealing experiments prove that systematic heat tezesm
pores® and titania nanorods with dense nanocavitishave -aling exp P 4 . .
been synthesized by others provide a further experimental route of ceria surfacéviact

Experimentally, we found that the lattice parameterthef tuning apart from previously proposed tuning via doping,

nanorods are different compared to the parent bulknadtwith g;?é?;lgg'wzﬂdan?hgf t?\et::gt?\e?l:gsge SsyntheS|s, and floan
lattice strains of up to 0.5%. To gauge the strainiwitre model '

nanorods, Ce-O Radial Distribution Functions (RDF) were
calculated, fig 9. The RDF traces reveal significant akewn Acknowledgements
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Annealing ‘

Annealing of cerium oxide nanorods results in the evolution of
distinct cavities with polyhedral morphologies due to the high
temperature activated rearrangement of cerium and oxygen atoms
and vacanciesnthe as-synthesized nanorods.
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