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For CeO, nanocrystals a large number of cerium ions undergo Ce** — Ce3* transition
leading to formation of oxygen-deficient CeO, , phase in the subsurface layer of nanocrys-
tal. Such structural rearrangement leads to density gradient in ceria nanocrystals chang-
ing thereby the elastic constants of material. The analysis of free energy balance has
shown that formation of highly deficient CeO,_, phase occurs inevitably for the nanocrys-
tals with sizes d < 6 nm.
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Hna mamoxkpucrannios CeO, sHauWTenprHAA YACTH WOHOB IIePUA IIEPEXOUT U3 Ce** B
Ce®*, uTo mpHBOAUT K (POPMUPOBAHUIO Te(UIIMTHOH 110 KUCIOPOLY (assl CeO,_, B mpumo-
BEPXHOCTHOM cJIoe HaHoKpucrtajaa. I[logodbHasa cTpyKTypHAas MepecTpoiiKka MPUBOAUT K BO3-
HUKHOBEHHUIO TPajMeHTa IIJIOTHOCTH, U3MeHAS TaKUM o0pasoM yIpyrue MOCTOAHHBIE MaTe-
puana. Amanms GanaHca cBOGOLHOM sHeprumm mokasay, uro ¢opmumposanue (aser CeO,_,
MIPOUCXOAUT AJIsi HAHOKPHUCTAJNLIOB ¢ pasMepamu d < 6 HM.

CrpykrypHa mnepefygoBa Ta 3MiHA BAJEHTHOCTI Iepi0 y HAHOKPHCTAJAX TiOKCHIY
uepiro. FO.I.Boiiro, B.B.Ceminvio, I1.0O.Marxcumuyr, F0.B. Maniwokin.

Hna sanoxpucranis CeO, sHauna uacTHHA ioHIB Iepilo nepexoguTs 3 Ce** y Ce®, mo
IPU3BOIUTE A0 opMyBaHHA fAedinurHoi 3a Kucuem dasu CeO,_, y npumosepxHeBoMy mIapi
Hanokpucraja. Ilogibua cTpyKTypHA Hepeby/0Ba MPUSBOAUTHL A0 TIOABU TPAAi€eHTy T'YCTHHH,
3MIHIOIOUN TAKUM YMHOM TIPY:KHI cTaji MaTtepiamy. Ananis O0amaHcy BinbHOI eHeprii mokasas,
mo ¢opmysanna dasu CeO, , Binbysaersca a1 HAHOKPUCTANIB 3 posmipamu d < 6 HM.

© 2016 — STC "Institute for Single Crystals”

1. Introduction

Nowadays a lot of attention is devoted to
the investigation of physical properties of
nanocrystals with sizes =1 + 10 nm [1-4].
Both experimental and theoretical studies
have shown that physical properties of
nanocrystals with such sizes differ suffi-
ciently from the properties of corresponding
bulk crystals.
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Cerium dioxide (CeO,) nanocrystals are
of special interest due to the number of
unique properties making these nanocrys-
tals suitable for creation of unequalled
chemical catalysts, fuel cells, biological and
medical antioxidants [5—8].

Remarkable properties of cerium dioxide
nanocrystals are determined by changes of
the crystal structure for the nanocrystals as
compared to their bulk counterparts. For
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instance, in [9], using high resolution trans-
mission electron microscopy (TEM) the lin-
ear 1D clusters of anion vacancies were re-
vealed for CeO, nanoparticles with sizes
<6 nm. Despite formation of such clusters
the symmetry of ceria unit cell is preserved.
These defects are located in the most closely
packed (111) crystallographic planes.

Methods of optical spectroscopy [10-12]
have shown that for ceria nanocrystals with
sizes of 10 nm and less, specific lumines-
cence band determined by 5d — 4f transi-
tions of Ce3* ion was observed. Presence of
this luminescence band indicates that part
of Ce** ions in CeO, nanoparticles under-
goes Ce#* — Ce3* transition. Such lumines-
cence was never observed for the bulk ceria
crystals.

Such changes of the crystal structure
and oxidation state of cerium ions in CeO,
nanocrystals are the main factors determin-
ing the unique properties of this material.

This paper is devoted to analysis of the
causes leading to rearrangement of the crys-
tal structure with simultaneous change of
cerium valence in CeO, nanocrystals; the
theoretical calculation confirms that this
concept is reasonable from viewpoint of
thermodynamics.

2. Modification of structure and
cerium oxidation state in CeO,
nanocrystals

Cerium dioxide crystals are ionic com-
pounds with ratio of ionic radii = 0.77 and
closely packed fluorite-type structure [13].
In such a structure cerium ions form face-
centered cubic lattice, while oxygen ions are
located in the centers of eight small cubes
into which the unit cell can be divided. So,
each cerium ion is surrounded by eight oxy-
gen ions located in the cube vertices, while
each oxygen ion is surrounded by four ce-
rium ions located in the tetrahedron verti-
ces. Such crystallographic structure corre-
sponds to the closest packing of cerium and
oxygen ions in (111) planes and also pro-
vides electroneutrality of the crystal.

For ceria nanocrystals the size of
nanocrystal decrease leads to the structural
rearrangement with change of the part of
Ce** ions to Ce3* ones. This statement is
based on the analysis of luminescence spec-
tra. Decrease of the size of ceria nanocrys-
tal in this case has the same effect as heat
treatment in reducing atmosphere, and, as
it was shown in [11], both these effects
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manifest itself in formation of Ce3* lumi-
nescence bands.

Such change of the oxidation state of the
cerium ion must be accompanied by addi-
tional changes of the crystal structure in
order to provide electroneutrality: namely,
formation of two Ce3* ions must be accom-
panied by formation of one oxygen vacancy
Vo'*. Formation of the oxygen vacancies is
the most energetically favorable in closely
packed planes in the rows of ions with simi-
lar signs. This additional structural change
leads to formation of one-dimensional va-
cancy clusters with pre-defined orientation.
All these results are supported by experi-
mental data [9-14].

3. Thermodynamics of subsurface
structural rearrangement in
CeO, nanocrystals

So, in the subsurface layer of CeO,
nanocrystals the oxygen-deficient CeO,_,
phase is formed. It is evident that such a
change of the structure of subsurface part
of nanocrystal leads to decrease of its den-
sity i.e. "loosening” of the nanocrystal.
Oxygen deficiency increases towards the
surface leading to density gradient with
correspondent change of elastic energy. Ac-
cording to thermodynamics, the new phase
will be stable if the free energy of nanocrys-
tal with density gradient will be less than
the free energy of nanocrystal with uniform
density. For the bulk crystal role of elastic
energy connected with the density gradient
in the total free energy is insufficient while
only =1 % atoms are located in the subsur-
face layer of the crystal and they cannot
have any influence on the thermodynamic
properties of the crystal as a whole.

We have analyzed whether the free en-
ergy of nanocrystal reaches its minimum
for CeO, — CeO,_, phase transition, which
is realized for CeO, nanocrystals and is ac-
companied by occurrence of the density gra-
dient. The following method was used pre-
viously during investigation of the process
of the new phase formation in the thin crys-
tal layers [15].

In our case it is required to compare the
values of free energy F; and F, for two
different phases: phase 1 (CeQO, crystal with
fluorite structure and uniform density) and
phase 2 (CeO,_, nanocrystal with subsur-
face structure rearrangement and the den-
sity gradient). Taking into account that for
the bulk crystals with the uniform density
F; < F, condition is realized, we tried to
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found the critical size d*, for which occur-
rence of the density gradient makes possible
existence of phase 2, or, in other words, for
which Fq < Fy.

Let us suppose that the nanocrystal has
spherical shape with radius d. To take into
account the density gradient the free energy
must be re-written as:

a (1)
F(p) = S [f(p) + oudp/dr)21dr.
0

Here S is nanocrystal surface area, p —
density, f(p) — free energy density, r —
distance from the center of nanocrystal. The
second term in (1) takes into account the
change of free energy due to the density
gradient.

Dependence on the density gradient is de-
scribed by square law because the equilib-
rium state has the uniform density, o is the
coefficient which is dependent on elastic
constants of the material. To determine the
phase state it is required to find the mini-
mum value of the free energy (1) at con-
stant mass condition:

d (2
M = S| p(rydr.
0
Finding of the minimum of (1) is facili-
tated sufficiently by using another function
G(p) obtained through the Lagrange factor:

d

G(p) = F(p) - AS p(r)dr =
0 (3)

d
= 8] [(p) + oudp/dr)? - Apldr.
0

Minimization of G(p) leads to the follow-
ing equations:

df(p)/dp - 20[d2%p/dr?] = A 4)

with boundary conditions: p(0) = py, dp/dr =0
at r=0 and p(d) = py- We take py < pq,
while in CeO, subsurface layer "loosening”
of the crystal lattice is observed. p; is the
equilibrium value of density for bulk ecrys-
tal, so f(p) can be written as:

10) = o+ 510 = p1)?] ®)

Here f is the free energy density in bulk
crystal, and f; = d2f(p)/dp? at p = p;. Solu-
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tions of equations (4) with account of the
boundary conditions and relation (5) are
rather complex. However, the asymptotical
solutions for the limiting cases can be easily
obtained and analyzed.

For bulk crystal, i.e. at d — oo, the free
energy for both phases has the following
asymptotical values: Fy=fy; [M/p;] and
Fy =19 [M/ps]. Here f 1 and fj o are free
energy densities for the bulk crystals, for
phase 1 and 2, correspondingly. As we have
stated before, fO,l <f0’2, and taking into
account that in CeO, py < p;, we conclude
that F; < F5 condition is satisfied, and in
the bulk crystals, as it was supposed before,
phase 1 is more stable.

However, for small d phase 2 can become
more stable (Fy < F,) if elastic constants for
the phase 2 become less than ones for the
phase 1 due to the density gradient. It is
highly probable due to high content of oxy-
gen vacancies and CeO, — CeO,_, transi-
tion in the subsurface layer of the ceria
nanocrystals.

This condition is realized if:
f0,2 - f()yl < %{fl,l[(pl - 92)2] - f1,2[(p1 - 92)2]}- (6)

So, according to (6), formation of the
phase 2 in CeO, nanocrystals is possible if
the elastic energy gain surpasses the change
of free energy in the bulk crystal at phase
transition, for instance, due to temperature
change.

The size d = d* at which CeO,_, phase
became stable can be determined from
F1(d¥) = Fy(d") condition.

So, taking F; and F, and neglecting the
second order infinitesimals, we have:

d* = [(py — pg)/prl(0t/ 1) "2 (7

fy = d2f(p)/dp? at p=p;. The
(Oc/fl)l/2 term is a mean distance at which
the elastic excitation caused by local elastic
deformation attenuates [16]. This deforma-
tion in our case is determined by the den-
sity gradient.

For iomic crystals: (o/f;)1/2=10"" m.
According to the experimental data, such
phase transition is accompanied by density
change (p; — py)/P; = 6:1072 [17]. Inserting
the values of (Oc/fl)l/2 and (p; — pg)/pPy to
(7), we have d“=6 nm, so at d <6 nm
CeO,_, phase is more stable.

Here
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4. Conclusions

Formation of the highly oxygen-deficient
CeO,_, phase with oxygen deficiency in-
creasing towards the surface leads to occur-
rence of the density gradient and decrease
of the elastic constants of CeO, nanocrys-
tals. As was shown from free energy bal-
ance, for d < 6 nm this phase becomes more
stable than CeO, phase with uniform den-
sity. This fact is supposed to be responsible
for stability and unique physical properties
of the CeO, nanocrystals.
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