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Abstract

Cerium oxide (CeO,, “ceria”) and hafnium oxide (HfO,, “hafnia’’) were aqueously co-
precipitated and subsequently calcined to allow for homogenization. The size of the (1-x)CeO,-
XHfO, crystallites, determined by the Scherrer equation, varied from 140 nm for x=0 to 15 nm
for x =0.73. For x<0.14, only cubic structures are visible in x-ray diffractograms, and the lattice
parameters are consistent with the values expected for structurally cubic solid solutions of hafnia
in ceria. At x=0.26, tetragonal and monoclinic phases nucleated with the former not being
observed in the bulk phase diagram for ceria-hafnia. Therefore, the solubility limit of the cubic
structure is between x=0.14 and x = 0.26 for 40 nm to 61 nm crystallites, the sizes of these
respective compositions. More specifically, for the 40 nm crystallites of x=0.26 (1-x)CeO,-
xHfO,, 15% of the hafnia remains in a structurally cubic solid solution with ceria based on the
observed cubic lattice parameter. The compositional domain for the cubic fluorite structure in
this study is narrower than other nanostructured (1-x)CeO,-xHfO, studies, especially studies
with crystallite sizes less than 10 nm, but wider than observed in the bulk and helps to expand
the size regime over which the relationship between crystallite size and phase stability is known.
The extent of this cubic-structure domain is mainly attributable to the intermediate crystallite
size and the roughly zero Ce** content as determined by x-ray absorption near edge structure
spectroscopy.
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1. Introduction

Interest in applications combining hafhium oxide (HfO,, “hafnia”) and cerium oxide
(CeOg, “ceria”) has increased in recent years. A solid solution of ceria and hafnia has been used
as the heart of an oxygen sensor[1]. In catalysis, ceria-hafnia solid solutions have been found to
be useful in soot oxidation[2], CO oxidation[3], and dehydration of an alcohol[4]. In
microelectronics, alternating layers of the two oxides have been employed as a potential gate
dielectric because hafnia's high dielectric constant reduces the leakage current, while ceria acts to
passivate germanium in Ge-based devices[5].

Previous studies on the structure of ceria-hafnia solid solutions can be divided into thin
film studies and powder studies. Thin film studies[6, 7] will not be considered here as they can
be influenced by lattice mismatch with the substrate and by near-vacuum deposition conditions
in which nano-ceria would be very susceptible to reduction[8]. Powder studies that consider
phase stability for 10% or less hafnia in ceria[9, 10] or that employ an additional metal beside
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cerium and hafnium[11] will not be considered. Table 1 is a list of ceria-hafnia powder studies
including the extent of the structurally cubic domain as well as the method of preparation and
crystallite size where provided. The column headed by "Sample reduced” indicates whether
there is information presented in the article regarding oxygen deficiency in the samples prior to
any temperature-programmed reduction or other reduction procedures. Finally, the column
headed by "Checked lattice parameter” indicates if the authors explicitly mentioned checking the
lattice parameter to see if it was consistent with a single phase, structurally cubic solid solution
with the specified ceria-hafnia ratio.

Table 1: Non-film studies (pellets and ""free crystallites')

Reference Method cubic Cubic domain: | Sample Checked
crystallite | x in (1-x) reduced lattice
size (nm) [ CeO,-xHfO, parameter

Debray, et 0-0.12

al.[12]

Chavan, et Physical 0-0.15 yes

al.[13] mixing &

heating

Reddy, etal. | CP & 4.6- 0-0.20 yes

[14] anneal 13.1

Passerini, et | CP & 0-0.32 yes

al.[15] anneal

Gavrish, et | Physical pum 0-0.425 likely

al.[16]°® mixing &

roasting

Baidya, et Solution 7* 0-0.50

al. [17] combust-
ion

Zhou, et Sol-gel 7-8 0-0.50 yes

al.[18]

® pellet study
* This value is not found in the paper. It is an estimate based on the XRD data presented.

According to the stable lines in the bulk ceria-hafnia phase diagram[16], the solubility of
hafnia in the cubic fluorite structure with ceria is less than 5%. The metastable solubility limit
for hafnia in a cubic solid solution with ceria, (1-x)CeO,-xHfO,, varies including low values of
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x=0.12 reported by Debray, et al.[12] and x=0.15 reported by Chavan, et al[13]. Reddy, et al.[14]
and Passerini, et al.[15] report pure structurally cubic ceria-hafnia solid solutions with x =0.2,
and 0.32, respectively, but only Passerini, et al.[15], indicates that this is a solubility limit. In
these two studies, the ceria-hafnia powders were prepared by co-precipitation and subsequent
calcination as is the case in the work being presented here. Greater solubility of hafnia in a
structurally cubic solid solution with ceria was reported in Gavrish, et al[19]. In this study, ceria
and hafnia were physically mixed and then calcined at temperatures of 1500°C or higher.Finally,
the highest solubility, x=0.50, was reported in Baidya, et al.[17], and Zhou, et al.[18]. The
powders in these studies were prepared by solution combustion and sol-gel processing,
respectively.

The aforementioned articles provide useful information regarding ‘ceria-hafnia solid
solutions, but do not provide a complete picture for a few reasons. First, some of the articles do
not provide crystallite size information [12, 15, 16]. Second, those that do provide size
information are either really small (less than or equal to 13 nm)[17, 18] or very large (micron-
sized)[19]. Research in the twin[20] system, zirconium oxide (ZrOz, “zirconia™) combined with
ceria, has clearly demonstrated that reduced crystallite size can greatly enhance the structural
stability of the cubic fluorite phase[21]. Third, although at least one of these articles studies the
reduction of ceria-hafnia[17], it is not completely clear what the concentration of Ce** is in the
samples after calcination, but before reduction. This is a relevant factor as the presence of Ce®"
has been shown to greatly enhance the phase stability of the cubic fluorite structure[22].

2. Experimental procedures

Precursors of hafnia-doped cerium oxide were prepared by mixing a solution of
HfOCIl,e8H,0 (Alfa Aesar 99.998%) and Ce(NO3);e6H,0 (Alfa Aesar, 99.5%), having a total
cation concentration of 0.04M (i.e;; Ce** + Hf'"), with a 0.5 M hexamethylenetetramine
((CH2)eNg4, also known as "HMT", Alfa Aesar, 99+%) solution at room temperature. After
centrifugation, the precipitates, which were composed of ceria nanocrystallites and amorphous
hafnia, were dried under ambient conditions. The concentration of cerium and hafnium in the
products was determined by inductively coupled plasma-atomic emission spectroscopy (ICP-
AES) analysis (Desert Analytics, Tucson, Arizona, now known as Columbia Analytics).

To determine the minimum temperature for sample homogenization, portions of the
88%Ce0,-12%HfO, sample were calcined at temperatures from 350 to 1250°C, and the lattice
parameters of the resulting powders were determined. For each calcination, a ramping rate of
6.8°C/min was used with a hold at the maximum temperature for 15 minutes. After the hold, the
power to the furnace was cut and the samples were removed. Once the minimum temperature
was determined, further calcinations were conducted nominally at 1050°C or 1250°C. When
more than one sample was calcined at a time, as was the case sometimes for the 1250°C
calcinations, a slight displacement from the furnace center meant the maximum temperature
could have been as low as 1180°C.

X-ray diffraction (XRD) measurements were made using an Inel 3000 diffractometer
(Artenay, France) equipped with a position sensitive detector (PSD) and a copper target.
Diffractograms were collected through a two theta (20) value of roughly 100°, although only a
portion of this data will be shown in the figures below. The resulting files were converted from
text to the .cpi format using ConvX[23]. Then the files were fitted using XFit[24] with the
CuKa_5.lam emission profile, which was found to produce the best fits of the data. Experimental
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diffraction results were compared to International Centre for Diffraction Data (1.C.D.D.)
standards for pure ceria and the polymorphs of hafnia in order to identify the phases present.

Crystallite size calculations for the cubic structure, based on XRD data, were done using the
Scherrer equation, d = KA/Bcosés, where d is the crystallite size, A is the wavelength, B is the
FWHM of the Bragg peak corrected for instrumental broadening, & is the Bragg angle, and K is
the Scherrer constant with a value of 0.9[25]. More specifically, the crystallite sizes of the cubic
fluorite structures were calculated using the (111) XRD peak because the lowest 26 peakis least
affected by strain-broadening[24]. Also of note are two additional items. First, an alumina
(AlO3) plate having micron-sized grains (NIST Standard Reference Material® 1976) was used
for the instrumental correction. More specifically, the (012) Al,Os; peak was used for the
aforementioned correction because its angular position (roughly 26° with CuKa radiation) was
closest to that of the first peak of the (1-x)CeO,-xHfO, samples (roughly 29° with CuKa
radiation). Second, the crystallite size for the pure hafnia sample provided below is an
approximation[26] in that the same value of the Scherrer constant is used (i.e., 0.9), although the
shape of monoclinic hafnia tends to be rod-like (cylindrical)[27].

Many of the XRD measurements made in this study were collected with the powder on a
glass slide, rather than a recessed holder; therefore, there is-reasonto suspect that the accuracy of
the lattice parameter results will compromised by physical displacement errors. With PSD-XRD
instruments like the one used here, Pramanick, et al.[28], has shown by geometrical arguments
and experimental results that such displacement errors, resulting from the positioning of the
sample, can be expressed as

Adld =-Kcos?6s (1)

where K is a constant, d is the plane spacing, and Ad is the error in plane spacing. Then the
authors showed how an accurate value of the lattice parameter could be determined, even with
substantial sample displacement, by plotting the lattice parameter, a, calculated for each Bragg
angle, as a function of cos?ds and. extrapolating to the y axis (where a = a, or the calculated
lattice parameter for each peak; a, approaches the true lattice parameter, a,)[28].

The Cohen method[29, 30] for determining a, is reputed to minimize random errors[24] in
XRD data. Combining the Pramanick, et al.[28], extrapolation function (equation (1)) with the
Bragg equation, the proper expression for the Cohen method results [25]:

sin“d= Ca+ AS (2)

where C and A are unknowns, and « and ¢ are defined in the following manner:
o=h*+k2+I? (3)
5=10sin*20 4)

and where h, k, and | are the indices of the planes corresponding to each of the diffraction peaks
at 6. The values of C and A are determined by performing a multiple regression in which « and
Sare the independent variables, sin’8 is the dependent variable, and the intercept is set to zero.
Finally, a, is calculated by knowing that
C=4%/4a,° (5)

where A=wavelength of diffractometer radiation being used in the analysis. The derivation of
equation (2) has been done in detail elsewhere for the error in Debye-Scherrer camera data
(Ad/d), which is also proportional to Kcos®és coincidentally[25]. Note also that the lowest 26
cubic fluorite peaks, (111), (200), and (220), were not used in these fits as the error in sing tends
to decrease as the value of @ increases[24].



The expected lattice parameter of a cubic solid solution of hafnia in ceria can be
predicted based on an empirical formula determined by Kim[31]. For a single dopant (i.e., HfO,)
in CeO, and a common oxidation state for the host and the dopant metal (i.e., 4+ for both cerium
and hafnium cations), the equation can be expressed as the following:

ao,ce = 0.5413 + 0.02204r(my) (6)
where a,ce IS the lattice parameter of doped ceria (in nm) at room temperature, Ar is the
difference in ionic radius (nm) between the dopant and host cations in eightfold coordination
from Shannon[32], and mq is the mole percent of the dopant.

X-ray absorption near edge structure (XANES) spectroscopy was performed at beamline
X19A at Brookhaven National Laboratory's National Synchrotron Light Source (BNL's-NSLS)
to characterize the oxidation state of cerium in the (1-x)CeO,-xHfO, crystallites.” Measurements
were made at the Ce LIII edge with an energy step size of 0.2 eV and a monochromator settling
time of 0.5 seconds in the 30 eV before and after the absorption edge. The oxidation state
standard for Ce** was micron-sized crystallites of CeO, (99.99%, Alfa Aesar); the Ce** standard
was Ce,S;z (99.9%, Alfa Aesar). Linear combination fitting of these standards to the
nanostructured ceria-hafnia samples was done with Athena software[33].

3. Results

Some ceria-hafnia nano-crystals considered below are solid solutions of CeO, and HfO,
and could be described as Ce;xHfiO, where x = 0 to- 1. However, since other samples will
consist of more than one phase and thus actually be a mixture of different solid solutions,
samples will be indicated as (1-x)CeO,-xHfO, generally.

In Table 2, the mole fraction (x) of Hf** present in the initial solution of HfOCI,e8H,0,
and Ce(NOs);e6H,0 (Hf**/(Hf**+Ce®")) is provided along with the mole fraction of Hf** in the
final crystallites as determined by ICP-AES.

Table 2: Sample composition-and concentration of Ce®*

X in (1-x)CeO,-xHfO, X in (1-x)Ce0,-xHfO, cubic crystallite size | [Ce®"] by XANES
aqueous precursor solid product™ (nm)#

0 0 140420 --

0.016 0.037 7443 0

0.033 0.14 61+2 0

0.090 0.26 40+1 0

0.099 0.47 35+1 0

0.270 0.73 15+1 -

1 1 5316 y --

* All values determined by ICP-AES except x=0 and x=1.
# Determined by applying the Scherrer equation to the first XRD peak.
v Estimation of the monoclinic structure crystallite size as described in the experimental section

The minimum temperature for complete homogenization of samples in air was
determined by room temperature x-ray diffraction measurements to be 1050°C (Fig. 1). As can
be seen in the figure, the lattice parameter decreases as the dwell temperature increased up to
1050°C. This decrease in lattice parameter (a,) is anticipated as the oxides become
homogeneous and hafnia crystallizes because the ionic radii of Ce*" and Hf** are 0.97A, and
0.83A (in eightfold coordination), respectively[25]. That is, the pre-calcination sample contains
crystalline ceria and amorphous hafnia, and the fluorite lattice shrinks as hafnia becomes a part
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of the lattice. Moreover, the value of a, at 1050°C is close to the expected value for a 0.88CeQ.-
0.12HfO; solid solution as predicted by equation (6). Note that this expected lattice parameter is
indicated by the horizontal dotted line in the figure. Furthermore, the overall trend observed in
Fig. 1, which shows the a, values calculated with the Cohen method, is the same if the Cohen
method is not used, and a, is more simply obtained from the intercept[28] of the plot of a, the
lattice parameter calculated for each peak, as a function of cos?0 (this alternate version of Fig. 1
not shown).

The x-ray diffraction data for samples annealed in air at a nominal temperature of 1250°C
for 15 minutes are provided in Fig. 2a; the high 26 data is not shown because the peaks are too
weak to be visible on the scale of the image. Comparing this data to that of the ICDD standards
(Fig. 2b), it is apparent that the ceria-rich samples in this figure, from x=0 to x =0.14, are cubic
(c), exhibiting the characteristic peaks of the fluorite structure (PDF 00-034-0394)[34]. For x=
0.26, the structure is predominantly cubic with very weak monoclinic (m) (PDF 04-005-4477)[35]
and possibly tetragonal (t) (PDF 04-002-5486)[34] peaks, not visible on the scale of the figure,
and so labeled c* to distinguish it from the pure cubic structure phase. For x =0.47, a mixture of
cubic and monoclinic structures are evident, but, for x = 0.73, besides the cubic and monoclinic
peaks, another peak is present that may again be attributable to the tetragonal structure and is
labeled with a “t”. Finally pure hafnia displays a monoclinic structure.

Fig. 3 presents a closer view of some of the XRD data between 27 and 35° because ceria
and the tetragonal and monoclinic polymorphs of hafnia have their most intense peaks in this 20
domain as is evident in Fig. 2b. In the figure, from x =0 to x = 0.14, the structure is cubic.
Moreover, as the hafnia content increases from x=0 to x =0.14, the lattice parameter decreases
and is roughly consistent with the expected lattice parameter of structurally cubic ceria-hafnia
solid solutions [31] as indicated by the dotted line (Fig. 4). For x=0.26, the structure is mainly
cubic with slight noncubic peaks mentioned above. These weak monoclinic and tetragonal peaks
are barely evident on the scale of Fig. 3, but when we consider the lattice parameter of this
composition (Fig. 4), we see that the value is very close to that of x = 0.14 and not consistent
with the dotted line indicating the expected cubic lattice parameter for x = 0.26. In fact, based on
the lattice parameter exhibited by this sample, 5.366A, the hafnia content in a cubic fluorite solid
solution with ceria can be estimated to be 15% for these 40 nm crystallites. For x=0.47, the
monoclinic peaks become prominent in XRD, and the lattice parameter remains far above the
dotted line.

Two other points have been added to Fig. 4 from Fig. 1. These belong to the x=0.12 (1-
X)CeO,-xHfO, samples calcined at 1250°C and 1050°C. Both samples showed only cubic
fluorite peaks.in the XRD data, and while the lattice parameter for the 1250°C is slightly above
the aforementioned expected a, line, it is within the error limit.

Crystallite size of the cubic structure decreased as the hafnia content increased from x =0
to x =0.73 in (1-x)CeO,-xHfO, (Table 2). The crystallites are largest at the two terminal
compositions 140 nm (CeO;) and 53nm (HfO,). The smallest are only 15 nm (0.73 HfO,-
0.27Ce0,) showing HfO,-addition is an effective anti-coarsening agent.

By visual inspection, it can be seen that the XANES spectra for nanostructured ceria-
hafnia (Fig. 5) are very similar, in shape and absorption edge position, to the spectrum for pure
micron-sized CeO,. Linear combination fitting with micron CeO, as the Ce*" standard and
Ce,S; as the Ce®" standard shows that the Ce®* concentration is approximately zero in all of the
(1-x)Ce0,-xHfO, crystallites tested (Table 2).



4. Discussion

In this study, the mole fractions of hafnia collected by centrifugation and subsequently
tested by ICP-AES are greater than those originally measured out as reactants (Table 2). This
enrichment in hafnia content in the product relative to the precursor is likely explained by
differences in the kinetics of hafnia and ceria precipitation. By visual examination during the
preparation of hafnia, it is evident that the precipitation is almost immediate. Such an immediate
reaction is not seen during ceria preparation, and research has shown that the volume of ceria
nanoparticles increases steadily over the course of roughly 12 hours at cerium nitrate.and HMT
concentrations similar to those used in this study[36].

With calcination at 1050°C or higher for fifteen minutes, these co-precipitated oxides
became homogenized (Fig. 1). Requiring such a high temperature is not surprising as cation size
differences, as exist between Ce** and Hf**, have been shown to hinder diffusion, and the extent
of the hindrance increases as the radii[37] difference increases. The slight downward
displacement of the lattice parameter for the x=0.04 sample calcined at 1250°C (Fig. 4) and the
x=0.12 sample calcined at 1050°C (Fig. 1 and Fig. 4) with respect to the expected lattice
parameter (dotted line), may be due to the Kim[31] article using a lattice parameter of 5.413A for
pure ceria, while the pure ceria in this study displayed a slightly smaller a, value (Fig. 4).

The solubility limit of hafnia in ceria is somewhere between x=0.14 and x=0.26 for 40 to
61 nm (1-x)CeO,-xHfO,, the crystallite sizes of these respective compositions. This limit is
made evident by the intrusion of the strongest monoclinic peak in the x=0.26 sample (Fig 3).
The solubility limit is also signaled by the cubic lattice parameter reaching its lowest value at
either the x=0.14 or x=0.26 composition for the samples calcined at 1250°C (Fig. 4). (The error
in the lattice parameter, a,, makes it unclear which one is truly the lowest.) However, it is clear
that the limit is much closer to x=0.14, than 0.26, since the lattice parameter for x=0.26 roughly
remains at the expected a, for x=0.14." In keeping with the idea that the solubility limit is close to
x=0.14, the hafnia content in a structurally cubic solid solution with ceria for this x=0.26 sample
was calculated to be 15% using equation (6). This limit may hold for the 35 nm x=0.47 ceria-
hafnia crystallites as well, but this-is a rough approximation given the uncertainty in the lattice
parameter for this composition.

Moreover, for slightly larger crystallites, this solubility limit may be pushed to a lower
value of x. That is, for the x=0.12 sample calcined at 1250°C, which has a crystallite size of 68
nm, the lattice parameter is slightly above the expected a, value, although its error bar still
touches the expected a, dotted line. This small elevation with respect to the aforementioned line
may signal a slight segregation of hafnia into a non-cubic phase. The lattice parameter increases
because as hafnia segregates out of the cubic phase, the cubic structure becomes richer in Ce*",
which has a radius of 0.97A in 8-fold coordination, while that of Hf** is 0.78A[32]. Notice that
the lattice parameter of the 1050°C sample with smaller crystallites but same x=0.12 composition
is slightly below the expected cubic a, line like that of the x=0.04 sample and thus less likely to
have undergone hafnia segregation. Ultimately, the fact that the solubility limit for a 68 nm
crystallite might be roughly 12% hafnia, while that of slightly smaller crystallites (i.e., 35-61 nm)
is roughly 15% underscores the sensitivity of solubility to crystallite size in these submicron
particles, and the importance of including the crystallite size when talking about the
compositional domain in which these (1-x)CeO,-xHfO, particles are cubic fluorite in structure.

The solubility limit determined in this study is consistent with the work of Chavan, et
al[13]. The fact that this limit is lower than that found in other recent studies[17, 18] is largely
attributable to differences in crystallite size. Thermodynamic research has revealed that the
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enthalpy or Gibbs free energy of the monoclinic structure of pure hafnia is lower than that of the
tetragonal or amorphous polymorphs when the surface/ interface areas are relatively low (large
crystallite size), whereas at relatively high surface areas (small crystallite size), the amorphous or
tetragonal polymorphs are energetically preferred[38]. (The energetics of the cubic hafnia
structure were not considered in this article[38].) Therefore the findings of the study presented
here help to provide a broader picture of how large ceria-hafnia crystallites can be and still
maintain enhanced stability of the cubic structure relative to the stable phase diagram of ceria-
hafnia[16]. That is, at a crystallite size of roughly 7 nm, the solubility limit for hafnia in the
cubic fluorite structure with ceria is at least[17, 18] x=0.50, but when the crystallite size Is closer
to a tenth of a micron (i.e., 61 nm) as in this study, the solubility limit lies around 15% hafnia. It
is also of interest to note that this limit is lower than the value determined for ceria-zirconia
nanoparticles calcined at 1200°C and having roughly similar crystallite sizes[21]; for these (1-
X)CeO,-xZrO, nanoparticles, tetragonal and monoclinic XRD peaks were absent from x=0 to at
least x =0.30.

Another factor contributing to the limited solubility of hafnia in the cubic fluorite
structure is the Ce®* concentration. For the doped samples in Table 2, the fraction of Ce*" (i.e.,
Ce**/(Ce** + Ce*™)) was found to be zero. In nanoparticulate studies of the twin system, ceria-
zirconia, the concentration of Ce** was non-zero and helped to enhance the stability of the
structurally cubic phase whether the nanoparticles were homogenized in an oxidizing or a
reducing[22] environment. That is, a reduction of Ce*" to larger Ce®* ions could have helped to
lessen the tensile stress created by the smaller Hf*" ions and thus to stabilize the cubic fluorite
structure. Similarly, even when the (1-x)CeO,-xHfO; grains were micron-sized as in Gavrish, et
al. (Table 1), reduction of cerium, as revealed by the grayish color of the powders, helped to
stabilize the cubic structure to a x=0.425 hafnia content[19].

A final factor that may explain some of the differences in the compositional width of the
pure cubic fluorite structure for the (1-x)CeO,-xHfO; crystallites is preparation method. Zhou,
et al.[18], prepared samples by a sol-gel method with calcination for 5 hours at 700°C while
Baidya, et al.[17], relied on solution combustion with a dwell temperature of 1000°C for 30 to 40
seconds. These methods‘may have resulted in greater initial ceria-hafnia homogeneity and not
required this study's high calcination temperatures that caused sample coarsening. Also, the co-
precipitation/annealing method used here may have resulted in a non-negligible defect density,
and the presence of defects can facilitate nucleation of the monoclinic structure from the
tetragonal structure in zirconia[39], the twin of hafnia.

Also noteworthy is the possible appearance of a tetragonal phase in this study’s
nanostructured (1-x)CeO,-xHfO, as the tetragonal structure is technically not stable at room
temperature based on the stable lines in the phase diagram for ceria-hafnia[16] and is rarely cited
in the literature on ceria-hafnia, except for the previously mentioned study on micron-sized
powders, which were likely highly reduced based on the temperatures employed (>1500°C) and
grayish color[19]. The absence of the tetragonal structure in other studies with size data may be
related to the crystallite size found in other studies, which was generally smaller[17, 18] or
smaller and having a lower hafnia content[14] than the crystallites in this study. Furthermore,
the greater intensity of the tetragonal phase (101) peak in the 0.73 HfO,-0.27CeQO, sample (Fig.
2a) than in the other samples calcined in air is due to the mid-value composition combined with
small size of the crystallites (15 nm). The small size may be due a slight displacement from the
center of the furnace during calcination as mentioned above.



5. Conclusions

Crystallites of (1-x)CeO,-xHfO, were prepared by co-precipitation and subsequently
calcined. The size of the crystallites varied from 140 nm for x=0 to 15 nm for x=0.73 based on
the Scherrer equation. From x =0 to x=0.14, only cubic fluorite x-ray diffractions peaks are
visible, and the lattice parameters are roughly consistent with structurally cubic solid solutions
having these compositions, while non-cubic diffraction peaks can be seen in the x=0.26 sample.
Therefore, the solubility limit of hafnia in a cubic fluorite structure with ceria, is_roughly
between x=0.14 and x = 0.26 for 61 nm to 40 nm crystallites, the crystallite sizes of the
respective compositions. Calculations suggest that 15% hafnia remains in cubic fluorite solid
solution with ceria for the x =0.26 sample and, as a very rough approximation, the x=0.73 sample,
having 35 nm crystallites, shares this 15% limit. The latter composition, in addition to cubic and
monoclinic peaks, shows a relatively strong peak consistent with the presence of a tetragonal
structure, which is different than the bulk phase diagram for ceria-hafnia. The limited solubility
of hafnia in ceria in this study, is due to the intermediate crystallite size relative to other studies
and the roughly zero Ce® content based on XANES spectroscopy.
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List of Captions

Fig. 1: Determination of the minimum temperature for complete homogenization by plotting
lattice parameter of 88%Ce0O,-12HfO, crystallites as a function of maximum calcination
temperature. The dotted horizontal line represents the expected lattice parameter for a
structurally cubic sample of this composition. Note that the point corresponding to a temperature
of 25°C is for an uncalcined sample and is included here for comparison.

Fig. 2: a) XRD of (1-x)CeO,-xHfO, crystallites. The structures observed are pure cubic (c) from
X =0 to x =.14 and predominantly cubic (c*) for x =0.26. For x>0.26, the monoclinic (m) and
possibly the tetragonal structure (t) is also present to varying degrees. b) 1.C.D.D. data for ceria,
tetragonal hafnia, and monoclinic hafnia (reference numbers 00-034-0394, 04-002-5486, and 04-
005-4477). (1-x)CeO,-xHfO, crystallite peak positions will differ slightly from the ICDD data
because the ceria-hafnia samples are solid solutions, not pure CeO; or HfO..

Fig. 3: XRD between 27° and 35° of (1-x)CeO,-xHfO, crystallites annealed in air with a hold of
15 minutes at 1250°C.



Fig. 4: Lattice parameter as a function of x in (1-x)CeO,-xHfO,. The dotted line indicates the
expected lattice parameters for cubic solid solutions of (1-x)CeO,-xHfO, as contrasted to the
actual experimental values for samples calcined at 1250°C or 1050°C.

Fig. 5: XANES spectra of (1-x)CeO, - XHfO, crystallites as at the Ce LIII absorption edge.
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Figure 2a
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Figure 2b
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Figure 3
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Figure 4
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Figure 5
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Highlights
* (1-x)CeO2-xHfO2 was precipitated (0<x<1) and calcined in air.
* For x<0.14, crystallites <140 nm in size exhibit only the fluorite structure.

* This low hafnia solubility is attributable to no auto-reduction (Ce3+=0).

* The low solubility is also due to the high temperature required for homogenization.

» Coarsening is lessened as Hf** ions slow cation diffusion in these crystallites.
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