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Abstract

Ceria is an ceramic which acts as an excellent redox support in catalytic reactions, and is

generally much more active when present as a nanocrystalline material than as a bulk crystal.

In this work, the sintering of ceria nanocrystals both with and without lanthanum dopant was

investigated as a function of initial size by using in-situ heat treatment combined with rapid

x-ray diffraction pattern acquisition (∼1 measurement per minute) of the {200} CeO2 peak.

Additionally, the oxygen vacancy concentration of the nanocrystals was estimated by using

principle component analysis of x-ray photoelectron spectra and shown to be as high as 18%.

Finally, by modifying the drying method and precursors used, we were able to investigate pos-

sible mechanisms preventing sintering in the material. Initial size was controlled between 1.3
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and 7 nm by using varying amounts of hydrogen peroxide while hydrolysing cerium chloride

with sodium hydroxide.

CeO2 (ceria) is a ceramic with a great deal of promise as a co-catalyst with many noble metals

such as rhodium, nickel, gold, and platinum in the production of hydrogen gas suitable for use in

a fuel cell from ethanol and water.1 For example, rhodium and nickel, when supported on ceria,

resulted in ethanol conversion at only 375◦C.2,3 Additionally, ceria is used in many systems such

as catalytic converters to improve efficiency and decrease the required loadings of expensive noble

metals to achieve good performance.4–6

Ceria acts as an excellent redox support due to highly mobile oxygen atoms in the lattice.6,7

By exchanging oxygen with the substrate, supported noble metals can easily change oxidation

state, allowing for enhancement of their catalytic performance. For example, the binding of a gold

atom to a {111} surface ceria oxygen vacancy results in a decreased binding energy to CO. The

decreased binding energy allows gold to catalytically oxidize CO without becoming poisoned by

permanent CO binding.8,9

It has been shown that ceria nanocrystals tend to have an increased oxygen vacancy concen-

tration as their size is reduced due to a combination of an increased probability of surface defects,

and a change in the lattice constant of the bulk material.10,11 Ceria shows a substantial increase

in catalytic efficiency as particle size decreases and surface area increases, most likely due to this

increased availability of oxygen vacancies for the metal catalyst to bind to as well as increased

oxygen diffusion rate inside the crystal.2,12

While very small nanocrystals of ceria are extremely promising in terms of catalytic activity,

relatively little work has been reported investigating their thermal stability. Kuo et al investigated

the bulk behavior of relatively large nanocrystals (14 nm and over).13,14 Work has also been done

investigating the change to sintering behavior caused by incorporating lanthanum as a dopant.15,16

Other research has investigated the properties of loosely agglomerated CeO2 powders, and found

that high levels of hydrogen peroxide in the synthesis result in smaller crystallite sizes, more amor-

phous material, residual surface species such as η2-peroxides and hydroxides, and more loosely ag-
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glomerated final products.16–20 However, none of the existing surveys investigate the time-resolved

thermal properties or energetics of the extremely small, high catalytic activity nanocrystals which

are most desirable for use in catalytic systems.

Results and discussion

Synthesis

Using a method derived from that developed by Yamashita et al,21 nanocrystals were formed using

precipitation via hydrolysis in aqueous solution of cerium chloride heptahydrate or cerium nitrate

by adding NaOH with simultaneous oxidation using hydrogen peroxide. Nanocrystals of CeO2

of varying sizes were formed by stirring 100 mL of 100 mM metal chloride solution in a 250mL

Erlenmeyer flask for 30 minutes. Next, varying amounts of 30 wt% H2O2 were added to 100 mL

of 300 mM NaOH solution in a separate flask with water added to a total volume of 150 mL. The

mixed NaOH/H2O2 solution is added rapidly to the metal chloride solution. By varying the amount

of hydrogen peroxide between a molar ratio of 0.0580:1 and 58:1, size was controlled between 1.3

and 7 nm.

In typical syntheses, there is an immediate color change, followed by gradual equilibration

over 30 minutes. The supernatant is removed by centrifugation, the precipitate is washed with

millipore water to remove any remaining NaCl, and centrifuged again. This is repeated for a total

of three washings. Finally, the supernatant is discarded and the precipitate is dried in air at room

temperature.

After drying the sample in air, the samples were redispersed into ethanol under sonication

for 30 minutes, followed by deposition onto a carbon film TEM grid as shown in Figure 1. The

particle sizes were estimated from TEM by manually measuring the lattice fringe diameters of

∼100 particles. Additionally, the particles synthesized using less hydrogen peroxide were more

readily broken up upon redispersion into ethanol under sonication, suggesting that the hydrogen

peroxide either chemically modifies the surface of the particles to make them less hydrophilic,
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or causes the formation of harder agglomerations than particles synthesized with less hydrogen

peroxide.

(a) (b)

Figure 1: High Resolution TEM of nanocrystalline CeO2 formed with (a) 0.058:1 H2O2:CeCl3
with an average size of 6.2±1.5 nm and (b) 58:1 H2O2:CeCl3 with an average size of 2.3±0.6 nm.
Grids were prepared by redissolving dried powder in ethanol under sonication followed by depo-
sition onto a carbon grid.

The particles were also characterized using a PANalytical X’Pert PRO X-ray Diffractometer

(XRD) and peak broadening was used to determine the nanocrystallite size as shown in Figure 2a.

The measurements made using TEM were compared to the measurements made using XRD and

were shown to be in good agreement as shown in Figure 2b. In cases where larger particles were

desired for oxygen vacancy concentration experiments, particles were heat treated to grow to larger

sizes.

Oxygen vacancy concentration

X-ray Photoelectron Spectroscopy (XPS) was done on each of the samples in order to determine the

approximate oxygen vacancy concentration. In ceria, each oxygen vacancy produces two atoms in

the Ce3+ oxidation state instead of the typical Ce4+ oxidation state. Thus, by measuring the relative
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Figure 2: (a) Characteristic XRD spectra showing 0.058:1, 0.58:1, 5.8:1, and 58:1 H2O2:CeCl3
during synthesis from top to bottom. (b) Sizes measured with TEM and with XRD compared and
shown to have good agreement. At small crystallite sizes, the results diverge both because of the
increasing inaccuracy of peak broadening to describe the ensemble size, as well as the increasing
difficulty of imaging lattice fringes at small crystallite sizes.

fractions of Ce3+ and Ce4+, it is possible to indirectly measure the oxygen vacancy concentration

in the material.10,11,22–27

Typically, this analysis is done by fitting a model of 10 peaks to the Ce 3d XPS peaks, 6 of

which are associated with Ce4+ and 4 of which are associated with Ce3+.10,11,22–25,27 However, we

found this analysis to be difficult to do repeatably, with the initial positions and shapes of the peaks

dramatically effecting the corresponding oxygen vacancy concentration measured, regardless of

the extent to which we constrained the positions of the peaks.

To alleviate this problem, we used principle component analysis (PCA) to reduce the number

of independent variables to be optimized from 30 to 2 using the techniques outlined by Holgado et

al.26 Using the principle components provided to us by Holgado, a reasonable and repeatable es-

timate of the oxygen vacancy concentration was achievable (Figure 3). The results of this analysis

are shown in Figure 3 as a function of nanoparticle size, showing a trend towards increased oxygen

vacancy concentration as particle size decreases.

The functional form of the trend is difficult to determine from this data, but it is known that

the oxygen vacancy concentration asymptotes to ∼ 0 in the bulk phase. Thus, fitting a simple
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Figure 3: (a) Characteristic XPS spectra, as well as the fitted Ce3+ and Ce4+ principle components
from which the oxygen concentration in the sample is derived. (b) Oxygen vacancy concentrations
as a function of nanoparticle size, showing the expected trend of increased vacancy concentration
as particle size decreases.

exponential model asympoting to zero gives the form

[
V O
]
= 19.7 ·1.06−D (1)

where D is the measured nanoparticle diameter and
[
V O] is the oxygen vacancy concentration.

However, this fit has a χ2 of 4.7, so the confidence in this specific relation is poor.

Although XPS is useful only as a relative measure of oxygen vacancy concentration due to

the high vacuum necessary and bias towards surface defects, these measurements confirm that

the expected trend of increasing oxygen vacancy concentration continues as particle sizes become

extremely small, with 1.3 nm particles (as estimated by XRD peak broadening) showing ∼18% of

all oxygen sites vacant under the high vacuum conditions present during XPS measurements.

To our knowledge, approximations for the functional dependence of oxygen vacancy concen-

tration as a function of nanocrystallite size have only been done previously on limited data sets

(∼3-5 measurements), and has only been done on larger particles (3-30 nm), making our measure-

ments valuable as both a more refined dataset as well as for verification that the trend continues

down to very small crystallite sizes (∼1.3 nm).10,11,24
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Sintering Characteristics

The sintering characteristics of 2 nm, 3 nm, and 6 nm nanocrystals were tested by taking periodic

XRD spectra of a powder sample pressed into a cup holder and heated to 450◦C, 500◦C, and 550◦C

for 2 hours using a PANalytical X’Pert PRO diffractometer with an in-situ furnace. The nanocrystal

size was calculated using the full width at half maximum of the isolated ceria {200} peak at 48

degrees. Although using only a single peak reduces the absolute accuracy of an XRD-based size

measurement due to the presence of strain in the crystallites, it also allows for time resolution of

about 1 min per measurement. This quick measurement time allows for better comparison to time-

dependent growth models, especially at early times when particles are growing rapidly. Longer

period scans were done before and after the heat treatment to characterize the impact of strain on

the particle sizes. Even in the case of 2.0 nm particles where strain went from ∼2% to ∼0.1%, the

change in absolute offset was less than 0.5 nm.

The sintering behavior of powders is not very well understood, so we have applied a simple

power-law style growth equation to the system in order to quantify the behavior. We have used the

equation

D(t)m −D(0)m = k · t (2)

where D(t) is the average particle diameter as a function of time, m is the “growth exponent”,

k is the rate constant, and t is the time. This equation is based on a model of diffusion limited

coarsening.28,29

The rate constant in diffusion-limited systems is frequently modeled as a diffusion rate gov-

erned by an Arrhenius type activation energy and prefactor. This can be written as

k =C · exp
(
−Q
kBT

)
(3)

where k is the rate constant in Equation 2, C is a prefactor on the rate characteristic of the sample, Q

is an activation energy characteristic of the sample, and T is the temperature. Using this model, it

is possible to take time-resolved measurements of the average particle size of a sample at different
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temperatures and fit the temperatures simultaneously to this model to calculate the rate constant

prefactor, activation energy, and growth rate exponent of the system. With three variables and three

sets of temperature data, the system should have a single solution that satisfies an optimal fit to all

three temperature data sets.

Each spectrum was analyzed to determine the particle size, and the composite data is shown

in Figure 4. Of particular interest is the very high growth exponent, far higher than the growth

exponent of approximate three predicted for typical grain growth or diffusion limited growth. Ad-

ditionally, the particles with the smallest initial size showed a larger difference in growth rate as

a function of temperature, as well as a larger overall growth rate at high temperature, than the

particles with the largest initial size. The fitted parameters m, Q, and C for these particles are

summarized in Table 1.

Table 1: The fitted growth parameters for nanocrystalline CeO2.

D0 (nm) m Q (eV) C
6.0 9 1.9 5·1026

3.1 8 2.8 4·1029

2.0 8 3.5 1·1034

Sintering mechanism — Surface defects

As described previously, the size-dependance of the energetics, which does not change as the parti-

cles grow, indicates a permanent defect introducted in the initial synthesis stages which is stable at

the temperatures investigated. Of the likely defects, oxygen or sodium surface defects were chosen

as the mechanism most consistent with the growth behavior. Hydroxide, chloride/oxide-chloride,

and nitrogen-based surface defects as well as morphological changes which resists sintering were

considered, but ultimately rejected in favor of either sodium or oxygen defects, with oxygen defects

seen as the most likely candidate.

First, to determine if low packing density of the powder is causing high resistance to sintering,

powders were pressed into a pellet at 39 MPa. These pellets were sintered at 500◦C to verify that
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Figure 4: Sintering Behavior of CeO2 Nanocrystals. (a) 6.0 nm initial size. (b) 3.1 nm initial
size. (c) 2.0 nm initial size. Fit lines are plotted based on modeling all three sets of temperature
data simultaneously to a power-law model, optimized to minimize total error from the real data by
varying activation energy, growth exponent, and prefactor.
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the high growth exponent remained, and indeed they showed a growth exponent of ∼9, as shown

in Figure S1.

Ce-O-Cl defects initially seem to be a likely mechanism as the defects would be stable at

high temperature. To investigate this, a comparison synthesis was done using cerium nitrate as

a precursor. The resulting sintering profile is shown in Figure S2 alongside a typical chloride

synthesis using the same methodology, showing that the two curves are overlapping within the

errors of the measurement. The identical sintering shapes suggest that chloride ions are unlikely

to be required to produce the observed behavior, either as surface defects, or as residual NaCl.

Given the unlikelihood of identical energetics for nitrogen and chlorine based defects, this also

most likely rules out nitrogen as a culprit for the sintering resistance. Hydroxide surface defects

are also unlikely to survive calcining, as they are generally considered to be very easy to eliminate

under heating. However, no direct measurement was done to confirm that hydroxide is not present.

The remaining two surface defect types considered, sodium and oxygen surface defects on the

sodium, would be present in samples made from both cerium nitrate and cerium chloride due to the

addition of sodium hydroxide. The activation barrier to sintering in the case of very small particles

is higher than the barrier for larger particles, so combined with our previous measurement of the

oxygen vacancy concentration showing an increase in oxygen vacancy concentration at smaller

particle sizes, oxygen seems to be the more likely candidate for the sintering resistance. However,

it is difficult to rule out sodium entirely as the increased number of surface cerium atoms could

lead to more sodium impurities as well, if they are present at all. Due to the presence of NaCl

in the final samples, it was difficult to use XPS to determine whether sodium was present on the

surface of the ceria nanocrystals.

There are several mechanisms by which oxygen vacancies could result in heightened thermal

stability. First, when the particles begin to combine with their neighbors, a large number of oxygen

vacancies would be trapped in the neck, producing pinning points that could act as an energetic bar-

rier to sintering. Second, oxygen defects on the surface of the particles could act as pinning points

and lead to a barrier to surface diffusion, likely the dominant transport mechanism at such low
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temperatures, and reduce the speed at which particles can merge. Finally, larger particles grown

from smaller particles have a lower oxygen vacancy concentration, so the process of sintering the

particles also requires the chemical removal of oxygen vacancies, which could represent an ener-

getic barrier to growth based on the distance from the equilibrium oxygen vacancy concentration.

It is unclear which of these specific mechanisms is the rate-limiting effect in this system.

Although we were unable to carry out time-resolved sintering tests with steam, the powders

were exposed to both air and steam at 400◦C for 20 hr and showed significantly greater growth

than particles without steam at 400◦C, indicating that the presence of steam may eliminate the

surface defects causing resistance to sintering. To investigate this possibility, the particles were

dried at 120◦C directly from the washed precipitate instead of allowing the powder to dry at room

temperature before heat treatment. In the case of particles dried at 120◦ from their water-based

paste, the growth was much faster, with a growth expnoent of ∼3. Sodium is much less likely to

be carried away by steam than oxygen defects, so we conclude that the most likely mechanism for

the sintering resistance is the presence of oxygen vacancies on the surface in high concentrations.

Sintering mechanism — Lanthanum doping

Lanthanum was used to coat the nanoparticles and produce an alternative passivation mechanism

by mixing lanthanum chloride with cerium chloride during synthesis at 5% and 10% molar ratios.

Particles were dried both at room temperature in air as well as at 120◦C. The overall growth is

shown in Figure 5.

In these tests, the only sample which exhibited low thermal stability was the one dried at 120◦C

with no La dopant. Even 5% La dopant increases the growth exponent to m = 7.9 when dried at

120◦C, and 10% La increases the growth exponent all the way to m = 11.0. Overall, although the

exact numbers for the growth exponent may not be accurate due to differences in the quality of

coating, this demonstrates the very high growth exponent caused by surface passivation.

This data provides further evidence that the sintering resistance is not caused by surface chlo-

ride or nitride compounds, as the intentionally introduced lanthanum surface defects demonstrate
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Figure 5: CeO2 sintering tests done with lanthanum doping. (a) 0% La dried at 120C (m = 3.3) (b)
10% La dried at 120C (m = 11.0) (c) 5% La dried at 120C (m = 7.9) (d) 0% La air dried (m = 7.5)
(e) 10% La air dried (m = 10.3) (f) 5% La air dried (m = 9.0)
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very different energetics from the as prepared CeO2 particles using chloride or nitride based pre-

cursors. It is also notable that lanthanum-doped ceria particles show further suppressed growth

when dried at low temperatures, suggesting a composite effect where both oxygen defects and

lanthanum defects are contributing to the sintering resistance.

We have shown in this work a method for performing high-speed (∼1 min) measurements of

the sintering behavior of packed nanocrystalline powders of cerium oxide very suitable for use as a

catalyst support. By forming extremely small nanocrystals and drying them at room temperature,

growth exponents as high as 8-10 can be induced, resulting in significantly greater nanocrystal

stability over time. Comparitively, particles dried at higher temperatures (over 120◦C) show a

growth exponent of only 3. We used a variety of synthetic methods, drying methods, and powder

packing methods in order to demonstrate that the most likely mechanism for the increased growth

exponent is the presence of oxygen vacancies at high concentrations in the smallest produced

nanocrystals (∼1.3 nm). Lanthanum was also incorporated as a dopant into the cerium oxide

nanocrystals. These particles were shown to exhibit even further increased resistance to sintering,

and the resistance due to surface passivation by lanthanum was not removed by exposure to steam.

We measured indirectly the oxygen defect concentration in 12 nanocrystalline samples of ceria

in order to investigate the trends in defect concentration as a function of size, using principle

component analysis techniques which proved to be far more repeatable than those typically used in

oxygen defect concentration measurements with XPS. Past analyses have only used three or four

samples in the size range of 3-30 nm, so this new work represents an unusually large collection

of samples measured simultaneously, allowing for a better functional fit. The size of the smallest

nanoparticles measured is also smaller than those the authors are aware of in literature, and so are

useful for demonstrating the continuation of the existing trends to smaller nanocrystal sizes.

Overall, we recommend the use of lanthanum doped ceria nanocrystals dried at room temper-

ature as the nanocrystals which provide the greatest amount of sintering resistance. Additionally,

these very small ceria nanocrystals have an exceptionally high oxygen vacancy concentration, mak-

ing them potentially very highly advantageous in catalyst applications where nanocrystal growth
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is extremely undesirable due to the decreased surface area and oxygen vacancy concentration that

growth causes.

Supporting Information Available

XRD-derived sintering data for chloride based cerium oxide pellets, a comparison of sintering data

for chloride and nitrate based cerium oxide packed powders, and sintering data comparing various

levels and drying methods for lanthanum-doped cerium oxide packed powders.

This material is available free of charge via the Internet at http://pubs.acs.org.
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Figure S1: Sintering tests carried out at 500◦C for 2 hr to determine if increased packing density
eliminates the heightened sintering resistance seen in the powder samples. In the case of both
∼6 nm and ∼2 nm initial nanocrystallite sizes, the growth exponent was ∼9, and in both cases, at
equal sizes, the smaller initial particle shows a smaller instantaneous growth rate, consistent with
the behavior seen for the powders not pressed into a hard pellet.
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Figure S2: CeO2 sintering tests done using a nitrate precursor, compared to using a chloride pre-
cursor. Both samples were dried at room temperature and done at the same concentrations, and
began with identical particle sizes. Both samples exhibit nearly identical growth exponents of ∼8.
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