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Abstract Nanoparticles of palladium-doped cerium oxide

(Pd–CeO2) have been prepared by aqueous co-precipitation

resulting in a single phase cubic structure after calcination

according to X-ray diffraction (XRD). Inhomogeneous

strain, calculated using the Williamson–Hall method, was

found to increase with palladium content, and the lattice

contracts slightly, relative to nano-cerium oxide, as palla-

dium content is increased. Moreover, high resolution

transmission electron microscopy reveals some instances of

defective microstructure. These factors combined imply that

palladium is in solid solution with CeO2 in these nanopar-

ticles, but palladium (II) oxide (PdO) peaks in the Raman

spectra indicate that solid solution formation is partial and

that highly dispersed PdO is present as well as the solid

solution. Nevertheless, the addition of palladium to the

CeO2 lattice inhibits the growth of the 6% Pd–CeO2 particles

compared to pure CeO2 between 600 and 850 �C. Activation

energies for grain growth of 54 ± 7 and 79 ± 8 kJ/mol

were determined for 6% Pd–CeO2 and pure CeO2, respec-

tively, along with pre-exponential Arrhenius factors of 10

for the doped sample and 600 for pure cerium oxide.

Abbreviations

XRD X-ray diffraction

TWC Three-way catalyst

Ceria Cerium oxide

Zirconia Zirconium oxide

PGM Platinum group metals

HMT Hexamethylenetetramine

ICP–OES Ion-coupled plasma/optical emission

spectrometry

FWHM Full-width at half-maximum

CCD Charge coupled device

TEM Transmission electron microscopy

HRTEM High resolution transmission electron

microscopy

BNL Brookhaven National Laboratory

XANES X-ray absorption near edge spectroscopy

I.C.D.D. International Centre for Diffraction Data

Ea Activation energy

Introduction

Nanocrystalline cerium oxide (CeO2), also known as ceria,

is now receiving remarkably increased attention as a key

component of automotive catalysts, because of its unique

redox properties and high oxygen storage capacity, which

are crucial for controlling the ratio of oxidants and reduc-

tants in automotive exhaust [1]. It can stabilize the dis-

persion of precious metals and the structure of an alumina

support, promote the water–gas shift and steam-reforming

reactions, and suppress the strong interaction between the

precious metals and alumina [2–4]. In recent years, CeO2-

supported noble metals (NM) have been extensively

employed in automotive exhausts and other industrial

applications [5–7].
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One of the most intriguing scientific aspects of ceria-

supported catalysts is that their activity and stability

depend strongly on preparation conditions, treatment his-

tory, and the presence of additives [3]. Traditionally, NM

are impregnated on ceria or ceria–zirconia solid solutions

with alumina as carrier in automotive catalysts [8]. How-

ever, research has indicated that in conventional catalysts,

only the surface atoms of NM particles serve as adsorption

sites, and even for 4–6 nm metal particles, only 1/4–1/5 of

the total NM atoms are utilized for catalytic conversion [9].

In order to increase the dispersion of NM on CeO2 and

improve its effect on the activity of the catalyst, different

catalyst synthesis methods have been developed.

Liu et al. [10] used NaOH as precipitation agent to

prepare Pd/Ce0.8Zr0.2O2 catalyst and found that Pd2? ions

partially entered into the lattice of ceria–zirconia solid

solutions. Catalysts synthesized in this manner show a

much higher conversion for methanol decomposition than

ones prepared with a traditional impregnation method.

Hegde’s group developed a solution combustion method to

prepare highly dispersed NM ionic catalysts [11, 12]. They

found the conversions of CO, NOx and hydrocarbons are

much higher when NMs were doped into the ceria or titania

lattice at the same NM loading concentration. Weng’s

group [13, 14] prepared Pd-doped CeO2 catalysts with a

citric-aided sol–gel method and found the sample treated at

300 �C produces the highest CO oxidation activity and has

the lowest oxygen activation energy due to the enlarged

Pd–Ce interface. All these research studies indicate that

highly dispersed surface NM combined with NM doped in

the lattice lead to high catalytic activity.

Our group had already developed a simple room tem-

perature method to prepare nanoparticulate ceria [15]. In

this study, Pd-doped CeO2 nanocrystalline catalysts were

easily obtained based on this method. The structural,

chemical, and morphological properties of the co-precipi-

tated nanoparticles are characterized with X-ray diffraction

(XRD), transmission electron microscopy (TEM), high

resolution transmission electron microscopy (HRTEM),

and Raman spectroscopy. Since the deactivation of

Pd–CeO2 at high temperature is obviously due to nano-

particle growth [16], the coarsening of co-precipitated Pd–

CeO2 nanoparticles is investigated as well.

Experimental

Nanoparticles of palladium-modified cerium oxide

(Pd–CeO2) were aqueously co-precipitated as follows. Two

solutions were prepared: a 0.0375 M cerium nitrate

hexahydrate, Ce(NO3)3�6H2O (99.5%, Alfa Aesar), solu-

tion to which varying amounts of palladium nitrate,

Pd(NO3)2�xH2O (99.9%, Alfa Aesar), were added and a

0.5 M hexamethylenetetramine (HMT), (CH2)6N4 ([99%,

Alfa Aesar) solution (the amount of palladium nitrate used

was dependent upon the desired final content and will be

specified below). After mixing the solutions separately for

30 min, the two were combined at room temperature and

mixed together for 15 min. Then the mixture was heated up

to 85 �C in a water-jacketed beaker for 3 h. To help

identify the palladium species precipitating from solution,

the same procedure was followed in a separate reaction, but

no cerium nitrate was used.

Elemental analysis of Pd and Ce was performed by

Columbia Analytical Services (Tucson, Arizona) using ion-

coupled plasma-optical emission spectrometry, ICP–OES

(Perkin Elmer Optima 3000 DV or Thermo Jarrell Ash

ICAP 61).

The uncalcined samples and the samples for the acti-

vation energy study were examined with an Inel XRG-3000

instrument, which has a curved position-sensitive (CPS)

detector with an angular range (2h) of 1�–110�. The

remaining scans, including the lattice parameter study,

were obtained using a Philips X’Pert PW3040-Multi-Pur-

pose Diffractometer instrument with an angular (2h)

increment of 0.02� between 23� and 100� and a hold time

of 0.5 s. Both instruments employed CuKa1 radiation and

were operated at 40 kV and 30 mA.

The XRD data were converted from .txt to .cpi using

Mark Bowden’s ConvX software and fit using XFit [17]

software. The lattice parameter values were determined by

using the extrapolation function cos2hB/sinhB, where hB is

the Bragg angle [18]. Particle size calculations were made

based on XRD broadening of the (111) peak of ceria using

the Scherrer equation. The (111) peak was chosen because

this is the lowest index peak, and peak broadening due to

strain and particle size are most easily separated at low

angles [19]. A correction was made to the experimental

full-width at half-maximum (FWHM) for instrumental

broadening by using the FWHM of the NIST standard

reference material (SRM) number 1976, which is a plate of

Al2O3. Unless indicated otherwise, all crystallite sizes

reported in this article are calculated from XRD data.

Raman scattering was performed in a backscattering

configuration using the 514.5 nm line of Ar-ion laser (CVI

Melles Griot, 35 MAP 431-208) at room temperature. The

beam was focused to a spot size of *3 lm and all incident

power was less than 3.8 mw to minimize heating in the

samples. A 300-mm focal length spectrometer (Acton

SP2356, PI Acton, Trenton, NJ) with three gratings (1800,

600, and 300 grooves/mm) was used to disperse the Raman

signal, and a LN digital charge-coupled-device (CCD)

detector (spec-10: 400B. PI Acton) was used to detect the

spectra. In the 320–1510 cm-1 frequency range (resolution

*1 cm-1), plasma lines were used to calibrate the

spectrum.
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TEM was performed using a JEOL JEM 100CX oper-

ating at 100 kV. HRTEM images of lattice and morphol-

ogy were acquired on JEOL JEM2100f at 200 kV, located

at Center for Functional Nanomaterials, Brookhaven

National Laboratory (BNL).

Results

After centrifugation of the co-precipitated product, the

supernatant is clear and colorless, and the colors of the

resulting powders vary from gray to black as the palladium

content increases, unlike the yellow color of pure cerium

oxide [20]. Elemental analysis by ICP–OES (Table 1)

reveals that for the two greatest palladium concentrations, a

slightly higher ratio of molPd/(molPd ? molCe) was found

in the final product than was weighed out in the reactants,

but for the other palladium contents, the two values were

roughly the same. The uncalcined nanoparticles are

monodisperse based on TEM results as seen in Fig. 1.

The yield of cerium oxide was calculated for the 0.4%

Pd–CeO2 particles and is a percentage relating the moles of

Ce in the product to the moles in the reactant; the palla-

dium content is treated as negligible. The yield increases as

the reaction time increases, but the crystallite size changes

negligibly (Fig. 2). For example, the nanoparticle diameter

is 10 nm after 1.5 h reacting and 11 nm after 3 h reacting.

XRD data of uncalcined 13% Pd–CeO2 (Fig. 3) are

consistent with the International Centre for Diffraction

Data (I.C.D.D.) database [21] file for cerium oxide (00-

034-0394) except for a small peak around 38.2�, marked

with an asterisk. Compared to the I.C.D.D. data files for

palladium compounds also shown in Fig. 3, the peak’s

position is most consistent with the (111) peak of palla-

dium metal (01-087-0637).

To definitively identify the unknown component in

the Pd–CeO2 samples before calcination, the synthesis

Table 1 Summary of Pd–CeO2 nanoparticles synthesized at 85 �C (3 h mixing): Pd(NO3)2 concentration expressed as molarity (M), precursor

and final (ICP) Pd content expressed as an atomic percentage, particle size, and lattice parameter (a0) of the calcined powders

[Pd(NO3)2]a M Precursor % molPd

molPdþmolCe

ICP–OES % molPd

molPdþmolCe

b Size (nm)c Lattice parameter (Å)

0.00018 0.5 0.4 11 5.4158 ± 0.0004

0.00039 1 1 10 5.4162 ± 0.0004

0.00073 2 2 9 5.4172 ± 0.0005

0.0015 3.8 6 8 5.418 ± 0.001

0.0029 7.4 13 6 5.420 ± 0.003

a Ce(NO3)3 concentration is constant at 0.0375 M

b Relative error in % molPd

molPdþmolCe

is ±10%

c Size calculated by applying the Scherrer equation to the (111) XRD peak of CeO2

Fig. 1 TEM image of monodisperse 1% Pd–CeO2 nanoparticles

before calcination

Fig. 2 Particle yield as a function of reaction time for 0.4% Pd–CeO2

nanoparticles. The diameter of the nanoparticles (in nm) is labeled

next to the corresponding points
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procedure was essentially repeated without the use of

cerium nitrate. The XRD of the uncalcined sample is

labeled 100% Pd–CeO2 (Fig. 3) to emphasize that it was

prepared in the same manner as the other samples but with

only the palladium salt reactant. This diffractogram was

compared to the I.C.D.D. files shown in Fig. 3, as well as

commercially purchased Pd(OH)2 and the I.C.D.D.

files for Pd(NO3)2 (00-058-0170), PdO2 (00-034-1101),

Pd0.5(Pd3O4) (01-071-1866), and rocksalt-like PdO (46-

1211). All of the peaks, except for one at 33.8� (labeled

‘‘o’’), match the palladium I.C.D.D. metal file mentioned

above. In particular, the peak at 38.2� (labeled ‘‘m’’), which

is the most intense of the metallic peaks, is consistent with

the previously unknown ‘‘*’’ peak in the uncalcined 13%

Pd–CeO2. The exception peak at 33.8� in 100% Pd–CeO2

is most consistent with the tetragonal oxide of palladium

(t-PdO, 00-041-1107) and was likely present in the dif-

fractogram of the uncalcined 13% Pd–CeO2 as well, but

was obscured by the (200) peak of ceria at 33.0�. There-

fore, it is concluded that the 100% Pd–CeO2 sample is

composed of Pd metal and t-PdO, and the samples prepared

with cerium nitrate consist of CeO2, Pd metal, and t-PdO

before calcination.

After calcination at 350 �C, the color of the Pd–CeO2

powder changes to shades of brown, again varying in

intensity with palladium content, rather than the yellow

color of pure cerium oxide [20] or the gray-to-black color

of the precursor. The XRD data show only peaks charac-

teristic of cerium oxide, and these are indexed accordingly

(Fig. 4). The lattice parameter shows a slight increase with

increasing palladium content, and crystallite (particle) size

calculated by the Scherrer equation, decreases with Pd

content (Table 1). Moreover, a Williamson–Hall plot for

each of the calcined particles reveals that the inhomoge-

neous strain increases as the Pd content increases (Fig. 5).

Generally, the same Raman peaks are seen throughout

the Pd–CeO2 series (Fig. 6), including the asymmetric,

prominent 465 cm-1 peak (labeled I4) and the broad peak

around 600 cm-1 (labeled I5). If we examine the former

peak more closely (Fig. 6b), it is evident that in the 13%

Pd–CeO2 sample, this peak is shifted to a lower frequency

and is much broader than that associated with lower pal-

ladium contents. We observe peaks at 640 cm-1 (labeled

IPdO) and 1122 cm-1 (Fig. 6a) as well.

Examination of HRTEM images for two compositions,

1% Pd–CeO2 and 13% Pd–CeO2, calcined at 350 �C,

shows crystallite sizes to be approximately consistent with

calculations based on XRD peak broadening using the

Scherrer equation. Specifically, for 1% Pd–CeO2, the

TEM-based size is 8 nm (119 particles’ average, images

Fig. 3 Uncalcined nanoparticles of 13% Pd–CeO2 and 100% Pd–

CeO2 and standard powder diffraction data of Pd (01-087-0637), PdO

(00-041-1107), hexamethylenetetramine or HMT (00-32-1708), and

CeO2 (00-034-0394). The standards are from the International Centre

for Diffraction Data (I.C.D.D.), and the values in parentheses are

I.C.D.D. database codes

Fig. 4 XRD of calcined xPd–CeO2 nanoparticles precipitated from

solution at 85 �C where x is the atomic % Pd in the final product and

varies from 0.4 to 13%. Only peaks characteristic of cerium oxide are

seen and are indexed. Particle size is indicated to the right of each

diffractogram
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not shown), while the XRD-based size is 10 nm (Table 1).

For the 13% Pd–CeO2 sample, the TEM-based size is 9 nm

(39 particles’ average, representative crystallites shown in

Fig. 7) and the XRD-based size is 6 nm (Table 1). More-

over, the morphology of the post-calcination nanoparticles

is roughly equiaxed (Fig. 7a, b), and for the highest pal-

ladium content studied, 13%, some particles show regions

of extended defects (Fig. 7b).

To understand how the presence of palladium in these

nanoparticles affects crystallite growth when the particles

are subject to heat, pure CeO2 was studied in comparison to

6% Pd–CeO2. The palladium content of the latter sample

was chosen, because it is approximately in the middle of

the composition range studied.

When heated at or above 600 �C, pure CeO2 and 6%

Pd–CeO2 nanoparticles coarsen. However, the pure CeO2

crystallites grow more in size over the 600–850 �C tem-

perature interval studied (Fig. 8). For example, at 850 �C,

pure CeO2 has grown in diameter by about 30 nm with

respect to the 600 �C size, while 6% Pd–CeO2 has

increased in diameter by about 20 nm.

The activation energy for such coarsening can be cal-

culated by performing several calcinations with different

maximum hold temperatures, T, and with different result-

ing final particle sizes, D, and using the following equation:

Dn � Dn
0

t
¼ Ae�Ea=RT ; ð1Þ

where D0 = initial grain size, D = final grain size,

n = constant related to growth mechanism, t = calcination

time, A = pre-exponential factor, Ea = activation energy,

R = gas constant or its natural logarithm

Fig. 5 Inhomogeneous strain in the lattice of Pd–CeO2 nanoparticles:

inhomogeneous strain (%) is directly related to the palladium content

of the nanoparticles

Fig. 6 Raman spectra of Pd–CeO2 nanoparticles with varying

palladium contents a complete spectra b closeup of primary peak

Fig. 7 HRTEM images of calcined 13% Pd–CeO2 nanoparticles

a two typical particles b another group of particles one of which

shows an extended defect marked by two arrows. Both sets of

nanoparticles were precipitated from solution at 85 �C
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ln
Dn � Dn

0

t

� �
¼ ln A� Ea

RT
: ð2Þ

However, when the error in ln
Dn�Dn

0

t

h i
is considered, it is

clear that plotting this term as a function of reciprocal

temperature is problematic. That is, if we assume that the

error in particle size with the Scherrer method is roughly

±10% as has been suggested [19] and propagate error

through the subtraction of D0 from D followed by dividing

by t and then taking the natural log of the result [22], the

y-error bars for the lowest temperatures are significant.

Higher temperatures would have somewhat smaller errors,

because D - D0 would be larger, but the high relative error

for many of the data points would make calculation of a

meaningful value of the activation energy impossible. For

this reason, the D0 term is ignored as has been done

elsewhere [23].

The exponent, n, which is related to the growth mech-

anism [24], is taken as 2 for CeO2 as has been suggested to

be appropriate for ceramics in general [25] and ceria in

particular [26]. Selecting the exponent for 6% Pd–CeO2, is

more complicated, because extremely undersized dopants,

like palladium in ceria have high grain boundary mobility,

which implies an exponent of 4 is appropriate in Eq. 1 [24],

while solute drag at high dopant concentrations suppresses

such mobility [26]. Since others in the literature have used

2 for cerium oxide combined with dopants of similar size,

valence, and concentration [27], an exponent of 2 was

chosen. A linear fit from 600 to 850 �C performed with Ori-

gin software [28] yields an activation energy 79 ± 8 kJ/mol

for pure CeO2 with a pre-exponential factor, A, of 600

and 54 ± 7 kJ/mol for 6% Pd–CeO2 with an A of 10.

These values were then used to calculate the rate con-

stant for grain growth, k, with the well-known Arrhenius

equation, k = A exp(-Ea/RT), in which the terms to the

right of the equal sign have been defined in Eq. 1 above.

The rate constant is then plotted as a function of temper-

ature for pure and doped CeO2 (Fig. 10) and was found to

be higher for pure CeO2 than 6% Pd–CeO2 between 600

and 850 �C.

Discussion

Nanoparticle characterization with an emphasis

on structure

For the preparation of the Pd–CeO2 nanoparticles, the

reaction mixing time of 3 h was chosen, because the yield

was roughly 100% (Fig. 2), while the particle size changed

very little compared to samples collected after shorter

mixing times. Note that the size is described as being

‘‘unchanged’’ because the error in particle size using the

Scherrer equation is about 10% typically [19]. Therefore, a

1 nm difference between particles that are roughly 10 nm

in size is negligible.

The product collected, as indicated above, had a slightly

higher value of %molPd/(molPd ? molCe) than was

weighed out in the reactants at the highest Pd concentra-

tions (i.e., 6 and 13% Pd by ICP–OES). This trend may be

attributable to a lower nucleation rate of ceria when the

concentration of Pd2? is high as has been observed with the

nucleation of calcite in the presence of magnesium ions

[29]. This explanation is consistent with the supernatant

being clear and colorless after centrifugation, although the

precursor, palladium nitrate, is brown. That is, most of the

palladium nitrate has reacted, while cerium nitrate, which

is colorless [20], could still be present in solution (i.e.,

unreacted).

According to XRD data, this uncalcined product is a

mixture of CeO2, Pd metal, and t-PdO. The presence of the

first two compounds is evident in the XRD of the uncal-

cined sample (Fig. 3). However, the presence of t-PdO is

implied by the product obtained when the reaction is exe-

cuted without cerium nitrate. Namely, the XRD peak

positions of this uncalcined, cerium-free powder are in

agreement with those of Pd metal and t-PdO (Fig. 3). Only

the Pd metal peak at 38.2� is evident in the XRD of

uncalcined 13% Pd–CeO2, because this peak is the most

intense peak of Pd metal. The intensities of the other Pd

metal and t-PdO peaks are too weak to be visible above the

cerium oxide peaks and the background in 13% Pd–CeO2.

During calcination, some palladium enters the lattice of

nanoparticulate CeO2 and forms a solid solution. This

assertion is partly based on six factors. First, the palladium

Fig. 8 Nanoparticle size (nm) as a function of calcination temper-

ature for pure CeO2 and 6% Pd–CeO2
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peak disappears upon calcination, leaving only fluorite

peaks in the XRD (Fig. 4). Second, the color of the

nanoparticles changes upon calcination from gray/black to

brown. Third, the round shape (Fig. 7) is different than

pure ceria, which tends to be octahedrons or truncated

octahedrons [30]. Fourth, the lattice parameter of 13% Pd–

CeO2 nanoparticles, provided in Table 1, in particular, is

smaller than would be expected for 6 nm particles

according to studies on pure nano-ceria, which tends to

have an expanded lattice relative to bulk ceria due to a

negative Madelung pressure [31] and a non-negligible

Ce3? content [32]. In similarly prepared nano-ceria of the

same size, the lattice parameter is 5.4330 Å [30], instead of

the observed value of 5.420 Å for the 13% Pd–CeO2

sample. Such a lattice contraction could be due to solid

solution formation, since Pd2? is a smaller cation than

Ce4? (cation radii of 0.86 and 0.97 Å, respectively) [33].

Fifth, such inhomogeneous strain (Fig. 5) is expected in a

system involving cations with dissimilar radii [33] and is

further evidence of solid solution formation. Sixth,

although nano-ceria prepared in a similar manner exhibits

near perfect crystallinity [15], the microstructure in 13%

Pd–CeO2 is somewhat defective (Fig. 7) as might be the

case in a solid solution between size-mismatched cations.

Raman spectroscopy shows the triply degenerate F2g

peak, the only peak found in perfect crystals of cerium

oxide [34], while the broad I5 peak has been associated

with oxygen vacancies in ceria [35] (the peaks are given

the labels I4 and I5 to be consistent with our earlier study

involving cerium oxide [36]). These Raman features fur-

ther support solid solution formation. Oxygen vacancies

would be generated if Pd2? took the place of Ce4? in

ceria’s fluorite lattice, so the more intense I5 peak for 13%

Pd–CeO2 compared to 1% Pd–CeO2 indicates the forma-

tion of solid solution (Fig. 6a). Moreover, the greater width

of the F2g Raman peak for the 13% Pd–CeO2 sample

compared to 1% Pd–CeO2 sample (Fig. 6b) may be a

byproduct of solid solution formation, because such peak

width increases are associated with lattice disorder [37] and

inhomogeneous strain [38] as well as decreases in particle

size [38]. Since TEM data for the 13% Pd–CeO2 sample

(Fig. 7) show the particle size for this composition is 9 nm,

which is comparable to the other compositions, while the

Scherrer size is 6 nm, the differences between these sizes is

attributable to the high level of inhomogeneous strain in the

13% Pd–CeO2 sample, as seen in Fig. 5, and further sup-

port the formation of a solid solution.

The remaining Raman peaks can be attributed to PdO

for which the allowed Raman modes are 651 and 445 cm-1

[39] and so indicate that some of the palladium exists as

dispersed PdO entities, rather than being entirely in solid

solution. The former peak can be clearly seen (Fig. 6a),

while the latter is likely obscured by ceria’s F2g peak.

Similarly, the weak peak around 1120 cm-1 (Fig. 6a) has

been observed elsewhere in palladium oxide [39] and

might be attributable to resonance effects which allow for

the appearance of normally forbidden lines [40]; such a

resonance effect has been observed in PdO subject to

514.5 nm laser irradiation, the wavelength used in this

study [41].

Low levels of segregated PdO might not be visible

above the XRD noise level due to peak broadening. For

example, in Cu–CeO2, copper contents less than 15% in

ceria are routinely not observed in XRD scans [42]; this is a

similar system to Pd–CeO2 in that Cu2?, like Pd2?, is

smaller than Ce4? [33]. Other studies of Cu–CeO2 state

that Cu2? and Ce4? radii are too different in size to allow

the oxides to be mutually soluble [43] or that copper forms

a monolayer on ceria as copper content is increased based

on electromotive force (EMF) measurements [44].

Moreover, partial dopant segregation would lower the

effective dopant concentration in the bulk of the grains [45]

and would be reflected in the Pd–CeO2 lattice parameter

values; therefore, an empirical formula provided by Kim

[46] that predicts fluorite lattice parameter as a function of

dopant radius, valence, and concentration should be con-

sidered. Using this equation, the radius of palladium in

eightfold coordination was sought, because that is the

coordination number of Ce4? in the ceria lattice [47].

However, eightfold coordination is not normally observed

in palladium [33], so the highest coordination number for

which palladium radii data were available, six [48], was

used, and a value of 5.32 Å was calculated with the Kim

formula for 13% Pd–CeO2. Despite this difference in the

cation coordination numbers for the Ce4? and Pd2? radii

used in Kim’s equation, the discrepancy between the actual

measured lattice parameter for the 13% Pd–CeO2 sample

of 5.42 Å and the formula value of 5.32 Å is large enough

to call into question the formation of a complete solid

solution between palladium cations and cerium oxide at

relatively high palladium contents and strongly suggests

that, while there is substantial evidence of solid solution

formation, some palladium oxide segregation does occur.

Activation energy for particle coarsening

From the viewpoint of catalysis, the most significant result

presented in this article is that the 6% Pd–CeO2, which is a

viable catalyst, shows improved thermal stability compared

to the support alone, CeO2, when subject to the same heat

treatments. This resistance to coarsening exhibited by the

Pd–CeO2 catalysts is seen in Fig. 8.

The activation energy of 79 ± 8 kJ/mol calculated for

pure CeO2 (Fig. 9) is smaller than some values in the lit-

erature for pure ceria, including 581 kJ/mol for Chen et al.

[26], and 731 kJ/mol for Zhang et al. [49], but larger than
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the value of 14.6 kJ/mol reported by Hassanzadeh-Tabrizi

et al. [23]. The larger values correspond to studies different

than this one in that they involved temperatures at or above

1270 �C and were completed with samples that were

highly densified, which lessens the influence of porosity on

grain boundary mobility [26]. The lower Ea value was

calculated differently than ours, using an exponent of 1 in

Eq. 1, but also used loose powders and is much closer in

magnitude to the value reported here.

However, like many other studies [26, 49–51] of ceria

combined with dopants of similar size and valence, the

activation energy calculated for 6% Pd–CeO2 is lower at

54 ± 7 kJ/mol (Fig. 9) than that determined for pure

CeO2. This finding is perhaps surprising, since a depressed

activation energy means less energy is needed for crystal-

lites to grow at a given temperature, but Fig. 8 shows that

the addition of palladium to ceria inhibited growth.

Yet when these activation energy values are combined

in the Arrhenius equation with the pre-exponential con-

stants calculated, 600 for pure CeO2 and 10 for 6% Pd–

CeO2 (Fig. 9), the rate constant, k, for particle growth is

lower for the doped ceria. This is consistent with our

finding of depressed growth in the doped sample (Fig. 10).

Furthermore, the activation energy and the rate constant of

pure ceria are higher than those of 6% Pd–CeO2 regardless

of whether or not the initial particle size D0 is included in

the calculation.

Ultimately, the presence of palladium in the lattice does

slow the nanoparticles’ growth by disrupting the crystalli-

zation of the cerium lattice and probably does so partially

by solute drag, which has been noted in ceria samples with

as little as 1% of dopants like Mg2? and Ca2? [26].

Conclusions

Nanoparticles of Pd–CeO2 have been prepared with sizes

of 11 nm or less by a simple co-precipitation method. The

absence of palladium species in XRD data and an increase

in inhomogeneous strain as palladium content increases

indicate that some palladium has been successfully doped

in the CeO2 lattice. While Raman spectroscopy supports

solid solution formation in the Pd–CeO2 nanoparticles to

some extent, the identification of Raman peaks ascribed to

palladium oxide suggests that some palladium exists as

PdO, likely in a highly dispersed state. Based on the lit-

erature, such a combined structure should have a good

catalytic performance. Activity testing of these samples is

ongoing and will be published in a following article, but

the fact that the 6% Pd–CeO2 sample does not grow as

much as pure CeO2 between 600 and 850 �C, as has been

shown here, is by itself an useful property for a potential

catalyst and suggests that this combined structure is

effective.
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Fig. 9 Calculation of activation energy for coarsening (i.e., growth)

in pure CeO2 and 6% Pd–CeO2: ln(D2) as a function of 1/T, where

D is crystallite diameter, T is the absolute temperature, and n is an

exponent related to growth which is taken as 2 for CeO2 and 6% Pd–

CeO2

Fig. 10 The rate constant, k, for grain growth as a function of

temperature for pure CeO2 and 6% Pd–CeO2
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