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This article develops an experimental and theoretical kinetic
analysis of ceria reduction using TPR experiments, considering
both low and high surface area samples. From data in the exist-
ing literature on oxygen diffusion within the ceria lattice, it may be
shown that spatial effects within ceria crystallites can be neglected
for temperature ranges relevant to ceria reduction without risking
significant errors. Moreover, oxygen transport seems not to be re-
sponsible for the qualitative changes in TPR profiles occurring on
low and high surface area samples. We have developed a simple Ki-
netic model that is able to predict the unimodal and bimodal shape
of low and high surface area ceria with correct location of the main
peaks. The model displays a satisfactory quantitative agreement
with respect to the degree of reduction as a function of tempera-
ture. The model highlights the influence of the kinetic and ther-
modynamic properties of the material and of its textural changes
with temperature (sintering). The model can be used to predict the
outcome of TPR experiments over a broad range of specific surface
areas. (© 2000 Academic Press
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1. INTRODUCTION

A great number of studies have appeared in recent years
on the reduction behavior of ceria and related materials, as
a result of their use as a redox/oxygen storage component
in the formulation of three-way catalysts (1-7). To carry out
this action, ceria must be able to take up and release oxy-
gen following variations in the feedstream stoichiometric
composition. In doing so, during the operation, the cata-
lyst is continuously subjected to reduction and oxidation
involving alternating creation and removal of oxygen va-
cancies. The dynamic controlling this redox process is rather
complex and may depend on both kinetic and thermody-
namic constraints. It is therefore important to improve un-
derstanding of the factors that may affect the reduction
process and to develop kinetic models that can describe
and predict the process.

Asimple, and quite useful, method for obtaining informa-
tion on the steps involved in these processes is temperature-

273

programmed reduction (TPR), which simply analyzes the
reduction profile asafunction of temperature. The first TPR
on ceria dates back to 1980 (8), but only a few years later
was it first suggested that reduction in ceria may follow
a two-stage process (9). Typically, the reduction profile of
CeO, shows two peaks. The first, low-temperature, signal
located at ca. 770 K was assigned to the reduction of the
most easily reducible surface-capping oxygen of ceria, while
removal of the bulk oxygens was suggested as the cause of
the high-temperature signal at ca. 1100 K. Similar correla-
tions were reported later by others, who found a good re-
lationship between BET surface area and H, consumption
at low temperature (2, 10, 11). Attempts were also made
to rationalize data to calculate the surface area from TPR
traces, although their validity has been questioned and is
restricted to narrow surface area ranges (12). Reduction
processes operated by H, under stationary conditions also
suggested that surface steps were rate limiting. EI Fallah
et al. developed a model for the reduction of pure ceria by
taking into account both surface and bulk steps and found
that hydrogen dissociation is the limiting step in the sur-
face process on pure ceria (4). The stepwise reduction of
ceria, involving the surface and the bulk at different stages,
is also confirmed by theoretical analysis of surface/bulk re-
duction energies (13, 14) and by the measurement of defect
thermodynamics (15, 16), which indicates that high surface
area nanocrystalline ceria has a lower reduction enthalpy
than that measured for the bulk material.

To elucidate this topic, with previous findings in mind, we
develop here for the first time a simple quantitative model
for the TPR profile of ceria which can explain the origin of
the two different peaks in the reduction traces, suggesting
a participation of surface and bulk oxygen in the reduc-
tion process at low and high temperature, respectively. It is
shown that the profile can be reproduced by assuming a sur-
face Kkinetic control over the entire temperature range, al-
though a knowledge of the thermodynamics of bulk reduc-
tion is necessary to model the profile at high temperature,
where the reduction process occurs not too far from equi-
librium conditions. Interestingly, it will also be shown that
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for pure ceria, diffusion at T > 650 K is fast and does not
limit bulk reduction at high temperature.

2. EXPERIMENTAL APPARATUS AND SETUP

Materials

High surface area cerium oxide (HSA-CeO,, 44 m? g™ %)
was obtained from Grace Davison (sample 18424-171-A).
Sample purity was 99.78% with traces of La,O3 (0.07), MgO
(0.04), P,0Os5 (0.02), and ZrO; (0.02). Low surface area ceria
(LSA-CeO,, 3 m? g~1) was purchased from Janssen (lot
06759/3, sample purity 99.9%). The samples were treated
at 773 K for 1 h under an O,/He 20/80 v/v atmosphere
before TPR measurements.

Methods

Temperature-programmed reduction (TPR) was per-
formed in a conventional, U-shaped, quartz microreactor
(i.d. = 6 mm, | = 200 mm) using a 5% H; in argon mixture
flowing at 35 cm® min~! (STP). For TPR measurements, the
temperature range investigated was 295-1400 K and the
heating rate was always 10 K min~*. The reduction of CuO
to metallic copper was used to calibrate the TPR appara-
tus for H, consumption. BET surface areas were measured
with a Carlo Erba Sorptomatic 1900 instrument.

3. RESULTS AND DISCUSSION

3.1. TPR Profiles and the Effect of Oxygen Diffusion

The results of typical TPR experiments performed on
both low and high surface area CeO, samples (henceforth
LSA and HSA, respectively) are depicted in Fig. 1. The
typical profile corresponding to LSA ceria is characterized
by asingle peak centered at T = 1100 + 10 K. The intensity

LSA CeO, -,
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FIG. 1. Experimental H, conversion, expressed in arbitrary units,
obtained by TPR experiments performed on LSA (3 m? g~%) and HSA
(44 m? g1 ceria.
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of the peak depends on operating conditions, such as the
weight of the sample or the hydrogen flow rate, whereas its
location (i.e., the temperature corresponding to the local
maximum) is an intrinsic feature of ceria reduction, since it
depends on the material and is less affected by variations
in the operating conditions.

The TPR profiles of HSA ceria are characterized by
the presence of two peaks (bimodal curve). The high-
temperature peak preserves the temperature location ob-
served in the case of LSA ceria, thus showing that this peak
in TPR profiles is intrinsic to the material. The intensity
of the second peak is slightly less than in the case of LSA
samples because a fraction of ceria has been already re-
duced at lower temperatures (we analyze this feature in
Section 3.3). The first peak is located at a temperature of
770+ 10 K, independently of the sample, whereas its shape
in detail closely depends on the preparation conditions (du-
ration and temperature of thermal pretreatments to remove
impurities) the material has undergone before TPR. This
variability in the shape may be due to variations in specific
area (which are more significant for HSA samples) and to
the presence of surface impurities in the material (17), such
as carbon monoxide and dioxide, which reach the detector
after desorption. Further complications may be caused by
the storage in bulk ceria during reduction of some Hz, which
is then released at higher temperatures (18).

TPR of ceria, like that of any other material, depends on
four main effects, the thermodynamics and kinetics of re-
duction, the textural changes (sintering) the material under-
goes with temperature, and diffusion phenomenawithin the
material, which in the case of ceria means oxygen diffusion
in the lattice structure (19). In the light of the modeling of
the TPR dynamics, it is important to ascertain the effects of
each of these phenomena on the evolution of the process.
We discuss here the latter two effects, leaving to Sections 3.2
and 3.3 a thorough analysis of thermodynamic and kinetic
properties.

Itis entirely reasonable to suppose that oxygen diffusion
within the ceria lattice structure may influence the shape
of TPR profiles. By assuming this to be true as a working
hypothesis, the bimodal shape observed in HSA samples
could be attributed to a reduction in the surface ceria at low
temperature, giving rise to the first peak around 770 K, and
a subsequent reduction with oxygen supplied from the bulk
at higher temperatures. In this conceptual framework, the
two-peak shape of HSA ceria would be a consequence of
the diffusional resistance associated within oxygen surface
diffusion.

The features of oxygen migration in pure and doped ceria
have been the subject of several studies (21), and diffu-
sion coefficients are available in the literature, albeit in
temperature ranges which are relatively narrow com-
pared to current TPR experiments (20-23). The oxygen
diffusion coefficient D(T) can also be recovered from
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measurements of ionic conductivity o, by enforcing the
Nernst-Einstein relation (21). Temperature dependence
of D(T) can be expressed by the Arrhenius equation
D(T)=Doexp(—Ep/ksT), typical of activated processes,
and the values of the preexponential factor Dy and of the
activation energy Ep can be extrapolated from the litera-
ture data (24), although their validity is limited to specific
temperature ranges.

A simple order of magnitude analysis of these data demo-
nstrates that diffusion, although necessary for the reaction
to occur, is not a limiting phenomenon at temperatures sig-
nificant for TPR experiments. For this purpose, let us con-
sider the characteristic diffusion length I4(T) expressed as

la(T) = v2D(Mt(T), [1]

where t(T) = (T — Tp)/B, B being the heating rate and Ty
the initial temperature. This quantity is to be compared
with the characteristic geometric linear size of ceria crys-
tallites, which can be evaluated by I.(T) =€V, /A(T), V, be-
ing the volume of the sample, € being a constant depending
on the geometry of ceria crystallites (for example € =1/6
for cubic crystallites), and A(T) = «(T)m being the overall
surface area, i.e., the product of the specific surface area
a(T) times the mass m of the sample. A discussion of the
shape of the specific surface area «(T) versus T is post-
poned until Section 3.3. Figure 2 depicts I4(T) and I.(T) as
functions of temperature for the different sets of experi-
mental data for D(T) obtained by several authors (20, 22,
24). It can be observed that I4(T) is definitely greater than
[.(T) for T > 650 K, that is to say, for the temperatures at
which the reaction occurs at a significant rate, as can be seen
from the TPR data of Fig. 1 in the case of LSA ceria. This
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FIG. 2. Geometriclinear size of ceriacrystallites I, versus temperature
for sample with initial specific area of 44 m? g—*, compared to characteristic
diffusional length scale g given by Eq. [1] for several experimental data
for oxygen diffusion coefficient D available in the literature (Refs. (24),
(20), (22)), plotted within the range of experimental validity.
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result has an important implication. It can be concluded
that diffusion is not limiting for the reduction of LSA sam-
ples. This is in agreement with recent findings reported by
Fornasiero et al., who showed that H; activation is rate lim-
iting in the reduction process at high temperature on pure
ceria (25). Inthe case of HSA materials, a slight effect of dif-
fusion might be observed at the lowest temperatures, 400—
650 K, whereas for higher temperatures such effects can
be ignored as for LSA samples. This implies, for modeling
purposes, that the degree of reduction can be assumed to
be uniform over the entire sample or, more specifically, that
TPR kinetics can be described by concentration variables
(degree of reduction) exclusively dependent on time and
not on a spatial variable parametrizing the position within
each cristallite or pellet. Moreover, and this is essentially
the most important conclusion, Fig. 2 indicates that oxygen
transport within ceria crystallites cannot be consider the
factor influencing the qualitative changes in TPR profile ob-
served in low and high surface area ceria depicted in Fig. 1.

Let us now consider textural changes as the reduction
proceeds. BET measurements performed on samples re-
duced at different temperatures under conditions similar
to those of TPR indicate that HSA ceria undergoes sin-
tering with a reduction in surface area up to two orders
of magnitude. The drop in surface area in Hy-rich atmo-
spheres is greater than that observed under oxidizing or
inert atmospheres, and this is in agreement with previous
studies (26) (see also Fig. 6). The surface area decay due to
sintering is localized in a narrow temperature range ~(600,
1050): at T = 1100 K, the sample has lost most of its surface
area. Therefore, for temperatures higher than 1000-1050 K,
the behavior of HSA ceria is analogous to that of an LSA
sample. The sintering process is significant in the temper-
ature ranges corresponding to the occurrence of the first
TPR peak, and it can be argued that sintering is essential
to describe the reduction dynamics of HSA ceria.

We may conclude this qualitative and semiquantitative
analysis by observing that oxygen diffusivity in TPR exper-
iment temperature ranges is sufficiently high to consider
the reduction degree homogeneous within the ceria sam-
ple, and that the differences observed for LSA and HSA
ceria should be attributed to the interplay between thermo-
dynamic and kinetic properties and textural changes due to
sintering. In the light of these results, the next two subsec-
tions will focus on the kinetic modeling of LSA and HSA
ceria separately.

3.2. Kinetic Model of LSA Ceria Reduction

In order to model the thermodynamics of ceria reduction
under Hy, the two sets of reactions and their corresponding
equilibrium data must be used,

CeO, = Ce0;5 +0.250, [2]
H; + 0.50, = H,0, [3]
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which give

2Ce0O;, + Hy; = 2Ce0y5 + H,0. [4]

Data for equilibrium [4] can be calculated from Ref. (27)
provided that the partial pressure ratio pn,/pn,o IS avail-
able. Unfortunately, the real partial pressure ratio above the
surface under TPR conditions is not known. Therefore, we
preferred to obtain insight into reduction dynamics by con-
sidering modified temperature-programmed experiments
(MTPR for short). In these experiments, the linear tem-
perature rise is stopped at a fixed value T, and the material
undergoes further reduction under isothermal conditions at
temperature T;. The system is left to evolve until hydrogen
concentration saturates to the inlet value (i.e., no further
reduction occurs). Such experiments aim to identify the
main phenomena governing ceria reduction, namely, the
thermodynamic and kinetic aspects. Moreover, as we will
show below, these experiments are very useful for a quanti-
tative estimate of the thermodynamic/kinetic properties of
reduction.

Figure 3A depicts several MTPR profiles as a function
of the time elapsing from the beginning of the experiment
for different values of T in the range (960, 1200) K. For
t <t(Ts) (t(Ts) being theinstantatwhich T = T, and the tem-
perature rise is stopped), the profile is identical to that of a
standard TPR. For t > t(T;), hydrogen consumption (pro-
portional to the rate of reduction) displays a more or less
sudden decay to zero, depending on temperature T;. The
decay is very sudden for high values of T above 1100 K,
and it is much slower for temperatures below 1000 K. For
this reason, in order to enhance the graphical representa-
tion, the curve corresponding to T; =961 K in Fig. 3A has
been represented over time scales much lower than those
necessary to reach a vanishing hydrogen consumption.

The integral of an MTPR profile is proportional to
the equilibrium value of the reduction degree at tem-

1107K
] |
= 1061 K i
-] K ]
8 X
2 1168 K
g N
2| A C\1191K
8 "
=] -‘\
& at\
5 961 K "
3 2\
jani ‘\\\\
Y
T T T T T T
40 50 60 70 80 90 100 110
Time (min)

FIG. 3.

x in CeO,
2-x

GIORDANO ET AL.

perature, Ts, which can be quantitatively inferred upon
calibration.

In this way, by comparing the MTPR and the standard
TPR profiles, thermodynamic and kinetic effects can be sep-
arated and estimated quantitatively. To this end, it is conve-
nient to display TPR and MTPR data in a graph expressing
the reduction degree x (corresponding to a final material
with composition CeO,_) vs time as in Fig. 3B. This fig-
ure highlights that the reduction degree in an MTPR ap-
proaches a saturation value asymptotically corresponding
to the equilibrium condition at Ts. The equilibrium data
(Xeq(Ts) vs Ts) can be reasonably approximated by the em-
pirical expression

T—-Tn
ci(l+a exp(by /(T —T))’

whose constant parameters Ty, a;, by and ¢; are listed in
Table 1. Experimental equilibrium data for temperatures
greater than T =1200 K are not available, because of the
practical difficulty of maintaining controlled experimental
conditions at high temperatures for long time, that is, for the
time necessary to reach equilibrium conditions. The experi-
mental setup would be subject to excessive thermal stresses
and the results would subsequently be unreliable. For this
reason, the above-mentioned empirical equation for Xeq(T)
is to be considered as a linear extrapolation of the main
trend of experimental equilibrium conversions appearing
in the range 1100-1200 K.

A compact and efficient graphical representation of equi-
librium and kinetic TPR results is given in Fig. 4. It may be
observed that the equilibrium reduction degree of LSA ce-
riaat T = 1400 K is slightly less than x = 0.25 (that is, to a
ceria composition CeO1 75), which corresponds to 50% of
the maximum attainable reduction.

Let us now analyze the modeling assumption leading
to a simple quantitative characterization of the reduction

Xeq(T) =
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(A) Experimental MTPR profiles plotting H, conversion (a.u.) versus time (min) for LSA ceria with different T.. (B) Experimental

reduction degree x in CeO,_ versus time attained in MTPR experiments on LSA ceria at different values of Ts.
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TABLE 1
List of Model Parameters, Obtained by Fitting Experimental Data

Symbol Value Units

a 1.0x107% dimensionless
b, 16500 K

Cy 5000 K

T 220 K

as 6.39 x 107 dimensionless
ay 1.3x 1077 dimensionless
bs 32x107° K1

by 15500 K

T 80 K

ag 1.55 x 10~/ dimensionless
a 5.0 x 1077 dimensionless
bs 1.65 x 1073 K1

by 8900 K

Tr3 50 K

kinetics. To model TPR dynamics, we assume that the sys-
tem is formed by two pseudo-species, namely, CeO, and
CeO1 5, the former representing the unreduced ceria and
the latter the oxide at the maximum admissible degree of
reduction, i.e., Xmax = 0.5. This, of course, does not represent
the real situation where a continuum of nonstoichiometric
suboxides of composition CeO,_4 (0 < x <0.5) exists over
most of the reduction range, but it is a good model to rep-
resent the actual degree of reduction as a function of two
species only.

The reduction can be expressed by the reversible reaction

1
CeO, = CeO5 + ZOz. [5]
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FIG. 4. Experimental and theoretical reduction degree x in CeO,_y
versus T for LSA ceria. Curve (a) isasimulated x(T) curve (obtained from
model), compared with corresponding experimental data obtained by TPR
experiments, plotted with diamonds (<>). Curve (b) is an equilibrium curve
Xeq(T ) passing through experimental equilibrium points (@), evinced from
saturation values attained in MTPR experiments. These values should be
compared with the theoretical results plotted with vertical lines at the
following values of T: 936, 961, 1061, 1107, 1168, and 1191 K.
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With this representation, the actual degree of reduction can
be appropriately expressed in terms of the dimensionless
variable

_ [CeOys]r

= Ce0uln [6]

attaining values between 0 and 1, [CeOq 5]t being the con-
centration of the completely reduced oxide at a generic
temperature T and [CeO,]y, being the initial concentration
of the unreduced material at the beginning of the experi-
ment (since [CeOs 5]y, =0). It is easy to see that z= 2x.

Since it has been shown in a previous section that oxygen
bulk diffusion is never limiting in the reduction-significant
range of temperatures, z=z(t) (or equivalent function of
T) is spatially homogeneous. The kinetics of reduction can
thus be expressed by the differential equation

w%=«mm%a—a—bGMﬂ%i [7]
which corresponds to the assumption that Eq. [5] is an ele-
mentary reaction. In Eq. [7], V. is the sample volume, Ay is
the surface area available for the reaction (which is constant
for LSA ceria), and k;(T) and k,(T) are the Kinetic rate co-
efficients of the forward and reverse reactions in Eq. [5],
respectively. Moreover, it can be assumed that the oxygen
partial pressure equals its equilibrium value at any tem-
perature T, bringing it within the temperature dependence
of ky(T). Thus, by introducing the dimensionless variable
6 =t/tp, where 1, is the reactor residence time, and after
some algebra, the dimensionless form of Eq. [7] reads

dz . z
@ZMG%LEMU> 1%

with the initial condition z(9 =0)=0. The temperature-
programmed profile is given by T (0) = To + 87,6, where g
is the rate of programmed temperature rise (K s™%).

In Eq. [8] we have made use of the symbols ky (T) =k (T)
AoBtp/ Ve and zeq(T) = 2xeq(T). The latter quantity can be
experimentally obtained from MTPR data (see Fig. 3B).
The temperature dependence of the kinetic rate coefficient
ki(T) can be directly obtained from the experimental data,
by substituting into Eqg. [8] the expression for zeq(T) and
by evaluating z(T) =2x(T) from the experimental data of
a standard TPR profile.

This approach yields an expression for the kinetic coeffi-
cient k1(T) which can be approximated from the relation

azexp(bsT)
(14 asexp(bs/(T — T3)))’

which corresponds to a modulation of a standard Arrhe-
nius dependence. The parameters in this expression are re-
viewed in Table 1.

To complete the model, let us consider the gas-phase
reaction H, + 1/20, — H,0, since the experimental data

ki(T) =
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associated with the TPR profile are proportional to hydro-
gen concentration. If we assume that no resistance to mass
transfer is offered by the material or the gas phase, the bal-
ance equation for the hydrogen concentration in the gas
phase within the differential reactor setup reads

dcy
V 2
"odt

= F(c}, — Ch,) — ViTh,. (9]

with the initial condition c.,(0) = CE'Z. In this equation, V,
represents the reactor volume, F the volumetric flow rate,
and ry, the specific rate of hydrogen consumption. It may
be observed after stoichiometry that the hydrogen con-
sumption rate equals the specific rate of ceria reduction,
expressed with respect to the z variable; that is, ry, equals
the right-hand side of Eq. [7].

Equation [9] can be rewritten in dimensionless form by
introducing the variable y = CHZ/COHZ,

dy o ly
D1y kmz¥(1
do y — ka( )25(

— , 0) =1, 10
zeqm) ye o]

where y is the ratio of the initial concentration of ceria
and hydrogen, and § = V,/ V.. Table 1 reviews the values of
the dimensionless parameters in the balance equations,
Egs. [8]-[10], corresponding to the experimental conditions
used in the present work. By integrating these equations,
the value of 1 —y can be obtained, which is proportional
to the experimental measurements by a conductance probe
of the TPR profile. To compare the results of the model and
the experimental data, we shall consider Fig. 5, in which the
profiles have been normalized on a common basis for a
clearer visualization. It can be observed that the simulated
TPR is in very good agreement with the experimental pro-
file in its main features, represented by the peak location

Hydrogen consumption (a.u.)

P
800 1000 1200

Temperature (K)

———
400 600 1400

FIG.5. Comparison of experimental TPR (solid line) and theoretical
profile (dotted line) for LSA ceria in terms of H, conversion in arbitrary
units (1—y in model) versus temperature. For clarity, curves have been
rescaled on a common basis to facilitate quantitative comparison.
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and by the asymmetric profile, with a slower tail for temper-
atures greater than the peak temperature. The uncertainty
inthe high-temperature equilibrium data highlighted above
may be responsible for the slightly higher values of hy-
drogen conversion with respect to the experimental values
at those temperatures. At this point, we should stress the
importance of thermodynamic data in modeling the high-
temperature TPR profile. Although the process is kineti-
cally limited, the influence of equilibrium conversion (i.e.,
x in CeO,_y) is more pronounced at higher temperatures
and is responsible for the asymmetry of the peak observed
at T > 1200 K. It is only with the use of a forward/reverse
reaction model that this part of the profile can be suitably
reproduced.

The reliability of the model is quantitatively confirmed by
the degree of conversion x(T) =z(T)/2 obtained from the
model, depicted in Fig. 4 with the solid curve a. Figure 4 also
depicts the theoretical x(T) curves (vertical curves) corre-
sponding to simulations analogous to MTPR experiments.
The satisfactory agreement with the experimental data
(filled circles and curve b) over a wide range of values for
T confirms the validity of the model. No qualitative vari-
ations in the TPR profile are observed for specific surface
area changes in the range 4-0.5 m? g1,

3.3. Kinetic Model of HSA Ceria Reduction

In view of the observations in Section 3.1, it is reasonable
to argue that the model developed for LSA ceria can be
extended to HSA samples. This extension is not, however,
obvious and requires some additional assumptions.

It has been pointed out that sintering plays a fundamental
role in the reduction of HSA materials. A full description
of this process is complex and involves several aspects. It
is not only textural changes that occur during the sintering;
there may also be a variation in the thermodynamic and ki-
netic propertiesinduced by the process. However, itisworth
pointing out that TPR data cannot be used for a detailed dis-
crimination of the role of each of these phenomena, which
are indeed closely related to each other. For this reason, a
simplified formalization is assumed here, after which only
surface area changes with temperature are considered.

If we bring together the experimental observations de-
tailed in Section 3.1 and rule out a rate-limiting effect of
oxygen diffusion,® the qualitative difference observed in
the TPR of LSA and HSA ceria may be related to the

L1t is possible to include the effect of diffusion. This, however, would
make the model more elaborate without adding any new physical insight
into the dynamics of the phenomenon and without appreciably modifying
quantitatively the model results obtained by invoking spatial homogeneity.
The inclusion of oxygen transport within the ceria lattice does not result
only in a partial differential equation. Since the geometric length scales
change with time (temperature), the resulting model for this phenomenon
would be a moving-boundary value problem, which is much more cum-
bersome to deal with and physically unnecessary.
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surface area changes occurring in the sample because of
sintering. More precisely, the bimodal profile observed for
HSA samples can be attributed to heterogeneity effects.
The two-peak shape of HSA ceria is a consequence of the
fact that nanocrystalline and bulk ceria possess different ki-
netic and thermodynamic properties. This conclusion is fur-
ther supported by literature data on the equilibrium degree
of reduction of nanocrystalline ceria, which reduces com-
pletely at relatively low temperatures because of a lower
reduction enthalpy (1.84 eV vs 4.67 eV for bulk CeO5) (15).
The nonstoichiometry of nanocrystalline ceria is therefore
several orders of magnitude greater than that of bulk ceria,
which agrees with recent reports (15, 16).

Taking this as a working hypothesis, the phenomenol-
ogy of HSA ceria reduction can be interpreted as follows:
ceria nanocrystallites start to be reduced at lower tempera-
tures (T > 500 K) than LSA samples and can be completely
reduced thermodynamically even at these temperatures.
This is responsible for the occurrence of the first peak.
Simultaneously, the material undergoes structural modifi-
cations, and nanocrystallites modify progressively to bulk
ceria. The reduction rate decreases at T > 800 K because
nanocrystalline ceria is transformed into bulk ceria, which
is characterized by different kinetic and equilibrium reduc-
tion properties. As a consequence, the shape of the HSA
sample’s first peak is due to the simultaneous effects of sin-
tering dynamics and of kinetic limitations for the reduction
of nanocrystallites. Conversely, the second peak follows
the same thermodynamic and kinetic model developed in
Section 3.2. Of course, this analysis refers to ideally clean
samples free of impurities.

If we consider that reduction of nanocrystalline ceria im-
plies mainly the removal of surface or near-surface oxygens,
the reduction can be viewed as a process involving surface
and bulk reduction in two successive steps. The surface area
drop, which occurs under TPR conditions, causes a rapid
variation in the reduction behavior, which originates the
clear separation of the two contributions.

In a modeling framework, this premise leads us to con-
sider HSA samples as formed by two phases, a hanocrys-
talline phase (referred to as the n-phase) and a bulk phase
(b-phase). These two phases are also characterized by dif-
ferent thermodynamic and kinetic reduction properties.
The bulk phase corresponds to the structure of LSA ce-
ria and has the same properties, while for the n-phase it can
be assumed that Xeqn(T) = 0.5 under conditions typical for
TPR experiments, as follows from the analysis reported by
Hwang and Mason (15).

An estimate of the overall equilibrium value at any tem-
perature is actually possible by repeating several MTPR ex-
periments on HSA ceria. It isimportant to notice, however,
that these results would be of no use unless accompanied by
appropriate BET measurements since the equilibrium data
for HSA ceria depend not only on the temperature but also
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on the surface area, and this dependence is difficult to de-
scribe in practice and theory. Moreover, the pretreatment
process, or the presence of impurities, will severely affect
the measurements, making it impossible to apply the results
to different samples. Eliminating this lack of generality is
not worth the effort required, and a lumped description is
sufficient to reproduce the expected results, as we will show.

The transition from the n-phase to the b-phase is con-
trolled by the textural changes induced by sintering. This
is a continuous process dependent on temperature. In or-
der to account for the fraction of the two phases at a given
temperature, it is convenient to introduce a function ¢, at-
taining values between 0 and 1, corresponding to the frac-
tion of b-phase at a given temperature. It is reasonable to
assume that ¢ depends exclusively on the specific surface
area of the sample «(T) at temperature T, i.e., ¢ = ¢ (x(T)).
In particular, the function ¢(«) should attain values close to
0 for « of the order of magnitude of 50-60 m? g—* or higher
and values close to 1 for o around 2-3 m? g~* or lower, and
this function should monotonically decrease with «. For the
sake of completeness, BET data for the surface area drop
are depicted in Fig. 6. The continuous line corresponds to
the curve fitting these data.

A candidate expression for ¢ («), which satisfies the prop-
erties discussed above is also depicted in Fig. 6, and it cor-
responds to the expression

[exp(wie) — 1]*

o =t lexpwia) — 11

[11]

where w; and w, are two parameters (for the graph
in Fig. 6, w; =0.04, w, =40). It should be observed that
the functional form Eq. (11) is to some extent arbitrary,

40
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FIG. 6. Solid line: Specific surface area decay «(T) corresponding to
asample with an initial area of 44 m? g%, obtained by BET measurements

at several values of T (O are experimental data). Dotted line: The ¢(«)
versus « given by Eq. [11].
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and this reflects the experimental difficulties in describing
guantitatively the relative fraction of the two phases. The
values of the parameters w;, w, can be fine-tuned by com-
parison with experimental TPR profiles. The two phases
(n- and b-phases) the material is formed of possess differ-
ent kinetic and equilibrium properties. At any temperature
the material is characterized by an overall equilibrium de-
gree of reduction

Zeq,t0t(T) = ¢ ((T))Zeqp + [1 — ¢ ((T))]Zeqn, [12]
where the subscripts b and n refer to the thermodynamic
properties of bulk and nanocrystalline ceria, respectively.
Equation [12] corresponds to the average of zeq , and zeq n
weighted for degree of nanocrystallinity.

We can follow this superposition principle for develop-
ing the kinetic model by applying the same approach and
basic assumptions discussed in Section 3.2. The material is
characterized by the presence of two pseudo-species, corre-
sponding to the maximum reduced oxide CeO; 5 and to the
unreduced oxide CeO,. The state of reduction of the ma-
terial can be described by introducing an overall degree of
reduction z attaining values between 0 and 1. The time evo-
lution of z depends on the reaction kinetics and on the tran-
sition from a totally nanocrystalline texture to a bulk one.
The transition is simply accounted for by the behavior of the
specific surface area with temperature and by the functional
dependence of the degree of nanoncrystallinity on «.

Indicating as ki, (T) the kinetic rate coefficient of the bulk
phase (see Section 3.2) and as k;»(T) that of the nanocrys-
talline phase, and introducing the dimensionless time 6, the
overall dynamics of ceria reduction can be expressed as a
linear combination of the kinetics of each phase, weighted
bygpandl—¢

dz ~ ~ Z
— = hlgki + (L - ¢)kin] (1 - . 9]
do Zeq,tot
— theoretical 44 m’g’!
0034 - - theoretical 35 m’g’!
------- theoretical 5 m%g’!
0.02-
P
0.01+
0 . ,I

=T T
800 1000 1200

Temperature (K)

400 600 1400

FIG. 7.
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where h=h(T) is the normalized specific surface area,
h(T) =a(T)/ars, and the reference specific area is chosen
as aref =3 M? g~ * so that ky,(T) coincides with the rate co-
efficient k, (T) obtained for LSA ceria. For ki, (T) it is rea-
sonable to use functional dependence on temperature anal-
ogous to that adopted for ky(T), but with a different set of
values for the parameters ag, bs, a4, b4, Ty3. To avoid confu-
sion, the parameters for kin(T) are marked by an overbar
and are summarized in Table 1. The set of values reported
in Table 1 was obtained by fitting the experimental data by
constraining the model to reproduce the temperature loca-
tion and intensity (expressed by the degree of reduction) of
the first peak. The initial condition for Eq. [13] is obviously
2(0 =0) =0.

The kinetic model is completed by the hydrogen balance
in the gas phase, which reads, in dimensionless form,

g LYo

28do° [14]

in analogy with Eg. [10] in Section 3.2 (with the same
meaning for the dimensionless quantities y and §).
Figure 7A shows the model prediction, obtained by inte-
grating Egs. [13] and [14] and plotting 1 — y vs T, to be com-
pared with the experimental data in Fig. 1. The comparison
of the corresponding integral quantities, namely, the exper-
imental and theoretical reduction degree x attained as a
function of temperature, is depicted in Fig. 7B. As can be
observed from these two figures, the model correctly pre-
dicts a slight decrease in the intensity of the second peak,
as compared to the LSA sample case, while its shape and
location remain unchanged. The decrease in intensity of the
second peak is essentially a thermodynamic effect. In HSA
samples, a fraction of the material has already been reduced
before the rise of the second peak, and therefore the driving
force z — zgq 1ot is smaller than in the pure LSA case, result-
ing in a lower second peak with respect to LSA samples.

0.25 - 25-1
— experim. 44 m°g’
— theoretical 44 m?g’!
0279 _. theoretical 35 m2g’!
------- theoretical 5 m%g™!
9
S 0.15+
[0
QO
g
= 0.1
0.051
B
0 .

T T S T T
800 1000 1200 1400
Temperature (K)

T
400 600

(A) Theoretical TPR profiles (1 —y versus temperature) for ceria samples with different specific surface areas of 44, 35, and 5 m? gL,

(B) Theoretical and experimental reduction degree x versus T corresponding to samples listed above.
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A strictly quantitative agreement between model and
experiments as regards the shape of the first peak is not
possible and is ultimately of less practical utility owing to
the presence of impurities affecting the shape of this peak.
In fact, the shape of the first peak strongly depends on
the material. Different HSA samples, purchased from dif-
ferent companies or pretreated in different ways, display
great variability in the shape of the low-temperature peak,
while its location remains practically unchanged. As a con-
sequence, the parameters entering into the expression for
kin(T) and the functional form of ki, (T) itself are subject to
a certain amount of variability, and the particular set listed
in Table 1 is only indicative of an order of magnitude for
these quantities. For all these reasons, it is of no interest to
attempt to formulate a more complicated model to obtain
a better reconstruction of the shape of the first peak. The
lumped kinetic model proposed in this section is conceptu-
ally consistent with the physics of HSA ceria reduction and
with the qualitative properties of TPR profiles observed
experimentally. Moreover, the overall reaction properties,
expressed by degree of reduction, are in satisfactory quan-
titative agreement with experimental data, as depicted in
Fig. 7B. The actual degree of reduction after a complete
TPR is in fact well predicted, and the differences from the
experimental curve are only a consequence of the fitting
of the equilibrium data and of the incomplete description
of the equilibria for the nanocrystalline phase. To sum up,
TPR of HSA ceria can be predicted with acceptable accu-
racy for integral quantities such as x, whereas the hydrogen
consumption profile is more strongly affected by the sim-
plifications of the model, and by its basic assumptions.

It is important to observe that the parametric form
through which the fraction ¢ is expressed as a function of
the surface properties of the material makes it possible to
describe the dynamics of reduction of different ceria sam-
ples by means of Eq. [13], provided that the behavior of the
specific surface area is known from BET measurements. In
the light of the considerations of Section 3.1, it is to be ex-
pected that the intensity of the low-temperature peak will
increase as the specific surface area of the material «(Tp)
rises, and that the lowering of the second peak will be more
pronounced, as previously discussed. It is worth pointing
out that the dependence of the intensity of the first peak on
the specific surface area is not linear due to the interplay
between reduction kinetics and surface area changes. This
can also be evinced from the model Egs. [13] and [14]. The
predictions of the model in this case are summarized by
Fig. 7A, in which three different model samples are consid-
ered, each possessing different initial specific surface areas,
namely, 5, 35, and 44 m? g™, thus covering a range of val-
ues of practical interest. Qualitatively, model results are in
agreement with the physical intuition, and it may be argued
onasound basis that the model, despite its formal simplicity,
can be applied in a predictive way to different ceria samples
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in order to obtain a quantitative prediction of the reduction
degree with temperature (the reduction degree x referring
to the data of Fig. 7A is depicted in Fig. 7B), provided that
the curve of surface area drop versus temperature is known.

4. CONCLUDING REMARKS AND OPEN PROBLEMS

In summary, we have shown that a two-step model in-
volving surface and bulk reduction in different stages can
be applied to represent the reduction profile of ceria under
temperature-programmed conditions. The model is able to
quantitatively predict the reduction profile of low surface
areaceriaat high temperature, but it is still too inaccurate to
fully explain the details of the low-temperature reduction
peak in the high surface area material. This is due to the in-
timate nature of the signal, which originates mainly from
reduction of nanocrystalline material (or similarly from
surface reduction of ceria) but which carries contributions
from the presence of surface impurities, adsorption of hy-
drogen, and different reactivity of surface planes exposed.
In addition, the surface area drop which inevitably accom-
panies ceria reduction in this temperature range adds to
the complexity of the system. Nevertheless, the essential
features of the bimodal TPR curve clearly emerge from
this analysis. In particular, the following considerations can
be made: the entire TPR profile is controlled by surface
kinetics, although thermodynamic data are necessary to
model the high-temperature profile. Diffusion is fast com-
pared to surface processes over most of the temperature
range investigated. The effects of diffusion can be consid-
ered at the beginning of reduction, during the onset of the
first peak. The inclusion of oxygen diffusion into the model
would solely modulate the shape of the low-temperature
peak, and especially its rising front, without changing the
conclusions derived from the model. Neglecting hydrogen
adsorption and surface impurities, the model shows that
the intensity of the first peak is proportional to the initial
surface area, in line with previous findings.

A similar analysis is now under investigation to better
explain the reduction profile of ceria doped with other
elements.
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