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The study of the defective surface sites of many oxides has
received considerable interest, as these sites are coordinately
unsaturated and exhibit extraordinary activity in many catalytic
reactions.1 Most of the research work in this particular area is mainly
focused on theoretical simulations.2 However, the influence of the
defect sites on the chemical nature of the oxide surface and their
role in the mechanism of activation of a substrate have not yet
been fully explored. In this Communication, we take the example
of ceria and provide direct evidence wherein the defect-site-enriched
oxide promotes the surface reorganization and thereby influences
the activation of ethylbenzene (EB) in the oxidative dehydrogenation
in presence of N2O.

Ceria is an interesting oxide and is one of the constituents in
many catalyst formulations.3 The method of preparation strongly
influences the structural and surface properties of ceria.4 We intend
to explore its catalytic activity in the oxidative dehydrogenation
(ODH) of ethylbenzene using N2O. A nanocrystalline ceria sample
enriched with Ce3+-O--Ce4+-type defect sites was prepared by
the alcoholysis method (ceria-A). For comparison, three other ceria
samples were prepared, one by conventional precipitation and the
other two by a solution-combustion method using urea and glycine
as fuels (ceria-P,-U and -G), respectively, as reported elsewhere.4

Interestingly, the nanocrystalline ceria prepared by the alcoholysis
method exhibits Ce3+-O--Ce4+-type defect sites predominantly
confined to the surface, as evidenced from diffuse reflectance UV-
visible spectroscopy (a weak band at around 650 nm).5 A rough
estimate of the surface to bulk defect ratio follows the order Ceria-A
> Ceria-G> Ceria-U/P based on the EPR spectroscopic analysis6

(Supporting Information, Figure S1) and the temperature pro-
grammed reduction7 of the samples (Figure S2). These defect sites
promote the dehydrogenation of EB using N2O at 598 K, which is
far lower than the temperatures normally encountered in the existing
conventional processes for the dehydrogenation of EB (873 K).
An equilibrium conversion of 45 mol % and a styrene selectivity
of 94%, comparable to that obtained in commercial practice are
achieved by the ceria catalyst prepared by the alcoholysis method.
However, the ceria samples prepared by conventional and combus-
tion methods showed comparable activity and selectivity to styrene
at much higher activation temperatures (Ceria-G at 648 K and Ceria-
U/P at 723 K).

To address the role of defect sites in governing the temperature
of activation, EPR investigations were done on the ceria samples
by subjecting each one of them to hydrogen treatment, as the dehy-
drogenation process involves interaction of hydrogen atoms with
the catalyst surface. Figure 1 shows the direct correlation between
the concentrations of Ce3+-O--Ce4+-type defect sites [atg⊥ )
1.96 andg| ) 1.933 (D signal) and 1.940 (A signal)] and the tem-
perature of activation. In the case of defect-site-enriched ceria-A
sample, the concentration of defect sites remained almost unaffected
upon treatment with hydrogen up to a temperature of about 573 K.
A steep decrease in the concentration of Ce3+-O--Ce4+-type

defect site to almost zero occurs when the temperature of hydrogen
treatment is increased to 623 K.

This sudden disappearance of the signal because of the defect
site is attributed to the surface reorganization of ceria.5 In
nanocrystalline ceria the variation in the signal intensities upon
increase in the reduction temperature indicates the migration of
subsurface oxygen. The migrated oxygen from the subsurface
reoxidizes the Ce3+ ions and thus causes a sudden disappearance
of the signal owing to the defect Ce3+ ions. This subsurface oxygen
migration occurs at a lower temperature in the case of ceria sample
prepared by the the alcoholysis method (573-623 K), whereas it
occurs relatively at higher temperatures in the case of ceria samples
prepared by the glycine combustion method (623-673 K) and urea
combustion/precipitation methods (723-773 K). This indicates that
the presence of a Ce3+-O--Ce4+-type defect site promotes the
oxygen ion mobility and thus supports the surface reorganization.
The oxygen ion mobility from the subsurface at the ODH
temperature regime is confirmed further by the increase in signal
intensity of electron deficient surface oxygen anion Os

- species
(g⊥ ) 2.035 andg| ) 2.001) in EPR analysis.1b

The above EPR studies clearly indicate that the oxygen migration
from the subsurface is directly related to the concentration of
defective sites and further relates to the temperature of activation.
A correlation between the concentration of defect sites of dif-
ferent ceria samples prepared by different methods and the
temperature required for 50 mol % conversion of EBT50 (a normal
activity parameter for many exothermic reactions) is given in Figure
2. The equilibrium conversion and selectivity can be achieved in
various ceria samples at their respective temperature regime. The
observed decrease in the EPR signal intensity corresponding to
Ce3+-O--Ce4+-type defect sites by the in situ adsorption of
ethylbenzene at different temperatures on ceria samples (Figure 3a)

Figure 1. The concentration of defect sites (Ce3+-O--Ce4+) as determined
from the EPR signal intensity (g⊥ ) 1.96) as a function of hydrogen
treatment temperature.
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further indicates that these sites are responsible for the activation
of R andâ-hydrogen of ethylbenzene substrate.

To understand whether the concentration of Ce3+ defect sites
can limit the rate of the reaction, a time on stream study was
conducted by in situ adsorption of ethylbenzene at 598 K on a ceria
sample prepared by the alcoholysis method (Figure 3b). Interest-
ingly, the rate of decrease in the EPR signal intensity, a measure
of Ce3+ defect sites, was about 1.26 count % per min which was
found to be in the same order of magnitude with that of the rate of
EB conversion (1.11 mol % per min). The time required for the
Ceria-A sample to achieve 50% conversion of EB at 598 K is
approximately 45 min, which is comparable to the time required
for the 50% decrease in the defect site concentration (Figure 3b).
Thus, we can suggest that the presence of a Ce3+-O--Ce4+-type
defect site is kinetically significant in determining the rate of ODH
of EB.

In most of the oxidation reactions involving metal oxides as
catalysts, the rate-determining step is the surface reaction that

involves the lattice oxygen (O2- or O- as a part of the lattice defect
site). Once the lattice oxygen is transferred to the substrate, there
are two processes that occur: (a) the migration of sub-lattice oxygen
to the surface and (b) the replenishment of the oxygen ion vacancy
from the gas phase to the bulk. These latter two steps are known
to be faster than the catalytic step (dissociation ofR andâ-hydrogen
of ethylbenzene).8 In the present study, the ODH turnover rates
increased as the concentration of surface-defect sites increased,
suggesting that the activation ofR andâ-hydrogen of ethylbenzene
substrate by the Ce3+-O--Ce4+-type surface-defect sites is the
rate-determining step.9 Hence, under steady-state conditions, the
rate of vacancy migration or oxygen ion mobility from the bulk to
the surface will not be limiting on the catalytic rate.

From the above investigations, we can propose a catalytic path-
way for the oxidative dehydrogenation of ethylbenzene on ceria
using N2O as the oxidant, considering that this ODH reaction fol-
lows a Mars-van Krevelen mechanism (Scheme S1). We can con-
clude that a ceria sample enriched with surface Ce3+-O--Ce4+-
type defect sites promotes the subsurface oxygen migration and
thus facilitates surface reorganization. This favors a lower temper-
ature of activation of the substrate. We find a direct relationship
between the concentration of the defect sites and the energy required
for the activation of the substrate on the one hand and a correlation
between the rate of EB conversion and the rate of consumption of
the defect sites on the other.
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Figure 2. Dependence of the concentration of defect sites and the activation
temperature required for 50 mol % conversion of ethylbenzene (T50) for
the different ceria samples prepared by different routes.

Figure 3. (a) Representative EPR spectra of a ceria sample prepared by
alcoholysis method (Ceria-A) after in situ adsorption of ethylbenzene at
various temperatures and recorded at 298 K. Adsorption of ethylbenzene
vapors was carried out for a period of 1 h with an EB flow rate of 2.3 mL
h-1 at respective temperatures. (b) Variation in the concentration of defect
sites, as recorded from the EPR signal intensity, with time on adsorption
of EB on a ceria sample prepared by alcoholysis method (Ceria-A) at
598 K.
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