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The reduction of CeQ, either under vacuum or hydrogen at temperatures between 295 and 773 K has
been investigated by gravimetric methods and IR, 'TH-NMR, and ESR spectroscopies. Thermal treat-
ments of the samples under vacuum produce mainly the progressive dehydroxylation of the samples
and a weak surface reduction. However, treatments under hydrogen modify substantially this behav-
ior. The gravimetric results show two well-differentiated processes: a fast weight gain due to incorpo-
ration of H, in the oxide bulk, followed by an important weight loss due to lattice oxygen extraction.
Infrared data indicate that H,-treatments at temperatures below 673 K do not significantly change the
surface concentration of hydroxyl groups, but they induce an important decrease above that tempera-
ture. The magnetic resonance spectra confirm the hydrogen incorporation in the oxide, mainly in the

bulk, when the sample is heated under H, in the 373-773 K range.

Introduction

Ceria (CeO,) has the same fluorite struc-
ture as thoria and zirconia, but is different
in that pure CeO, undergoes large depar-
tures from stoichiometry at elevated tem-
peratures in a reducing atmosphere. Non-
stoichiometric cerium dioxide CeQ,_, has
been the subject of several investigations
(1-5). In some cases the investigation was
focused on the study of the bulk properties,
because its defect structure makes this ox-
ide a powerful solid electrolyte for fuel cells

(6-7).
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Another interesting feature of cerium ox-
ide, from the standpoint of catalytic behav-
ior, is its basicity. This functionality when
combined with the hydrogenation property
of a metal in ceria-supported group VIII
metals points out ceria as a promising sup-
port candidate in the synthesis gas (CO +
H,) conversion catalysts. Recently, Me-
riaudeau et al. (8) have investigated the -
hexane hydrogenolysis reaction on several
alumina-, titania-, and ceria-supported Pt
catalysts, and concluded that the strong
metal support interaction (SMSI) is present
in both reduced Pt/CeQO, and Pt/TiO, cata-
lysts, although their reactivities are signifi-
cantly different. Different explanations can
be ventured but ‘‘anomalous’’ electronic ef-
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fects due to large departures from stoichi-
ometry of a partially reduced ceria could
explain these differences.

In this paper, we have used gravimetric
methods, magnetic resonances (H-NMR
and ESR), and infrared spectroscopy to
show that following reduction under hydro-
gen, a large amount of hydrogen is rapidly
incorporated into the oxide, which subse-
quently produces lattice oxygen ion extrac-
tion and modifies the oxide properties.

Experimental

Cerium nitrate (Ce(NQO;); - 6H,0, Rhone
Progil S.A.) 99.6% purity with Si, Pb, Mn,
and Na as the main impurities was used as
precursor. The cerium hydroxide was pre-
pared by adding dropwise a 0.1 M NH,OH
solution to a 0.32 M cerium nitrate solution
with constant stirring until complete precip-
itation at pH close to 6.2. The resulting pre-
cipitate was repeatedly washed, followed
by drying in vacuo at room temperature for
12 hr. The sample so obtained was ther-
mally decomposed in constant rate de-
composition (CRD) equipment which oper-
ates at a constant and very low water
vapor pressure of 10 N m=2 (133.3 N m~2
= 1 Torr). Temperatures were increased
slowly and not linearly with time; for in-
stance, about 350 hr were needed to reach
500 K (mainly removal of physically ad-
sorbed water) while the overall time re-
quired to reach 673 K was 535 hr. After this
treatment the sample was exposed to air.
The specific surface area determined by the
BET method was 58.3 m? g .

Reduction experiments were carried out
gravimetrically in a Cahn microbalance
connected to a high vacuum line and gas-
handling system. A sample of 80 mg was
isothermally reduced at temperatures be-
tween 473 and 773 K in a flow (9 dm? hr1)
of H;, obtained through a Ag~Pd thimble of
a commercial H, diffuser. Equilibrium of
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reduction was considered when the weight
variation per hour was lower than 0.2% of
the overall weight change.

The '"H-NMR spectra were obtained with
a pulse spectrometer SXP 4/100 (Bruker)
with a Fourier transform unit Aspect 2000.
The NMR frequency of proton was 70
MHz. All spectra were recorded at room
temperature and the number of accumula-
tions in each experiment was chosen in
such a way that the signal-to-noise ratio
was higher than 30. Dehydroxylation treat-
ment of the samples was carried out in a
special vacuum cell, capable of maintaining
dynamic vacuum of ca. 1 X 1073 N m2,
between 295 and 773 K for 2 hr. Subsequent
reduction of this sample was carried out in
the same cell between 373 and 773 K for 2
hr in H, (13.3 kN m?). After this treatment,
the sample was outgassed at room tempera-
ture and then spectra were recorded. The
extent of hydrogen incorporated was quan-
tified by reference to a mica standard. ESR
spectra were obtained with a Bruker ER
200 D spectrometer, operating in the X-
band. The spectra were recorded at 77 K. A
Mn: MgO standard (g = 2.0066) was used
to calibrate the magnetic field. Samples of
50 mg placed inside a quartz-probe cell
were pretreated in vacuo or in H; following
the same procedure as stated above for the
NMR experiments.

For the infrared experiments, the CeO,
samples were ground to a fine powder and
pressed to 1.3 x 10* KN m~? into 1.2-cm-
diameter wafers. These wafers were placed
in a special vacuum cell assembled with
greaseless stopcocks and NaCl windows.
Pretreatment of the samples consisted ei-
ther of heating at 773 K for 2 hr under vac-
uum or of reduction in H, at temperatures
between 473 and 773 K for 2 hr followed by
outgassing at 473 K for 2 hr. Infrared spec-
tra were obtained with a Perkin—~Elmer 680
B spectrophotometer, interfaced to a data
system. All spectra were recorded in the
absorbance mode.
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Results

Thermogravimetric Measurements

The microgravimetric results show no-
ticeable weight changes of the CeO, sample
when in contact with H, (9.3 kN m~2) at
different temperatures (Fig. 1). The adsorp-
tion isobar (amount of H; incorporated at
equilibrium as a function of temperature) of
H, in the 195-500 K range indicates that H,
chemisorption is an activated process, i.e.,
the extent of H, adsorption increases with
temperature. The only exception below 200
K must be due to some participation of the
physical adsorption of H,. Above 500 K, a
slower weight loss process takes place due
to the removal of lattice oxygen. This sec-
ond process will be referred to hereafter as
a reduction step. The extent and rate of H,
reduction are strongly dependent on the
temperature of reduction (7y), as can be
concluded from the Kkinetic reduction
curves and the extent of H, reduction
(amount of H; consumption obtained when
the sample weight varied less than 0.2%/hr
of the overall H, already consumed) at 573

10
s
1 \
Egr .
reduction
c
o
s 0
& .
‘é adsorption
i &
T
r o
4
1 1 bl 1 i
200 400 10 600

Fic. 1. Isobar of hydrogen (9.3 kN m~%) on ceria
samples. Dashed line indicates the appearance of a
process which involves lattice oxygen removal (weight
loss).
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F1a. 2. (a) Kinetic reduction curves of hydrogen (9.3
kN m-2) at 573 K (O) and 773 K ((J). t. was the time
required to attain equilibrium reduction. Dashed line
represents Otsuka et al.’s data taken from Ref. (9). (b)
Reduction degree at equilibrium as a function of the
temperature of reduction.

and 773 K presented in Fig. 2b. For com-
parative purposes, the same figure includes
Otsuka et al.’s data for H, reduction of
CeO, at 873 K under an initial H, pressure
of 13.6 kN m~2. Since the reduction is an
activated process, which implies a higher
reduction rate with increasing Ty, the
higher reduction rate found by Otsuka ef al.
(9) at 873 K is in good agreement with our
results. The apparent activation energy of
the reduction by H; obtained from the Ar-
rhenius plot of the initial reduction rate (rg)
(calculated from the slopes of the kinetic
curves at zero time) at 573 and 773 K was
139.2 kJ mole~!, even considering that the
relative ease of the CeQ, reduction remains
low, i.e., CeO, 4 at 773 K (Fig. 2b).

These observations may be explained by
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the following reactions:

Chemisorption
CeO, + x/2 H; » CeO,H, (1)
Reduction
CeO,H, —» CeG,_,n + x/2 H,O
2
or

CCOzHX + x/2 H2 - CCOZ_X + x Hzo (3)

Reaction (1) describes the weight gain of
ceria samples after H, treatments up to
about 500 K, whereas Reactions (2) or (3)
account for the weight loss as due to the
lattice oxygen removal at T > 500 K.

Nuclear Magnetic Resonance

The '"H-NMR spectra of the sample, after
outgassing at different temperatures (T.) be-
tween 295 and 773 K, are presented in Fig.
3a. The intensity of the signal decreases
with T, from 1.8 to 0.1 a.u. (arbitrary units)
in the studied temperature range (Fig. 3b).
The full width at half maximum (FWHM) is
almost constant, but a broadening of the
wings of the signal is observed between 573
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and 773 K. The variation of the second mo-
ment of the signal (S,) with T, is shown in
Fig. 3c. The value of §; decreases with T,
up to 573 K, but it increases above that tem-
perature.

The sample, previously outgassed at 773
K, was studied after reduction with H, at
different temperatures (7g); the spectra are
presented in Fig. 4a. The intensity of the
signal increases from the initial value of 0.1
to 0.8 a.u. at 673 K (Fig. 4b), showing an
important broadening (S, increases from 5.5
to 12 G?) in the same range of Ty (Fig. 4c).
The intensity and width of the signal de-
crease at Tr > 673 K. The NMR spectra of
the sample reduced at 673 and 773 K
present two components (Fig. 4a): a narrow
signal of low intensity which is centered at
the resonance magnetic field, and a broader
component showing larger intensity which
is shifted with respect to the resonance
magnetic field.

Infrared

The IR spectra of H,-reduced ceria sam-
ples at temperatures 473-773 K in the
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F16. 3. (a) "TH-NMR spectra of CeO, sample outgassed for 2 hr at different temperatures. Influence of
the temperature of treatment on the integrated intensity (b) and second moment (c) of the signal.
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F1G. 4. (a) '"H-NMR spectra of CeO; sample outgassed at 773 K, reduced in H» (13.3 kN m~?) for 2 hr
at different temperatures and outgassed at 295 K. Influence of the reduction temperature on the
integrated intensity (b) and second moment (c) of the signal.

stretching vibration region of OH groups
are given in Fig. S5a. As can be seen, the
background spectrum (Fig. 52) of the CeO,
sample outgassed under high vacuum at 773
K shows bands at 3640, 3615, and 3515
cm~! indicating the existence of different
environments for OH groups at the ceria

Absorbance (a.u)

3800 360
Wavenumber (cm-)

surface (10). The relative abundance of
these OH groups was studied after expos-
ing the sample to H, for 2 hr at tempera-
tures between 473 and 773 K. Molecular
water formed during reduction was re-
moved by outgassing under high vacuum of
ca. | X 1072 Nm2at 473 K for 2 hr. At Ty
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FiG. 5. (A) Infrared spectra in the stretching vibration region of OH groups of different CeO,
samples: (a) background after outgassing at 772 K; (b), (c), (d), and (), after H, treatment at 473, 573,
673, and 773 K, respectively. Hy-treated samples were always outgassed at 473 K to remove the
molecular water formed during reduction. (B) Absorbance of the OH groups relative to that of the
unreduced samples as a function of the reduction temperature.
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1.9.67

FiG. 6. ESR spectra of the unheated sample (a),
outgassed at 373 K (b), and after reduction in H; at 573
K for 24 hr and ocutgassing at 773 K for 4 hr (d). A
different sample prepared at 473 K and outgassed at
373 K (¢).

below 573 K the spectra do not essentially
differ from the cerium oxide background.
However, noticeable changes in both inten-
sity and linewidth of the spectra appeared
at the highest reduction temperatures (Figs.
5d and e). These effects are better viewed
in a representation of the normalized ab-
sorbance of the band near 3640 cm~! in rela-
tion to that of the unreduced sample, (Ad/
Aunred)is0, as a function of the reduction
temperature (Fig. S5b). This ratio remains
unchanged, and near 1, up to 673 K but falls
above this temperature. It suggests that de-
hydroxylation is favored by the hydrogen
treatments at temperatures above 673 K.

Electron Spin Resonance

The spectrum of the untreated sample is
composed of two signals with resolved g
values at high field, g = 1.940 (signal A) and
g = 1.947 (signal B), and the other g com-
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ponents overlap at g = 1.967. Signal A dis-
plays a larger intensity than B (Fig. 6a). An
additional signal due to Mn?* ions is also
shown by all spectra. The spectrum line-
width becomes narrower after outgassing at
373 K in vacuum (~1.3 X 1072 N m~?), par-
ticularly in the region where signals A and
B are overlapping, and a new component at
g = 1.965 is resolved (Fig. 6b). By compari-
son with the spectrum obtained for another
sample outgassed at 373 K, prepared by the
CRD procedure at 473 K, where only one
signal is observed (Fig. 6c¢), signal A can be
described by g; = 1.967, g, = 1.965, g3 =
1.940, and signal B by g, = 1.967, g, =
1.947. If the sample outgassed at 373 K is in
contact with oxygen (133 N m~?), the spec-
trum intensity is only slightly affected, but
an important signal with g, = 2.030, g, =
2.016, g5 = 2.011 is observed. The parame-
ters of this signal are similar to those as-
signed by other authors to O; species
bound to Ce** ions (11, 12). The large posi-
tive shifts of the g, and g3 values from the
values expected, considering the ionic
model of O3 (12), may be due to some cou-
pling of the ion orbitals with the 4f orbital
electrons in the cerium ions (11). With in-
creasing T., the spectrum lineshape does
not change significantly and the intensity
increases slowly due, particularly, to the
contribution of signal B, which is larger
than A for T, > 473 K.

When the sample outgassed at 773 K is in
contact with hydrogen (~4 kN m?) the
shape of the spectrum does not change, but
all the signals show an increase in intensity.
No variations are observed after heating
under H, up to 473, but at Ty = 573 K sig-
nals A and B decrease slowly with heating
time, disappearing after several hours. For
Tr > 573 K both signals are absent from the
spectrum. However, if the sample heated
24 hr at 573 K, with obliterated signals A
and B, is outgassed for 4 hr at 773 K, both
signals reappear, starting with signal B
(Fig. 6d). The recovery of the signals is eas-
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ier if the sample has previously been in con-
tact with oxygen at room or higher temper-
ature. If the sample has been reduced at 773
K, the signals are not recovered by outgas-
sing and thermal treatments under oxygen
are necessary. The Mn®" signal increases
only slightly after outgassing at 773 K, and
increases much more when the sample is
subsequently in contact with H, at 295 K. A
small intensity drop is observed after ther-
mal treatments under H, at T > 573 K and a
larger one is observed by pumping out hy-
drogen. Oxygen adsorption produces an in-
crease of the Mn?* signal. The increase of
the Mn?* signal with reducing treatments
indicates that the manganese impurities
present in the CeO, were in part in a higher
oxidation state and have been reduced,
probably with the simultaneous formation
of oxygen vacancies.

Discussion

Reduction under Vacuum

The intensity drop of the 'H-NMR signal
by outgassing in the 295-773 K range is ex-
plained by the progressive elimination of
hydroxyl groups. The narrowing of the sig-
nal with thermal treatment (T, < 573 K)
points to an increase of the mean distance
between the surface hydroxyl groups.
However, the increase of the second mo-
ment of the spectra observed for T, > 573 K
indicates the influence of a new effect,
probably the formation of paramagnetic
centers on the surface as a consequence of
the elimination of lattice oxygen ions.
These paramagnetic centers broaden the
'H-NMR line through dipolar interactions.
Consequently the value of S, is affected in a
different way by 7. through two mecha-
nisms: S, decreases because of surface de-
hydroxylation and increases due to the gen-
eration of paramagnetic centers. The
minimum of the S,-T, curve at 573 K indi-
cates that above that temperature the influ-
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ence of paramagnetic centers on the pro-
tons contributes to the S, value more than
the effect due to dehydroxylation.

In CeO,, ESR signals with g values in the
range of those of A and B have been as-
signed by other authors to trapped elec-
trons in cerium ions (13) or to defects (14).
Our results are not conclusive but the ob-
servation of two signals and the changes of
their relative intensity with the treatments
can be better explained by assuming that
they arise from Ce?** ions in two different
environments than from tapped electrons in
oxygen vacancies. The narrowness of the
signal and their detection at 295 K would
indicate, in that case, that Ce3* ions have a
large relaxation time, as should be expected
for interstitial cations in a surrounding of
low symmetry. Signal A, which is affected
by the dehydroxyaltion treatment, is proba-
bly due to Ce3** ions with easily removable
ligands. This signal corresponds to species
either on the surface, affected by the out-
gassing treatments, or in the bulk, and not
affected. Signal B, which grows by outgas-
sing at higher temperatures, is also proba-
bly due to Ce3* ions in the bulk stabilized
by some lattice defects. The appearance of
strong signals of O, bound to Ce**, when
the outgassed sample is in contact with ox-
ygen, points to the availability of an impor-
tant number of electrons capable of being
transferred to O, molecules. The minor
modifications of A, B, and Mn?* signal in-
tensities indicate that most of them are not
detected by ESR. Considering the NMR
results, indicating the formation of para-
magnetic centers and that the O; ions are
bound to Ce** ions, the donor sites are
probably Ce’* ions in lattice positions,
which are not observed because of the large
broadening of the signal due to the short
relaxation time of these ions in symmetric
environments. The formation of these lat-
tice Ce3* ions must be a consequence of the
formation of oxygen vacancies during the
reduction process, which is, in turn, the
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most accepted mechanism for reduction of
near-stoichiometric CeQ, (15). Although
some interstitial Ce** ions are also probably
formed, their abundance in relation to the
oxygen vacancies must remain small.

Reduction by H,

Although the gravimetric results indicate
that reduction above 573 K causes a weight
loss in the sample (Fig. 2b), the 'TH-NMR
spectra show an increase of the signal in-
tensity under similar conditions. The value
of the maximum increase, observed at T =
673 K, corresponds to 3.4 X 1090 H g /.
This incorporation of hydrogen, described
by mechanism (1), can take place with the
formation of hydroxyl groups or hydride
species. A better understanding of these
results may be obtained by analysis of the
evolution the IR spectra with the thermal
reduction. As observed in Fig. Sb, the ab-
sorbance of the OH groups (band near 3640
cm™!) relative to the absorbance of those
groups of the unreduced sample remains
virtually unchanged, and close to 1, up to
673 K and then decreases markedly. These
results indicate that H; incorporation below
673 K takes place without formation of sur-
face OH groups during H, treatment. This
finding, therefore, could be taken as indi-
rect evidence that the incorporation of H,
into ceria is a bulk phenomenon. The stabi-
lization of water molecules on the sample at
that temperature is not significant because
it is not supported by the '"H-NMR spectra.
The free water molecules or the water
bound to cations would produce a narrow
line or two split lines (doublet), respec-
tively, which are not observed.

The intensity of the 'H-NMR spectra de-
creases when the sample is heated under H,
at Ty > 673 K, which can be explained ei-
ther by condensation of the initial OH
groups or by the extraction of lattice oxy-
gen ions by chemical reaction with the pre-
viously stabilized hydrogen. At Ty = 773 K
the reduction reached an equilibrium corre-
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sponding to CeQO,g which indicates a
deeper reduction than that found by
Breysse et al. (16), who have reported
that CeO, changes its composition from
CeO, 935, outgassed at 773 K, to CeOy.g45
after reduction under H, at the same tem-
perature. Therefore, during the reduc-
tion process two mechanisms, incorpo-
ration of hydrogen and oxygen removal
from the lattice, affect in different ways
the weight of the sampie.

The obliteration of the bulk ESR signals
by heating under hydrogen at 573 K, when
the 'H-NMR spectra show incorporation of
hydrogen into the sample, indicates that hy-
drogen diffuses into the bulk of CeOQ,,
where it affects the paramagnetic centers.
The broad and shifted 'H-NMR line indi-
cates the interaction of hydrogen nuclei
with unlocalized electrons. The 'H-NMR
spectrum observed in the sample reduced
at 673 K is similar to that observed by An-
cion et al. (17) in a mixed molybdenum va-
nadium bronze. Preliminary XRD data on
Hi-treated CeO, samples above 673 K indi-
cated an increase of the lattice cell parame-
ters (18), which also support bronze forma-
tion.

The fact that the small signals A and B,
absent in the ESR spectrum of the sample
reduced at Ty = 573 K, can be recovered
by outgassing treatments with or without
the help of oxygen adsorption, points also
to the existence of a small amount of
diamagnetic hydride-like species that can
diffuse easily toward the bulk or the surface
of the sample depending on the treatments.
A similar situation was observed in Hj-re-
duced Rh/TiO, catalysts above 573 K (19).

In conclusion, the experimental results
indicate that by heating under H, above 473
K an important amount of hydrogen is in-
corporated into bulk CeQ,, which produces
bronze-like species (mechanism 1), At the
same time, these activated hydrogen spe-
cies can react with the lattice oxygen ions.
Taking into account the low activation en-
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ergy for the reduction (139.2 kJ mole™), it
seems that the reduction process could be
located at the surface, forming anion vacan-
cies. The oxygen ion extraction, following
mechanism (2) or (3), will form water mole-
cules that will condense away from the
sample, causing the observed weight loss.
The presence of the stabilized hydrogen
must affect the adsorption and catalytic
properties of the smaple and could explain
the differences observed between CeO,
samples outgassed and reduced at high tem-
peratures (/4) and other less reducible ox-
ides such as TiO, when used as support of
group VIII metals (8).
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