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Abstract—It was established by X-ray diffraction, TPR, and EPR that microemulsion (m.e.) synthesis yields
the binary oxides ZrO,(m.e.) and CeO,(m.e.) and the mixed oxide Zr, sCe, sO,(m.e.) in the form of a tetrag-
onal, cubic, and pseudocubic phase, respectively, having crystallite sizes of 5—6 nm. The bond energy of sur-
face oxygen in the (m.e.) samples is lower than in their analogues prepared by pyrolysis. Hydrogen oxidation
on the oxides under study occurs at higher temperatures than CO oxidation. ZrO,(m.e.) and CeO,(m.e.) are
active in Q; formation during NO + O, adsorption, while CeO, is active during CO + O, adsorption, too.
However, its amount here is one-half to one-third its amount in the pyrolysis-prepared samples, signifying a
reduced number of active sites, which are Zr** and Ce** coordinatively unsaturated cations and Me**—0%*~
pairs. O, radical anions are stabilized in the coordination sphere of Z1r** coordinatively unsaturated cations
via ionic bonding, and in the sphere of Ce** cations, via covalent bonding. Tonic bonds are stronger than
ionic—covalent bonds and do not depend on the ZrO, phase composition. Zr, sCe 50, is inactive in these
reactions because of the strong interaction of Zr and Ce cations. It is suggested that Ce* * P+ coordinatively

unsaturated cations exist on its surface, and their acid strength is lower than that of Zr** and Ce** cations in
Zr0O, and CeO,, according to the order ZrO, > CeO, = Zr, sCe 50,. Neither TPR nor adsorption of probe

molecules revealed Zr cations on the surface of the mixed oxide.

DOI: 10.1134/50023158410050174

Zr0,, Ce0,, and Ce,Zr, _,O, oxide systems con-
taining acid—base sites are widely used in heteroge-
neous catalysis. For example, ZrO, is active in hydro-
genation of CO [1], olefins [2], and dienes [3]. CeO,
carries out the reactions of ethane oxidehydrogenation
[4], steam reforming [5], and reduction of nitrogen
oxides [6]. The high thermal stability of ZrO, and the
ability of CeO, to disperse supported oxides and met-
als and to store oxygen have been employed in creating
Ce, Zr, _,0O, supports for catalysts that carry out NO,,
CO, and hydrocarbon neutralization reactions [7, 8]
and low-temperature oxidation of CO with oxygen in
excess hydrogen [9—11].

Studies into catalytic properties of nanostructured
Z10,, Ce0,, and Ce,Zr, _ O, are now underway. Some
researchers noted their higher reactivities compared to
their analogues prepared by pyrolysis of nitrate salts or
hydroxides [12]. Such oxides are prepared by thermol-
ysis of an organometallic precursor in a flow-through
reactor [13, 14], sol—gel technology [15—17], and
microemulsion technology [18]. They have high spe-
cific surface areas (100—200 m?/g) and are character-
ized by high crystallite size homogeneity with an aver-
age crystallite size of 3—5 nm, as distinct from their
analogues having small specific surface areas (0.3—

20 m?/g) prepared by high-temperature decomposi-
tion [19] or mechanochemically [20].

However, nanometer particle sizes do not ensure an
enhancement or at least retention of activity, which is
due to the existence of coordinatively unsaturated sur-
face sites. This is for the reason that oxides having
crystallite sizes less than 10 nm are synthesized under
nonequilibrium conditions where thermodynamically
stable and metastable phases can both be formed in
various proportions and can have various surface
activities, as shown for ZrO, [13].

In this connection, it was of interest to compare the
activities and surface properties (namely, the reactivity
of surface oxygen, amount of coordinatively unsatur-
ated cations, and acidity of cations) of ZrO,, CeO,,
and Ce, Zr, _ O, nanostructured oxides with their ana-
logues prepared by pyrolysis.

For this purpose, we used electron-transfer reac-
tions in NO + O, joint adsorption on ZrO, [21, 22]
and CeO, [23] and in CO + O, adsorption on CeQO,
[24, 25]. These reactions were shown earlier to occur
on coordinatively unsaturated ions of samples synthe-
sized by pyrolysis which have crystallite sizes greater
than 10 nm. They are sensitive to oxidation/reduction
treatment parameters and to the composition and
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nature of adsorbates and supported metal cations.
Therefore, electron-transfer reactions are useful as
test reactions for tracing changes in the properties of
adsorbed oxygen and coordinatively unsaturated sur-
face sites of oxides.

In this work, ZrO,, CeO,, and Zr, sCe, 5O, samples
were prepared using microemulsion technology. Their
phase composition and crystallite sizes have been
studied by powder X-ray diffraction, and the reactivity
of surface oxygen in hydrogen oxidation was studied in
the TPR mode. EPR spectroscopy was used to study
electron-transfer reactions on test samples during
NO + O, and CO + O, adsorption, oxygen adsorp-
tion, and low-temperature NO adsorption on coordi-
natively unsaturated sites as dependent on the oxida-
tion/reduction and vacuum treatment of the test sam-
ples.

EXPERIMENTAL

Binary and mixed oxides (ZrO,, CeO,, and
Zr, sCe, s0,) were prepared using microemulsion
technology (m.e.), as described in [18], from Aldrich
reagents. Emulsions were prepared by combining
aqueous solutions of individual salts (ZrOCl, - 8H,O
and Ce(NO;); - 6H,0) or their mixtures (with the cat-
ion ratio Zr : Ce = 1) and tetramethylammonium
hydroxide pentahydrate with an organic solution con-
taining hexane, hexanol, and the surfactant Triton
X-100. The salts were reacted with tetramethylammo-
nium while emulsion was stirred for 24 h. Reaction
products were separated by centrifugation, washed
with methanol, dried at room temperature, heated in
air at a constant heating rate of 2 K/min to 500°C, and
exposed to this temperature for 2 h.

Zirconia and ceria samples were also prepared by
pyrolysis of nitrates (ZrO(INO;), and Ce(NO;);(p.n.)
and hydrated ZrO, - nH,O(p.h.) via heating them in
air under the conditions specified above. Hydrated zir-
conia ZrO, - nH,O was precipitated with ammonia
from an aqueous solution of ZrOCl, - 8H,0 followed
by centrifuging, single water washing, and drying the
precipitate in air at 100°C according to [26].

BET specific surface areas were determined chro-
matographically from thermal argon desorption. The
accuracy of the method was 20%.

The phase composition of oxides was studied using
powder X-ray diffraction on a DRON-3M diffracto-
meter in the 20 range from 8° to 70° using a Cuk,
anode with a nickel filter at a voltage of 30 kV and cur-
rent of 25 A. The detector rotation speed was
2 deg/min. All calculations and spectra processing were
performed using computer software. The instrument
was calibrated against a SiO, (a-quartz) powder having
the interplanar spacing d = 1.818 A and hkl (112).

For EPR studies, a 50-mg portion of a sample was
placed in a quartz EPR tube, evacuated to P = 2 x
10~* Pa, and heated for 1 h by raising temperature
from 20 to 500°C. Then, the sample was oxidized with

IL’ICHEV et al.

oxygen at 500°C and p = 7 x 102 Pa for 30 min, cooled
with O, to 20°C, and evacuated. Following this treat-
ment, gases were adsorbed on the oxidized sample at a
chosen temperature and EPR spectra were recorded.

EPR spectra in the X-band range were recorded at
20 to —196°C on an EPR-V spectrometer equipped
with a Diapazon thermal attachment. The spectrome-
ter was calibrated against 2,2-diphenyl-1-picrylhydra-
zyl (g = 2.0036) and a Mn?*/MgO standard. The
amount of paramagnetic particles was derived from
EPR spectra after double integration and comparison
with the CuSO, - 5H,0 reference. The measurement
precision in this case was 20%.

Probe gases (NO, CO, O,, and H,) were prepared
using routine procedures as described in [27]. They
were admitted to a sample through a trap filled with
liquid nitrogen to remove CO, and H,O uncontrolled
impurities.

Temperature-programmed reduction studies were
carried out on 0.1-g samples in 6% H,/Ar flowing at a
rate of 100 ml/min with a thermal-conductivity detec-
tor. Heating was performed in the range 20—500°C at
12 K/min. Prior to an experiment, samples were cal-
cined in flowing air at 500°C for 1 h. Hydrogen uptake
was derived from the TPR peak area with an accuracy
of ~10%.

RESULTS

Structure of Samples as Determined
by X-Ray Diffraction

Figure 1a (spectrum /) shows the X-ray diffraction
pattern of the ZrO, sample prepared by the micro-
emulsion method (ZrO,(m.e.)). According to JCPDS
No. 17-923 and Murugavel et al. [14], the diffraction
pattern corresponds to that of the tetragonal (7) phase
of the oxide having unit cell parameters a = 5.0922 A
and b = 5.1958 A. Broad lines imply that small crystal-
lite sizes were formed in the sample upon heating at
500°C. The average crystallite size was estimated at
5.6 £ 0.4 nm using the Debye—Scherrer equation for
the maximum intensity line. Spectra 2 and 3, which
were recorded for zirconia samples prepared by pyrol-
ysis of hydrated zirconia (ZrO,(p.h.)) and zirconium
nitrate (ZrO,(p.n.)), respectively, correspond to the
spectra of the monoclinic (M) phase having the
parameters a = 5.3165 A, b = 5.187 A, ¢ =5.1445 A,
B =99.151° (Cf. JCPDS No. 36-420). The respective
crystallite sizes are 8 and 20 nm.

Figure 1b shows the X-ray diffraction patterns for
Zr, sCe( s0,, CeO, (m.e.), and CeO,(p.n.) samples.
Both individual oxides have a fluorite-type cubic
structure [18]. Reflections for the Zr, ;Ce, O, sample
(spectrum /) shift toward greater angles relative to
their positions in the CeO,(m.e.) and CeO,(p.n.) sam-
ples (spectra 2, 3, respectively), and there is a small
line split signifying the presence of the tetragonal
phase. The great line width kept us from determining
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unit cell parameters exactly, but we still estimated the
parameter a at 5.295 A for the cubic phase of
Zr1, sCe, 5O, for comparison with literature data. This
value is smaller than the unit cell parameter of
CeO,(m.e.) (5.407 A) or CeO,(p.n.) (5.412 A). The
aforementioned values are characteristic of nanoparti-
cles [28]. The decrease in unit cell parameter as a
result of the replacement of Ce** cations (having an
jonic radius of 0.97 A) by Zr** cations (which have a
smaller ionic radius of 0.84 A), agrees with the Vegard
rule and indicates the formation of Zr, sCe, 5O, solid
solution [18, 29]. The crystallite size in Zr, sCe, 0,
and CeO,(m.e.) samples is 5.2 nm, while for
CeO,(p.n.) this value is 8.4 nm.

The crystallite size in ZrO,(m.e.), CeO,(m.e.), and
Zr1,sCe 50, samples is 5—6 nm, which agrees with
X-ray diffraction and TEM data [13, 18, 28]. These
data also show that crystallites have spherical shapes
and a rather uniform size distribution. The spherical
particles model was used to estimate the specific sur-
face area from S (m?/g) = 6 x 103/(LD,), where D,
(g/cm?) is X-ray density and L (nm) is crystallite size.
For ZrO, having D,~ 5.9 g/cm* and L = 5.6 nm, S =
181 m?/g; for CeO, having D, = 7.2 g/cm? and L =
5.2nm, S = 160 m?/g. The values calculated differ
from the BET surface area values Sgpr by a factor of
1.6 and 2, respectively (Table 1). This difference is due
to the agglomeration of crystallites to sizes of 50—
100 nm, as Martinez-Arias et al. observed in
Z1, ;Ce; sO,(m.e.) [18].

Thus, microemulsion technology makes it possible
to obtain Zr, ;Ce, s0,, CeO,, and ZrO, samples hav-
ing smaller crystallite sizes (5—6 nm) than for the sam-
ples prepared by decomposition of nitrate salts and
hydroxides (=8 nm). ZrO,(m.e.) contains the 7T phase,
as distinct from the M phase contained in ZrO, sam-
ples prepared by pyrolysis. The CeO, samples, regard-
less of the preparation method, crystallize in the C
phase with identical unit cell parameters. Doping
CeO, with Zr cations produces a Zr,;Ce, 50, solid
solution, which likely has a pseudocubic phase and a
unit cell parameter intermediate between the CeO,
and ZrO,(m.e.) unit cell parameters.
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Fig. 1. X-ray diffraction patterns of (a) (/) ZrO,(m.e.), (2)
Z1Oy(p.h.), and (3) ZrO,(p.n.); (b) (1) Zrj sCeq 50,, (2)
CeOj(m.e.), and (3) CeO,(p.n.).

Reduction of ZrO,, CeO,, and Zr, Ce, sO, Samples
with Hydrogen in the TPR Mode

Figure 2 shows TPR profiles for ZrO,, CeO,, and
Z1, sCe( s0,(m.e.) samples. Spectrum [ (for ZrO,)
features a single hydrogen uptake peak at 7., =
326°C. Spectrum 2 (for CeQ,) features a high-inten-
sity peak at 7,,,, = 270°C and an additional peak at
345°C. Spectrum 3 (for Zr, sCe, 50,) has a single peak
at T,,,,= 376°C. The hydrogen uptake N (molecule/g)
and the fraction of surface oxygen that has reacted
with hydrogen (R) are compiled in Table 2. R was
determined as R = N/N, x 100% (where N,= 0.7 x
10" Sget, ion/g, is the amount of oxygen ions on the
oxidized surface based on the oxide stoichiometry). R
being less than 100%, H, is likely oxidized only by part
of the surface oxygen of the oxides, and bulk oxygen is
not involved in the reaction at these temperatures. For

Table 1. Phase composition and particle size characteristics of samples

Sample preparation method Sample ()?_ };zie d??fgggf;g?izra) L, nm SpeT, M%/g
Emulsion Zr0, (m.e.) T 5.6 110
Emulsion CeO, (m.e.) C 5.2 85
Emulsion Zr; sCe( 50, (m.e.) PC 5.2 110
Pyrolysis of ZrO, - nH,O Z10, (p.h.) M 8.0 100
Pyrolysis of ZrO(NO3), - 2H,0 ZrO, (p.n.) M 20 56
Pyrolysis of Ce(NO3)5 - 6H,0 CeO, (p.n.) C 8.4 80

* C = cubic, M = monoclinic, T = tetragonal, and PC = pseudocubic.
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Fig. 2. TPR profiles for (/) ZrO,(m.e.), (2) CeO,(m.e.),
and (3) Zry 5Ce( 50,(m.e.).

Zr0,, 3% of the reacted oxygen should be assigned to
surface defects, while 36—52% of the active oxygen in
Zr, 5Ce( 50, and CeO, samples should be assigned to
the surface oxygen of the oxide itself. According to
Firsova et al. [30], for CeO,(p.n.) samples the surface
reduction of hydrogen occurs at ~450°C; at ~580°C,
nonstoichiometric oxides CeO, are formed; and at
~920°C, the bulk of CeO, is reduced to Ce,O5; that is,
surface reduction in CeO,(p.n.) occurs at higher tem-
peratures than in CeO,(m.e.) (450°C against 270°C).
Doping CeO, with Zr -cations increases the
Zr, sCe, 50, reduction temperature to 370°C, but in
this case, too, this temperature remains lower than the
reduction temperature of CeO,(p.n.) or Zr, ;Ce,; 50,
[20, 31].

From these data, it follows that the surface oxygen
bond energy on CeO, and Zr, sCe sO, samples shifts
down as the crystallite size decreases (Table 1).

EPR Studies

Lewis acid sites on ZrQO,, CeO,, and Zr ;Ce, 50,
according to NO adsorption data at —196°C. NO
adsorption at 7 = —196°C is known to result in the

Table 2. TPR data for the samples obtained by the microemul-
sion method

Sample Trax» °C H, x 10, mol/g | R, %
Zro'sceo_soz 367 4.4 36
CeO, 270, 345 4.5,0.4 48, 4
Zr0, 326 0.3 3

* Ris the fraction of surface oxygen reacted with hydrogen.
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g=1.960

Fig. 3. EPR spectra of (/) oxidized CeO,(m.e.) and (2—4)
NO adsorbed on (2) CeO,(m.e.), (3) ZrO 5Ce50,(m.e.),
and (4) ZrOy(m.e.) (vacuum, T'= — C).

coverage of the oxide surface with physisorbed mole-
cules that form dimeric complexes [32, 33]. On a lim-
ited number of low-coordination ions (Lewis acid
sites; L"), molecules are polarized by the field of these
sites and form weakly bonded monomeric complexes
observable by EPR spectroscopy [23, 34, 35].

Figure 3 shows EPR spectra recorded in vacuo for
oxidized ZrO,, CeO,, and ZrO, sCe, sO, samples after
NO absorption (1.2 x 10?° molecule/g) at —196°C
Spectrum /, which was recorded for ceria before NO
adsorption, features lines from Mn?* uncontrolled
impurity ions (/ = 5/2) and an anisotropic defect line
with g = 1.960. The nature of this line is yet unclear,
although this signal was observed by some researches
and discussed in a detailed way by Soria et al. [36].
Spectrum 2 (from NO adsorbed on CeQO,) is has an
axial-symmetrical form with g, = 1.998, g, = 1.865,
and A, = 34 Gs. The line with g lies in high fields, is
masked by one of the Mn lines, and is not indicated in
Fig. 3. The characteristic triplet is due to the interac-
tion of the unpaired electron with the nitrogen nuclear
spin (/ = 1) in a molecule. Spectrum 4 recorded for
NO molecules on ZrO, has g, = 2.004, g = 1.936, and
A, = 33 Gs. The triplet is practically absent in this
spectrum. Spectrum 3 recorded for NO adsorbed on
the mixed oxide is similar to the spectrum of NO
on CeO,.

As derived from the EPR spectra of NO adsorbates,
the density of Lewis sites (equal to (1—5) x 108 g=1) is
one order of magnitude lower than the density of
adsorbate NO molecules and does not exceed 1% of
the surface cations. Comparing spectra /—3, one can
also see that the intensity of the defect lines changes
only weakly upon NO admission, probably, because of
the inaccessibility of defect locations to adsorbate
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molecules. Doping CeO, with Zr cations decreases
paramagnetic impurity particles likely because of the
strong effect of Zr cations on the electronic properties
of CeQ,.

Therefore, the oxidized surface of the oxides pre-
pared by the microemulsion method bears Lewis acid
sites. The spectra of NO molecules adsorbed on these
sites depend both on the oxide cation and on the recip-
rocal influence of the cations in the mixed oxide. Sim-
ilar trends were obtained for ZrO,, CeO,, and
Ce0,/Zr0O, samples prepared by pyrolysis [23].

EPR from oxygen absorbed on ZrO,, CeO,, and
Zr1, sCe 50, is useful to gain more data on coordina-
tively unsaturated cations.

0O, formation upon NO + O, and CO + O, adsorp-
tion on ZrQO,, CeO,, and Zr,;Ce;;0,. O, or NO
adsorption on oxidized ZrO,, CeO,, and Zr, sCe, 50,
does not give rise to an EPR signal. A signal appears
after consecutive adsorption of first NO and then O, or
upon joint adsorption of their mixtures on ZrO, and
CeO, at room temperature, but is not observed for
Zr, 5Ce( s0,. EPR spectra for ZrO, and CeO, samples
are shown in Fig. 4a and Fig. 4b, respectively. They
were recorded following NO adsorption (p = 60 Pa)
and O, adsorption (p = 700 Pa) at 20°C for 3 min,
pumping out, and cooling to —196°C. The spectrum
for ZrO,(m.e.) has an anisotropic shape with g,, =
2.035, g,, =2.008, and g, = 2.003 (Fig. 4a). This spec-

trum corresponds to the spectrum of O, radical anions
bound by an ionic bond with Zr** coordinatively

unsaturated cations, as we demonstrated earlier for
ZrO5(p.n.) and ZrO,(p.h.) samples [21, 22]. This

bond is sufficiently strong. Experiments on O, (NO +
0,) decomposition to ZrO,(m.e.) in the range from 20
to 350°C in vacuo support this observation. It was only
after the sample was heated at 350°C for 10 min that
the density of radical anions decreased from 1 x 108 g~!
to zero.

Figure 4b makes it clear that spectrum [/ for
CeO,(m.e.) has a complex pattern and is similar to
spectrum 2 for CeO,(p.n.), which has a better resolu-
tion than spectrum /. The spectra correspond to sev-

eral types of O, radical anions. High-intensity lines
having g,, = 2.036, g,, = 2.019, and g,, = 2.011 in spec-
trum 7 should be assigned to radical anions located in
the coordination spheres of coordinatively unsatur-
ated Ce** cations, and low-intensity satellites having
g,,=2.054, g, = 2.008, gy, = 2.005 and g, = 2.040,
gjy =2.011, gfx = 2.008 arise from O, radical anions
that are located in the coordination spheres of cations

having enhanced electronic densities and different
coordination modes of Ce~®* [23]. Earlier [24], we

observed that the g,, tensor parameter for O, changed
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Fig. 4. EPR spectra of oxidized samples recorded at 7 =
—196°C after NO + O, adsorption and pumping at 20°C:
(a) ZrOy(m.e.); (b) () CeOy(m.e.) and (2) CeO,(p.n.).

by a value close to g,, — g-, = 0.14 as a result of an
alteration of coordination of the complex-forming Ce
cation upon CO adsorption [24]. Therefore, mainly

0,—Ce*" complexes and a small amount of O,—

Ce~®* complexes are formed on the CeO,(m.e.)
surface on cations in different coordination modes.

Some O, radical anions on CeO,(m.e.) were unstable
at room temperature. Their amount decreased by a
factor of 2.8 from 11 x 10'7 g~' at p = 30 Pato 4 x 10"
g~ ! upon 10-min evacuation, whereas for CeO,(p.n.),
the amount of the radical anions under similar condi-
tions changed as little as by a factor of ~1.5 from 19 x

10'7g7! to 13 x 10'7 g~!. O; species disappear com-
pletely upon heating samples in vacuo at 100°C.
Bonding in (05;—Ce*") and (0;—Ce®“~®*) complexes
is ionic—covalent, as the values of g,, for O, are greater
than the value of the electron g.-factor, and this differ-
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Fig. 5. O3 (CO + 0,) concentration as a function of the
CO adsorption temperature for oxidized (/) CeO,(m.e.)
and (2) CeO,(p.n.).

ence cannot be explained in terms of the ionic model.
This difference arises from the formation of a covalent
bond via overlapping of the oxygen m, orbital with the
4f orbital of the cation, the latter having a greater spin-
orbital coupling constant A [25, 36].

Consecutive or joint adsorption of CO (5—60 Pa)

and oxygen (30—700 Pa) at 20°C generates O, radical
anions in the coordination spheres of Ce** and
Ce*~ 9+ cations on the oxidized surfaces of CeO,(m.e.)
and CeO,(p.n.) samples. The EPR spectra of the radical
anions were similar to the spectra shown in Fig. 4b. On

710, and Zr, sCe, 50, samples, O, radical anions were
not detected under these conditions.

I’ichev et al. [24] and Ismailov et al. [25] noted

that O, (CO + O,) formation on CeO,(p.n.) is a reac-
tion activated by CO adsorption. This effect was stud-
ied in a more detailed way as follows: An oxidized sam-
ple was heated to a chosen temperature (7g), CO was
admitted to the sample at 60 Pa, exposed to CO for
10 min, and evacuated. Then, the sample was cooled
to room temperature, oxygen was admitted at 700 Pa,

the O, spectrum was recorded at an oxygen pressure of
30 Pa to avoid signal broadening because of dipole—

dipole interactions, and O, concentration was derived
from the EPR spectrum. After recording the spec-
trum, the sample was oxidized with oxygen at 500°C
for 10 min, CO treatment was repeated at another
Tco, 0Xygen was again admitted, and the next spec-

trum was recorded. Figure 5 shows the O,(CO + O,)
amount as a function of the CO adsorption tempera-
ture (7o) on CeO,(m.e.) and CeO,(p.n.) samples.
Clearly, the O, concentration on CeO,(m.e.)
increases with rising 7¢q_ to reach a maximal value of
2.5 x 10'8 g=! at 200°C, then decreases to acquire a

IL’ICHEV et al.

steady-state value of 1.5 x 10'® g~! in the range 250—
300°C, and then drops to 5 x 10'7 g=' at 7> 400°C. A
similar trend is observed for a CeO,(p.n.) sample, but

in this case the O, concentration at 150°C is approxi-

mately twice the maximal O, concentration on the
CeO,(m.e.) sample.

Two schemes of O, formation are operative in the
range of the CO adsorption temperatures studied.

From 20 to ~200°C O, is generated by electron trans-
fer from electron-donor CO complexes to adsorbate

oxygen molecules [24, 25]. In this case, the rise in O,
concentration in response to increasing 7 is caused
by increasing concentration of CO complexes. IR
spectroscopy shows that such complexes may be car-
bonates or carboxylates [37]. The amount of carbon-
ate and carboxylate complexes decreases when T >
200°C, which is likely responsible for the decrease in

O, concentration. This is the temperature range where
the sample is reduced in CO. The sample changes
color from light yellow to light gray at 300°C, and then
it turns dark gray at 500°C. The reduced sample is oxi-
dized at 20°C, its color changing to light yellow with

the simultaneous generation of O, radical anions. In

this case, O, radical anions are generated by the inter-
action of oxygen molecules with reduced cations in
anionic vacancies. The likely reason for the decrease

in O, concentration as the CO reduction temperature
rises is the conversion of part of the radical anions to

O%f and O?~ nonparamagnetic species, which partici-
pate in oxidation of the sample [38]. Further evidence
in favor of the occurrence of these redox processes in

CO and O, is that O,—Ce*" complexes having g,, =
2.034, g,, = 2.016, and g, = 2.011 are the only species
formed on the reduced surface. Such weakly bonded
complexes are completely destroyed upon oxygen
evacuation and are reversibly reduced when oxygen is
admitted to the sample at room temperature.

The abode data imply that our synthesized
Z10,(m.e.) and CeO,(m.e.) samples are active in elec-
tron transfer reactions. Identical reaction parameters,
radical-anion stabilization schemes, and thermal sta-

bility of O, are indicative of identical reaction schemes
for oxides that have different particle sizes in the
nanometer range. However, the oxides synthesized by
microemulsion technology have activities one-half to
one-third the activities of oxides synthesized by pyrol-
ysis.

O, formation upon oxygen adsorption on
Zr, ;Ce s0,, ZrO,(m.e.), and CeO,(m.e.) samples
reduced in CO and H,. Inasmuch as oxidized
Zr, sCe, 50, was inactive in electron transfer reaction
during NO + O, and CO + O, adsorption, we studied
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2.030

2.010

Fig. 6. EPR spectrum of Zr, 5Ce 50, recorded at 7 =
—196°C in vacuo after oxygen adsorption on the sample
prereduced with hydrogen at 500°C.

oxygen adsorption on a reduced sample. Once oxygen
(p =700 Pa, T'=20°C) was admitted to a Zr, sCe, 50,
sample that had been reduced in H, or CO (p = 70 Pa,
T = 500°C, t, = 10 min), a small EPR signal was
recorded. Its intensity increased tenfold as the temper-
ature of the sample was lowered to ~10°C. This signal
corresponds to reversible weakly bound oxygen adsor-
bate species, as it disappears upon oxygen evacuation
and is reversible reduced when oxygen is admitted to
the sample. Figure 6 shows the EPR spectrum for a
hydrogen-reduced sample after admission of O, at
20°C, cooling to —196°C, and pumping out. This
spectrum differs from the O, spectra recorded on
Z1r0,(m.e.) and CeO,(m.e.) (Figs. 4a, 4b). However,
the values of parameters g,, = 2.030, g,, = 2.019, and
g~ = 2.010 and the spectral intensity as a function of
oxygen pressure enable us to assign this spectrum to

0,—Ce*" paramagnetic complexes. A similar adsor-
bate oxygen complex was observed on a sample prer-

educed in CO. A similar EPR signal of O, was
detected upon oxygen adsorption on CeO,/ZrO, [24]
and CeO,/Al,0; [39] supported catalysts. The authors

believe that the decreased O,—Ce*" bond strength on
the supported samples relative to undoped CeO, signi-
fies strong interactions of cations; one more manifes-
tation of this interaction is an alteration of the O,
spectral pattern. Therefore, O, radical anions are sta-
bilized on the surface of Zr, sCe, s0O, only on Ce coor-
dinatively unsaturated cations, which interact with
zirconium cations. This interaction enhances the for-
mation of cations having an excess positive charge
(Ce“*P+) and a reduced positive charge (Zr—P+)
[28]. The decrease of g,, = 2.035 for O,—Ce*" com-
plexes to g,, = 2.030 is likely due to the stabilization of

O; in the coordination sphere of Ce** P+ cations.
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Fig. 7. O, concentration in oxides after oxygen adsorption
as a function of temperature: (a) (/) CeOy(m.e.), (2)

ZrO,(m.e.), and (3) Zrj 5Ce( 50,(m.e.) prereduced with
hydrogen; (b) (1) ZrO,(m.e.) and (2) Zry 5Ce( 50,(m.e.)
prereduced with CO.

In reduced ZrO,(m.e.) and CeO,(m.e.) samples,
O, was detected under similar conditions upon oxygen
adsorption. Regardless of the nature of the reducing
agent, the thermal stability and parameters of O, rad-
ical anions on ZrO, coincide with those for O, (NO +
0,). For O, on CeO,(m.e.), O, radical anions were
observed on Ce** and Ce“—9+ cations, which also
corresponded to O, (NO + O,); after reduction in CO,
only O; on Ce*" were observed, as mentioned above.

Figure 7a shows O, concentration as a function of
hydrogen reduction temperature (p = 70 Pa, 1, =
10 min) for CeO,(m.e.), ZrO,(m.e.), and
ZrysCe(5s0,(m.e.) samples. Reduction of CeO,
(curve I) in H, starts at 200°C, while ZrO, and
Zr, sCe 5O, are reduced starting at 300°C (curves 2,
3). These results agree with the TPR data. The extreme

character the O, amount as a function of the CeO,
reduction temperature is due to the increasing rate of

O, conversion to nonparamagnetic oxygen adsorbate
species as the degree of reduction of the sample
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increases. The change in color from lemon to dark
gray proves the greater degree of reduction in hydro-
gen.

For ZrO,(m.e.) and Zr, ;Ce 5O, samples, O, con-
centration was also determined as a function of the
reduction temperature in CO. Figure 7b makes it clear
that the mixed oxide is likely to be reduced more easily
than zirconia. We must note that the onset reduction
temperature in CO is ~100 K lower than in hydrogen
(Figs. 7a, 7b).

DISCUSSION

Structure Formation in Oxides Prepared
by Microemulsion Method

Experimental data show that the microemulsion
synthesis and the standard precipitation method in
aqueous solutions yield ZrO, as the T and M phase,
respectively. Despite the similarity of the methods,
precursors formed in their gels differ from each other
in both particle sizes and structures. According to the
idea of a critical particle size of ZrO, [8, 13], for crys-
tallite sizes less 10 nm, the formation of the 7 phase is
energetically more preferred than the formation of the
M phase. The crystallite size is controlled by the pre-
cursor particle size in gel. Apparently, crystallites of
the T phase having sizes of 5—6 nm are formed from
gel microparticles, whereas particles of the M phase
are formed from ZrO, - nH,O polyoxo complexes [29].
Apart from the size effect, Ward and Ko [16] think that
the formation of the 7 phase from an amorphous gel
phase is more preferred than the formation of the M
phase, as the amorphous phase and the 7 phase have
identical short-range orders. In this case, it is expected
that the energy barrier to the transition from the amor-
phous to tetragonal phase is lower than for the transi-
tion from the amorphous to monoclinic phase.

Stabilization of the T phase in ZrO, was observed

when the sample was doped with Y** and Ca?* in a
certain concentration [40, 41] and in the presence of

SO; and CI- anions of Zr(SO,), and ZrOCl, precur-
sors [42]. In our case, it is unlikely that Cl~ ions stabi-
lize the T phase. Firstly, the 7 phase was not detected
in ZrO,(p.h.) (Fig. 1a). Secondly, the influence of Cl~

ions was not manifested in the EPR spectra of O, rad-
ical anions in the samples studied regardless of the way
the spectrum was generated. Thirdly, the M phase was
not found in ZrO,(m.e.) after the sample was repeat-
edly subjected to oxidation/reduction treatment at
500°C under vacuum, where Cl removal from the
sample should be accompanied by conversion of the 7°
phase to M phase according to Benfer and Knozinger
[13]. This is the basis to suggest that Cl~ ions play only
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a subordinate role in the formation of the 7'phase dur-
ing ZrO,(m.e.) synthesis, and the major cause of its
stabilization consists in the properties of the precursor
in the precipitated gel.

Hydrogen oxidation by surface oxygen on
Zr0O,(m.e.) in the TPR mode is due to a small amount
of surface oxygen sites, which constitute 3% of the sur-
face oxygen of the oxide and are likely bound to
defects. The reduction of these sites in hydrogen and a

subsequent reaction with oxygen generate O, radical
anions (Fig. 7a). ZrO,(p.n.) and ZrO,(p.h.) samples
are not reduced by hydrogen at 20—600°C, and radical
anions are not formed during oxygen adsorption that
follows this treatment [21]. Likely, these defects in
Zr0O,(m.e.) are generated during synthesis at the step
of heat treatment in air. More studies are needed to
elucidate their nature.

Doping ZrO, with cerium cations during micro-
emulsion synthesis provides a sufficiently homoge-
neous phase in a Zr,sCe; 0, sample without ZrO,
and CeO, impurity phases, as probed by X-ray diffrac-
tion. The absence of ZrO, and CeO, impurities in the
mixed oxide is verified by its inactivity in electron
transfer reactions during NO + O, and CO + O,
adsorption. The pseudocubic phase of the Zr, sCe 50,
sample should be assigned to the tetragonal (7) phase
having the unit cell parameters a = ¢ and space group
P4,/nmc [8]. The split of lines in the X-ray diffraction
patterns of this sample also indicates the existence of
this phase. Raman spectroscopy verified the existence
of this phase in a Zr, sCe, 50, sample synthesized by
the microemulsion method [18].

Fally et al. [31] observed a shift down of the surface
reduction temperature in hydrogen from 627 to 300°C
as crystallite sizes in ZrO,—CeO, samples decreased.
In our case, the Zr, sCe, 50, surface reduction tem-
perature in hydrogen for crystallite sizes of 5—6 nm
corresponds to 7, = 360°C (Figs. 2, 7a) and nicely
agrees with the data of Fally et al. data and those of
Rodriguez et al. [28]. The different reduction temper-
atures for CeO, samples prepared by the microemul-
sion method (270°C) and those prepared by pyrolysis
(450°C) also arise from different crystallite sizes.

Properties of Surface Sites of ZrO,, CeQO,,
and Zr, sCe, sO, Prepared by the Microemulsion Method

The oxidized surfaces of ZrO,, CeO,, and
Zr, sCe, sO, bear Lewis acid sites whose concentra-
tion, as probed by EPR, does not exceed ~1% of the
total amount of the surface cations.

The nature of Lewis sites of the mixed oxide is an
interesting point of discussion. Zr,sCe 0, has sur-
face properties differing from the properties of ZrO,
and CeQO, samples. The interactions of Zr and Ce cat-
ions make its oxidized surface inactive in the electron-
transfer reaction during NO + O, and CO + O,

KINETICS AND CATALYSIS Vol. 51 No. 5 2010
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adsorption. Specific O, radical anions having low
thermal stability were observed on the reduced sur-
face, these radical anions being likely located on

Ce“+P* cations. lonically bonded O,—Zr** com-
plexes have not been detected possibly because of an
altered charge state of Zr cations [28] or location of Zr
cations in the near-surface layer, which is inaccessible
to dioxygen adsorption. TPR data argue in favor of the
second suggestion. Figure 2 makes it clear that the
bond energy of surface oxygen in CeO, increases as
CeO, is doped with Zr cations, but its amount remains
practically unchanged. The coincidence of the EPR
spectra from NO adsorbates on CeO, and Zr, sCe 50,
may serve as another argument in favor of this sugges-
tion (see Fig. 3).

Z1rO,(m.e.) and CeO,(m.e.) samples are both

active in the electron transfer reaction to yield O,
(NO + O,) radical anions, and CeO, is in addition

active in the reaction that yields O,(CO + O,). The
two- to threefold decrease in their activity compared
to the analogues synthesized by pyrolysis likely arises
from a reduced density of reaction sites and indicates
a lower defect density in ZrO,(m.e.) and CeO,(m.e.)
samples. The reaction scheme is independent of the
crystallite size. This implies that the reaction on the
surface of ZrO,(m.e.) and CeO,(m.e.) samples also
proceeds on M**—Q0?~ coordinatively unsaturated
pairs (where M = Zr or Ce cation), as in their ana-
logues prepared by pyrolysis [21, 23]. Adsorption of
NO and CO on these pairs produces electron-donor
complexes (chelate complexes for NO and carbonate
and carboxylate complexes for CO). Electron transfer
from these complexes to molecular oxygen adsorbates

gives rise to O, radical anions, which are stabilized by
ionic and ionic—covalent bonds in the coordination
spheres of Zr and Ce cations, respectively.

Surface sites on ZrO, samples having different
phase compositions are known to have different reac-
tivities [43]. In the case at hand, the spectral charac-

teristics of O,—Zr** complexes and their thermal sta-
bility had close values for samples having 7 and
M phases. Therefore, the ionic bond strength in an

O,—Zr* pair is unaffected by the phase composition
of the oxide.

The reduction of ZrO, and Zr, sCe, ;0, samples in
CO starts at lower temperatures than in hydrogen
(Figs. 7a, 7b). For CeO,, testing the initial stage of sur-

face reduction in CO by measuring the O, amount
formed upon O, adsorption was inefficient because of
two possible schemes of radical anion generation. At
T< 200°C, the process involves electron transfer
between CO and oxygen adsorbate complexes; when
T> 200°C, it involves the interaction of O, with sites
that have been reduced in CO. The existence of a tem-
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perature range where both O; generation schemes are
operative cannot rule out that CO oxidation by oxygen
radical anions follows a joint scheme, which is ener-
getically more preferred than an alternation of surface
reduction and oxidation that comes into play at ele-
vated temperatures [44]. In the latter case, radical
anions can be intermediates of the oxidation reaction,

transforming on the reduced surface from O, para-
magnetic oxygen adsorbates to O?~ ionic species as

follows: Oy <— O, ~— 03 «— O~ ~— 0> [45].

Acidity of Lewis Surface Sites of Oxides

The EPR spectra of NO adsorbed at —196°C on
Z10,, Ce0,, and Zr, sCe; s0,(m.e.) samples are simi-
lar to the spectra of NO on ZrO,, CeO,, and
10% CeO,/ZrO,(p.h.) and (p.n.) samples obtained in
[23], and they depend on the nature of the Lewis site
(L"*) with which an NO molecule forms a donor—
acceptor bond L"*—N~ = O™. As the acidity of the cat-
ion increases, the L"*—N~ bond strength increases,
too, but the unpaired electron density on the nitrogen
atom decreases because of being displaced to the oxy-
gen atom. This leads to a decrease in the separation
between HFS lines [35]. For this reason, HFS lines are
better resolved in the EPR spectra of NO adsorbed on
cerium cations than for NO adsorbed on zirconium
cations at —196°C (see Fig. 3). Based on this, we may
suggest that ZrO, has a higher acidity than CeO,, and
CeO, and Zr,sCe, 0, have close acidities; that is,
710, > Ce0, = Zr,5Cey50,. A similar acidity order
was derived from IR spectroscopic studies of CO
adsorption on these oxides at 7= —196°C [46].

VWolodin et al. [47] mentioned that the broadening
of the EPR spectrum of NO adsorbates is made possi-
ble by the mobility of NO adsorbate molecules at ele-
vated temperatures (—130°C) where NO desorption is
possible. This scenario is unlikely at —196°C because
the bond strength of NO with Zr cations is greater than
with Ce cations [46]. An argument in favor of the
strong adsorption of molecules is that the intensity and
pattern of the spectrum for NO adsorbed on ZrO, did
not change when recorded repeatedly under continu-
ous evacuation at 7= —196°C.

Assuming that the bond strength of a probe mole-
cule with a Lewis site correlates with the acidity of the
latter, for O, radical anions we obtain the order ZrO, >
CeO, > Zr, sCe, 5s0,, where the O, bond strength with
oxides decreases from ZrO, to Zr, s;Ce, s0O,. From the
comparison of the rows, it follows that bonding of both
NO molecules and radical anions with zirconium cat-
ions in ZrO, is higher than with cerium cations in
CeO,. Bonds of NO molecules with cations in CeO,
and Zr, sCe, 50, samples have similar values, whereas

O, radical anions are more strongly bonded with cat-
ions in CeO, than in Zr, sCe, 50O,. This is indicative of
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the occurrence, on the mixed oxide, of some surface
sites whose acidity is lower than the acidity of cations
in CeO,. In light of this, the acidity row may be repre-
sented as ZrO, > CeO, = Zr, sCe, 50,.
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