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A B S T R A C T

Variable temperature adsorption of nitric oxide on MoO3 supported on tetragonal zirconia (MoOx/t-ZrO2),

obtained by slurry deposition, was investigated by EPR spectroscopy. The influence of molybdenum

loading and co-adsorbed oxygen on the adsorption process of NO was elucidated. Particular attention was

devoted to redox character of NO activation. Another important aspect concerned is the nature of surface

nitrosyl complexes of molybdenum and their thermal stability. The role of oxygen in NO transformation

over catalyst surface was also discussed.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Catalytic systems based on molybdena are widely applied in
many processes such as hydrodesulphurization, oxidation and
oxidative dehydrogenation, isomerization, metathesis and hydro-
genolysis [1–3]. They also are used as important components of
commercial catalysts for selective catalytic reduction of nitrogen
oxides (SCR NOx) [4,5]. Additives of MoO3 extend the durability of
SCR NOx catalysts in the presence of sulphur or arsenic as well as
improve their mechanical strength and thermal stability. It is also
known that MoO3 is used to increase the acidity of the SCR NOx

catalysts [4].
The redox properties of molybdena-containing catalysts are

mainly determined by the molybdenum loading and by its
specific interactions with the support, controlling molecular
architecture of the surface oxomolybdenum species. Both the
preparation method and the nature of support are very
important, because of their strong influence on the interfacial
processes involved in the MoO3 deposition process. The majority
of supported molybdenum catalysts are conventionally synthe-
sized by wet impregnation of suitable oxide supports with an
aqueous solution of ammonium heptamolibdate (NH4)6Mo7O24,
followed by calcination at temperatures above 823 K [6]. In
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some cases molybdenum organometallic complexes such as
Mo(h3-Pr)4, Mo2(h3-Pr)4, [Mo2(OAc)5]2 or MoBu4 with labile
ligands, able to coordinate central ions with three donor atoms
(hapticity h3), are also used as precursors [6,7]. Grafting of
volatile precursors, like MoCl5, on the carrier surface is another
frequently used method suitable for preparing supported Mo-
based catalysts. Deposited precursor reacts with hydroxyl
groups of the support, giving rise to the surface oxomolybdenum
species [8]. Classical methods however lead to strong hetero-
geneity of the surface MoOx entities. Depending on the
molybdenum loading, usually isolated and polymeric entities
of various nucleation degree, as well as nanocrystalline MoO3

forms can coexist on the support surface.
Recently, it was found that, despite relatively low solubility of

MoO3 in water (i.e. 0.1 g of MoO3 per 100 g of H2O), it is possible to
use its slurry as an impregnating agent to obtain supported systems,
exhibiting enhanced homogeneity of the deposited molybdenum.
The latter property remains of vital importance for catalytic
selectivity. Segregation of the deposited molybdena into undesirable
MoO3 nanocrystals can thus be avoided. Moreover, as no molecular
molybdenum precursor is used in this method, calcination step,
usually indispensable to decompose the precursor into an active
phase, can also be omitted. Up to now slurry deposition was applied
for preparing the catalysts containing MoO3 deposited on SiO2, MgO,
g-Al2O3, ZrO2 and on active carbon [9–12].

In this work the interaction of NO with the surface of
MoOx/t-ZrO2 catalysts of various MoO3 loading was examined
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Fig. 1. EPR spectra of MoOx/t-ZrO2 catalysts containing: (a) 0.2, (b) 1.0 and (c)

5.0 mol% of MoO3. Computer simulation of spectrum c is shown as c0 . In the insert:

third derivative of spectrum c is presented.

Fig. 2. Changes in the total spectral intensity (calculated as double integral of the

first derivative spectra) vs. nominal MoO3 loading (the line shown in this figure is

just a guide for the eye).
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by EPR spectroscopy. Catalytic removal of noxious NOx involves an
activating adsorption of gaseous reactants over catalyst surface.
Therefore it is necessary to characterize in detail the nature of
specific interactions between surface sites and the reactant
molecules adsorbed from the gas phase, participating in deNOx

process. Particular attention was devoted to changes in the valence
state of molybdenum sites induced by low-temperature (77 K) NO
adsorption in the absence or in the presence of O2, and to
the thermal evolution of the resultant surface monocoordinated
h1-{Mo–NO}x complexes.

2. Experimental

Single phase tetragonal zirconia (t-ZrO2) with surface area of
77 m2/g, was prepared by modified precipitation method from an
aqueous solution of ZrOCl2�8H2O (Aldrich) of 0.6 M at room
temperature. The fresh precipitate was aged in the parent solution
at 373 K for 48 h under reflux with a periodical supplementation of
NH3(aq) to keep constant pH� 9. The resultant zirconia gel was dried
at 373 K for 24 h, and finally calcined in air at 873 K for 6 h [13,14].

Slurry deposition method consisted in shaking the t-ZrO2

support with the defined amount of MoO3 (equivalent to 0.2–
5.0 mol%), suspended in small quantity of water, until the
concentration of molybdenum in the parent solution became
negligible. Water with a small portion of dissolved MoO3

penetrated into the pores of the support, where an equilibrium
adsorption took place [15,16]. In the last stage of synthesis
the final catalyst was dried at 393 K for 12 h. In the slurry
deposition no precursor of the active component was used,
because MoO3, constituting an active phase, was directly
contacted with the support material. Calcination, applied very
often to decompose a precursor of an active phase into final
oxide, can thus be eliminated. Detailed structural and spectro-
scopic characterization of a series of MoOx/t-ZrO2 catalysts
obtained by slurry deposition will be a subject of a separate
paper [17].

Gaseous reactants were adsorbed at the pressure of 2–20 Torr
on samples previously outgassed at p � 10�5 Torr and activated at
623–673 K for 0.5 h. The MoOx/t-ZrO2 samples were contacted
with NO and O2 at 77 K for 2 min and next gradually exposed to
elevated temperatures, to follow the adsorption progress, mon-
itored by EPR. CW-EPR X-band spectra were recorded at room and
liquid nitrogen (77 K) temperatures with a Bruker ELEXSYS E-500
spectrometer. EPR parameters were determined by computer
simulation using the EPRsim32 program [18]. In all reported cases
spectral intensity was calculated as double integral.

3. Results and discussion

3.1. Reduced MoOx/t-ZrO2 catalysts

Regardless the content of MoO3, the as-prepared samples were
EPR silent, indicating that all molybdenum was present in the form
of Mo6+ ions. It corresponds well to the fact that in the slurry
deposition the calcination step is omitted and no reduction of
surface molybdenum by decomposition products of the usually used
(NH4)6Mo7O24 precursor, such as NH3 or NO, takes place. In
consequence, the presence of the paramagnetic Mo5+ (4d1) ions was
not revealed by EPR. For some samples a weak narrow EPR signal
around gav = 1.97, without any appreciable hyperfine (hf) structure,
was observed at 77 K. It can be attributed to Zr3+ (4d1) matrix defects
[19]. Contrary to this, annealing the MoOx/t-ZrO2 samples at 573 K
for 0.5 h in vacuum of 10�5 mbar, led to the appearance of a strong
axial EPR signal at gav = 1.93. The spectra recorded at 77 K for
samples containing 0.2, 1.0 and 5.0 mol% of MoO3 are shown in
Fig. 1a–c. The observed signals are characteristic of Mo5+ ions in
oxide environment [8,20]. Partial thermal reduction of the surface
Mo6+ ions can be described by the equation, MoO3!½ðMoMoÞ1�2x

ðMo
0
MoÞ2x�O3�xðV��O Þx þ 1=2O2, where MoMo stands for Mo6+, Mo

0
Mo

for Mo5+ and V��O for the positively charged oxygen vacancy (in
Krőger–Vink notation) [21]. There are only two resolved hyperfine
lines in the spectra (marked with arrows in Fig. 1), originating from
the interaction of the unpaired electron with 95Mo and 97Mo nuclei
(both with I = 5/2, and natural abundance of 15.70 and 9.46%,
respectively). As it can be inferred from the shape of the 3rd
derivative of the spectrum c, shown in the insert of Fig. 1, several
molybdenum sites contributed to this EPR signal. Beside a small
(below 15%) contribution of the polymeric MoOx entities observed
for MoO3 loadings exceeding 1 mol% and giving rise to the
structureless signal at gav = 1.93, computer simulation confirmed
the presence of at least three types of Mo5+ centers with gð1Þ? ¼ 1:972,
gð2Þ? ¼ 1:946 and gð3Þ? ¼ 1:925, which can be attributed to penta-,
hexa- and tetra-coordinated surface sites, respectively [20,22].
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The differences in both the spectral shape and the integral intensity,
observed with the increasing MoO3 loading, reflected a progressive
increase of the content of Mo5+ ions in the investigated samples
(Fig. 2). The changes in the intensity were much more pronounced in
the case of Mo-rich samples (>1 mol%), where the contribution of
polymeric MoOx entities prevailed, than in the case of Mo-lean
samples (<1 mol%), where isolated molybdenum species domi-
nated. Broadening of the EPR spectra, leading to partial disappear-
ance of the hyperfine lines, was caused by the growing dipol–dipol
interactions between the Mo5+ sites, as their concentration
increased.

3.2. Low-temperature NO adsorption on MoOx/t-ZrO2 catalyst

In the gas state, NO (2P1/2) molecules are EPR silent.
However, upon adsorption, due to removal of the degeneracy
of both 2p* orbitals, NO molecule gives rise to an orthorhombic
g-tensor with gx = ge + 2(l/D)�(l/d)2 + (l/d)(l/D), gy = ge�(l/
d)2�(l/d)(l/D) and gz = ge�2(l/d) + (l/d)3, where l is the spin–
orbit coupling constant, and D and d, the crystal field splitting
parameters [23].
Fig. 3. Evolution of the normalized EPR spectra of MoOx/t-ZrO2 catalysts containing: (A

adsorption (77 K, pNO = 2 Torr) and subsequent exposure to (c) RT for 30 s, (d) 348 K for 1

inserts: changes in the spectral intensity before and after NO adsorption. The black dots st

and 5.0 mol% MoO3.
Low-temperature (77 K) contact of the MoOx/t-ZrO2 catalysts
with 2–20 Torr of NO led to distinct changes in the EPR spectra. In
Fig. 3A and B the results obtained before and after NO adsorption
at pNO = 2 Torr onto Mo-lean (0.2 mol%) and Mo-rich (5.0 mol%)
samples, respectively, are shown. In both cases no new signal
attributable to NO could be observed just after introduction of the
gas onto the samples, and only a 2-fold increase in the intensity of
the Mo5+ signal took place (cf. inserts in Fig. 3A and B). This can be
explained by the partial reduction of the Mo6+ ions, accompanying
the formation of h1-{Mo5+–NO+}1 complexes. Subsequent expo-
sure of the samples to the room temperature resulted in a
progressive decrease of the intensity of the observed Mo5+ signals,
possibly due to the further interaction of molybdenum sites with
gaseous NO via spin-pairing mechanism, according to the
equation:

NOð2PÞ þ Mo5þð2DÞ ! h1-fMo�NOg:

In consequence, diamagnetic mononitrosyl adducts were
produced. Redistribution of electron density between NO ligand
and the metal ion determines, whether or not this process can be
regarded as a formal reduction of Mo sites. If, in the formed
) 0.2 mol% and (B) 5.0 mol% of MoO3 (a) before and (b) after low-temperature NO

0 min and (e) 503 K for 10 min; (c0) and (e0) corresponding simulated spectra. In the

and for the intensities of Mo5+ signals before NO introduction onto the samples of 0.2



Fig. 4. The sequence of the EPR spectra of MoOx/t-ZrO2 catalyst containing 5.0 mol%

of MoO3 (a) before and (b) after low-temperature O2 adsorption ( pO2
¼ 2 Torr) and

subsequent exposure to (c) RT for 1 min, (d) RT for 10 min and (e) 573 K for 10 min.

In the insert: changes in the intensity of the signal attributed to O�2 species drawn as

a function of time of exposure to RT.
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complex, the electron density is mainly localized on the Mo
moiety, this corresponds to the reduction of molybdenum centers
from Mo(V) to Mo(IV). Nitric oxide activation over highly loaded
molybdena catalysts was accompanied by changes in molybde-
num speciation, as it can be inferred from the comparison of
spectra b and c in Fig. 3B. Based on the results of computer
simulation of the spectrum c (shown as c0), it can be stated that the
components assigned to polymeric MoOx (gav = 1.93) and to the
tetra-coordinated molybdenum (g? = 1.925) disappeared after
NO adsorption. Therefore no characteristic shoulder can be
observed in the lower part of the spectrum. Two other
components (at g? = 1.972 and 1.946) were still present in the
spectrum c, however their partial intensities were ca. 0.6 times
lower. This fact indicates that the attack of NO was preferentially
directed to the low-coordinated and more easily reducible
molybdenum ions.

In the case of the samples containing the low amount of MoO3

(�0.2 mol%), the adsorbed NO can also be stabilized on the
zirconium surface sites (Fig. 3A). After 30 s of the NO interaction
with the sample containing 0.2 mol% of MoO3, a characteristic EPR
signal of nitric oxide, chemisorbed on Zr4+ sites, with the emerging
hyperfine structure due to the coupling of the unpaired electron
with 14N was observed (Fig. 3A, c–e). Its parameters, determined by
computer simulation (spectrum e0), were quite similar to that one
reported for {NO–Ce0.75Zr0.25O2}, where isolated nitrosyl com-
plexes coexisted with coupled (dimeric) nitrosyls [24]. The
orthorhombic signal with gx = 1.989, gy = 2.001 and gz = 1.921
and jNAxjgbe = 3.2 mT can thus be attributed to the ligand-centred
h1-{Zr–NO}1 radical complexes. The resolution of the correspond-
ing EPR signal was distinctly improved by the temperature
increase to 503 K for 10 min (Fig. 3A, e), making the three-line
hyperfine splitting due to 14N (I = 1) clearly visible.

Evolution of the spectral intensity, shown in the insert to
Fig. 3A, suggested two different modes of NO stabilization on the
Mo-lean catalysts. Just after NO admission, the {Mo–NO}x surface
complexes were formed, that was accompanied by an increase and
then quick decrease of the spectral intensity with exposure time,
similar to that observed for Mo-rich catalysts. When the reaction of
NO with Mo sites was accomplished, the remaining part of NO
molecules interacted with Zr4+ centers, forming {Zr–NO}1 com-
plexes, giving rise to an EPR signal with gx � 1.989, gy � 2.001 and
gz � 1.921 described above. Thus, two different types of adsorption
centers coexisted at low concentration of surface molybdenum,
making possible the competition between Mo and Zr sites as
stabilization centers for NO molecules. The intensity of the
corresponding EPR spectrum increased during the first 5 min of
the exposure to room temperature and then slowly decreased
in the same manner as it was previously observed for
{NO–CexZr1�xO2} complexes [25]. The signals of {Mo–NO}1 and
{Zr–NO}1 appeared consecutively in the EPR spectra recorded as a
function of exposure time, indicating that molybdenum sites play
the role of the preferential activation centers for adsorbed NO
molecules. In the case of Mo-rich samples, NO was adsorbed on
molybdenum sites exclusively and no signal due to the formation
of {Zr–NO}1 was observed.

High-temperature (503 K) interaction of NO with MoOx/t-ZrO2

catalyst, containing 5 mol% of MoO3, led to the appearance
of the new signal at g � 2.0 (Fig. 3B, e). Its attribution cannot
be done univocally without more advanced investigations,
but the lack of the hyperfine splitting from nitrogen suggested
that, tentatively, this signal can be assigned to the paramagnetic
oxygen-bearing species (see below). To verify this hypothesis
dioxygen was adsorbed at 77 K on the same sample and
the evolution of the resultant surface complexes was monitored
by EPR.
3.3. O2 activation over MoOx/t-ZrO2 catalysts

Adsorption of O2 under the pressure of pO2
¼ 2 Torr at 77 K

on the Mo-rich samples led to the appearance of a new
orthorhombic EPR signal at g � 2.01 (Fig. 4b), slightly over-
lapping with the lines of the molybdenum hyperfine structure.
However, careful inspection of the relevant fragment of the EPR
spectrum permitted us to distinguish between the signals
originating from both paramagnetic centers. The parameters
(g1 = 2.018, g2 = 2.008 and g3 = 2.004) of the new signal
suggested its attribution to the superoxide O�2 (2P3/2) anion-
radical, stabilized within the coordination sphere of the
molybdenum sites [26,27]. Formation of O�2 on the reduced
Mo centers requires an electron transfer from Mo5+ to the
adsorbed dioxygen molecule (MLET), according to the equation:
O2ð3SÞ þMo5þð2DÞ ¼ fMo6þ�O�2 g

1
: In consequence, a decrease

in the intensity of the Mo5+ signal was observed during
prolonged exposure of the sample to room and higher
temperatures (Fig. 4c–e). Dioxygen activation occurred rather fast
during O2 chemisorption over catalysts surface, as it can be inferred
from the evolution of the O�2 signal intensity at room temperature
(insert to Fig. 4). The maximum of its intensity was reached just after
1 min of the exposure, and the subsequent distinct decrease in the
intensity of the O�2 signal reflected transformation of superoxide
radicals into diamagnetic O2�

2 and O2� species as it was discussed in
more detail elsewhere [28].

The role of O�2 anion-radical in the low-temperature NO
activation was examined in an additional experiment where 2 Torr
of NO was introduced at 77 K onto MoOx/t-ZrO2 sample just after
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the thermal evolution of the preadsorbed oxygen has been
accomplished. The signal due to oxygen radical completely
disappeared and no signal of NO appeared in the corresponding
EPR spectrum. Apparently NO molecules spontaneously recom-
bined with O�2 species to form NO�3 as final diamagnetic products of
oxidation process, giving rise to the IR bands in the range of 1295–
1625 cm�1 [29]

4. Conclusions

Interaction of NO with the surface of partially reduced
MoOx/t-ZrO2 catalysts with low (0.2 mol%) and high (5.0 mol%)
molybdenum loadings, obtained by slurry deposition, was
studied by EPR spectroscopy. Formation of the paramagnetic
h1-{Mo5+–NO+}1 complexes was shown for both investigated
systems, regardless the initial MoO3 content. On molybdena-
lean samples, NO can also be stabilized on the support Zr4+ sites
in the form of h1-{Zr–NO}1 mononitrosyls. Low-temperature
contact of the catalyst containing 5.0 mol% of MoO3 with O2 led
to the partial oxidation of reduced molybdenum and dioxygen
activation into O�2 paramagnetic species. The appearance of the
reactive superoxide anion-radicals can be directly responsible
for the formation of diamagnetic nitrates in course of the SCR
NOx process.
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