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Two series of t-ZrO, samples doped with 5 mol% of alien Sm, Gd, Mo, Mn and V cations were synthesized
by wet impregnation and calcined at 600°C or 1000 °C for 6 h, respectively. Structural (XRD) and spec-
troscopic (EPR, RS) characterization was completed by reducibility studies (TPR). Low-temperature NO
adsorption, monitored by EPR, was investigated to find the link between structural properties of doped
zirconia and activation modes of NO molecules. Relations between the chemical composition and dopant
speciation, reducibility of the catalysts and the ways of NO adsorption were elucidated.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Catalytic removal of noxious nitrogen oxides (NOy) emitted by
both stationary and mobile sources is one of the most important
environmental issues [1,2], whereas one of the crucial steps of
deNOy process is activation of NO molecules adsorbed from the
gas phase on catalyst surface. On the other hand, adsorption of
such reactants is strongly dependent on donor/acceptor proper-
ties exhibited by active sites exposed on a given oxide surface,
which can be additionally modified by doping with aliovalent tran-
sition metal ions (TMIs) [3,4]. The determination of dispersion
and oxidation states of TMI-additives is not trivial, because of the
heterogeneous character of the solid surface and relatively low con-
centration of active sites. Therefore it is necessary to study in detail
the nature of local electronic interactions between surface sites and
the reactant molecules.

It was shown [5], that ZrO,, which was chosen as a support
for a series of our TMI-doped catalysts, exhibit mainly weak Lewis
acidity, which can be ascribed to coordinatively unsaturated Zr#*
centers produced upon surface dehydroxylation, at which NO can
adsorb. Doping of zirconia with transition metal ions can induce
strong changes in its adsorbtive behavior toward NO or other redox
agents, because the introduced additives bring their intrinsic elec-
tronic properties to the system, altering binding affinity to the
molecules from the gas phase [6,7].
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Due to paramagnetic character of NO molecule and its electron
donor/acceptor properties, adsorption of nitric oxide in conjunction
with EPR spectroscopy can be used to probe redox functionality
of the active sites of oxide catalysts. Additionally, nitric oxide is
one of the main reactants of the deNOy, and investigations of its
interaction with catalyst surface remains of vital importance pro-
viding hints for better understanding molecular pathways, along
which NO can be decomposed or selectively reduced into nitrogen
[8,9].

Our aim was to elucidate the effect of additives on the structure
and physicochemical properties of zirconia in the context of NO
activation. Particular attention is paid to the changes occurring to
surface sites during NO adsorption.

2. Experimental

Single-phase tetragonal zirconia of specific surface area 77 m2/g
was synthesized by forced hydrolysis from 0.6 M aqueous solution
of ZrOCl,-8H;,0 with 25% ammonia solution at room temperature.
The fresh precipitate was aged in the parent solution at 100 °C for
48 h under reflux with a periodical supplementation of NH3(,q) in
order to keep constant pH 9.3. The resultant zirconia gel was dried
at 100°C for 24 h and calcined in air at 600°C for 6h [10,11]. A
series of TMI-doped zirconia samples containing 5.0 mol. % of alien
additives (Mn2*, Gd3*, Sm3*, V>* and Mo®*) was prepared by wet
impregnation of t-ZrO, with aqueous solutions of the correspond-
ing salts (MH(NO3 )2, Sm(NO3 )3, GdCl3, (NH4)6M07024, NH4VO3 )
After removal of water, samples were dried at 100°C for 24 h and
calcined in air at 600 or 1000°C for 6 h. Hereafter the samples of
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TMI-doped zirconia will be labelled as 5 M/Zr, where M stands for
the guest ion.

XRD measurements were carried out by means of a Philips X'Pert
Pro diffractometer using CuK,, radiation, usually in the 26 range of
10-70° with a 0.02° step. Phase composition of the samples was
determined from the following relationship [12]

3 Im(111)+1In(111)
T D+ Im(11 D) +1(111)

Xm and xt=1-xm

where I, and I; stand for intensities of the corresponding mon-
oclinic and tetragonal diffraction peaks. Grain size was evaluated
from the Williamson-Hall equation, B cos 6 =\ /D +4¢& sin 0, where A
is the wavelenghts, B stands for Bragg maximum halfwidth, D for
average grain diameter and ¢ for average strain.

Raman spectra were collected with a Renishaw InVia spec-
trometer. The samples were excited with the 785 nm laser and
the scattered radiation was collected at 180° with 4cm~! reso-
lution. The CW-EPR X-band spectra were recorded at room and
liquid nitrogen temperature (LNT) with a Bruker ELEXSYS E-
500 spectrometer operating at the 100 kHz field modulation. EPR
parameters were determined by simulation using the EPRsim32
program [13].

The reducibility of the investigated samples was determined by
means of TPR. The experiments were performed using 30 mg of the
catalysts, initially pre-treated at 500°C for 1h by pulsing O, in Ar
flow every 75 s. The 5% of H, /Ar gas mixture was admitted into the
reactor and the temperature was ramped (10 °C/min) to 950 °C. The
H, uptake was monitored using a TCD detector.

NO was adsorbed at the pressure of 10Torr on the samples
outgassed at 350-400°C for 0.5h in vacuum (p < 107> Torr). All
samples were contacted with gaseous adsorbates at 77 K for 2 min
and next exposed to room or elevated temperatures to follow the
adsorption progress, monitored by EPR.

3. Results and discussion
3.1. Bulk structure of TMI-doped t-ZrO,

Asitisrevealed by XRD measurements (Fig. 1) the phase compo-
sition of the investigated catalysts strongly depends on the nature
of the introduced transition metal guest ion. In the case of 5 mol% of
molybdenum or samarium dopants, the tetragonal zirconia matrix
did not exhibit any phase transition after thermal treatment at
600°C. In the diagnostic region between 25 and 33°a Bragg max-
imum at 26 around 30° due to (11 1)y reflection can be easily
recognized (Fig. 1a-c) [12]. Contrary to this, upon introduction of
manganese, gadolinium and especially vanadium ions, the content
of tetragonal phase in the calcined catalysts decreased to 60%-80%,
respectively (cf. insert to Fig. 1), as it can be deduced from the inten-
sity of two new (11 1)y, and (11 1)y reflections at 26 of 28 and 32,
characteristic of the monoclinic polymorph (m-ZrO,) (Fig. 1d-f).
As the calcination temperature was rather low in comparison to
the Tammann temperature of ZrO, (T;=800-1350°C), defined as
Tt =(0.3-0.5)Ty, [14], where Ty, =2700°C is the melting point of
ZrO,, one cannot expect any significant migration of the alien
ions into the bulk of zirconia and the resultant phase composi-
tion changes. Only in the case of V4* ions exhibiting the lowest
difference (~14%) in the cationic size with respect to Zr** ions [15],
such possibility is realistic and has been evidenced experimentally
[16]. Indeed, the content of m-ZrO, was found to be the highest
in the case of 5V/Zr. More detailed account of t-ZrO, metastabi-
lization has been discussed elsewhere [10,11]. Stabilization of the
t-ZrO, phase is strongly related to the surface energy and the size
of the grains, which can be modified by the presence of dopants,
in agreement with the trends shown in the insert to Fig. 1, where

D/ nm

9.0

8.6

8.2+

7.84

7.4+
ZrO, 5MolZr 5SmiZr SMniZr 5GdiZr 5ViZr

w00 Xr1 %
80 1
60 1
40 4

20 4

11,
1M1, )11,

0
ZrQ; S5MoiZr SSm/Zr S5MniZr 5Gd/Zr SVIZr

J\ N__A__«
20 30 40 50 60 70
20Cu,, /°

Fig. 1. XRD patterns of 5TMI/Zr samples calcined at 600°C: (a) parent ZrO,, (b)
5Mo/Zr, (c) 5Sm/Zr, (d) 5Mn/Zr, (e) 5Gd/Zr and (f) 5V/Zr. In the insert, content of
tetragonal phase (Xt) (dashed line for 1000°C) and corresponding grain size (D)
evolution is shown.

decrease of the t-ZrO, content in Mn-, Gd- and V-doped samples
is accompanied with simultaneous increase of the grain size. Such
correlation was even more pronounced in the case of Mn-, V- and
Mo-doped samples calcined at 1000 °C, as the zirconia matrix was
essentially monoclinic in this case, whereas for 5Gd/Zr and 5Sm/Zr
samples the phase composition was modified by 6.0-10.0% merely
(Fig. 1 insert, dashed line). In parallel, the grain size D increased
from 8.5 t0 9.2 nm for 5Mn/Zr, 5Mo/Zr and 5Mo/Zr samples calcined
at600°Cto42.2-56.0 nm for these samples calcined at 1000 °C. Sin-
tering effect was weakly pronounced for two remaining 5Gd/Zr and
5Sm/Zr samples, for which the D value increased from 8.5-9.0 nm
to 12.3-12.9 nm.

Similarly to XRD results, presence of the additives is not revealed
in the Raman spectra of the samples calcined at 600 °C (Fig. 2). One
can notice only, that allreported spectra are characteristic of tetrag-
onal ZrO, (see insert in Fig. 2). The factor group analysis predicts
6 (A1g + 2B + 3Eg) Raman-active modes for tetragonal polymorph
and 18 (9A; +9Bg) for monoclinic one [17,18]. Just the most inten-
sive bands between 465 and 490cm~! typical of t-ZrO, which
dominated the spectra can be attributed to the symmetrical mode
of the fluorite-like structure and the bands at ~170 and 310cm™!
along with an additional broad feature centered at ~635 cm~! con-
firm the presence of a pseudo-cubic tetragonal phase. Only in the
spectrum of 5V/Zr two badly resolved lines just above 350 cm™!
can originate from m-ZrO,. It is not surprising that not all lines
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Fig. 2. Raman spectra of the catalysts calcined at 600°C: (a) 5Mo/Zr, (b) 5Sm/Zr, (c)
5Mn/Zr, (d) 5Gd/Zr and (e) 5V/Zr. In the insert, RS spectra of m- and t-ZrO; single
phases are shown [11].

postulated by factor group analysis for m-ZrO, are simultane-
ously observed in this spectrum (Fig. 2e). Even in the spectrum of
m-ZrO, single phase all 18 modes can be observed very seldom.
In the case of 5V/Zr sample the situation is even more complicated
due to coexistence of two phases t-ZrO, and m-ZrO,. Overlapping of
the Raman bands characteristic of the monoclinic polymorph with
those, ascribed to t-ZrO,, of higher intensity and much broader in
comparison to the bands of m-ZrO,, make only a few diagnostic
lines of monoclinic zirconia to be visible. Raman results along with
XRD, show that t-ZrO, polymorph is the predominant component
of all TMI-doped samples calcined at 600 °C.

3.2. Status of TMI sites and their reducibility

Introduction of the dopants by impregnation followed by cal-
cination in air of the samples has two preparative consequences,
a relatively weak dispersion of the heterogenically deposited ions
on t-ZrO, surface and possible changes in their oxidation states.
As indicated by EPR measurements, for a series of the investi-
gated samples calcined at 600°C, both oxidation and reduction
of the dopants can occur in the individual cases. Vanadium (V)
ions were partially reduced to the paramagnetic V(IV), giving rise
to the spectrum presented in Fig. 3A-a, with the characteristic

well resolved hyperfine structure originating from interaction of
an unpaired electron with >V nucleus (I=7/2, 99.76%). Computer
simulations revealed, that both surface and bulk isolated V4* ions
as well as magnetically interacting vanadium centers contributed
to this spectrum of 5V/Zr. Detailed values of the obtained EPR
parameters were close to those reported elsewhere [19]. Two fac-
tors controls the process of V(IV) formation: the concentration of
ammonia liberated during NH4VO3; decomposition and the tem-
perature. In a similar way Mo(VI) was partially reduced to Mo(V),
revealed by characteristic EPR signal at g,y = 1.93 with weak hyper-
fine structure due to Mo and °”Mo nuclei with I=5/2 and 25%
of total abundance (Fig. 3A-b) [20]. In turn, Mn(II) ions were most
probably oxidized to Mn(IIl)/Mn(IV) species [21], responsible for
complex spectrum centered around g=2.01 (Fig. 3A-c).
Information about speciation of the dopant ions in the inves-
tigated samples provided by EPR can be completed by TPR studies
(Fig. 4).Such speciation is directly related to redox properties of the
additives and, therefore, can be characterized by reducibility mea-
surements, however due to multistep reduction and overlapping
maxima on our TPR profiles obtained information is sometimes not
precise enough. The t-ZrO, support, 5Gd/Zr and 5Sm/Zr calcined at
600 and 1000 °C were stable below 950 °C (Fig. 4AB a-c) Contrary
to this, the other samples: 5Mn/Zr, 5Mo/Zr and 5V/Zr underwent
stepwise reduction, as it can be inferred from the presence of sev-
eral maxima visible in the corresponding thermograms (Fig. 4AB
d-f). The Mn-containing samples calcined at 600 and 1000°C
exhibited broad reduction band, typical of several reduction steps.
H, consumption maxima visible between 190 and 470°C in the
case of 5Mn/Zr calcined at 600 °C, were shifted up to 440-790°C
(with a predominant maximum at 740°C) after calcination of at
1000°C (Fig. 4AB-d). Taking into account the variety of possible
stoichiometric and non-stoichiometric oxomanganese species and
multiplicity of the oxidation states (II-IV) occurring on catalyst sur-
face, precise attribution of the observed maxima is rather difficult.
Original oxidation state of manganese cations calculated based on
H, uptake was about 4 (H/Mn=3.82). It is however clear, that the
shift to higher temperatures, observed in Fig. 4B-d in comparison
to that in Fig. 4A-d resulted from strong sintering of the catalyst
grains calcined at 1000°C. This can be related with the formation
of three dimensional (3D) MnxO,, forms, which are apparently less
reducible. Similar effects were observed also for 5V/Zr and 5Mo/Zr
samples calcined at 1000°C. It is noteworthy, that in the case of
samples calcined at 1000 °C hydrogen consumption was lower by
32-46% in comparison to that obtained for samples calcined at
600 °C. Such effect can be explained by a partial loss of active phase
from catalysts surface. However, high-temperature EPR spectra
confirmed thatinall cases described above at least a part of the ther-
mally resistant TMIs was still present after thermal treatment at
1000 °C. In the case of both TPR profiles for 5Mo/Zr samples a max-
imum around 440 °C can be attributed to the mild reduction of the
octahedral molybdenum, possibly to the mixed-valence Mo4011-
like structures [22]. TPR maxima appearing for 5Mo/Zr calcined at
600°C at higher temperatures (850 °C) were shifted down to 680 °C
for sample calcined at 1000°C. These maxima can be related to
direct reduction of Mo(VI) to Mo(IV) in various surface oxospecies,
similar to nanocrystalline MoO3 [22,23]. A high-temperature max-
imum visible in both thermograms at 950 °C is usually attributed to
the reduction of MoO, to the metallic molybdenum (H/Mo=5.12)
[20]. The TPR profile obtained for 5V/Zr calcined at 600°C was
dominated by an intense maximum at 460°C, which was char-
acteristic of the reduction of surface VO oligospecies (Fig. 4A-f).
Next weak maximum at 600-620°C was observed for 5V/Zr cal-
cined at both 600 and 1000 °C (Fig. 4B-f). Such temperature was
slightly below the range typical of nanocrystalline V,05 reduction
(660-690°C) [24,25]. Most probably an intermediate V4O, form,
structurally close to crystalline V5,05, was reduced in these tem-
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Fig. 3. EPR spectra of 5TMI/Zr samples (A) before NO adsorption: (a) 5V/Zr; (b) 5Mo/Zr; (c) 5Mn/Zr and (B) corresponding EPR spectra after adsorption of NO (pno = 10 Torr)
at LNT and after subsequent 10 min exposure to RT. In the insert, evolution of the EPR spectra intensity as a function of the time of exposure to RT.

perature range (H/V=4.32). As the high-temperature maximum
appeared for 5V/Zr calcined at 1000 °C and it was practically absent
in the case of the sample calcined at 600 °C, segregation of vana-
dium species into 3D structures is postulated to be responsible for
its appearence.
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Fig. 4. TPR profiles of 5TMI/Zr samples calcined at 600°C (A) and 1000°C (B): (a)
parent ZrO,; (b) 5Gd/Zr; (c) 5Sm/Zr; (d) 5Mn/Zr; (e) 5Mo/Zr; (f) 5V/Zr.

3.3. NO adsorption

Adsorption of 10 Torr of nitric oxide on the bare t-ZrO, at 77K
resulted in the formation of {Zr-NO}! surface mononitrosyls, as it
can be inferred from the presence of the well resolved three line
hyperfine structure due to the interaction of the unpaired electron
with %N nucleus (I=1, 99.6%) in the EPR spectrum [26]. Such sig-
nal was, however, not observed for TMI-doped samples, because
of the overlapping with much more intense signals from the para-
magnetic V4*, Mo>*, and Mn** ions or from their adducts with the
adsorbed NO (Fig. 3B a—c). Three cases can be distinguished here:
(i) NO physisorption (5Gd/Zr and 5Sm/Zr), (ii) weak chemisorption
without electron transfer (5Mn/Zr) and (iii) reductive adsorption
- (5Mo/Zr and 5V/Zr). Any specific type of NO adsorption on sur-
face centers of non-reductive samples was observed (5Gd/Zr and
5Sm/Zr). Just traces of the signal at g~ 2.0 attributable to weakly
physisorbed NO molecules were observed in a few EPR spectra
of 5Sm/Zr sample. Surprisingly, also in the case of Mn-doped zir-
conia only the signal from weakly chemisorbed NO dominated
at 77K (Fig. 3B-c). The EPR signal was in this case distinctly
broader and the hyperfine structure was practically not resolved,
mainly due to averaging caused by the motion of weakly bound
NO molecules. Contrary to this, the low-temperature contact of
the 5Mo/Zr and 5V/Zr catalysts calcined at 600 °C with 10 Torr of
NO led to distinct changes in the intensities of the EPR spectra
(Fig. 3B-a and b). This means that the adsorbed NO was con-
sumed during the reaction with the surface TMI. An increase in
the intensity of the EPR signals attributed to Mo>* and V#* ions
just after NO introduction at 77K and exposure of the samples
to room temperature was stronger in the case of 5V/Zr sam-
ple (Fig. 3 insert). The observed effects can be explained by the
progressive reduction of V(V) and Mo(VI) centers by the ligated
NO via ligand to metal electron-transfer (LMET) according to the
equations:

NO(*I1; ) + Mo (surface) = m'-{Mo>*-NO}'
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NO(*I1y ) + V>* (surface) = m'-(vV**-NO}!

The exposure of the these complexes to the room temperature for
more than 4 min resulted in the progressive decrease in the inten-
sity of the EPR signals associated with the Mo*-NO and V4*-NO
magnetophors (Fig. 3), possibly due to the further interaction with
gaseous NO via spin-pairing mechanism or further reduction of
TMI sites. Earlier IR experiments confirmed that low-temperature
(—=120°C) adsorption of 5-10 Torr of NO on 5Mo/Zr and 5V/Zr fol-
lowed by exposure of the samples to temperature resulted in the
formation of the surface nitrates of bridging and chelating structure
[20].

4. Conclusions

Structural characterization of two series of zirconia samples
doped with 5mol% of TMI, synthesized by impregnation and cal-
cined at 600 and 1000°C have been performed. Positive effect
of molybdenum and samarium doping on metastabilization of
tetragonal zirconia was confirmed. Contrary to this, in the case
of vanadium-doped systems calcined at 600°C, the content of
t-ZrO, dropped to 60%, suggesting rather surface than bulk effect
of TMI-doping.

Speciation of paramagnetic ions and the reducibility of TMI-
doped zirconia were strongly dependent on the nature of
the introduced dopant. Reducible samples of molybdenum-,
manganese- and vanadium-ions-doped zirconia exhibited reach
heterogeneity of surface architecture including diversity of pos-
sible oxidation states. On the basis of EPR results, three possible
situations observed after low-temperature NO adsorption can be
distinguished: (i) NO physisorption (5Gd/Zr and 5Sm/Zr), (ii) weak
chemisorption without electron transfer (5Mn/Zr), and (iii) reduc-
tive adsorption (5Mo/Zr and 5V/Zr). Electron transfer from the NO
ligand to metal center leads to the progressive reduction of surface
TMI sites with simultaneous NO oxidation.
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