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Electrical properties of ¥O5—WQO3/TiO>, EUROCAT catalysts evidence
for redox process in selective catalytic reduction (SCR) delgaction
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Abstract

Electrical conductivity measurements on EUROCAJOE-WOs/TiO, catalyst and on its precursor without vanadia were
performed at 300C under pure oxygen to characterize the samples, under NO and undetoNtétermine the mode
of reactivity of these reactants and under two reaction mixtures ((i) 2000 ppna R8D0 ppm NH without O,, and (ii)

2000 ppm NGt 2000 ppm NH + 500 ppm Q) to put in evidence redox processes in SCR deNgaction.

It was first demonstrated that titania support contains certain amounts of dissoftearid/\P* ions, whose dissolution
in the lattice of titania creates an n-type doping effect. Electrical conductivity revealed that the so-called reference pure titania
monolith was highly doped by heterovalent cations whose valency was higherdh&ubsequent chemical analyses revealed
that so-called pure titania reference catalyst was actually the/Vi@, precursor of MOs—WQO3/TiO, EUROCAT catalyst.

It contained an average amount of 0.37 at.%tlissolved in titania, i.e. 1.0% 102° W8+ cations dissolved/cfof titania.

For thefreshcatalyst, the mean amounts ofWand \P* ions dissolved in titania were found to be equal to 1xQIf0?° and

4.47x 10?°°cm3, respectively. For thesedcatalyst, the mean amounts offWand \P* ions dissolved were found to be
equal to 1.0% 10?° and 7.42< 10?°cm™3, respectively. Since fresh and used catalysts have similar compositions and similar
catalytic behaviours, the only manifestation of ageing was a supplementary progressive dissolution 2 &dditional

V5* cations in titania.

After a prompt removal of oxygen, it appeared that ElOne has an electron acceptor character, linked to its possible
ionosorption as NO and to the filling of anionic vacancies, mostly present on vanadia. Ammonia had a strong reducing
behaviour with the formation of singly ionized vacancies. A subsequent introduction of NO indicated a donor character of this
molecule, in opposition to its first adsorption. This was ascribed to its reaction with previously adsorbed ammonia strongly
bound to acidic sites. Under N®ONH3 reaction mixturen the absence of oxygethe increase of electrical conductivity
was ascribed to the formation of anionic vacancies, mainly on vanadia, created by dehydroxylation and dehydration of the
surface. These anionic vacancies were initially subsequently filled by the oxygen atom of M@nh, resulting from the
dissociation of NO and from ammonia dehydrogenation, recombined into dinitrogen molecules. The reaction corresponded to
3NO+2NH3 — gN2+3H20. In the presence of oxygelNO did not exhibit anymore its electron acceptor character, since the
filling of anionic vacancies was performed by oxygen from the gas phase. NO reacted directly with ammonia strongly bound
on acidic sites. A tentative redox mechanism was proposed for both cases. ©2000 Elsevier Science B.V. All rights reserved.

Keywords:EUROCAT catalyst; SCR; DeNQreaction; Vanadia-tungsten/titania; ®—NOs/TiO, redox processes; Electron processes;
Electrical conductivity; Doping effects

1. Introduction
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nature of surface structure defects, the existence ofture T, whose influence can be followed in the same
oxidizing species (ionosorbed oxygen species, active range as that of catalysts, (ii) of the oxygen pressure
surface anions,..), the nature of the oxidic phase and (iii) of the weight percentage of the supported ac-
involved in catalytic reactions, the solubility limits tive phase. DC electrical conductivity measurements
of heterocations in solid solutions, etc. A general constitute a useful tool to investigate such gas—solid
description of the method has been presented [1,38]. and solid—solid electronic interactions.

In the case of a supported catalyst, the measured Several reviews outline the importance of sup-
conductivity is essentially that of the support. This re- ported vanadium oxide catalysts in various oxidation
mains true if the percentage of the supported phasereactions concerning mostly the mild oxidation of hy-
is below a certain level called the percolation thresh- drocarbons and the selective catalytic reduction (SCR)
old [2]. It corresponds to a minimum relative amount of nitrogen oxides by ammonia in flue gases from sta-
above which the electrical conductivity can be estab- tionary sources [10-12]. In these oxidation reactions,
lished through preferential paths along the sample con- it is revealed that vanadium oxide supported on titania
stituted exclusively by the more conductive minority is a superior catalyst compared to vanadia supported
phase. This percolation threshold is close to ca. 40% on alumina or silica. In addition to the role of the
in the case of two oxide phases [3]. support, the vanadium oxide loading is also crucial in

By comparison with the pure oxide support, elec- determining an active and selective catalyst. The ac-
trical conductivity measurements enable one to detect tive catalyst possesses a well dispersed vanadium ox-
electronic interaction between the active phase and itside phase, which is usually more active and selective
support. This has been established for deposited met-than bulk \bOs. The behaviour of certain catalysts

als [4,39] and for deposited oxides [5-8].
EUROCAT V,05—WOQO3/TiO, catalysts have been

have been attributed to various factors: (i) the stability
of surface vanadium oxide phase on titania; (ii) the

characterized by several techniques and tested in thestructure of the deposited vanadium oxide phase; (iii)

different European laboratories associated in the EU-

ROCAT Oxide Group project and whose contributions
constitute the other chapters of this special issue [9].
In the present work, one has to consider that all
three oxide phases, @5, WOz and TiG, are semi-
conductors, i.e. that they have an electrical conductiv-
ity, which varies exponentially with temperature ac-
cording to an Arrhenius type law. On a powder cat-
alyst, it was shown [1,38] that electrical conductivity
variations are directly proportional to the variations of
the concentration in the main charge carriers. In the
case of n-type semiconductors such assTi@/Os,
and \W,0Os, the main charge carriers are electrons.
The concentration in quasi-free electrons of con-

the strength and the number ofAO bonds; (iv) the
acidity of the surface vanadium oxide and (v) the ease
of reduction of the supported vanadium oxide cata-
lyst. Electrical conductivity measurements appear as a
choice method to better characterize titania-deposited
vanadia, especially with regard to points (i), (iii) and
(v).Very few electrical studies have been devoted to
titania—vanadia systems. Some of them concerned
either Ti-V-P-O glasses [13] or Ti-V-O gel coat-
ings [14], whereas only six references were found
to be directly related to titania—vanadia catalysts
[6-8,15-17]. In Ref. [15], the authors studied the
electrical conductivity of vanadium oxide—titanium
oxide mixtures heated at 1023 K and concluded that

duction depends on several factors such as (i) the pres-there was dissolution of some*¥ ions in the rutile

ence of ionizable defects of structure, (ii) the existence

structure. In Refs. [16,17], the authors followed the

of ionosorbed species at the surface (mainly oxygen variations of the conductivity of ¥Os/SiO>—TiO»
species), (iii) the presence of a reducing gaseous phasecatalysts used in (N@ NHs) deNQ; reaction. NH

such as hydrocarbons, CO and ammonia and (iv) elec-

was found to be a reducing agent with respect to

tronic interactions between the supported active phasesupported vanadia. Similarly, NO alone behaved as

and its support.
Since (mild) oxidation reactions are based on redox

a reducing agent, probably because of the formation
of NOs. In the presence of oxygen (or air), it was

processes between the reactants and the catalyst, it iproposed that NO reacted directly from the gas phase

important to know the electrical behaviour of the solid.
This behaviour is generally a function (i) of tempera-

with chemisorbed NHl following an Eley—Rideal
mechanism.
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The semiconductive properties 0b¥s/TiO, cata- determine the electrical conductivity of the given
lysts were studied in the case of EUROCAT catalysts powder sample by the formula
with nominal contents of 1 and 8 wt.%,®s [6]. It
has been found that some pentavalent vanadium ions; _ 1z
were able to dissolve in the lattice of titania during RS
the preparation — more precisely during the final cal-
cination —_and that th_e dissolved amount o'_'TMn- an ohmmeter (Kontron, Model DMM 4021) for
creaseq with the nominal content_of deposited vana- 1<R=<2x 10PQ and with a teraohmmeter (Guild-
dia. This was subsequently confirmed by chemical \; 0"\ osments Model 9520) for $& R<10MQ
analysis. Se.m|quant|tat|.ve estimations concerning the andt/Sis the geometrical factor including the thick-
amount of dissolved "?ﬁ ions could be done with the nesst (ca. 2.5mm) and the cross sectional ageaf
same samples etcheql n |sobutz_;\nol. For these s_amplesthe circular electrodes whose diameter is equal to
the results of conductivity were in favour of the simul- 1.00cm. A general description of this static cell has
taneous presence of a monolayer ofO¢, of V205 been qi in Ref

i . : ) ) given in Ref. [1,38].

particles but also of dissolved® ions in the periph-
ery of the support particles [6]. Additionally, it was
demonstrated that titania was not an inert support by 2.2. Procedure
contrast to alumina or silica since, under varying the
partial pressure of oxygen, the formation of anionic  Parts of the three catalysts {8§5/WOs/TiO», fresh,
vacancies could be observed. Similar results were ob- used and W@'TiO intermediate support) were pre-
tained on vanadia/titania deN@atalysts prepared by  viously crushed in a mortar and then submitted to the
the equilibrium adsorption method [18]. following procedure which enables one to obtain in-

In the present article, electrical conductivity was formation which are not perturbed by the preceding
studied to detect possible electronic interactions be- steps.
tween vanadia and associated tungsten and titania.e Introduction of 230 mg of catalyst in the cell;
Therefore, the electrical conductivity of the indus- e evacuation at room temperature;
trial V2Os5/WO3/TiO2 catalysts was followed in situ e introduction of 400 Torr (1 Tore 133.3 Pa) of oxy-
during successive sequences under NO,3Nthd gen (L’Air Liquide, 99.9995% pure);
(NO + NH3) atmospheres, at the same pressures ande heating at 3C/min up to 300C and attaining of the
temperature as those used in catalysis, in order to steady-state conductivity;
detect any electronic effect occurring at the surface e evacuation of oxygen and introduction of 1.52 Torr

where R is the electrical resistance measured with

or at the \LOs—WQO3/TiO> interface under working NO which corresponds to the partial pressure of
conditions. 2000 ppm NO (2000 pprm 0.2%760 Torr=1.52
Torr NO);

e evacuation of NO and introduction of 2000 ppm
NH3 (1.52 Torr NH;, temporal variations of);

2. Experimental e evacuation of NH and re-admission of NO to check
the reversibility of the electrical conductivity under
2.1. Electrical conductivity measurements NO atmosphere;
e evacuation of NO and admission of the reaction
A sample of \LO5—WQOs/TiO, catalyst (230 mg) mixture (NO+ NH3) 2000 ppm each to follow in

was placed between two platinum electrodes where it situ the redox processes during reaction;

was slightly compressed (ca.°lRa) to ensure good e evacuation of the reaction mixture and introduction
electrical contacts between the grains without modi-  of 400 Torr G to follow the reoxidation of the cat-
fying the texture or preventing gas—solid interactions  alyst;

on all the surface of the solid. To control the tempera- e evacuation of @ and introduction of a second re-
ture, both electrodes were soldered to thermocouples action mixture (NO+ NH3) to follow o variations
whose wires were also used, when short-circuited, to  under reaction mixture.
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3. Results and discussion that a conduction model, with=4 corresponds to
singly ionized anionic vacancies, whose formation in-
3.1. Preliminary remarks volves the following equations:
2
3.1.1. Definition of a reference state 05—+ 029 +Vo ®)

For (semi)quantitative comparisons of the electrical
conductivities of the various supported vanadia sam-
ples, it is required that solids have similar textures and ith
identical surface states. This requirement is easily ful-

Vo & Vi +e (4)

filled since all the samples have the same support. In- K3 = P521/2[Vo] (5)

deed, the electrical conductivity of a n-type semicon-

ductor powder can be written as Ks— [Véle] ©)
Y

o= Ale7] ® Vol

i i ) Vo represents an anionic vacancy with two electrons
where [€7] is the concentration ofqua5|-free electrons trapped (neutral entity with respect to the lattice).
and A the_textural parameter which depends on the V$ is a singly ionic vacancy with only one electron
compression of the powder and on the number and 3564 (positive entity with respect to the solid). The
quality of contact points between particles (1). Be- electroneutrality conditior[e”] = [vg]) combined

cause of the identity of the procedure for electrical \yith the mass action law applied to Egs. (3) and (4)
measurements and of the use of the same titania SUPyields

port, A can be considered as identical for all the sam-

ples under identical conditions. _ 12 AH3+ AHy| _1/4
The common reference state fodeterminationhas (& 1 = [(K3)o(K4)o] " “€xp| — ORT Po,
been chosen with the following conditions: 400 Torr 7)

oxygen at 300C (1 Torr=133.3Pa). It has the ad-

vantages of (i) eliminating most of ionically adsorbed where AH3 and AH,4 are the enthalpies of reactions
species such as3®*, OH~, which would produce 3 and 4. Generally, the ionization energy of the first
an additional surface conductivity and (ii) avoiding electron can be neglected with respect to the enthalpy
the formation of surface structure defects, such as an- of formation of anionic vacancies\Hz > AHy) (1).
ionic vacancies, whose ionization produce additional Consequently, the heat of formation of an anionic
free electrons which could mask or perturb the possi- vacancy according to Egs. (3) and (4) is equal to
ble electronic interaction between vanadia and titania AHz = 2E. = 2 x 41 kcal/mol= 82 kcal/mol (343 kJ
under neutral conditions (6). In addition, these condi- mol—1).

tions are identical to those used in the catalytic dgNO At higher temperaturesT(800°C), the second
reaction. electron can be ionized (1):

3.1.2. Origin of the semiconductivity of pure titania Vo € Ve +e (8)

All the samples behave as semiconductors accord-
ing to Eq. (1). Moreover, they are all of the n-type
sincedo/d Po, < 0, in agreement with the nature of
pure and doped titaniar varies withT and Po, ac-
cording to the general equation

ando becomes equal to
— _ —1/6
o = 00eX)—Ec/RT) Py, 9)

with Ec = $(AH3 + AHs + AHg). In the present case,
o = aoexp(—Ec/RT)szl/" ) at T=300°C, only singly ionized vacancies can _be_
encountered. There are several notations for anionic
If nis equal to special integer values, the mode of vacancies in the literature. They are listed in Table
conduction will be related to a special type of structure 1. The notation with squares will be sometimes used
defects acting as electron sources. It has been shownfurther to avoid confusion with symbol V of vanadium.
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Table 1
Different notation systems for anionic vacanéies
Entity Electrical charge  Notation chosen  Notation with squares Rees notation (41) Kroger and Vink notation (42)
Neutral 0 A B (/) Vo
Singly ionized
+1 v = (e ) Ve

Anionic vacancy
Doubly ionized

+2 V2t O @ Vo
Anionic vacancy
aFrom [41,42].
3.1.3. Conductivity of supported phases electrical conductivity is mainly that of the support

In a mixture of two conducting oxides, the over- (in electronic interaction with the supported phase).
all conductivity of the sample becomes governed In the present case, the above considerations
by the more conducting component above a certain strongly suggest that the overall conductivity mea-
percentage, called the percolation threshold [19]. It sured is essentially that of the support, i.e. of titania,
corresponds to a minimum relative amount above which is an n-type semiconductor (1).
which the electrical conductivity can be established
through preferential paths along the sample consti- 3.2. Evidence for a partial dissolution oP¥ and
tuted exclusively by the more conductive minority WSt ions in titania’s sublattice
phase. It has been estimated to be close to 40% for a

mixture of oxides of similar texture (particle size and  The electrical conductivities of the three catalysts
shape) [20,21]. It can also be suggested in the case ofhave been measured at steady state atGainder

a deposited oxide that the conductivity data might be 400 Torr G (1 Torr=133.3kPa). They are given in
explained by a percolation threshold when the surface Table 2. For comparison, the values of the electrical
coverage of the titania particles reaches a point where conductivities of various titania samples are given in
there is a connected path from particle to particle Table 3.

that runs through a more conducting®; surface. In Refs. [1,2,5-8,38], it has been shown that de-
Such a “surface percolation threshold” problem has positing a divided oxide on top on an oxide support
been previously analyzed for Spdeposited SjO,

[22] and for titania-deposited Pt [4,23,24,39]. For Table 2

Sk04/SNO, it was expected that the Conductivity Electrical conductivities of crushed EUROCAT samples (400 Torr

of SnQ would decrease abruptly when the increas- Oz, 300°C)

ing Sb content would correspond to a monolayer of Catalyst o (@ tem™)

poorly conductive Sf04. By contrast, the deposi-  V,0s/WO3/TiO; (fresh) 2.16¢10°8

tion of SkbO,4 gave a strong increase of conductivity V20s/WO3/TiO (used) 3.10510°®
WOs/TiO, (monolith without vanadia) 7.3910°°

because of the n-type doping of Sn®y Sb* ions
[5,22,25]. For Pt/TiQ catalysts with metal loadings
as high as 10wt.%, one could have expected an in- 14pc 3

crease of conductivity because of a possible improve- Electrical conductivity of other titania supports under identical
ment of the surface conductivity and of the quality conditions (400 Torr @ 300°C)

of the intergranular contact points. Actually, the re- catalysts o (LTcml)  References
verse was observed with a decrease in conductivity TiO, (EUROCAT1) 10mlg  2.38x 10-10 [6]
[4,23,39] or in photoconductivity [24] when Pt.% was  Tio, (Tioxide) 125 nf/g 4.59x% 10-10 [18]
increased from 0 to 10%. This was explained by an EL10V1-D* 10n?/g 2.39x 10°° [6]
electron transfer from titania to Pt. These two exam- EL 10 V8-D* 10n?/g 5.41x 10°° (6]

ples illustrate the fact that in a supported catalyst the  2Samples etched in boiling isobutanol for 16 h (Ref. [6]).
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80 (V205 wt.%)
91 — 11 (V205 Wt.%)/100

. C V5 at% = (14)
—Ti**— o0 o —Ti* — ) o _ )
| | one gets the linear calibration curve of Fig. 1 with a
O coefficient of linear regression equalrte- 0.99985.

The slopeda/d(V>t at.%) gives the increase in
electrical conductivity as a function of the amount of
dissolved vanadium-bions.

In the present study, the conductivity of neat titania
is much higher than that of other supports (Table 2).
This could be due to the initial presence of heterovalent
impurities with a valence higher tha#4 (such as
Nb®*, Teet, Vot, ST, Moft, Wet, etc.).

Using the calibration curve of Fig. 1, the electri-
cal conductivityo of V205—WQO3/TiO2 could be ex-
pressed as

Scheme 1. Doping of titania by % dissolved ions.

caused a limited partial dissolution of the cation of the
deposited oxide. This is a quite general phenomenon
observed on YO5/TiO; catalysts [1,6—8,38] as well as
on Sk04/SnG, ones [5,25]. The dissolution ofY in
the lattice of titania occurs via the substitution of'V
ions to T ions in the lattice positions of titania. This
causes a doping effect according to the valence induc-
tion law of Verwey [26]. Each dissolved™ cations
shares four electrons with four’O neighbour anions,
whereas the fifth electron is delocalized around the o = o (TiO,) + k[V°" at %qissoived
positive \P* impurity (see Scheme 1).

A small thermal energy is sufficient to ionize this ~ With k being the slope of the straight line of Fig. 1.
Ef:;]o(ﬁlectron and to enable it to reach the conduction k = 80 /8[V5+ at Yogissoned

This ionization can be written as Actually, the chemical analysis revealed that the

so-called pure titania monolith was in reality the

l
[(—V5+—)e_] & (Vo) e WOQO3/TiO, precursor monolith (Table 4). The atomic

l (10) percentage of pentavalent-equivalent impurities was
or found equal to 0.746 Rt at.%. Half of this value
D& DY +e (11) 3

0 (W03 I TiO,) = 7,39 x 10°

with D and D"=neutral and ionized donor centers.
Generally equilibrium (10) or (11) are totally shifted
to the right. The law of mass conservation gives

[Do] = [D] +[D*] ~ [D¥] (12) -
The electroneutrality of the solid gives{p=[e~]. e
Thence

[Do] ~ [D] = [e7] (13)

For a doped sample, the electron concentration be-
comes equal to that of [g], i.e. to the total concen-
tration of donor centres introduced.

In the case of the EUROCAT | A0s5/TiO2 sys-
tems, it has been shown thatncreased linearly with
the amount of dissolved vanadia [6]. If the amount of _ ) i ) »
dissolved titania is converted into the atomic fraction Fig. 1. Linear correlation between electrical conductietyand

. . 0 . . the amount of pentavalent cations dissolved in the lattice of titania
of V> cations dissolved in titania according to the (gUROCAT, ELVID and ELVSD from Ref. [6] and Ti-oxide from
formula Ref. [18]).
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Table 4

ICP elemental chemical analyses (in element wt.%) of EUROCAT
catalysts after total dissolution in ¢804 +HNO3 + HF)

Samples Ti (%) W (%) Si (%) V(%) Al (%) Ca (%)
Support 44 6.5 4.2 0.1 1.6 1.6
Fresh catal. 43.2 6.3 4.7 2.1 1.6 1.6
Used catal. 43.5 6.9 4.5 2.1 1.0 15

(0.37 at.%) actually represents the content W
since dissolved hexavalent 8% cation are double
electron donors (Scheme 2). This corresponds to
1.07x 10°°W5* ions dissolved/crh

If the calibration curve of Fig. 1 is used to titrate the
number of pentavalent-equivalent impurities dissolved
in titania from the value of (V205—WOQO3/TiO3) on the
fresh catalyst, one gets a [M] mean concentration
of 6.61x 10?°M>* ions/cn?, which corresponds to
4.47x 107°V5+ jons and 1.0% 10?79 W6* ions.

The same calculation for thesedcatalyst gives a
total M>* dissolved amount equal to 9.5610°° M5+
ions/cr. The increase\n of M>+ ions dissolved cor-
responds mainly to the increase in°[\] dissolved:
An=2.9x 10%%. Therefore, the used catalyst which
is still active in SCR reaction can be characterized by
a higher value of heterocations dissolved in titania.
They correspond mainly to ¥ cations, since vana-
dia is more reducible with more anionic vacancies,
which favour the mass transfer of smaltV cations
(Table 5).

Since fresh and used catalysts have similar com-
positions and similar catalytic behaviours, the only
manifestation of ageing observable by conductiv-
ity was a supplementary progressive dissolution of
2.9x 10?0V>5* cations in titania.

3.3. Electrical conductivity variation under various
atmospheres

3.3.1. Under 2000 ppm NO
After reaching the steady state under oxygen
(400 Torr) at 300C, oxygen was promptly removed

o 0¥~ W*—=<-0 Ti** o
' /l \\{ ’/, '
- 1
1 - ‘\_\ /1
o o o

Scheme 2. Substitutional doping of titania by?tV

395

Table 5
lonic radii of the various cations involved

Cation lonic radius (A)
Ti4+ 0.68
we+ 0.64
Vot 0.59
\Vass 0.63

and 2000 ppm NO (1.5Torr) were introduced over
V,05/WO3/TiO2 and over WQ/TiO,. The kinetic
variations are presented in Fig. 2. A small decrease
was observed during ca. 2 h on the EUROCAT sample.
A similar variation was observed for tungsta/titania
after a slight initial increase. For both solids, as ex-
plained in the introduction, the conductivity measured
is that of the support.

For titania the decrease in electron concentration
can be accounted for by two simultaneous and/or con-
secutive phenomena:

1. lonosorption of NO with electron capture

NO(g) + &~ — NO™(ad9 (15)

Such a ionosorbate has already been observed on
UV-illuminated titania at room temperature by
photoconductivity before being decomposed into
N2 and NO [27]. Actually, the photoconductiv-

ity o of UV-irradiated titania, measured at steady
state, was found to vary with NO pressureras-
kP,\Té. It has also been suggested to be formed on
SnG [28].

2. Reoxydation of the surface of the trioxidic catalyst
by filling of surface anionic vacancies
NO(g) + e~ — NO™ (ad9 (16)
VE+NO™ — N° 4 0% (17)
N°+ N° — N2(g) (18)

Eq. (15) is plausible since NO has an electron
affinity of 0.024 eV, which is not nil. Eq. (17) is ther-
modynamically favourable with a substantially neg-
ative enthalpy £102.6 kcal/mol or—429.4 kJ/mol),
calculated within the frame of the Born—Haber cycle
for titania with the enthalpies of formation of NO
(+21.59 kcal/mol) and ofg (+82 kcal/mol from Ref.
[39]). For V,0s—WOQO3/TiO,, the same reaction can
occur on the deposited phases but more pronounced.
By comparison of the two curves in Fig. 2, it can be
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V,05-WO3 | TiO,
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/+NO
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0 50

100 150

t [ min

Fig. 2. First exposure to 2000 ppm NO of WIDiO, and VbOs—WOs/TiO; in an oxidized state and after a prompt outgassing, recorded

at 573 K.

concluded that there are substantially more anionic by more than one order of magnitude. This increase in
vacancies on vanadia than on the other two oxides. It o(TiO2) can be ascribed to the reducing character of

can be suggested that the ionosorption of NO as NO

or the reoxidation of the surface of these phases re-

quire electrons which are withdrawn from titania sup-
port through the interface according to the equation

e (TiO2) & e (V205 — WO3/TiOy) (29)

This reversible electron transfer is induced by the
alignment of the Fermi levels of differently reduced
solid phases [1,7,31,32,38]. This electronic interaction
had previously been postulated in Ref. [33].

The oxidized state of the EUROCAT sample is con-
firmed by the orange colour of the solid observed in
situ in the cell at 300C. Since the catalyst containing
vanadia has a higher conductivity (Fig. 2), this means
that vanadia is the more easily reducible oxide. The
filling of anionic vacancies by NO is supported by
previous results on pure V-Mg-O phases [29]. In ad-
dition, Egs. (16) and (18) can interfere and give birth
to N2O detected by IR spectroscopy [30,40]

N° 4+ NO — N0 (20)
3.3.2. Electrical conductivity variation under
ammonia

After a prompt outgassing of NO, 2000 ppm of plH
were introduced (Fig. 3). A sharp increasecofvas
observed for both ¥0s5—WQO3/TiO» and WQ/TIO»

ammonia with respect to titania with the production
of anionic vacancies according to the overall reaction

2NHz + 3(027) — 3H0 + 3V + 3e” (21)

where(ng) represents a surface anion (neutral entity
with respect to the lattice) and(*)Vrepresents a singly
ionized anionic vacancy (once positively charged en-
tity with respect to the lattice).

V,05-WO;(TiO,

ox 107

WO;/ TiO,
0 L J Y L J ,
0 20 40 60
t/min

Fig. 3. First exposure to 2000ppm MNHof WOs/TiO, and
V205-WGQ3/TiO2 in an oxidized surface state resulting from the
first exposure to NO, recorded at 573 K.
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higher by two orders of magnitude. Actually, the initial
V,05-WO; 1 TiO; gcpeptor character has not changed but pr.e'.sently NO
is in presence of a reduced surface containing resid-
ual NHz and/or some of its fragments. Therefore, the
increase ino shown in Fig. 4 is indicative of a re-
action occurring in the adsorbed phase between NH
and NO. This reaction will be better analyzed in the
next section under reaction mixture.
. . o The increase of (V205—WO3/TiO2) which is sig-
W03 TiO, nificantly higher thare (WOs/TiO2) clearly indicates
once more that ¥Os5 is more reducible thakivOs [33]
since more electrons arising from anionic vacancies
007 o 2% " » " are produced and transferred to titania support.
t / min

Fig. 4. Exposure to 2000ppm NO of W@IO, and 3.3.4. Electrical conductivity variations under (2000
V,05/WO5/TiO, after exposure to ammonia, recorded at 573K.  ppm NO+ 2000 ppm NH) reaction mixture after the
second exposure to NO and in absence of oxygen
The catalysts having previously undergone the
The enrichment in conduction electrons produced in subsequent exposures (i) to pure NO, (ii) to pure
Eq. (21) is responsible for the increasesimbserved. ammonia and (i) to pure NO again at 3@
Sinces measured is that of the support, this means that were promptly evacuated and the reaction mixture
there is an electron transfer from the reduced oxides (2000 ppm NO+ 2000 ppm NH) was introducedn
to titania the absence of oxygemfter the second exposure
_ ) o to NO, the electrical conductivity still continued to
& (V205-WO3/TiO2) < e (TiO2) (22) increase, especially fords—WQOs/TiO», whose con-
This reversible electron transfer is induced by the ductivity monotonously increased for 1h (Fig. 5). By
alignment of the Fermi levels of differently reduced comparison of the two CUIVes, It can b? olbserved that
solid phases [1,7,31,32,38]. From Fig. 3, it can be the reactivity (or reducibility) of vanadia is substan-
easily observed that vanadia is substantially more re-
ducible than tungsta in line with Ref. [33]. Therefore,
vanadia will constitute the more reactive phase with
respect to ammonia. 3ir

V,05-WO;3 | TiO,

3.3.3. Electrical conductivity variations in NO
atmosphere subsequently to Nekposure

After the sequence under NHthe gas phase was
promptly removed and 2000 ppm NO were introduced
at 300C (Fig. 4). By contrast to the initial admission
of NO, the second one produced a substantial increase, I
mainly on the fresh YOs—WQOg3/TiO2. The initial ac- / WO, 1 TiO,
ceptor character of NO apparently disappeared and ,,/'—'\.\,\._.
was replaced either by a donor character or by a re- . ‘ .
ducing character of NO with respect to the surface of % 20 40 60
both V>05—WOs/TiO2 and WQ/TiO- catalysts. Ac- t /min
tually the surface of the soIiQs is initially in a reduced Fig. 5. Exposure fo the reaction mixture (2000 ppm
state, induced by the previous sequence undeg NH nNoO.+2000ppm NH) without oxygen of WO4/TiO, and
as indicated by the electrical conductivity, which is V,0s-WOs/TiO; after exposure to NO, recorded at 573 K.

©
= 2t
»
b

(NO + NH3 ) after NO
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tially higher than that of tungsta. The initial electron 6). However, the initial conductivity was an order of
acceptor character of NO has completely disappeared.magnitude smaller than that of the catalyst without
The increase in conductivity observed is in line with oxygen. This means that the anionic vacancies are
those obtained in NkI(Fig. 3) and in NO after expo-  preferentially filled and/or refilled by oxygen from the
sure to ammonia (Fig. 4). Additionally, it can be also gas phase, in line with the electron affinity of oxygen,
ascribed to the reductor character of excess ammoniawhich is much higher than that of NO. In agreement

which obeys the following stoichiometry: with previous Refs. [33—-37], this indicates that the
initial acceptor character of NO alone will not be act-
6NO + 6NH3 — 5Ny + 6H20 + 2NH3 ing anymore and that NO will preferentially react in a

non-ionosorbed state and more precisely in a neutral

state with a donor character, evidenced by the results of
djts second exposure (Fig. 4). Once more, the peculiar

reactivity of vanadia with respect to the reaction mix-

ture (NO+ NH3 + Oy) is underlined by the difference

of the two curves in Fig. 6 relative topDs—WO3/TiO>

Actually, such a reaction mixture does not corre-
spond to the real world, which always involves the
presence of oxygen, whose influence has been studie
in the next section.

3.3.5. Electrical conductivity variatiqns upder _ and WQ/TIO, catalysts, respectively.
(2000 ppm NG-2000 ppm NH) reaction mixture in The fresh catalyst seems to have a faster rate of
the presence of 500 ppm of oxygen reducibility than the used one. This does not mean that

The same sample was used to keep the same geothe former catalyst is necessarily more active that the
metrical factor. It was regenerated by an oxygen treat- |atter but that before reaching its steady state, the initial
ment under 400 Torr ©at 300C overnight. Oxygen  freshly oxygen-treated catalysts has more numerous
pressure was then decreased to a fraction of 1 Torr cor-|apjle surface oxygen species.
responding to approximately to 500 ppm. Initially, the | these conditions, the stoichiometry of the reaction
catalyst was beige-yellow. It became grey at the end a3 pe considered as
of the (NO+ NH3 + Oy) sequence.

In the presence of oxygethe electrical conduc-  4NO+ 4NHz + O, — 4Ny + 6H,0
tivity of fresh EUROCAT \bOs5-WO3/TiO, catalyst
increased similarly as in the absence of oxygen (Fig. with no more excess of ammonia.

V,05 - WO3 I TiO,
(fresh)

V,05- W03 | TiO,
(used)

WO;3 | TiO,

0 20 40 60 80 100
t / min

Fig. 6. Exposure to the reaction mixture (2000 ppm N@000 ppm NH + 500 ppm Q) of WO3/TiO2 and VbOs—WO3/TiO; (fresh and
used) catalysts in an oxidized state, recorded at 573 K.
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3.4. Consequences for redox catalysis 6.
Since both titania and deposited oxides are n-type
semiconductor oxides, all the different measurements
of o in the subsequent experiments clearly put into 7
evidence the following points:
e NO alone and in the absence of oxydeas an elec-
tron acceptor character singe/oPno < 0, forming
NO™ ionosorbate and/or filling anionic vacancies.
¢ NH3 has a reducing character sin@e/d PyH, > 0.
e The SCR reaction mixture (1 NO (2000 pp#)l
NH3 (2000 ppm)) has also a reducing character with
respect to the surface of;@s5/WO3/TiO> catalyst,
either in a slightly reduced state (Fig. 5) or in an g,
oxygen-containing atmosphere (Fig. 6).
Therefore, two different cases have to be envisaged.

3.4.1. SCR reaction in a reducing atmosphere
(without oxygen)
The following reaction mechanism can be proposed.
1. Initial electrophilic ionosorption of NO on a re-
duced surface with consumption of conduction
electrons

9.

NO(g) + e~ — NO~(ads (23)
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Filling of a singly ionized anionic vacancy by oxy-
gen from NO
VE+NO™ — N° 4 0% (28)
Reaction of NH with ionosorbed NO via the
formation of an activated complex, already pos-
tulated in Refs. [33—-36] with release of nitrogen,
water and of a conduction electron

NH$ +NO~ — [activated complexX] — Ny

+HO+e” (29)

and/or

reaction of N with freshly renewed surface an-

ions from Eq. (28). This reaction corresponds to
the oxidation of the nitrogen atom from the ox-

idation degree-2 to the oxidation degree 0 and

to the reduction of the solid with the formation of

an anionic vacancy

NHS + 0%~ — N+ H0+V{ + e (30)
Recombination of two Natoms into dinitrogen

N+ N° — N2(g) (31)

. Dissociative chemisorption of Nf-bn acidic sites

. Formation of hydroxyl groups with surface anions

. Dehydroxylation of the surface with formation of

. Capture of one conduction electron by an empty

This mechanism is supported by the electrical con-
ductivity measurements performed on a partly reduced
with release of a proton and of a conduction elec- surface.

tron

3.4.2. SCR reaction in the presence of oxygen
In the presence of oxygen, the following reaction
mechanism can be proposed:
1. Dissociative chemisorption of Nd-bn acidic sites
with release of a proton and of a conduction elec-
tron

NHz(g) — NH + HT 4 e (24)

02~

H* + 02~ — OsH~ (25)

NH3(g) — NHS + HT + e~ (24a)

water and an empty anionic vacancy (i.e. doubly o
ionized and thencdoubly positively charged with
respect to the solid

Formation of hydroxyl groups with surface anions
02~

HY + 0%~ — OsH" 25a
S

205-H™ — Ha0(g) + V&' (26)

3. Dehydroxylation of the surface with formation of
water and an empty anionic vacancy (i.e. doubly
ionized and thencdoubly positively charged with

respect to the solid

anionic vacancy to form the thermodynamically
stable singly ionized anionic vacancy

V3 e - V§ 27) 20s-H™ — H0(g) + V3 (26a)
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4. Capture of one conduction electron by an empty
anionic vacancy to form the thermodynamically
stable singly ionized anionic vacancy
V& +e - V§ (27a)

. Filling of a singly ionized anionic vacancy loxy-

gen from the gas phase

VE+ 30, +e" — 0F (28a)

. Reaction of N with neutral molecular NO and
formation of water and of molecular nitrogen via
the formation of an activated complex, already
postulated in Refs. [33—-36]

NH$ + NO™ — [activated complex] — Nz
+H,0 (29a)

Therefore, the stoichiometric reaction
4ANO + 4NH3 + O — 4N, + 6H,O

can be summarized in two steps:

e redox reaction between ammonia and vanadia,
whose anionic vacancies are directly refilled by, O

e reaction of Nk with undissociated and neutral NO
to directly form water and nitrogen.

This mechanism is supported by the electrical conduc-

tivity measurements performed in presence of oxygen.

3.5. Role of the support

Why is TiO, up to now the best support for SCR
deNQ, reaction? From electrical conductivity mea-
surements, it can be seen that titania is an n-type
semiconductor whose semiconductivity arises from
its reducibility with the formation of singly ionized
anionic vacancies. The lability of its surface anions
enables it to participate to redox processes occurring
on the oxides deposited on it. In addition, there is an
easy reversible electron transfer between deposited
tungsta and vanadia and their support. In addition,
from the results of Section 2.2, it appeared that titania
was doped by Wt ions first and by additional ¥
ions during the preparative calcination. These solid
state dissolution can be described by

(1—x — y)TiO2 + xWO3 + 3yV20s
g TilfxnyxV)r02+x+y/2

J.-M. Herrmann (F-4), J. Disdier (F-4)/Catalysis Today 56 (2000) 389-401

The incorporation of heterocations fwand \P*)
in the lattice of titania is compensated by-{ %y)
extra-anions in the stoichiometry of doubly doped ti-
tania. It can be suggested that anionic vacancies can
be more easily formed among these extra anions as
formulated in Ref. [6], thus producing more labile sur-
face oxygen species. This is in line with the TPR re-
sults obtained in this special issue of Catalysis Today.

Tith,_ WHV3tO)

24+x+(y/2)
(A 6+\/5+ (02—
Z[Tllixnyx Vy O

1
(2+x+(}’/2)*€)|:|5] + 3602

Conclusions

The in situ electrical conductivity measurements
on EUROCAT Wb0Os—WOs/TiO; catalyst and on the
biphasic WQ/TiO2 precursor allowed the following
conclusions:

1. As soon as one or two oxide phases are deposited
on titania, the calcination treatment, necessary to
convert the impregnated precursors into supported
oxides, directly induces a partial dissolution of
the cations into the lattice of the oxide support
detected by a substitutional doping effect by
substitution. Presently, the intermediate catalyst
WO3/TiO, contains W cations dissolved in the
sublattice of titania. The subsequent deposition
of V205 induces an additional dissolution of
heterocations ¥. The conductivity of the used
catalyst indicated an increase of X400Vt
cations/c dissolved in the lattice of titania
support as a manifestation of ageing of the solid
phases without any apparent effect on activity.
. Vanadia and tungsta are in electronic equilibrium
with the titania support. In reducing atmospheres
(NHz, NO+ NHg), these oxides, which are more
reducible than titania, loose some surface anions
0% with the creation of singly ionized anionic
vacancies and of conduction electrons, which are
transmitted to titania in relation with the alignment
of the Fermi levels of the reduced solid phases.
NO alone chemisorbs on the slightly reduced EU-
ROCAT with an electron acceptor character. This
has to be ascribed to the filling of anionic vacan-
cies by the oxygen atom of NO. NO looses its ac-
ceptor character as soon as oxygen is present and

3.
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as soon as water is formed by the SCR reaction
in the absence of oxygen.

. Ammonia reduces the surface of tungsta and
mainly that of vanadia by creation of anionic
vacancies induced by the concerted elimination
of one water molecule from two vicinal OH
groups.

. In (NO+ NH3) atmospheravithout oxygenthe
surface of vanadia is acting as a redox relay: the H
atoms originating from ammonia dissociation cre-
ate singly ionized anionic vacancies which result
from the dehydroxylation and the dehydration of
the surface and which are subsequently filled by
the oxygen atom from NO. Nitrogen atoms which
result from these reactions recombine into dini-
trogen.

. Under (4 NO+ 4 NH3 + O5) stoichiometric ratio,
ammonia reduces vanadia and forms anionic va-
cancies, which are filled directly by oxygen from
the gas phase.

Finally, the activity of Vb Os—WOQO3/TiO, catalyst

in SCR deNQ reaction is basically a redox process

assisted by acidic sites necessary to a dissociative

chemisorption of ammonia.
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