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Abstract

The redox properties of vanadium and mixed vanadium and iron have been studied by electrical conductivity measurements. The solids
which are active catalysts in the ammoxidation of propane, were shown to be n-type semiconductors with electrons as the main charge
carriers. The changes in the electrical conductivity during alternative exposures to propane, oxygen and mixtures of propane and oxygen
have been studied at 753 K. The pure vanadium antimonate became a p-type semiconductor after reduction under propane whereas the pur
iron antimonate remained an n-type semiconductor. An intermediate behavior was observed for the mixed vanadium and iron compound.
The changes in type of electrical conductivity have been explained by a surface transformation with the formation of antimony oxide and a
rutile-type solid solution with only cationic vacancies. Such a transformation was limited when iron substitutes vanadium and was absent in
pure iron antimonate.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction VSbOy—FeSbQ systeni6]. At low loading, iron appeared to
substitute V#* with a resulting charge discrepancy balanced
Vanadium antimonates are known to be efficient catalyst by oxygen vacancies. Simultaneously, cationic vacancies re-
for the ammoxidation of propar{@—3]. It is commonly ad- mained present in the solid with even a small increase of their
mitted that the active phase of these catalysts is the VSbO content so that a maximum of both types of vacancies was
phase. Its structure is derived from Ti€utile-type, with two observed between 10 and 20% of iron substitution. We have
Ti** cations formally substituted by one V and Sb cation with shown that such modification generated very active sites for
however a cation deficiend¢]. This cation deficiency has  propane activation but more selective to form propene than
been shown to be related to the presence 6t \eading to acrylonitrile. Iron loading higher than 60%, induced the dis-
the formula \g.64**V0.268> Sty 92°70.1604 Where[d stands ~ appearance of 4 and cationic vacancies, as well as the sub-
for cationic vacancyb]. stitution of V3* by F&¥* in the lattice structure. It decreased
We have recently shown that iron could substitute to vana- the activity but increased the selectivity to acrylonitrile.
dium and that a continuous solid solution was formed inthe  In order to understand the catalytic properties of the vana-
dium antimonate and to specify the reasons of the changes
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conductivity measurements, the redox properties of pure ditions as close as possible to those of catalysis, the mea-
vanadium and iron antimonates and of a mixed vanadium-surements have then been performed at reaction tempera-
iron antimonate. The vanadium—iron antimonate was cho- ture (753 K) during sequential periods under pure propane
sen with a stoichiometry corresponding to 10% of vanadium (165 Torr) and oxygen (65 Torr) and under propane—oxygen
substitution, in the range that led to the highest increase inreaction mixtures corresponding approximately to the cat-

catalytic activity. alytic test ratio (165 Torr:65 Torr) (1 Torr=133.3 Pa). Prior
to the different gas admissions the cell was evacuated
(10-23 Torr).

2. Experimental Indeed these measurements are only two probe measure-

ments. However, it has previously been calculated that the

Pure vanadium antimonate VShQv/Sb) and vanadium  number of exposed Patoms of both electrodes was small
antimonate partially substituted by iron d=@Vo.00SbQy and negligible with respect to the total number of active sites
(10FeVSb) were prepared by adding>6k to a NH;VO3 of solid introduced in the cell. Furthermore, the problem of
(and a Fe(N@)3-9H,0) solution; the resulting mixture was the electrode solid-interface had previously been examined
heated under reflux and stirred for 18 h and evaporated. Theand effects induced by the electrodes have never been ob-
resulting solid powder was subsequently dried at 353 K be- served[7]. The electrical field used was chosen at its mini-
fore calcination at 623 and 973K for 3 h, respectively. Pure mum value compatible with the measurements, i.e. 1V. In
iron antimonate FeSh{§FeSb) has been prepared by heating addition, no differences iR measurements were observed in
Fe(NG)3-9H20 to 353K and adding Sk under stirring. dc and ac current, indicating the absence of interface effects
The solution obtained was neutralized using4<HH, filtered such as polarization.
and dried at 383 K for 24 h. The resulting solid was calcined
at 773K for 20h and 1173 K for 2 h. FeSh®as been pre-
pared by heating Fe(N);-9H20 to 353 K and adding under 3. Results and discussion
stirring SkpO3 and NH;VVO3. The solution obtained was neu-
tralized using NHOH, filtered and dried at 383K for 24h.  3.1. Physico-chemical characterization of the fresh and
The resulting solid was calcined at 773K for 20h and at used catalysts
1173 K for 2 h. Crystal structures of the samples were con-
trolled by X-ray diffraction using a Siemens D5005 diffrac- The results of the characterization of the prepared solids
tometer and Cu K radiation. The specific surface areas were have been presented earljét. The crystal rutile structures
measured by the BET method using nitrogen adsorption atof the samples were checked by X-ray diffraction before and
77 K. XPS measurements were performed before and afterafter catalytic tests and the chemical compositions of the sam-
catalytic tests, with a VG ESCALAB 200 R. Charging of cat- ples were determined by atomic absorption. The results of
alysts samples was corrected by setting the binding energythese analyses along with those of other characterization tech-
of adventitious carbon (C 1s) at 284.5 eV. The experimental niques such as xanes, infra-red andiddbauer spectrsocopies
accuracy on XPS quantitative measurements was consideredallowed the determination of the respective stoichiometries of
to be around 10%. the compounds which were\d4**Vo.26* Sty 922 0.1604,

The electrical conductivity measurements (EC) of the cat- Fey 0®*Vo.55*"V0.32°" Shy.92°[o.1803.95 and FeSbQ@[6].
alysts were carried out in a static cell as previously described  XPS technique was used to characterize the catalysts be-
[7]. The powdered sample (575mg) was placed betweenfore and after catalytic tesTéble 1. The antimony surface
two platinum circular electrodes under a constant mechan-content was systematically higher than that previously de-
ical pressure ca. P0a. There results a sample thickness termined by chemical analysis whereas that of the iron was
t of 0.4cm. The temperature of both electrodes was given lower [6]. During the catalytic tests, the surface composi-
by two soldered thermocouples whose wires were also usedtion changed following two types of variation. The first one
when short-circuited, as conductors for electrical measure-
ments. The electrical resistance of the samples was measured,
according to the range investigated, with a Kontron multi- Table 1 3 _
meter (model DMM 4021) or with a digital teraohmmeter Atomic surche composition of thg solids canu[ated from XPS, before and
(Guildline Instruments, model 9520). The samples behaved after catalytic test and after electrical conductivity measurement (e.c.m.)
as bulk conductors and the apparent electrical conductivity
o (2 1cm1) was expressed by the formuta= (1/R)(1/S), Fel(Fe+V) Sb/(V + Fe) After e.c.m.
whereR is the electrical resistance, ati® the geometrical Before test After test  Before test  After test
factor including the thllckneSSand the cross-sectional area vsh 0.00 0.00 13 ~ 16 (10)
S of the electrodes (diameter 1.00 cm). The measurements;grovsp 0.04 0.08(0.10) 1.1 14 (1.0)
have been carried out under programmed temperatures witheesp 1.00 1.00 1.3 11 (1.0)

a heating rate of 5 K m_ml or Unqer different oxygen partial  The corresponding atomic bulk compositions, calculated from chemical
pressures. To obtain information on the solids under con- analyses in Ref6], are given into parentheses.

Catalysts Surface composition
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corresponded to the increase of the iron surface composition 3 T T
for iron-containing compounds, tending closely to the bulk

value. The second variation indicated the increase of the sur- o N
face antimony composition of the vanadium-containing com- \“‘\—-\“'
pounds. This last increase was much higher for VSh than for

10FeSh. The same effect of iron on the stabilization of the sur- 4 B\‘\“\—;\b‘ ]

face composition has also been observed for the other mixed &
vanadium and iron compounds with higher iron con{éht E 45 .
The vanadium antimonate has been characterized after elec-
trical conductivity measurement and showed an increase of s -

the antimony surface composition as after catalytic test, but
in a lower extentTable J). pea i \ ]

3.2. EC measurements: Influence of temperature and ] on B S e P e R W Y EC T A DS
oxygen partial pressure 13 1.35 14 1.45

1000/T

The electrical conductivity of the compounds was mea-
sured from 295 to 775K. The different curves obtained Fig. 2. Arrhenius-type semilog plot leg=f(1/1000T) of curves ofFig. L
showed a regular increase of the conductivity with temper- YSb (a). 10FeVSb (b) and FeSb (ciii(under increasing oxygen pressure,
ature except at low temperature (373 K) where a small peak (0 under decreasing oxygen pressure).
was observedHig. 1). This variation has been attributed to
surface dehydration with the suppression of surface conduc-whereoy is the preexponential factor afg is the dynamic
tivity by protons, which can move from one adsorbed water activation energy of conduction. The dynamic activation en-
molecule to one anothefig. 2shows the variations of lag ergies of conductionH) have been calculated for the dif-
versus reciprocal temperature under oxygen at atmospheriderent solids and found to be quite simildraple 3. The
pressure between 373 and 753 K. The linear variations ob-evolution isotherms of the electrical conductivity as a func-
served showed that all the compounds behaved as semicontion of the oxygen partial pressure were studied at 753 K.
ductors whose electrical conductivities varied exponentially Fig. 3 shows the variations af as a function ofPo, in a

with temperature according to the typical activation law: log—log plot. It clearly appeared that all the solids were of
E th_e n-type und_er oxygen sinc&z’fr/aPo2 < 0._ For FeSk_JQ
o = opexp <_°) (1) this result confirmed that previously obtained by Tianshu
RT and Hing, who had already determined its semi-conduction
type|[8].

It is generally assumed that the electrical conductigity
A B S e of oxides varies as a function of residual partial presgige

'
(%)

a and temperaturg, according to the equation:
-4 —
b 1 AH
o(Po,. T) = CPg" exp <— RTC> (2)

whereAH represents the enthalpy of conduction &hid a

e constant which only depends on various characteristics of the
powdered sample (charge and mobility of the charge carriers,
number of contact points between grains, €fg.)When the
exponenn is equal to an integer; its value can be indicative
of the nature of the solid defects, which generate charge car-
riers. Its algebraic sign indicates the type of semi-conduction
sl - (norp).

log (o)
(=2}
T
|

S I PN B B M S M Table 2
300 400 500 600 700 E. activation energy of conduction anéxponent of Eq(2) for the different
T (K) solids
Catalysts Ec (kJ mol?1) n

VSb 61.0 9.5
10FeVSb 65.1 8.0
FeSb 72.6 4.5

Fig. 1. Semilog plot ot variation as a function of the temperature dur-
ing temperature-programmed heating of the antimonate catalysts, VSb (a),
10FeVSb (b) and FeSb (c), under dynamic vacuum from 295 to 755 K (heat-
ing rate Cmin~1); o in @ Lem L.
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Fig. 3. Plots of logr =f(log Po,) for VSb (a), 10FeVSb (b) and FeSb (c) at
753 K ((@) under increasing oxygen pressufé) (inder decreasing oxygen
pressure).

The values of exponentcalculated for the different solids
are presented ifable 2 From these values, only FeSb be-
haved according to a simple conduction model witap-
proximately equal to-4. Such a value corresponds to the
formation of singly ionized anionic vacancies according to
the equations:

0%~ = 10,(9) + Vo ®)

(4)

with  Kpg = P8 [Vol  and  Kig=[Vo*lle VVol

Vo and Vp*® represent anionic vacancies with respec-
tively two and one electrons trapped. The electroneutralit
condition ([e ]=[V 0°]) combined with the mass action law
yields:

Vo S Vo + e

AHpz) + AHp)
2RT

—1/4

[e7] = [(K3))o(Kiap)ol 2 exp | — (o}

(®)

where AH[z) and AHp4) are the enthalpies of reactio()
and(4). Generally, the ionization energy of the first electron
AHp4 can be neglected with respect to the formation en
thalpy of anionic vacanciesHz). Consequently, the heat of
formation of anionic vacancies is equal t&:2corresponding
for FeSb to 145.2 kJ mol per mole of vacancies. This en-
thalpy could appear substantially smaller than that observe
for other n-type pure oxides such as titania (342.7 k3ol
[9] or tin oxide (226 kJ mot?) [10]. However, this low value
could be responsible for a higher lability of surface lattice
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semiconductor, for propene ammoxidation but not for that of
propand6]. The case study of the two vanadium containing
antimonates was more complex. Tigalues calculated for
these compounds, 8 and 9.5, were significantly higher than 4
or 6 that respectively correspond to the formation of singly
and doubly ionized vacancies. Such phenomenon could be
explained by a more complex model involving two differ-
ent sources of electrons, one being independent of the partial
pressure of oxygen while the other one is related to defects
connected to it such as anionic vacancies:

o =01+ 02

(6)

with o1 = A(K[g Kpa))Y/2Po,’* ando independent oPo,.

Such a model, which does not correspond to a mixture of ox-
ides but just to a mixed conduction process, has already been
proposed for TiQ and related compoungkl]. In the present
study, a linear relationship was obtained when plottiras a
function ongzl/4 (Fig. 4). This confirmed the existence of a
source of conduction electron whose nature was independent

of oxygen pressure.

3.3. EC measurements under subsequent gaseous
atmospheres: propane, oxygen and propane—oxygen
mixture

The results of this study are presentedrig. 5. To study
the influence of propane and of oxygen on the electrical
conductivity, the catalysts were heated in air and, after a
rapid evacuation of the cell, propane was introduced. Imme-
diately the electrical conductivity of the three solids increased
abruptly. Propane reduced the catalyst, which behaved as a
typical n-type semiconductor. After reaching steady state un-

ASr—————7 T 1T T T T T T T T T T T T

o(10%)

(951
T

o b w0
0.54 0.56 0.58

0.6

(P }-1 4

02

anions able to react with the mixture (propene + ammonia)

in the ammoxidation of gHg into acrylonitrile. Under our
experimental conditions, FeSh@as efficient, as an n-type

Fig. 4. Linear transforms aof =f(P621/4) for the VSb (a) and 10FeVSb (b)
compounds at 753 K.
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2 by a change in the structure of the compound, at least in
(a) the surface region. The existence of such irreversible change

air oxygen (75 tom) air was supported by the fact that after the first reduction, the
] r'd solid underwent redox cycles that were not reversible and re-
""""""" hd mained characteristic of a p-type semiconductor. Because this

"“\ change should be limited to the surface of the solid, it was not

propane (165 torr) propane (165 torr) + oxygen (75 torr) observed by X-ray powder diffraction. However, XPS analy-

4 2 2 P <0 100 ses indicated that the surface composition changed during the

1f electrical conductivity measurement as well as during the cat-

/ alytic test with an apparent surface enrichment in antimony

2F

oxide.

air m A ale It can be assumed that the increase of electrical conduc-

$ . % / tivity under propane was related to that of the free electron
3t 14 M concentration originating from the creation of ionized an-
-0-00 fani i ;

propane (157 tor) \pmpane (157 torm) + oxygen (70 torD) ionic vacancies. Propane reducgd the oxygen surfape lattice

4 of the phase and created anionic vacancies according to the
10 60 80 reaction:

logo
)

oxygen (70 torr) (b)

logo
o

[

oxygen (75 torr) (c)
4 3 5 4
xCgHg + Voea" Vo028 Shy92° 0.1604 S Voea—2:" "

air x Vo2812:> " Shy.92° 01604+

\ .
\

air

] . H
© ' [} H H /
o0 H ! : '
=4 b-0—4 N M-.".---_, +xC3Hg + xH20 (7)
6 \
propane (160torr) propanc (160 torr) + oxygen (75 torr) The solid formed containing both cationic and anionic vacan-
'70 20 20 50 20 100 120 cies should not be stable and a phase transformation should
Time (min) occur leading to a vanadium antimonate: (i) richer in vana-

dium and (ii) supporting an antimony oxide partially coating
Fig. 5. Variations of the logarithm of the electrical conductivity at 753K  the surface:
under sequential exposures to air, propane, oxygen and propane—oxygen

reaction mixture for VSb (a), 10FeVSb (b) and FeSb (c). V0464—2x4+V0.28+2xs+Stb.925+|:|041604—x ~ (1— 047y
4+ 3+ 5+

der propane, the cell was again evacuated and replaced by x Vosa-rear Vozsrzia” Sthez™ Hoie-05:04

pure oxygen. For 10FeVSb and FeSb compounds, the elec- + 0.22xShyO4 (8)

trical conductivity decreased as anticipated for n-type semi-

conductors. By contrast, for VSb, the electrical conductivity This interpretation can be supported by the fact such a com-

slightly increased. This appeared more clearly whemas position can be obtained when the vanadium antimonate was

directly plotted as a function of the sequence duratiog. ©). prepared with a heat treatment under nitro§fe2]. Such a
Such phenomena were reproducible and appeared also unddrehavior of vanadium antimonate means that, it contained
the propane—oxygen sequences. after reduction only cationic vacancies and mainly vana-

The results obtained on VSb showed that it was an n-type dium with its lower oxidation state &), typical of a p-
semiconductor but that after reduction it behaved as a p-typetype semiconductor such as N[@8]. It could be noted that
semiconductor. Such a phenomenon can only be explainedthe same segregation was already observed in SnSbO sys-

tem[14]. We have recently shown that at a low substitution
level (x<0.4 in FgV1_xSbQy), F€** substituted to ¥* in

10 —r = the cationic deficient structure of vanadium antimonate lead-

) ing to a structure with both cationic and anionic vacancies.
For the 10FeVSb, the calculated stoichiometry corresponded

f

s (" T to: Fey.09®*V0.32>"V0.57* To.185k.94°" 03,05 The substitu-
€ | air: propane (165 torr) + oxygen (75 torr) tion of vanadium by iron allowed the stabilization of the re-
4,‘{ “‘ oxygen (75 torr) duced compound with a structure presenting both cationic

and anionic vacancies without phase transformd@prsuch
stabilization effect induced by iron had previously been ob-
served in Fe—Sn—Sb—0 syst¢hb]. The solid then always
behaved as an n-type semiconductor under oxygen and during

Fig. 6. Variation of the electrical conductivity at 753 K under sequential  the following redox cycle under catalytic propane—oxygen
exposures to propane, oxygen and propane—oxygen mixture for VSb. mixtures. The fact that the electrical conductivity cycles

propane (165 torr)

0 20 40 60 80 100

time (min.)
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were not exactly reversible could account for a slight trans- strated by the electrical conductivity measurements data and
formation of the surface as shown by XPS measurements.the n-type semiconductivity observed.

Both types of semiconductivity may co-exist and account

for the behavior of the 10FeVSb catalyst. For FeSb the re-

sults obtained were typical of a pure n-type semiconductor 4. Conclusions

behavior.

The present study established the n-type semiconductor
character of VSb@ whichis considered as the active phase in
the selective ammoxidation of propane. However, it has been

Because of the p-type character of the VSb catalyst, the 00Served that VSbgbehaved as a p-type semiconductor un-
same activation mechanism of propane as that first postulate!€" Propane or under oxygen—propane mixture. This could
by Aika and Lundsford some years ago, has been proposecpe explamed by_ a surface tra_nsformanor_l with _the formc"_;mon
[16]. It is based upon the formation of hydrocarbon radicals ©f antimony oxide and a rutile phase richer in vanadium.
initiated by positive holes pholes, related to the presence Such transformation could account for the surface antimony

of cationic vacancief§]. These positive holes correspond to  €nrichment observed by XPS. _ _
electron vacancies in the valence band éf Ghat can be VSbQO, with vanadium partially substituted by iron, as

filled by electrons hopping from neighbouring anion leading Well @ FeSb@, appeared also as n-type semiconductors.
to the equivalent equation: They kept the same type of conductivity under propane or

propane—oxygen mixture. In the case of the mixed vana-
0> +pts 0O 9) dium and iron antimonate, the absence of a total reversibility

of the electrical conductivity supported a partial modifica-
Propane activation could proceeds with-eH0bond cleavage  tion of the surface with a small increase in antimony surface

3.4. Consequences for catalysis

via the attack by a hole: content.
4 . N Because VSh@transforms under catalytic reaction con-
CsHg +p™ = CgH7® + H (10) ditions with the appearance of a p-type character, the activa-

tion mechanism of propane on VSh@ould be based upon
the formation of hydrocarbon radicals onm Qwhich are ox-
idizing species strong enough to attack alkanesi®onds.
CsHg + O™ & CgH7* + 0% + H* (11) Although that when Fe substituted partially V, the n-type of
semiconductivity was kept, the same type of activation could
The radical formed would undergo a second hydrogen be carried but it would be related to the presence of isolated
abstraction according to a similar mechanism leading to V species.
propene. It could be outlined that such a process is similar to
that encountered in the oxidationmwbutane on (VO)P,0O7
[17] or on TiRO; [18,19] which are p-type semicon- References
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