1268

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VoL. 52 (5), 1268—1274 (1979)

An ESR Study on the Working States of a Pure V,0; Crystal
under the CO-oxidation

Yoshiya KEra* and Keiji Kuwarta
Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560
(Received August 29, 1978)

The V,0O; crystal, prepared from the pure V,O; powder by a zone-melting method in the air, did not show
any ESR signal. When the crystal came into contact with a mixture of CO and O, ((CO/O,)>4), an ESR
spectrum with the hfs of 15-lines (g//=1.932, g, =1.978; (g>=1.963), which has been previously ascribed to
an oxygen defect, was found at the beginning, but after prolonged contact a sharp spectrum ({g)=1.954) ap-
peared. The intensity of the hf-lines was constant but that of the sharp spectrum increased with the contact
time. The g-value and line shape of both spectra did not change with the contact time. The same spectra were
also found in the crystal grown under a mixture of GO and O,. On the thermal decomposition of pure NH,VO,
in vacuo a similar spectrum with a sharp line was found. The g-value became lower in the sample reduced further
by SO, after the thermal decomposition. With reference to the data of TGA, DTA, magnetic susceptibility
(%mo1), and X-ray analysis of the vanadium oxides, the sharp spectrum was ascribed to a lower oxide or oxide
state such as V,0,. Based on the ESR results, the working state of pure V,0j; crystal under CO-oxidation and
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its catalytic property are discussed.

Many phases, described by the general formulas
of V,,0;,._s (m=3, 4, (5), and 6)V and V,0,,_; (n=
3—9),%3 have been found for the vanadium oxides
(Vs0,;—V,0;). The phase transitions between them
have been well explained by the insertions and elimina-
tions of the oxygen planes through the crystal from
one side to the other, that is, by ‘‘shear planes.”%5
The excellent properties of the vanadium oxides as
catalysts,®® for instance, high selectivities on the partial
oxidations of hydrocarbons and the very long life,
have been connected to this feature of the vanadium
oxides, that the insertions and the eliminations of the
oxygen can occur easily and reversibly during the
phase transitions. Many authors®~29) have discussed
the catalytic mechanisms and the working states of
vanadium oxide catalysts.

Recently, the X-ray analyses on the crystal structures
of V;0.,#2) and V,0,%® have been accurately done.
The crystal structures of the oxides were not so simple
as to be induced from that of V,0O; based on the idea
of the shear plane. The recent TGA and DTA studies
on the vanadium-oxygen system have shown that the
appearances and disappearances of the intermediate
phases depend delicately upon the experimental condi-
tions.?3-25)  Furthermore, it has recently been made
clear that vanadium oxides easily take several kinds
of metals into the lattices and form several types of
“vanadium bronzes.”’26) The properties of the bronzes
complicatedly depend upon the kinds and the contents
of metallic impurities. Therefore, catalytic properties
of vanadium oxide should be further investigated by
taking the results, obtained recently on the oxide, into
consideration.

Our kinetic work,2” which was carried out on several
types of the V,Oy4 crystals over wide ranges of the
(COJO,) ratios, the total pressures, and the temper-
atures, suggested that even small amounts of metal
impurities gave great effects to the catalytic activities
and to the working states of the surface. Especially,
it was noticed that, during the coursc of CO-oxidation
on the highly purified thin plate crystallines of V,Oy,
the activation energy changed abruptly from a low
(2.3 kcal/mol) to a high value (29 kcal/mol) even under

the stoichiometric mixture of CO and O,; the (CO/
0O,)=2.1. The change in the activation energy sug-
gested the change in the working state from V,0O; to
some lower oxide.

In the present paper, the working states of the highly
purified V,0, crystal during the CO-oxidation was
investigated by means of ESR spectroscopy. The pro-
blem of which phase or state of vanadium oxides is
effective for promoting the catalysis is discussed, espe-
cially for the pure crystal.

Experimental

Materials. NH,VO, was chemically purified accord-
ing to the procedures of McCarley et al.2® and Haemers.2)
Pure V,0; powder was obtained by the thermal decomposi-
tion of the purified NH,VO,. The single crystals of the
pure V,0; were prepared by a zone-melting method, as is
mentioned in detail below.

Procedures. The single crystals of V,0; were prepared
as follows: a Pt-boat, which contained the purified V,O4
powder of about 5.3 g, was placed in a quartz tube (volume,
ca. 157 cm?®) and then a zone-melting furnance was driven
along the quartz tube. The atmosphere in the tube was
controlled by varying the ratio and the total pressure of
the mixture of CO and O,. In the preparation under the
air, one end of the tube was opened to the air. The width
of the melting zone and the maximum temperature in the
zone were 1.5 cm and 720 °C, respectively.

The single crystal of V,0;, which was prepared in the
air and cut down in the proper size, was taken into a quartz
tube (0.4cm in inner diameter) for the measurement of
ESR. The tube was gradually jointed with a glass tube
(0.8 cm in the inner diameter) for the connection to a vacu-
um line. After the sample tube was heated preliminarily
in vacuo, a given amount of the reaction gas was introduced
at room temperature, and then the tube was scaled. The
reaction tube was heated and was quenched in ice-water
just before the ESR measurements. The reaction conditions
are summarized in Table 1.

Some purified NH,VO, powder, 0.123 g, was taken in
each of the three quartz tubes for the ESR mcasurements.
One of the tubes was opened to the air and the others were
connected to a vacuum line. They were heated at 550 °C
for 3h. After heating, both the open tube and one of the
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TaBLE 1. THE CONDITIONS OF THE CONTACT OF THE
PURE V,O; CRYSTALS WITH THE REACTANTS
oF CO anp O,
(Volume of ESR measurement tube sealed: 4 cm?,
temperatures: 460 and 560 °C)

CO O, V,0; (“excess-CO”’/V,O5)2
Sample Torr Toi"r (CO/O,) 2g ’ mole I'a,tio2 ?
S-S-1 330 20 16 0.182 0.07
S-S-2 352 88 4 0.182 0.04
S-S8-3 88 22 4 0.115 0.016
S-5-4 32 8 4 0.115 0.006

a) “excess-CO”: the amount of CO which remained
after the equilibrium of the CO-oxidation, CO +0,/2
=CO0,, was achieved.

evacuated tubes were sealed and then the ESR were measured.
The other evacuated tube was filled with SO, gas at 724
Torr (1 Torr=1.333x 102 Pa) after it was cooled down to
room temperature and then was sealed. The inner volume
of the tube was about 4 cm? The sample tube was again
heated at 585 °C and, after quenching the tube in ice-water,
ESR measurements were done.

ESR Measurements. ESR measurements and the de-
terminations of the spin concentrations were done with the
same procedure as was mentioned in the previous papers.3%

Results

ESR Spectra in the V,04 Crystal Prepared under Various
Atmospheres. No ESR spectrum was found for
the V,0; crystal prepared in the air. In the V,0;
crystal prepared under the mixture of CO and O,
(COJ/O,=4) at the total pressure of 200 Torr, however,
a spectrum with the well-resolved hfs of 15-lines (4,/=
8.2, 41,=4.6 mT) was found, as was illustrated in
Fig. 1(a). On the other hand, in the crystal, prepared
under the mixture of CO and O, (CO/O,=16) at the
total pressure of 350 Torr, a new sharp line appeared
near the center of the hfs of 15-lines, as was shown in

Fig. 1(b). In this case, the resolution of the hfs-lines
(@) (b)
DPPH
H/b H/b
Hlb Hib
‘W’
Ho
—_—
20mT
DPPH/
Fig. 1. ESR spectra in the pure V,0O; crystals grown

under the reactants of CO and O,. (a) Py =200
Torr, CO/O,=4, and the mean composition=V,0, 4:5
(b) Pyiora1=1350 Torr, CO/O,=16, and the mean com-
position=V,0y 4.
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TasrLe 2. ESR spEcTRA IN THE PURE V,0; CRYSTALS
GROWN UNDER VARIOUS ATMOSPHERES

ESR parameters Line widths (mT)®

Conditions
of . g-tensor  A-tensor 1 field hieh ficld
preparation (o {4 (mT) ow fie igh fie
In air No spectrum
CO/O,=4, 1.964 5.8 — —
200 Torr (g//:::l.939 A//z8.2>
g1~1.976 4, =4.6
CO/0O,=16 1.954 — 3.1 4.3
350 Torr

a) The distances from the low field peak of the first
derivative curve of the spectrum to the center and from
the center to the high field peak were indepently
estimated in the estimation of the line width.

was also good, although the crystallinities seemed to
be not so good as for the single crystal.

Those samples showed neither fine structure nor
the half resonance in ESR due to the spin-spin interac-
tion for the spin state of S=1 or higher. Thus, both
spectra could be ascribed to the state of §=1/2.

The ESR parameters—the g-values, hf-coupling con-
stants, and the line widths—are given in Table 2.
Table 2 indicates that the center of the sharp line
differs a little bit from that of the hfs. The relative
intensities of the hfs-lines to DPPH in Figs. 1(a) and
1(b) seem to be approximately equal to each other.

The ESR Spectrum for the Highly Purified V,0;5 Crystal
in Contact with the Mixture of CO and O,. The
ESR spectra which appeared for the pure V,0Oj; crystals
in contact with the mixture of CO and O, are illustrated
in Fig. 2. In the Figure, the larger the (CO/O,)
ratio and the total pressure and the longer the contact
time, the larger the intensity of the sharp line becomes.
In the S-S-4 after the contact of 49 h at 460 °C, only
the spectrum with the hfs of 15-lines is seen, but in
the S-S-3 after the contact of 49 h, a sharp line ap-
peared together with the hfs-lines, although it is rather

weak. In the S-S-2 after the contact of 72 h and in
(a) (b) (c) (d)
H/b
HZb
DPPH Hlb DPPH/
™~ \ HLb
/)
DPPH

Ho
T—
20mT

Fig. 2. ESR spectra in the pure V,0; crystal on the
contact with the reactants of CO and O, at 460 °C;
(a) the sample S-S-4 in Table 1 after the contact for
49 h, (b) the sample S-S-3 after the contact for 49 h,
(c) the sample S-S-2 after the contact for 71 h, (d) the
sample S-S-1 after the contact for 115 h.
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TasBLe 3. ESR spECTRA IN THE PURE V,0; CRYSTALS IN CONTACT WITH THE REACTANTS OF CO anp O,
Condition ESR parameters Line widths (mT)
Sample of
reaction g—t(e;l)sor ‘ﬁzf::%(;r low field high field
S-S54 460 °C 1.963 — —
49h g//z1.932 A//z8.2
g1~1.978 4, —
S-S-3 423 ;C 1.954 — 37 43
S-S-1 460 °C 1.954 — 34 50
—S-S-4 250 h +0.002
S-S-1 560 °C 1.954 — 34 47
—S-S-4 240 h +0.002
the S-S-1 after the contact of 115 h, the intensity of @
the sharp line increased considerably. 2 —— —

Figures 2(a)—2(d) indicate that the intensity of the 2 ' L
sharp line increases depending upon contact time and g [ /' ]
the amount of the excess-CO, and, on the other hand, g R il /®/ o
that of the hfs-lines does not depend on the contact S 7 @ a0
time or on the amount of the excess-CO. This is g 10®— ,’/ —
seen in comparisons of the intensities of the spectra g _ e
with that of DPPH. During the contact for 250 h I N asorc,
an increase in the intensities of the sharp spectrum was c Y O—p 2%0h ]
found in all samples, S-S-1-—S-S-4, but the line shape & " 7 /O/

107 — —

and the position of the center did not deviate from those
at the very start. Even during further contact for
240 h at 560 °C, the intensities of the spectrum in all
samples still increased and the shape and the position
of the center were also kept constant. The ESR
parameters of the spectra are summarized in Table 3.

The line shape of the sharp spectrum varied with
the temperature of the measurements : the linewidth
became larger at 300 K than that at 77 K. As an
example, the spectrum in the S-S-3 after the contact
for 240 h at 560 °C is given in Fig. 3. The broadening
of the spectrum at room temperature would be caused
by the shortening of the spin-lattice relaxation time.
The growth of the sharp spectrum in the S-S-1—
the S-S-4 at 460 °C and 560 °C are shown in Fig. 4.
The growth of the sharp spectrum is seen at 560 °C
to be linear against the amount of the excess-CO for

300K 77K
H,
200mT
_v\‘\\ M

—

Fig. 3. The changes in the line width of the sharp
spectrum with the temperatures of measurement.

10'7 I 10 I | I [
10" 10 10%°
excess CO / molecules

Fig. 4. The relations of the intensities of the sharp spect-
rum with the excess-CO. The dotted line indicates
the spin concentration, expected in the crystal on com-
plete consumption of the excess-GO.

the contact for 240 h, but at 460 °C in the runs with
the higher contents of CO (S8-S-3 and S-S-4) such
linearity is not found. These findings might cor-
respond to the fact that at 460 °C the process in the
reduction of the surface is more rapid than the process
in the diffusion into the bulk, while at 560 °C both
processes are comparable. Table 3 shows that the
ESR parameters of the sharp spectrum are constant
without regard to the intensity of the spectrum, as
was pointed out above.

After the contact with the mixture of CO and O,
for a long time, the color of the crystal changed from
bright brown to dark brown, but the brilliance of the
(010) plane exposed to the surface from the start still
remained after such treatments. The result was similar
to that for the contact with the mixture of SO, and
0,.30

ESR Spectra in the Vanadium Oxides, Obtained by the
Thermal Decomposition of the Highly Purified NH,VO; and
Then by the Reduction with SO,. In the sample
obtained by the thermal decomposition of the purified
NH,VO, powder in the air, no ESR signal was found,
¢f. Fig. 5(a). After treatment of the sample with SO,
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(@) Decomposition
in air

Decomposition
in vacuo

+802 at R.T.
for 4 days

| +50z at 585°C
for2h

(e)

(b)

+S502 a1 585°C
for45h

(e +502 at s5°C

for59 h

Ho
—
20mT

Fig. 5. ESR spectrum found on the thermal decom-
positions of the pure NH,VO; and then the changes
in the spectrum by the contact with SO,.

at 585 °C, an ESR spectrum grew, as illustrated in
Figs. 5(b) and 5(c). In the sample obtained by the
thermal decomposition under a vacuum, an ESR spec-
trum appeared, as is shown in Fig. 5(d). By further
treatment of the sample by SO,, the spectrum changed,
as illustrated in Figs. 5(¢) and 5(f).

Discussion

The ESR Spectra in the CO—-0,-V,04 System. The
ESR spectrum with the hfs of 15-lines was found in
the V,0; crystal, which was prepared under the mixture
of CO and O, (rather weakly reductive), as is shown
in Fig. 1(a). After the contact with the mixture of
CO and O, for a short time, the same spectrum ap-
peared in the crystal in which no ESR signal had been
detected initially as is shown in Fig. 2(a). A quite
similar spectrum has also been found in the crystal
treated with a mixture of SO, and O, at the initial
stage. The spectrum was assigned to a V4+—V&+
pair, accompanied by an oxygen defect.3® On the
other hand, in the two cases in which the V,0; crystal
was prepared under the mixture of CO and O, (rather
strongly reductive) and was brought into contact with
such a mixture, a new sharp spectrum appeared in
the crystal, together with the hf-lines, as shown in
Figs. 1(b), 2(c), and 2(d). Since the centers of both
spectra were different, the sharp line did not seem to
be ascribed simply to the exchange narrowed line of
the hfs of 15-lines. The sharp line could be ascribed
to a lower oxide phase or a lower oxide state of vana-
dium oxides, by taking into consideration the results
that the ESR parameters of the sharp spectrum are
constant without regard to the intensity of the spectrum,
as was mentioned above.

According to the phase diagram of the vanadium-
oxygen system by Kachi and Kosuge et al.,3) the only
phase which can coexist thermodynamically with V,0O
is V30;. They® also measured the magnetic suscep-
tibility (xmol) of V303, V¢Oi3, and VO, and estimated

U by using these equations: x,, ., =C/T—0 and u,,~
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2.83V'C. The u,, (=1.32) in V,0, seems to be rather
well in accordance with the #,,,.4 (=1.00), calculated
under the assumption that V*+ ions were isolated and
their concentration was given by the composition of
(V50,4-2V,0;). In the case of VO, the u,. (=1.92)
is not very consistent with the #,,,.4 (=1.41) calculated
using similar procedures, and in the case of VO, the
Hogr (=2.96) and the 4,,,.4 (=1.73) are quite different
from each other. In V O;3 and VO,, therefore, the
spin state of V4* ions in the crystals would not be so
simple as that of V3O, From these considerations,
the sharp spectrum can be ascribed to the V3,0, phase.
The slight difference between the p,, and ., in
V;0; suggests that V4+ ions are not isolated comple-
tely in the V30O, phase. If the V4t ions were isolated
completely in the crystal, it should give the hf-coupling
with a nuclear spin of 'V (/=7/2) and thus the hfs
of 8-lines should be found. But infact only a sharp
line has been found because of the exchange nar-
rowing.

On heating the purc V,0j; crystal at 160 °C and
300 °C under high vacuum (10-¢ Torr) for a long
period, Gillis and Boesman3® observed the growth of
a new sharp spectrum, the center of which was ap-
proximately consistent with that of hfs of 15-lines.
From the consistency of both centers of the spectra,
the growth of the spectrum seems to correspond to
a preliminary step before the phase transition, V,O5;—
V30, : for instance, the clustering of the oxygen va-
cancies.

The ESR Spectra Found for the Thermal Decompositions
of the Pure NH,VOgy and Then for the Reductions by SO,.
In the DTA and TGA studies on NH,VO, by Taniguchi
et al.,» NH,VO, changed to V,0; by the decomposi-
tions in the air stream and to V3O, in vacuo. Further-
more, their results suggested that the V30, was reduced
to V¢O;; by a butadiene stream, and the V,0; was
reduced by SO, stepwise : V,0,~V,0,-V,0,,—VO,
(x=2). With reference to these results, the changes
in the ESR parameters with the thermal decomposi-
tions and then with the reductions by SO,, as shown
in Table 4, might be explained as follows. The spec-
trum of {g)=1.956, obtained on the thermal decom-
position in vacuo, is ascribed to the V;O, phase and
the decrease in the g-value on the reduction by SQO,,
(g>=1.956—1.947, is caused by the process, V;O,—

TaBLE 4. Tue ESR SPECTRUM FOUND FOR THE THERMAL
DECOMPOSITION OF A PURE NH,VO,; AND THE CHANGE
IN THE SPECTRUM WITH THE REDUCTION BY SO,

Condition ESR parameter Line widths
of g-tensor (mT)
reaction {&
In air dec No spectrum
+ SO, P
heating for 45 h 1.949 4.9 5.4
Evac. dec 1.956 4.2 6.2
+ S0,
at RT standing for 1.953 4.6 5.3
4 days
+50, 1.947 4.5 6.0

heatmg for 59 h
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VO, or V,O,;. The decrease in the g-value, ac-
companied by the appearence of some lower oxides
or some lower oxide states, can be understood by
taking a change in the symmetry of the crystal field
around the vanadium(IV) ion into consideration, as
is discussed below.

The V,0O; crystal is constructed from a kind of
octahedron unit, which distorts quite a bit, as shown
in Fig. 6.3 In VO, (rutile type)®® the octahedron
is close to a proper one. In the intermediate phases :
V,;0,,2) V,0,,22 and V¢0,;,% three or four types of
the octahedron unit are contained in the crystals. To
show the comparisons of the V-O distances in the
octahedron among the phases, Table 6 was prepared.
For the intermediate phases, the V-O distances were
evaluated as the simple means of those in all octa-
hedrons. In Table 6, the V-O(1) increases gradually,
except for the V¢O,,, and on the contrary the V-O(6)
decreases with the progress in the reduction. This
means that the octahedron in the vanadium oxides
changes gradually from a highly distorted structure to
a proper one with the progress in the reduction, that
is, the degree of the deviation of the V(IV) ion from
the O(2)-0O(3)-O(4)-O(5) plane becomes small, ex-
cept for V,O,5. The crystal field splittings of V(IV)
ions in TiO,(rutile) and VO, crystals have been given
by Simizu3® and Grunin et al.,® as in Fig. 7(a). In
the higher oxides the splittings probably change as
in Fig. 7(b), because the V(IV) ion deviates further

Fig. 6. The VO, octahedron unit in V,0; crystal
(Ref. 32); small circle: vanadium ion and large circle:
oxygen ions.

Yoshiya KeEra and Keiji Kuwata
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dye +Adx2_y2
Eg
ayy
-
Tog e Jox P e S
—< " al s o

(a) (b)

Fig. 7. Schematical view on the changes in the encrgy
diagram for the d-orbitals of the vanadium ion in the
VO, octahedron with the progress in the oxidation
and the reduction of vanadium oxides; (a) the energy
diagram for the VOjy unit in the VO, crystal (Refs. 36
and 37) and (b) that in higher oxides than VO,.

up from the oxygen square plane. The higher the
oxidation states, the larger the § becomes, while the
4 becomes a little smaller (or remains almost constant).
The g-value can be roughly estimated by the familiar
equa‘tiOHS: gzz:go—‘l'l/A, gxx:go_llal and gyy:go
—A[d5, where 1 is the spin-orbit coupling constant.
Therefore, with the progress in the reduction, the
following changes in the g-values will be expected :
g.—increase slightly (or remain constant), and g.,
and g, —>decrease quite a bit.

For the V(IV) ion in the V,0, crystals, {g)=
1.975 and g,,, g,,>4,, have been reported.?® On the
other hand, in the V(IV) ion in VO, crystal, {g>)=
1.916 was given.?”) The g-values of the V(IV) ions
deped in TiO,, SnO,, and GeO, were {gy=1.927,
1.928, and 1.935, respectively.?® The tendency of
the changes in the g-values is quite consistent with
that expected above. The g-value in the spectrum
found for the thermal decomposition of NH,VO; in
vacuo, {g>=1.956, and also that for the reduction by
SO,, {g>=1.947, given in Table 4, are also well
understood according to the above discussion. That
is, the changes in the g-values from 1.975 to 1.956 may
correspond to the process, V,0,—V;0,, and the change
from 1.956 to 1.947, to the process, V;0,—»V,0O, or
V¢Ois.

Recently, Kawashima et al.?®) examined in detail
the process of the reduction of V,0; by SO, by means
of the TGA and the X-ray analysis. The processes

TaBLE 5. THE cOMPARISONS OF THE V-O DISTANCES AMONG THE VO; OCTAHEDRON UNITS CONTAINED
IN THE VANADIUM OXIDES BETWEEN V,0; anp VO, (V;0,, V,0,, and VO,; are constructed

from two or three kinds of the octahedron units.

The simple mean values of the

octahedrons were given in the oxides.)

Compound V-0, V-0, V-0, V-0, V-0, V-0, Ref.
V.0, 1.595 1.780 1.878 1.878 2.021 2.785 32)
V,0, 1.624 1.812 1.946 1.952 1.984 2.690 21)
V,0, 1.629 1.891 1.897 1.931 1.974 2.531 22)
VO, 1.906 1.835 1.865 1.835 2.086 2.375 34)
VO,(rutile) 1.76 1.87 1.86 2.01 2.03 2.05 33)

a) Since certain values of the V-O distances have not been given for the VgO,;, the authors estimated roughly,

according to the data of Aebi.
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in the reduction were found to occur stepwise and
the phases described by the general formula of V,O,,_;
appeared successively. However, the appearance and
disappearance of the intermediate phases depended
delicately and complicatedly upon the experimental
conditions: for instance, the flow rates of the reduct-
ants, the partial pressures, the temperatures, the states
of the pilling of the powder, and so on. According
to their results, the present ESR spectra and the param-
eters found on the thermal decomposition of NH,VO,
and then on the reduction, are probably composite
values.

The Growth of the V,05 Crystal and Its Coexisting
Phase under Oxidative and Reductive Atmospheres.
Similar spectra to those shown in Figs. 1(a) and 1(b)
have been found in the pure and doped V,Oj crystals.
Ioffe ¢t al.3® have regarded the spectrum as caused
by metal impurities, since the spectrum became more
intensive in proportion to the contents of metal impuri-
ties. On the other hand, the spectrum was ascribed
to the oxygen defect by Gillis £ al.,?®) as was mentioned
above. The fact that no ESR signal was found in
the crystal of the V,O; prepared in the tube opened
to the air suggests that the concentrations of the im-
purities and the oxygen defects were below the sensiti-
vity in the detection, that is, the starting material
had been fully purified and the growth of the single
crystal was accomplished under the condition of equi-
librium. It means, furthermore, that the equilibrium
pressure of the oxygen at the decomposition of the
non-stoichiometric phase (V,0;_;) was very low, as
compared to the partial pressure of oxygen in the air
even at such a high temperature as the melting point
of the V,05 (ca. 670 °Q).

In the case of the crystal prepared under the mixture
of CO and O, (CO/O,=4) at the total pressure of
200 Torr, only the spectrum ascribed to the oxygen
defect was found, as discussed above. Since in the
system the (excess-CO[V,0;) ratio is estimated to be
0.025, the non-stoichiometric region of V,0O, will ex-
tend at least up to V,0, 4,5 near the temperature of
670 °C. On the other hand, in the crystal prepared
under the mixture of CO and O,(CO/O,=16) at the
total pressure of 390 Torr, a strong sharp spectrum,
ascribed to a phase like V;0,, appeared in addition
to the hfs-lines, as discussed above. In this case, the
(excess-CO[V,0;) ratio was estimated to be 0.10.
Thus the composition of V,0, 4, should be realized,
if the equilibrium between the gaseous phase and the
solid has been kept fixed throughout the crystal growth.
That is, the non-stoichiometric phase of V,0; would
not extend up to V,O, 4.

The Change in the Surface States of the Highly Purified
V,05 Crystal during the CO-oxidation. The pure
V,0; crystal, kept under the conditions of the CO-
oxidation (rather reductive atmosphere), showed a
sharp spectrum, accompanied with the spectrum with
the hfs of 15-lines. The line shape and the g-value
of the ESR spectra were completely consistent with
that in the crystal grown under a similar atmosphere.
Both the line shape and the {g) were kept constant
from the beginning of the appearence without depend-
ing on the (CO/O,) ratio, the partial pressures of

ESR of Pure V,0; Crystal under CO-oxidation

1273

CO, the temperatures, or the reaction time. From
the beginning the center of the sharp spectrum already
differed from that of the hfs-lines, as seen in Fig. 2(b)
and Table 3. This finding suggests the coexistence
of the non-stoichiometric phase of the V,0, and the
V30, near the surface from the initial stage of the
reduction. The intensity of the sharp lines increased
gradually with the time, while that of the hfs-lines
did not vary, as the comparison of the intensity with
DPPH in Figs. 2 and 3 will show. This means prob-
ably that the other phases of the lower oxides did not
exist in the crystal even locally. This idea will be
supported by the fact that, although the color of the
crystal varied from bright brown to dark brown, the
brilliance of the (010) surface was always kept. The
results of the isotopic exchange of oxygen also suggest
that the mobility of the lattice oxygen was stimulated
abruptly at above 500 °C.4%) Therefore, at least at
such a high temperature as 560 °C, the highly purified
V,0; crystal is reduced homogeneously and gradually
from the surface toward the bulk during the CO-
oxidation (under rather reductive atmosphere).

The result obtained in a previous paper,?? the
abrupt change in the activation energy from the lower
value to the higher during the CO-oxidation, could
be related to the change in the surface states from the
nonstoichiometric V,O; to a lower oxides like as
V30,. The fact that, on the contrary, such a change
in the working state was not seen for the unpurified
crystal,®” suggests that very little amounts of metal
impurities play some important roles in preventing
the change in working state. This subject is a future
problem for the solid state chemistry on vanadium
bronzes.
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