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Ceramic model catalysts of general formula Bi4V2−xSbxO11−δ are
synthesised by solid-state reaction. X-ray diffraction shows the ma-
terials to be single phase over the composition range 0 ≤ x < 0.3,
with a second phase, which is not identified, produced at higher an-
timony doping level. XPS results show oxidation states of +IV and
+V for vanadium in these compounds. These results also indicate
that the proportion of antimony on the surface of the compounds
is greater than that in the bulk of these compounds. The catalytic
properties of the materials are examined using methanol oxidation
as a test reaction. The activity and selectivity to formaldehyde pro-
duction shown by these materials is found to be strongly correlated
with the antimony doping level. c© 1997 Academic Press

INTRODUCTION

It is well known that Bi2O3 exhibits a remarkable range of
useful solid-state properties (1). Many multicomponent sys-
tems containing ternary oxides of Bi, such as bismuth vana-
dium molybdenum oxides (for example, BiMo1−xVxO4)
or the various types of bismuth molybdates (Bi2MoO6,
Bi2Mo2O9, and Bi2Mo3O12), are efficient selective oxida-
tion catalysts for hydrocarbons. Structural oxygen is re-
leased from the catalyst, thereby converting it to a nonsto-
ichiometric solid. The anion deficiency is made good when
reactant gaseous oxygen is taken up by the catalyst, in a
Mars–van Krevelen mechanism (20).

The bismuth-containing layered perovskite-like com-
pound, which was studied by Kargin (3), corresponds to
the general crystallochemical formula, (Bi2O2)2+ (An−1Bn ·
O3n + 1)2− belonging to Aurivillius phases (B denotes Ti4+,
Ta5+, Nb5+, W6+, and other ions capable of forming oxy-
gen octahedra; A denotes Bi3+, Ba2+, Pb2+, Sr2+, Ca2+, and
other ions with corresponding sizes; n = 1, 2, 3, . . . is the
number of perovskite-like layers between the bismuthyl
layers, (Bi2O2)2+). Complex perovskite and layered per-
ovskite metal oxides are of considerable interest, as their
properties may be tailored to specific applications by subtle
changes in chemical doping at the A or B cation sites.

Barrault et al. (4) studied the oxidative coupling of
methane in the presence of (Bi2O2)2+(An−1BnO3n + 1)2−

(A denotes Ca, Sr, Ba, and Pb, and B denotes Nb and Ta).
Their results showed that these materials are selective and

stable in the aforementioned reaction. Moreover, their
substitution in perovskite (A) or octahedral (B) sites leads
to significant change of the C2+ selectivity or yield which is
attributed to modification of the basicity of A–O or B–O
bonds.

The compound Bi2VO5.5 (or Bi4V2O11), in which all po-
sitions of the B sublattice are occupied by V5+ ions only,
while the A sublattice for compositions with n = 1, is absent,
was also synthesised (5). Preparation and characterisation
of doped Bi4V2O11 materials have been studied by many
authors (6–10). Joubert et al. attempted to dope antimony
into the V site in this compound leading to preparation and
characterisation of Bi4V1.5Sb0.5O10.7 (9).

Vanadium–antimony oxides have been developed as
catalysts for the oxidation of hydrocarbons (11–16). Berry
and Brett (11) investigated the properties of vanadium–
antimony oxide catalysts. Their results were consistent
with the reduction of the catalyst during the catalytic re-
action and more specifically, with the reduction of vana-
dium (IV) in the oxidised vanadium antimonate phase
(VSbO4). Nilsson et al. prepared V–Sb–O catalysts with dif-
ferent Sb : V ratios and used them for the ammoxidations
of propane and propylene (12).

In the current work Bi4V2−xSbxO11−δ compounds are pre-
pared over the nominal range 0 ≤ x ≤ 1.7 and the catalytic
behaviour of these compounds is studied using methanol
oxidation as a simple test reaction. The production of
formaldehyde is used as a measure of selectivity to par-
tial oxidation, while production of CO2 is used to monitor
deep oxidation.

EXPERIMENTAL

Ceramic samples of nominal formula Bi4V2−xSbxO11−δ

were prepared by solid-state reaction. Stoichiometric
amounts of Bi2O3, V2O5, and Sb2O3 were ground to con-
stant particle size using a vibrating agate ball mill, and
the green mix was slowly annealed (1◦C/min) in air up to
1073 K. After annealing for 4 h at this temperature, it was
slowly cooled (1◦C/min) to room temperature.

X-ray diffraction (XRD) was carried out using a Philips
Horizontal Powder Diffractometer and monochromated
Cu Kα radiation. X-ray photoelectron spectroscopy (XPS)
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was carried out using a Fison’s Instruments XR3 twin anode
X-ray gun and CLAM2 hemispherical analyser, in an ion-
pumped chamber. In this case powder samples were loaded
onto Cu plates. Argon ion etching was achieved using a PSP
Instruments ISIS3000 filament Ar+ ion gun.

The surface areas of the catalyst were measured by the
BET method using nitrogen. In the methanol oxidation
studies, a continuous flow system was used. One-gram
quantities of catalysts were loaded onto glass wool in
a 1-cm-diameter quartz reactor, which was located in a
temperature-controlled furnace. The thermocouple was ad-
jacent to the sample position in the furnace. Methanol
was introduced by bubbling dry He through a glass satu-
rator filled with methanol. The total flow rate of dry O2,
He/MeOH, and He above the catalyst was controlled using
a vent valve before the reactor and measured by a bubble
flow meter after the reactor. The product gases were sam-
pled immediately after the reactor and were injected into
a gas chromatograph provided with a thermal conductivity
detector (TCD) for analysis. O2, CO2, HCHO, H2O, and
MeOH were separated using a Propack-T column. To pre-
vent condensation of reactant and product gases the tubing
between the saturator and the sampling valve, and between
the reactor and the bubble flow meter, was heated to 373–
383 K. The catalysts were pretreated at 723 K in 1 : 1 He/O2

for 16 h, followed by flushing with He for 10 min. To investi-
gate the effect of different pretreatments on the catalytic be-
haviour, catalysts were also pretreated in pure He at 723 K
for 16 h. The reaction was carried out at temperatures in the
range 523–623 K. After establishing steady-state conditions
(around 30 min in reactant flow), the reaction products were
analysed at a constant flow rate of 52 ml min−1. For each
catalyst material and each pretreatment at least three ex-
perimental runs were made, and measurements were taken
as the temperature was raised. In order to check that these
measurements were not affected by any time-dependent
poisoning effect, for selected materials the measurements
were rechecked as the temperature was lowered. No sig-
nificant changes were noted. To investigate the effect of
catalytic reaction on the catalysts, selected samples were
cooled to room temperature after catalytic reaction under
both He/O2 and He streams. The random error associated
with averaged readings taken for each sample is estimated
to be ≤±3%. This gives relative values of percentage of se-
lectivity and percentage of total conversion (Table 3) which
are reproducible to within ≤±5%.

RESULTS AND DISCUSSION

Sample Characterisation

Powder XRD patterns for various values of the anti-
mony doping level, x, are shown in Fig. 1. In the doping
range 0 ≤ x < 0.3, the samples appeared single phase, and
reflections were indexed using the standard JCPDS file (No.

FIG. 1. Powder XRD patterns for the Bi4V2−xSbxO11−δ compounds
(x = 0, 0.1, 0.2, 0.3, 0.5, 1, 1.7), showing the appearance of the second
phase as a function of Sb doping level, and the disappearance of the or-
thorhombic distortion, as evidenced by the coalescence of the (020) and
(200) reflections at 2θ = 32◦ and 32.4◦, respectively. Peaks due to the sec-
ond phase appearing for x > 0.2 are indicated by asterisks.

42-349) for Bi4V2O11. For samples with x ≥ 0.3 some dou-
blet peaks convert to single peaks which could be consistent
with transformation of the structure from orthorhombic to
tetragonal, e.g., the peaks at 32◦ and 32.4◦ corresponding to
(020) and (200) reflections, respectively, convert to a single
peak at 32.3◦. This is in agreement with the lattice param-
eters of the unit cell in these compounds which are shown
in Table 1. On increasing the doping level a decreases and
at x = 0.3, a = b = 5.5324 Å and c = 15.4596 Å. For samples
with x ≥ 0.3 a secondary phase, which is not identified, was
observed, as shown in Fig. 1. This behaviour (a transition
from orthorhombic to tetragonal) has been reported for
Bi4V2O11 and Bi2V1−xMxO5.5−3x/2 compounds (where M is
Cu and Ni) by Bhattacharya et al. (31) and Abraham et al.
(7, 32), respectively. The Bi2V1−xCuxO5.5−3x/2 compounds in
the range 0 ≤ x ≤ 0.07 are orthorhombic, but for the range
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TABLE 1

Cell Dimensions of Bi4V2−xSbxO11−δ Compounds from XRD

x a/Å b/Å c/Å Volume/Å3

0 5.516 5.595 15.220 469.74
0.06 5.522 5.598 15.272 472.09
0.1 5.521 5.588 15.286 471.58
0.2 5.522 5.586 15.315 472.41
0.3 5.532 — 15.460 473.18
0.5 5.524 — 15.596 475.93
1 5.483 — 15.553 467.63
1.7 5.463 — 14.620 436.38

0.07 ≤ x ≤ 0.12, the room-temperature unit cell is tetrago-
nal. The Ni-substituted compounds with x = 0.07 show that
this compound has a tetragonal structure.

In Fig. 2, XRD patterns recorded for a sample hav-
ing x = 0.2, which is cooled to room temperature under

FIG. 2. Powder XRD patterns recorded for the Bi4V1.8Sb0.2O11−δ sam-
ples. (a) Before reaction; (b) after reaction cooled to room temperature
under He stream; and (c) after reaction cooled to room temperature under
He/O2 stream.

different streams (He and He/O2), after catalytic reaction
are compared with the XRD pattern of the same sample
before reaction (for reasons of clarity, the patterns are only
shown from the Bragg angle, 2θ , 30◦ to 35◦). For the sample
which is cooled under He alone the doublet peaks corre-
sponding to the (020) and (200) reflections appear to be
converted to one single (200) reflection, but after cooling
under the He/O2 stream the doublet peaks are again ob-
served. This comparison suggests that the structure might
convert from orthorhombic to tetragonal during the cat-
alytic reaction, but under a He/O2 stream the catalyst can
reconstruct to the orthorhombic structure again.

As might be expected from the high annealing temper-
atures used to synthesise these “model catalyst” materials,
the samples were highly crystalline, as evidenced by the nar-
row reflections observed in XRD. Consistent with this, the
BET surface areas were much lower than in a normal work-
ing catalyst material, typically in the range 0.3–0.7 m2 g−1,
and these showed small random fluctuation with Sb dop-
ing level. We note that the values obtained via this route
for powders with surface areas <1 m2 g−1 may be subject
to errors of around ±25%, so these measurements merely
indicate a low and roughly constant surface area.

The surface chemical composition of the samples was
checked by performing XPS over a range of binding ener-
gies. The experiment was carried out before and after per-
forming the catalytic reaction on the catalysts. Examination
of the carbon 1s region from uncleaned samples indicated
a signal that could be assigned to hydrocarbon. After ar-
gon ion etching the samples, this signal was removed. In
order to calibrate the energy scale in an XPS study of the
oxides of vanadium, Mendialdua et al. suggested that the
best energy reference for this purpose is the O1s level (17).
Therefore, in this work the O1s level has been used as cali-
brant and it was assumed that the aforementioned level is at
531 eV. The O1s peak overlaps the region in which the most
intense peak for antimony (Sb3d5/2) should appear. There-
fore, the presence of antimony on the surface of samples
should be probed by the Sb3d3/2 peak. In addition, con-
cerning vanadium, only the V2p3/2 component can be ac-
curately treated because the V2p1/2 peak overlaps with the
O1s Kα3,4 satellite peak. The problems associated with the
deconvolution of partially overlapping weak signals, com-
bined with some difficulties associated with sample charg-
ing, mean that absolute quantification of these data must
be approached with caution. However, calculations of sur-
face chemical composition (Table 2) show that the pro-
portion of antimony on the surface of the compounds is
more than that in the bulk of these compounds. This trend
is more evident for lower antimony doping level, x, and
it seems that the Sb concentration in the surface layers of
the vanadate may be approaching some limiting value when
the bulk doping level increases. In addition, the XPS results
show that the proportion of antimony after performing the
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TABLE 2

The Bulk Nominal and Experimentally Determined Surface Con-
centration Ratios of Antimony and Total Vanadium, N(Sb) : N(V),
and the Ratio of Vanadium Oxidation States, VIV : VV

Surface experimental

N(Sb) : N(V)

VIV : VV Before After
reaction reaction

Before Before After (etched (etched Bulk
x reaction reaction reaction sample) sample) nominal

0 0.6 — — — — 0
0.06 0.2 —a —a 0.23 —a 0.03
0.1 0.3 0.07 0.11 0.15 0.13 0.05
0.5 0.6 — 0.36 0.49 0.37 0.33

Note. Estimated error ±20%.
a Indicates Sb level too low for quantification.

catalytic reaction increases on the surface of as-presented
samples. This may indicate a possible reconstruction of the
surface of nominally orthorhombic samples to tetragonal
during the catalytic reaction, in line with XRD results that
indicate the reconstruction of the bulk of the samples to
tetragonal is associated with increasing the antimony dop-
ing level. (Our XRD results indicate that the bulk transition
occurs between x = 0.2 [N(Sb) : N(V) = 0.11] and x = 0.3
[N(Sb) : N(V) = 0.18].) The surface experimental Sb : V ra-
tio from XPS is compared with the bulk nominal ratio in
Table 2, from which it can be seen that the surface Sb con-
centration exceeds these values for very low values of the
nominal Sb doping level. On fitting the V2p3/2 peak by
means of two components (e.g., Fig. 3a), it is clear that
the first one at 516.8 eV is characteristic of VV, whereas
the second one at 518 eV can be assigned to VIV. This is in
agreement with the results of Joubert et al. on the XPS of the
Bi4V1.5Sb0.5O10.7 compound (9), where a peak separation of
1.2 eV between the two oxidation states is also observed.
This behaviour suggests flexible redox behaviour at the sur-
face of these compounds. The surface VIV : VV ratio shows a
somewhat erratic variation with x (antimony doping level).
We note that this ratio will be subject to a high error, as
it involves fitting and taking a ratio between two weak,
overlapping signals. Nevertheless, the values are roughly
consistent with the ratio of 0.66 estimated by Joubert et al.
for Bi4V1.5Sb0.5O10.7 (x = 0.5) (9). There is some suggestion
from the data that the VIV : VV ratio increases with Sb con-
centration for the Sb-doped samples. The binding energy
of the maximum intensity point of the V2p3/2 peak from the
samples decreases by 0.3–0.9 eV after performing catalytic
reaction on them. This behaviour could show a reduction
in vanadium oxidation state during catalytic reaction. In
other words, it could be concluded that the catalytic redox

cycle involves reduction of VV to a lower oxidation state.
This is modelled in our XPS measurements by light Ar+ ion
etching. Surface cleaning under Ar+ induces a reduction
especially of VV on the surface of the samples. The curve-
fitted V2p3/2 spectrum of a Sb-doped sample (x = 0.1), after
etching by Ar+, is compared with the V2p3/2 spectrum be-
fore Ar+ etching in Fig. 3. The FWHM (full width at half
maximum) for the components becomes larger after etch-
ing, which is probably associated with the surface damage
caused by etching.

Catalytic Measurements

For each catalyst material, Arrhenius plots were
constructed for partial (production of HCHO), deep
(production of CO2), and total (CO2 + HCHO) oxidation,

FIG. 3. Curve-fitted V2p3/2 spectra of a Bi4V1.9Sb0.1O11−δ sample.
(a) Before argon ion etching; (b) after argon ion etching for ∼20 min; and
(c) after argon ion etching for a further ∼20 min. Peak fitting parameters
(in particular the energy separation of the components) is based on the
work of Joubert et al. (9). Fitting parameters:

Peak Peak
position position

1/eV FWHM/eV Area/cps 2/eV FWHM/eV Area/cps

(a) 516.8 1.3 130.9 518 1.5 421.2
(b) 516.9 2.7 1324.7 517.9 2 634.8
(c) 516.9 2.1 1816.5 518.4 2 635.9
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FIG. 4. Selected Arrhenius plots of total oxidation for He/O2 pre-
treatment.

after He pretreatment and He/O2 pretreatment over the
temperature range 523–623 K. Selected Arrhenius plots for
total oxidation are compared in Fig. 4. It was assumed that
the rate law does not change with temperature or compo-
sition, so that the measured rate of production of prod-
ucts was taken as proportional to rate throughout. In gen-
eral, good straight-line plots were obtained, allowing the
extraction of activation energies for both partial and deep
oxidation. For partial oxidation, these are typically in the
range ∼30–75 kJ mol−1, with higher values, in the range
∼50–150 kJ mol−1 for deep oxidation. In both cases, the ac-
tivation energies rise to a maximum at around x = 0.08 Sb
doping level, and then fall. The values for partial oxidation
are low and indicate that the reaction is moving to deep ox-
idation at higher temperatures. This can be seen in Table 3,
which shows a compilation of percentage of conversion and
selectivity data for a range of the materials studied.

The total activity of the catalyst materials was not
substantially affected by the pretreatment process used.
Figure 5 shows the activity of the catalyst materials to pro-
duction of all products (CO2 and HCHO) as a function of
bulk antimony content, after both He and He/O2 pretreat-
ment, obtained at temperature 570 K. The data points are
taken from the straight-line fits to the relevant Arrhenius
plots. Here, activity is normalised in the conventional way
to the mass of catalyst (i.e., ln(mol g−1 min−1)), but normal-
isation instead to the surface area of the catalyst produces

an insignificant change to the overall shape of the plots, as
the variations in surface area across the doping range are
small and random.

Figure 6 shows the selectivity of the materials to the pro-
duction of formaldehyde, again as a function of bulk anti-
mony content after He pretreatment and He/O2 pretreat-
ment. The data in Fig. 6 is presented in the conventional way,
maintaining a roughly constant total conversion of <1%.
The total conversion obtained from these very low surface
area materials is always low. The selectivity of the materials
to the production of formaldehyde varies dramatically with
temperature and with antimony doping level.

A number of trends emerge from the data. The most
dramatic of these, shown clearly in the data of Fig. 5, and
reflected in the data at other temperatures, is the drop in
activity of the materials as Sb is introduced. This drop in
overall activity of the materials is produced mainly by a

TABLE 3

Selectivity to HCHO and Total Conversion in Methanol Oxida-
tion over Bi4V2−xSbxO11−δ as a Function of Sb Content, Tempera-
ture, and Catalyst Pretreatment, for Selected Representative Com-
positions

HCHO selectivity/% Total conversion/%

x T/K He/O2 Pre. He Pre. He/O2 Pre. He Pre.

0 548 100.0 — 0.1 —
563 85.0 100.0 0.2 —
578 75.6 100.0 0.3 0.1
593 67.2 74.3 0.4 0.2
608 61.1 66.4 0.6 0.2
623 56.1 59.5 0.8 0.3
638 — 56.4 — 0.5

0.04 563 66.7 100.0 0.1 —
578 56.8 66.3 0.1 0.1
593 50.2 54.1 0.2 0.1
608 42.9 45.9 0.3 0.2
623 32.6 42.7 0.4 0.3

0.08 548 100.0 — — —
563 100.0 100.0 0.1 —
578 78.0 76.2 0.1 0.1
593 71.7 56.7 0.2 0.1
608 60.3 50.6 0.3 0.2
623 55.3 46.6 0.5 0.3

0.2 548 61.2 — 0.1 —
563 49.0 68.4 0.1 0.1
578 38.4 65.0 0.1 0.1
593 38.1 64.3 0.2 0.1
608 35.3 56.4 0.3 0.2
623 — 53.3 — 0.2

0.7 548 19.4 — 0.2 —
563 14.5 23.0 0.3 0.2
578 13.0 19.2 0.5 0.4
593 8.7 15.0 0.8 0.5
608 10.0 11.8 0.9 0.7
623 — 10.2 — 0.9
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drop in the rate of production of CO2. The rate of produc-
tion of total products decreases when the antimony dop-
ing level, x, is in the range 0 ≤ x ≤ 0.08. The activity then
climbs again, through to the highest doping levels studied.
Although around x = 0.3, there is a slight drop in the rate
of increase, in the range x > 1, the total activity of catalysts
which contain secondary phase increases sharply. It can also
be seen from Fig. 5 that the activity of the He-pretreated
materials appears consistently lower than that of the He/O2

pretreated materials.
Selectivity to production of formaldehyde for the Sb-

doped compounds is highest at the lowest temperatures
studied, but again appears to show some correlation with
antimony content, x. The optimum selectivity to formalde-
hyde is for the compound containing no antimony (i.e.,
x = 0) and by doping antimony (i.e., increasing x) a drop in
selectivity is seen. However, this overall downward trend
is interrupted in the range x = 0.06–0.08 by a reproducible
and apparently anomalous rise in selectivity for both He/O2

and He pretreatments. Beyond x = 0.08, the selectivity of
materials decreases dramatically, but it is roughly constant

FIG. 5. The effect of Sb doping on the catalyst activity in methanol
oxidation [expressed as ln(total moles g−1 min−1)]. Closed circles represent
the total activity of the catalysts after He/O2 pretreatment and open circles
represent the total activity of the catalysts after He pretreatment (a) for a
wide range of doping level, x = 0–1.7, and (b) expanded region x = 0–0.5.

FIG. 6. The effect of Sb doping on catalyst selectivity to production of
HCHO from methanol (at constant total conversion of <1%). Closed cir-
cles represent the selectivity of the catalysts after He/O2 pretreatment and
open circles represent the selectivity of the catalysts after He pretreatment
(a) for a wide range of doping level, x = 0–1.7, and (b) expanded region
x = 0–0.5.

for antimony contents around the range 0.2 < x < 1. The se-
lectivity increases again after this doping level up to the
highest doping level studied.

GENERAL DISCUSSION

The general form of the activity/composition curve for
these materials, i.e., an initial fall followed by a rise, has
been observed for a range of other doped oxide materi-
als (18–23). For example, the activity of model Sn1−xVxO2

and Ti1−xVxO2 catalysts in the decomposition of N2O fol-
lows a similar pattern (18). This has been correlated with
increases in the conductivity of the materials on doping
(19). In addition, it is suggested that high selectivity to par-
tial oxidation products is correlated with the resulting rela-
tively facile electron exchange between active site cations,
combined with a high metal–oxygen bond strength (i.e.,
strongly bound oxygen) (19). The latter property appears
to be quite general to selective double oxide system; for ex-
ample, the most selective systems show rather low rates of
homomolecular isotopic oxygen exchange (24). This can be
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rationalised on the basis of a Mars–van Krevelen type mech-
anism, where tightly bound nucleophilic lattice oxygen is
responsible for production of selective oxidation products,
whereas weakly bound, surface adsorbed electrophilic oxy-
gen tends to lead to total oxidation (24).

In our previous work (22, 23), the activity of Sb-doped
SrSnO3 and Sb-doped SrMoO4 catalysts in methanol oxi-
dation followed a similar pattern. The activity and selec-
tivity to formaldehyde was found to be strongly correlated
with attainment of the bulk solubility limit of Sb in both
the SrSnO3 perovskite host and the SrMoO4 scheelite host.
In SrSn1−xSbxO3, we suggested that the minimum in activ-
ity and maximum in selectivity is associated with a maxi-
mum in the concentration of SbV–O bonds in the surface
regions at around 10 at.% Sb doping. The high levels of
Sb in the surface regions may also be sufficient to have a
significant effect in isolating the deep oxidation centres, as
in USb3O10 (25, 26). This is combined with an increase in
the electronic conductivity of the material as Sb is added,
such that the material at 10% doping level combines cen-
tres of high metal–oxygen bond strength with quite high
electron mobility, both important properties for high selec-
tivity (19). In SrMo1−xSbxO4−δ the activity and selectivity
to formaldehyde are functions of doping level and show a
pronounced minimum at around the solubility limit of Sb,
which is in the range 0.5–1% in these compounds. It was sug-
gested that the replacement of Mo–O bonds with SbV–O
(1.96 Å (22)) bonds which are weak bonds compared to
Mo–O bonds (1.77 Å (27)) causes the selectivity goes down
at lower doping level (∼0.5%) but since the selectivity for
SrMoO4 even at high temperature is 100%, any drop in se-
lectivity is accompanied by a drop in total activity. So, at
low doping level both activity and selectivity decrease (23).

Since different valence states for V are observed in
Bi4V2O11−δ (28), the redox flexibility of this element could
be important in the catalytic cycle. In addition, the XPS
study revealed the presence of SbV and vanadium in both
VIV and VV valence states in the Bi4V1.5Sb0.5O10.7 com-
pound (9, 28). Similar observations have been reported
about the oxidation states of antimony and vanadium in
SrVO4 (12, 29, 30). Consistent with this, it appears that SbV

is less reducible than VV in octahedral coordination. By
substituting Sb in Bi4V2O11−δ, VV is replaced by SbV. In
this case at lower doping level, 0 ≤ x ≤ 0.08, the proportion
of VV in the materials goes down, and the materials be-
come less reducible, and that leads to a drop in catalytic
activity. It is accompanied by an increase in selectivity over
the range x = 0.06–0.08. Comparing this range with Table 2,
we see that the surface Sb concentration for samples in this
range is probably high enough to produce tetragonal, rather
than orthorhombic material at the surface. As the tetrago-
nal phase shows higher conductivity (7), it may be possible
that there is an enhanced surface conductivity at this point,
contributing to the maximum in selectivity around x = 0.08.

The presence of VIV in these materials is a consequence
of effective reduction due to the presence of O vacan-
cies. There is some suggestion in the literature that dop-
ing Sb onto V sites produces materials with large δ (i.e.,
high numbers of vacancies), and in turn, high VIV : VV ratio
(9). Thus, even though the Sb cation is formally isovalent
with the V cation it substitutes for, some potential free car-
riers are produced in the form of VIV sites on Sb-doping,
through increasing O nonstoichiometry. However, Joubert
et al. claimed that Bi4V1.5Sb0.5O10.7 is an electric insulator
(9), because electronic carriers, i.e., small polarons (VIV

centres), are localised in this compound due to structural
disorder in the perovskite layers. Consistent with this, it
may be possible that by increasing the doping level in these
materials, the proportion of localised small polarons (VIV

centres) increases without producing a sharp increase
in electronic conductivity. The insulating nature of the
bulk material, combined with increasing structural dis-
order may be responsible for the increase in activity in
the 0.08 ≤ x ≤ 0.3 region. Beyond the x = 0.3 level, the or-
thorhombic to tetragonal transition in the bulk causes an
increase in conductivity (7) in the catalysts which tends to
reduce the activity. In other words, the levelling in the rise
of activity of the catalyst at this point may be due to this
phenomenon. The sharp increase in activity of the catalysts
at high doping level (x > 1) is coincident with the appear-
ance of the second phase, which is unknown. This means
that the catalysts containing the new phase are more active
than the catalysts with single phase.

Pretreatment of the samples under a He stream could
lead to creation of oxygen vacancies in the samples causing
the conductivity of the compounds to increase, and remov-
ing any loosely bound surface O, and for these reason, the
He/O2 pretreated catalysts are more active than the He pre-
treated catalysts.

CONCLUSION

Ceramic model catalysts of formula Bi4V2−xSbxO11−δ

have been shown to be single phase over the composi-
tion range 0 ≤ x ≤ 0.3, with a structural transition from or-
thorhombic to tetragonal at x ∼ 0.3. This transition is also
induced by reduction during the catalytic cycle. The activity
and selectivity to production of formaldehyde, in methanol
oxidation, of Bi4V2−xSbxO11−δ catalysts are correlated with
antimony doping level. XPS results show strong surface Sb
segregation, and the presence of two oxidation states for
vanadium, VIV and VV, in these materials. Therefore, it is
suggested that the decrease in activity at lower doping level,
0 < x ≤ 0.08, could be due to replacing VV by SbV, causing
the materials to become less reducible. The minimum in
activity is combined with the maximum in selectivity of the
antimony doped materials that is around x = 0.08. Beyond
this level the activity climbs again. This could be due to
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an increase in the proportion of VIV and in the structural
disorder within the peroskite layers. A change in the bulk
structure of these catalysts, from orthorhombic to tetrago-
nal, for x > 0.3 is reflected in a drop in the rate of increase
of the activity in the 0.8 < x < 1 range. The appearance of
the unknown second phase is coincident with the sharp
increase in activity of the materials at high doping level
(x > 1).
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