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ABSTRACT: Bismuth (Bi) was successfully introduced into the
crystalline orthorhombic Mo3VOx (MoVO) structure for the first time

by using the ethylammonium cation (EtNH3+) as a structure-directing
agent in hydrothermal synthesis, and the catalytic activities of MoVO-
containing Bi (MoVBIO) for selective oxidation of ethane and
ammoxidation of propane were compared with those of ternary MoVO.

Bi and EtNH3" were located in hexagonal and heptagonal channels in

the MoVO structure, respectively. EtNH3"* could be removed without
collapse of the crystal structure by appropriate heat treatment, leaving
the heptagonal channels empty. The introduction of Bi had only a little
effect on the catalytic activity for selective oxidation of ethane. On the
other hand, the conversion of propane was significantly enhanced in
propane ammoxidation. Acrylonitrile selectivity was also enhanced by
the introduction of Bi, especially at high temperatures (>440 °C).
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Ethylammonium cation
Bi (Structure-directing agent)

. INTRODUCTION

Multifunctionalization of catalysts is an attractive research topic

for improving their catalytic activity.l'5 Generally, this concept is
important in selective oxidation as the reaction is comprised of
many elementary steps, including C—H activation, adsorption of
reaction intermediates, oxygen insertion, and desorption of
products. Therefore, many catalytic functions should be
accumulated in order to achieve high product selectivities.®’ For
multifunctionalization of a catalyst, nano-level structural control
and a suitable elemental arrangement are essential. For the
structural aspect, effective catalysts require the sites to trap and
polarize substrates such as micropores.4'5 For the elemental
arrangement, suitable elements having different catalytic roles
should cooperate not only for facilitating the conversion of
substrates and intermediates but also for facile desorption of
oxidation products.a‘10 Accord-ingly, the construction of a highly
organized crystal structure with an appropriate elemental
arrangement is one way to realize the evolution of oxidation

cat.allysts.l'g‘ll |

Crystalline Mo3VOx oxide (MoVO) has attracted much
attention as an effective catalyst for selective oxidation of
alkanes, alcohols, and aldehydes.lz'20 The catalytic activity of
MoVO is largely derived from its sophisticated crystal
structure, t3- 1918-20 Figure 1 shows the crystal structure of
MoVO. The arrangement of pentagonal {M05021}6' units and
pentamer units comprised of five MOg (M = Mo, V) octahedral
units forms a highly organized crystal structure with two types of
micropores, hexagonal, and heptagonal channels.® In the
selective oxidation of ethane and acrolein, we have reported that
the heptagonal channel effectively traps substrates and that the
pentamer unit adjacent to the heptagonal channel works as an
active center, realizing an extremely high catalytic activity.21'23
The unique feature of MoVO is that this material is amenable to
the introduction of other elements into and substitution of
elements in the crystal structure without




Figure 1. Structural model of crystalline orthorhombic Mo-V
oxide. Blue enclosure represents the network structure based on

the arrangement of the pentagonal {M06021}6_ unit and VOe
octahedral. The pink circle represents the pentamer unit embedded
into the void of the network structure. Mo, purple; V, gray; and
mixture of Mo and V, green.

changing the basic crystal structure.?* =28 For selective (amm)-

oxidation of propane to form acrylic acid or acrylonitrile, the
introduction of other elements into and substitution of elements in
the MoV O structure strongly affect its catalytic performance. For
example, the introduction of Te or Sb into the hexagonal channel
drastically enhances the selectivity to acrylic acid or acrylonitrile,

and the partial substitution of Mo in the pentagonal {M06021}6'

unit with Nb further increases the selectivity.zg’36 The effects of
the introduction of Te or Sb into the hexagonal channel are
crucial. The insertion of Te or Sb results in smooth abstraction of
the a-hydrogen from propylene (primary product of propane
(amm)oxidation), which facilitates the sequential (amm)oxidation

of propylene to form acrylic acid or acrylonitrile.37'41

For selective (amm)oxidation of propylene, Mo-Bi-based
mixed metal oxides are well-known as extremely active catalysts

and have been industrialized.™® 33427%% | these catalysts, it has
been reported that Bi abstracts the a-hydrogen from propylene at
the first step of the reaction, the same as the role of Te and Sb in

MoV/(Te or Sb)O ca\talysts.3?"46'48 Therefore, the introduction of
Bi into MoVO is thought to enhance the selectivity to acrylic acid
or acrylonitrile in the selective (amm)oxidation of propane in the
same manner as Te and Sb. In addition, Bi is thermally stable, and
sublimation is thus not likely to occur as with Te. Moreover, the
strong basic character of Bi is expected to suppress an acidic
character of the catalyst, which can lead easy desorption of
oxygenated products from the catalyst surface, resulting in a
decrease in overoxidation rates. On the basis of this perspective,
the introduction of Bi into MoVO has been strongly desired for a
long time. However,

introduction of Bi into the MoVO structure has not been

reported to date, despite considerable eff orts. 49751

In this paper, we describe the successful synthesis of a
crystalline orthorhombic Mo-V-Bi oxide (MoVBIO) for the
first time without altering the framework structure of MoVO.
In addition to the method for synthesis of MoVBIO, detailed
characteristics and catalytic performance of MoVBIO for
selective (amm)oxidation of ethane and propane are shown.
We believe that the findings discussed here will contribute to a
catalyst design rationale and to the development of the next
highly effective catalysts for selective oxidations.

. EXPERIMENTAL SECTION

Synthesis of an Orthorhombic Mo3VOx Catalyst. Orthorhom-bic
Mo3VOx (MoVO) was synthesized by a hydrothermal method. First,
8.828 g of (NH4)6M07024-4H20 (Mo: 50 mmol, Wako) was dissolved in
120 mL of distilled water. Separately, an aqueous solution of VOSO4 was

prepared by dissolving 3.288 g of hydrated VOSO4 (V: 12.5 mmol,
Mitsuwa Chemicals) in 120 mL of distilled water. The two solutions were
mixed at ambient temperature and stirred for 10 min. The mixed solution
(pH 3.2) was placed in an autoclave that had a 300 mL Teflon inner vessel

with a thin Teflon sheet of 4000 cm? in size covering about half of the

Teflon inner vessel space. Then N2 was fed into the solution through a
tube to remove residual oxygen. This step is necessary to obtain well-
crystallized material since residual oxygen in the solution oxidizes the
intermediate for forming MoVO, resulting in poor crystalline material.
Then the hydrothermal reaction was carried out at 175 °C for 48 h under
static conditions in an electric oven. The gray solids that formed were
washed with distilled water and dried in air at 80 °C overnight. The
material obtained is denoted as MoVO-fresh. Then purification with oxalic
acid was conducted in order to remove the impurity. To 25 mL of an

aqueous solution (0.4 mol L™ 60 °C) of oxalic acid (Wako), 1 g of
MoVO-fresh was added and stirred for 30 min, and then the solid material
collected by filtration was washed with 500 mL of distilled water. The
sample after purification is abbreviated as MoVO. If needed, MoVO was

calcined under static air or 50 mL min™t of nitrogen flow for 2 h at 400
°C. The recovered material is abbreviated as MoVO-AC (air calcination)
or MoVO-NT (heat treatment under nitrogen flow).

Synthesis of an Mo-V-Bi Oxide Catalyst. For synthesizing
Mo-V-Bi oxide (MoVBIiO), ethylammonium trimolybdate [EATM,
(CH3CH2NH3)2Mo03010] was used as an Mo source instead of
(NH4)6M07024-4H20 (AHM). EATM was prepared as described

previously.52 53 First, 21.594 g of MoO3 (0.150 mol, Kanto) was
dissolved in 28.0 mL of 70% ethylamine solution (ethylamine: 0.300
mol, Wako) diluted with 28.0 mL of distilled water. The reason for
the addition of distilled water was to reduce the viscosity of the mixed
solution. After being completely dissolved, the solution was

evaporated under vacuum (P/Pg = 0.03) at 70 °C, and then a solid
powder was obtained. The powder was dried in air at 80 °C overnight.
Then, 1.799 g of EATM (Mo: 10 mmol) was dissolved in 20 mL of

distilled water. Separately, an aqueous solution of VOSO4 was

prepared by dissolving 0.658 g of hydrated VOSO4 (V: 2.5 mmol) in
20 mL of distilled water. The two solutions were mixed and stirred for
10 min at ambient temperature before the addition of 0.326 g of
BiOCI (Bi: 1.25 mmol, Wako). The pH value of the solution was not
changed by the addition of the Bi source and was 2.4. The pH value of

the solution was then reduced to 2.0 by the addition of 2 M H2SO4
(ca. 200 pL). The mixed solution was placed in an autoclave that had

a 50 mL Teflon inner vessel with a thin Teflon sheet of 800 cm2 in

size covering about half of the Teflon inner vessel space. Then N2 was
fed into the solution to remove residual oxygen. The hydrothermal
reaction was then carried out at 175 °C for 48 h with rotation at 1 rpm.
Rotation was needed for the dissolution of the Bi source since the Bi
source was hardly dissolved under static conditions. The solid
obtained by the hydrothermal synthesis was separated by filtration,
washed with distilled water, and dried in air at 80 °C overnight. The
material obtained is abbreviated as MoVBIiO-fresh. In order to remove



the impurity related to Bi, purification with hydrochloric acid was
carried out for MoVBIiO-fresh. To 25 mL of an aqueous solution (1.2
M, 25 °C) of hydrochloric acid (Wako), 1 g of dried MoVBiO-fresh
was added and stirred for 30 min and then washed with 1000 mL of
distilled water after filtration. The material obtained is abbreviated as
MoVBIO. After washing with distilled water, almost no CI remained
on the MoVBIO surface as confirmed by XPS (Figure S1). If needed,
MoVBIO was calcined under static air or 50 mL min~* of N2 flow at
400 °C for 2 h. The material obtained after heat treatment is
abbreviated as MoVBIO-AC (air calcination) or MoVBIO-NT (heat
treatment under N2). The material obtained when no Bi source was
added in this synthesis is denoted as MoVO (EATM)-fresh. MoVO
(EATM)-fresh was purified with oxalic acid in the same manner as
that for MoVO-fresh. Purified MoVO (EATM)-fresh is denoted as
MoVO (EATM). For a comparison, Mo—V-Bi oxide was synthesized
using (NH4)e6Mo07024-4H20 (AHM) as a Mo precursor. First, 1.766 g
of AHM (Mo: 10 mmol) was dissolved in 20 mL of distilled water.
This solution was mixed with an aqueous solution prepared by
dissolving 0.658 g of hydrated VOSO4 (V: 2.5 mmol) in 20 mL of
distilled water. The two solutions were mixed at ambient temperature
and stirred for 10 min before the addition of 0.326 g of BiOCI (Bi:
1.25 mmol). Then the pH value of the solution was reduced to 2.0 by
the addition of 2 M H2SO4 (no pH control: pH = 3.1). After the

reduction of pH, N2 bubbling was carried out for 10 min. Then the
hydrothermal reaction was carried out at 175 °C for 48 h with rotation
at 1 rpm. The material that had formed was separated by filtration,
washed with distilled water, and dried in air at 80 °C overnight. The
material obtained is abbreviated as MoVBIO (AHM)-fresh.
Characterization of Materials. The materials obtained were
characterized by the following techniques. Powder XRD patterns were
recorded with a diffractometer (RINT Ultima+, Rigaku) using Cu Ka
radiation (tube voltage: 40 kV, tube current: 40 mA). For XRD
measurements, the samples were ground with Si standard (NIST) for 5
min in order to correct the peak position and to exclude an orientation
effect. Diffractions were recorded in the range of 4°~80° with a scan
speed of 1° min~". FT-IR analysis was carried out using a
spectrometer (FT/IR-660, JASCO) with an MCT detector. IR spectra
were obtained by integration of 256 scans with a resolution of 4 cm™".
CHN elemental analysis was conducted using Micro Corder JM10
(Yanaco). XPS (JPC-9010MC, JEOL) with nonmonochromatic Mg
Ka radiation was used for measuring binding energy values of Mo, V,
Bi, and Cl. Temperature-programmed desorption of ammonia (NH3-
TPD) was used to measure oxide surface acidity. The experiment was
carried out using an auto chemisorption system (BEL JAPAN). The
experimental procedure was as follows. The sample (ca. 50 mg) was
sandwichfd by two layers of quartz wool and prehea&ed under He (50
mL min~ ") for 10 min at 400 °C. Then 50 mL min™ "~ of 12.5% NH3/
He was introduced at 200 °C for 30 min, followed by flushing with He
for 30 min at the same temperature. The desorption profile from 200 to
600 °C was recorded with a mass spectrometer under He flow (50 mL
min~~). Temperature-programmed desorption (TPD) was carried out
with the same apparatus and same sample amount. The temperature
was increased from 40 to 600 °C. STEM-EDX analysis was carried
out with HD-2000 (Hitachi). For STEM analysis, samples were
dispersed in ethanol and treated by ultrasonic equipment. The
supernatant liquid was dropped on the Cu-grid and dried overnight for
the measurement. SEM analysis was carried out with an electron
microscope (JSM-7400F, JEOL). Elemental compositions in the bulk
were determined by ICP-AES (ICPE-9000, Shimadzu). N2 adsorption
isotherms at lig. N2 temperature were obtained using an
autoadsorption system (BELSORP MAX, Nippon BELL). External
surface area and micropore volume were determined by the t-plot
method. Prior to the N2 adsorption, the samples were heat-treated
under a vacuumed condition for 2 h at 300 °C. The uncalcined sample
was pretreated under the same condition but at 100 °C. Propane
adsorption was carried out with the same apparatus at 25 °C. Prior to
the propane adsorption, the samples were heat-treated under a
vacuumed condition at 300 °C for 2 h. Micropore volume was
estimated by the DA method when propane adsorption was conducted.
Aberration-corrected STEM images of MoVBIO were

obtained using ARM-200F (JEOL Ltd., Japan) equipped with a cold
field emission gun at an acceleration voltage of 200 kV. The
convergence semiangle of the probe was 24 mrad. The collection
semiangle for high angle annular dark field (HAADF) imaging was
adjusted in the range of 68-175 mrad. Images were treated with a
light low-pass filter using a 3 x 3 kernel (Digital Micrograph, Gatan
Inc.) to remove high-frequency noise. The powder diffraction
program of Materials Studio 7.1 (Accelrys) was used for an XRD
simulation experiment. XRD simulation was carried out by changing
the Bi occupancy in the basic crystal structure of MoVO obtained by
single crystal analysis.54 In this experiment, Bi was set into the
hexagonal channel of the basic crystal structure and the Bi occupancy
was changed from 0% to 30%. The Rietveld program of Materials
Studio 7.1 (Accelrys) was used for Rietveld refinement. The XRD
patterns after correcting the peak position with Si were subjected to
the refinement. The occupancy of metals in the framework (comprised
of Mo and V) and temperature factors of all atoms were fixed without
further refinement from the structural model of MoVO obtained by
single crystal analysis.54 As shown in Results and Discussion, Bi is

located at the hexagonal channel, and EtNH3Jr is located at the
heptagonal channel with a vertical configuration. Occupancy of Bi and

EtNH3" were determined by ICP and CHN elemental analyses. All
metal positions were refined. After the refinement of metal positions,
oxygen atom positions were refined to set a proper metal—-oxygen
length. The position of EtNH:gJr was difficult to refine due to its low

molecular weight, and the position of EtNH?,Jr in the structure was
therefore fixed at the position where the distance of lattice oxygen to

EtNH3" is proper. The pattern parameters were refined for obtaining

the lowest Rwp value. Atom positions are shown in Table S1, and
Rietveld analysis parameters are shown in Table S2.

Catalytic Test. Selective oxidation of ethane in the gas phase was
carried out at atmospheric pressure in a conventional vertical flow
system with a fixed bed Pyrex tubular reactor. First, 0.50 g of the
catalyst was diluted with 2.10 g of silica and put into the tubular
reactor for ethane oxidation. The reactor was heated gradually from
room temperature at a rate of 10 °C min~! to 350 °C under nitrogen

flow (40 mL min~! from the top of the reactor). The temperature was
measured with a thermocouple inserted in the middle of the catalyst
zone. When the temperature reached 350 °C, a reactant gas with the
composition of C2Hg/O2/N2 = 10/10/80 (mol %) was fed in at a total

flow rate of 50 mL min~>. After holding for 2 h in this condition, the
reaction was started. After analysis at this reaction temperature, the
reaction temperature was decreased to 330, 310, 290, 270, and 250
°C. Reactants and products were analyzed with three online gas
chromatographs (Molecular Sieve 13x for O2, N2, and CO with a

TCD detector, Gaskuropack54 for CO2, C2Ha, and C2Hg with a TCD
detector, and Porapak Q for acetic acid with an FID detector). A blank
run showed that homogeneous gas-phase reactions were negligible
under the experimental conditions used in this study. Carbon balance
was always ca. 98-100%, and the product selectivity was thus
calculated on the basis of the product sum.

Ammoxidation of propane was carried out at atmospheric pressure
in the same conventional vertical flow system with a Pyrex tubular
reactor. First, 0.10—0.30 g of the catalyst was diluted with 5.00 g of
SiC and put into the tubular reactor. The reactor was heated at a rate
of 10 °C min~* under 50 mL min™* of N2 flow. When the temperature
reached 420 °C, 50 mL min~* of reactant gas with the composition of
C3Hg/O2/NH3/He = 6.0/18.0/8.0/68.0 (mol %) was fed in and held for
30 min at the same temperature. Propane ammoxidation was carried
out at each reaction temperature with decreases in the reaction
temperature to 410, 400, 390, and 380 °C. As an external standard for
GC analysis, 10 mL min~! of CHg4 was mixed from the outlet of the
reactor. Reactants and products were analyzed with three online gas
chromatographs (Molecular Sieve 13x for O2, N2, CH4, and CO with
aTCD detector, Gaskuropack54 for CO2, NH3, C3Hg, and C3Hg
with a TCD detector, and Porapak QS for CoH3N and C3H3N
with an FID detector). A blank run showed that no reaction took

place without catalysts under the experimental conditions used in
this study. Carbon balance was always ca. 95-105%.
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. RESULTS AND DISCUSSION
Synthesis of Crystalline Mo—-V-Bi Oxide. Figure 2
shows XRD patterns of MoVO, MoVO (EATM), and
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Figure 2. (A) XRD patterns of (a) MoVO, (b) MoVO (EATM), and
(c) MoVBIO. (B) Enlarged XRD patterns of (a) MoVO, (b)
MoVO (EATM), and (c) MoVBIO measured from 21.5° to 23.0°.
The black bar in (B) represents the peak position of 22.2° of
MoVO that is derived from stacking of the a—b plane in the ¢
direction [(001) plane].

MoVBIO. MoVO showed XRD peaks at 6.7°, 7.9°, 9.0°, and
22.2°, which were attributed to the diffraction of (020), (120),
(210), and (001) planes of MoVO, respectively [Figure 2A
(a)].15'54 No XRD peaks related to impurities were observed,
indicating a high purity of this material. When
(C2H5NH3)2M03010 (EATM) was used as the Mo source
instead of (NH4)6M07024-4H20 (AHM), the formation of an
amorphous type of Mo3VOx that is crystallized only in the rod
direction (c direction) and not in the cross section (a-b planeg
was observed as we reported previously [Figure 2A (b)].15'
On the other hand, surprisingly, a material showing the same
XRD pattern as that of MoVO was formed when the Bi source
was used together with EATM [Figure 2A (c)]. The use of
AHM as the Mo source in the presence of the Bi source led to
the formation of MoO3 and e-Keggin polyoxometalate-based
porous material ((NHa4)2.8Ho.o[e-VMog.4V2.6040Bi2]) (Figure
52).55_57 This fact suggests that ethylammonium cation

(EtNH3+) is essential for formation of the MoVO structure
when the Bi source is added. Figure 2B shows XRD patterns
of MoVO, MoVO (EATM), and MoVBIiO measured from
21.5° to 23.0°. MoVO and MoVO (EATM) showed
diffraction peaks of (001) at the same position (at 22.22°)
despite different counter cations being used in the preparation.

Quthaathar

hand, a downward shift of this peak was observed in MoVBIiO
(22.18°) compared with those of the two samples. Lattice
parameters of MoVO and MoVBIO are shown in Table 1. The
lattice parameters of MoVO were a = 2.106 nm, b = 2.650 nm,
and ¢ = 0.3999 nm, which matched well with our previous

report.l‘r"‘r’z'54 The lattice parameters of MoVBIO, a = 2.117
nm, b = 2.657 nm, and ¢ = 0.4007 nm, were much larger than
those of MoVO. Since the type of countercation caused no
apparent changes in lattice parameters as can be seen by a
comparison of MoVO and MoVO (EATM), the observed
lattice expansion would have been caused by the introduction
of Bi inside the MoVO structure. Comparable expansion has
been observed when Te or Sh was introduced into the
hexagonal channel of the MoVO structure. 318

The morphology, elemental distribution, and elemental
composition of MoVBIO were evaluated by SEM, STEM-
EDX, and STEM-mapping analyses. Figure 3 shows SEM and

Figure 3. (a and b) SEM images and (c—f) STEM-mapping images
of MoVBIO. (c) STEM image, (d) mapping image of Mo, (e)
mapping image of V, and (f) mapping image of Bi. The red arrow
in (b) shows the crystal habit of MoVBIO.

Table 1. Physicochemical Properties of MoVO and MoVBIO

elemental composition ratio

lattice parameters® (nm) (Mo/V/Bi)
micropore
rod-shaped external surface  volume® (107%
catalyst a b c crystal (EDX) bulk (ICP)  elemental composition of catalystb area® (m2 g'l) cm® g'l)
MoVO 2105(6) 2.649(8) 0.3999(1) - 1/0.38/0 MO 114 o)y, 100, 58 130
MoVBIiO  2.116(8)  2.656(7)  0.4006(6) 1/0.31/0.06  1/0.31/0.04 MOV Bl V1N, 0 95 116

8.2H20

@Determined by Rietveld refinement. bDetermined by the results of ICP and CHN elemental analysis. “Measured by N2 adsorption at lig.

N2 temperature and estimated by the t-plot method.
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STEM-mapping images of MoVBIiO. MoVBIO was a rod-shaped
crystal in a reflection of stacking of the a—b plane along the c-
direction. The cross section of the rod (a—b plane) was a rectangle
shape (shown by a red arrow in Figure 3b), indicating the crystal
habit of this material. The diameter of the rods was ca. 0.19 pm in
the average of 50 crystallites, being almost half the size of MoVO
(0.42 um). We have reported that the diameters of rods of MoVO
decreased when alkylammonium isopolymolybdates were used as
Mo sources. > Thus, the observed decrease in rod diameter might
be derived from the effect of EtNH3" on the crystal formation
process. STEM-mapping images of the rod are shown in Figure 3
(panels c~f). It was found that Mo, V, and Bi were uniformly
distributed throughout the rod. Elemental composition of the rod
was estimated at the same time by STEM-EDX and is shown in
Table 1. The elemental composition of MoVBiO was Mo/V/Bi

= 1/0.31/0.06, which is consistent with the elemental
composition estimated by ICP (Mo/V/Bi = 1/0.31/0.04). Since
the elemental compositions of the bulk (estimated by ICP) and
the rod-shaped crystal (estimated by STEM-EDX) were almost
the same, it is thought that MoVBIO is highly pure and that
almost no impurities are present in the material. This fact is in
line with the results of XRD. The V/Mo ratio of MoVO was
0.38, which was slightly higher than that of MoVBIO. For this
decreased V content, we have reported that the V/Mo ratio
decreased when alkylammonium isopolymo-lybdates were

used as Mo sources.>?
Figure 4 shows the IR spectra of MoVO and MoVBIO. Both

of the materials showed IR bands at 915 cm_1 that were

A
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Figure 4. (A) IR spectra of (a) MoVO and (b) MoVBIO. (B)
Enlarged IR spectra of (a) MoVO, (b) MoVBIO, and (c) EATM
from 1100 to 1550 cm™ L. The dotted line in (B) represents the
absorption derived from EtNH3".

Wavenumber /cm

attributable to VV = O, 874, 840, 817, 800, 720, and 652 cm ™
for Mo—O-Mo, 604 em™! for V-0-Mo, and 458 cm™L for

Mo-0.1% * Al of these bands were characteristic for MoVO.
Since no differences in IR bands derived from the framework
structure consisting of Mo and V were observed between
MoVO and MoVBIO, Bi might be placed at a site away from
the framework structure. Figure 4B shows enlarged IR spectra

from 1100-1550 cm™. MoVO showed an IR band at 1401
em™! that was attributed to an asymmetric deformation
vibration of NH4". It has been reported that NH4", a
countercation of the Mo source, is occluded in the heptagonal

channel during the crystal formation process.52 MoVBIO

showed IR bands at 1188 and 1215 cm™ " attributed to CH3
rocking, at 1317 em™? attributed to CH2 twisting, at 1397
cm™L attributed to CH3 scissoring, at 1474 cm ™ attributed to
CH2 scissoring, and at 1508 em™ attributed to NH3"
scissoring. These bands were also observed in EATM,
indicating the presence of EtNH3" in MoVBi0.>* %! This fact
can also be confirmed by TPD analysis as shown later. Since
MoVBiO was formed only when EtNH3* was used, EtNH3"
might act as a structure-directing agent for formation of the
MoVO structure. In the next section, the location sites of Bi
and EtNH3" in the MoVO structure are discussed.

Location Sites of Bi and EtNH3" in MoVBIO. First, the
location site of Bi was investigated. As stated in the previous
section, IR absorption implied that Bi is located at a site away
from the framework structure consisting of Mo and V. In order
to reveal the location site of Bi, HAADF-STEM analysis was
carried out. HAADF-STEM is a useful method for analyzing
the positions of heavy metals because the intensity of the
white spot is roughly proportional to the square of the atomic

number (Z), providing an enhanced Z-constant image.62’63
Figure 5 shows an HAADF-STEM image of MoVBIO in the

Figure 5. HAADF-STEM image of MoVBIO along the [001] axis.
Red and yellow circles represent the heptagonal and hexagonal
channels, respectively. Pink arrows indicate the placement of Bi at
the hexagonal channel.

[1]  projection. The HAADF-STEM image of MoVO showed
no elements in both the hexagonal and heptagonal channels as we

showed previously.62’63 On the other hand, white spots were
clearly observed at the hexagonal channels in MoVBIO (as shown
by pink arrows as examples), though only black spots were
observed at the heptagonal channels. These findings clearly
indicate that metals are placed at the hexagonal channels and no
metals are placed at the heptagonal channels. The white spots
observed in the hexagonal channels are considered to be Bi since
no metals could be seen at the hexagonal channels in MoVO,GZ'63
being in agreement with the IR characterization.

XRD simulation was then carried out in order to support the
location of Bi at the hexagonal channel since an HAADF-STEM



image can provide structural information only in a limited area.
Figure S3 (A) shows experimentally obtained XRD patterns of
MoVO and MoVBIO from 12°~18°. Compared with MoVO, the
XRD peak intensities at 15.9°, 16.2°, and 17.3°, attributed to
(240), (330), and (150) planes, respectively, were clearly
decreased by the introduction of Bi. In addition, the peak intensity
ratios between (040) and (140) (Int(o40)/Int(140)) and

(320) to (140) (Intz20)/Int(140)) were decreased in MoVBIO.
Figure S3 (B) shows the results of XRD simulation. Simulation
XRD patterns were obtained from the structural model of MoVO
containing Bi inside the hexagonal channel with Bi occupancy
from 0% to 30%. The basic structural model was obtained by
single crystal analysis of Mov0.>* Although there are differences
from the experimentally obtained XRD pattern, possibly due to
small changes in the basic crystal structure (occupancy, atomic
position, etc.), decreases in the intensities of diffraction peaks at
(240), (330), and (150) were observed due to the location of Bi
inside the hexagonal channel. In
addition, the relative XRD peak intensity ratios, Int(o40)/Int(140)
and Int(320)/Int(140), were continuously decreased by the increase
in Bi occupancy (Figure S3 (C)). When Mo or V
was assumed to be placed at the hexagonal channel in the XRD
simulation experiment, the decrease of the peak intensity at (320),
(330), and (150) was not significant compared with the case of Bi
(Figure S3 (D)). Accordingly, the observed changes in XRD peak
intensity caused by the introduction of Bi can be explained when
Bi is assumed to be located at the hexagonal channel. This is
consistent with the results of IR and HAADF-STEM analyses. On
the basis of these experimental facts, we concluded that Bi is
located at the hexagonal channel. Occupancy of Bi at the
hexagonal channel was calculated to be 30% by ICP. It is noted
that the Bi occupancy cannot be increased upper than 30% up to
this time in spite of the increase of the Bi amount in the
preparative conditions, and we are now addressing to increase the
Bi occupancy.

Next, the location site of EtNH3" was investigated. Figure 6A
shows N2 adsorption isotherms of MoVO-AC, MoVBIO, and
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Figure 6. (A) N2 adsorption isotherms of MoVO-AC (e), MoVBIiO

(a), and MoVBIO-AC (w) measured under liquid N2 temperature.
(B) TPD profiles of MoVBIO (solid line) and MoVBiO-AC (dotted

line). m/z = 44 (CO2 or EtNH2), green; m/z = 45 (EtNH2), black.

MoVBIiO-AC (AC: after air calcination at 400 °C for 2 h).
After the air calcination, no impurities were formed in MoVO-

AC and MoVBIiO-AC (Figure S4).°2°* In the case of
MoVBIO-AC, characteristic XRD peak intensity changes
caused by the introduction of Bi inside the hexagonal channel
were still observed (Figure S4), indicating that Bi is located at

the hexagonal channel even after calcination. In the N2
adsorption experiment, MoVO-AC showed N2 adsorption at a
relative pressure (P/Po) lower than 1.0 x 10_5, indicative of

microporosity.15 We have reported that the empty heptagonal
channel of MoVO can act as a micropore of 4.0 A in
diameter.>*®* MoVBiO-AC showed an N2 adsorption isotherm
comparable to that of MoVO-AC. Since no microporosity was
observed when atoms were located at the heptagonal channel, Bi
should not be located at the heptagonal channel.?® The results of
HAADF-STEM analysis are in agreement with this observation.
Micropore volume and external surface area were determined by
the t-plot method (0.15 <t < 0.90) and are shown in Table 1.
MoVO-AC and MoVBIO-AC showed almost the same micropore
volume (MoVO-AC, 13.0 x 10~3 cm® g™1; MoVBIO-AC, 11.6 x
1073 cm® g'l). The external surface area of MoVBIiO-AC was 9.5
m? g'l, which was 1.6-times larger than that of MoVO-AC (5.8
m? g‘l) presumably due to the decreased crystal size as observed
by SEM. On the other hand, MoVBIiO without air calcination
showed almost no adsorption at low P/Pg. Figure 6B shows TPD
profiles of MoVBIO and MoVBIO-AC. The mass humbers shown
in Figure 6B are m/z

= 44 (CO2 or EtNH2) and 45 (EtNH2). More detailed TPD
profiles of MoVBIO are shown in Figure S5. Desorption of CO2
and EtNH> at 270, 400, 480, and 520 °C (Figure 6B, solid line)
were observed in MoVBIO. It has been reported that physically
adsorbed species over crystalline Mo3VOx materials desorb at a
temperature around 150 °C in TPD, which is a much lower
temperature than those observed in the TPD measurement.>*%°
Thus, EtNH3" should be chemisorbed on or in the structure. After
the air calcination, almost no desorption of these species was
observed other than the slight desorption of CO2 or EtNH2 at 480
°C, indicating that almost all of the chemical species were
removed by air calcination. This was also confirmed by IR
analysis as shown in Figure S6, in which no bands related to the
countercation were observed after air calcination. Furthermore,
since microporosity was observed after air calcination, we assume
that EtNHs" is located in the heptagonal channel prior to air
calcination. This assumption is reasonable in the sense of the
molecular size of EtNH3". The size of EtNH2 was calculated
using the DMol3 program of Materials Studio 7.1 (Accelrys) to be
0.38 and 0.49 nm in a vertical (minimum) and a horizontal
configuration (maximum), respectively. Considering the size of
the hexagonal channel (0.25 nm), EtNH3" cannot be located in the
hexagonal channel (Figure S7). In addition, it might be difficult
for EtNH3" to be accommodated in the heptagonal channel with a
horizontal configuration due to its molecular size. Therefore, we
assumed that EtNH3" is located at the heptagonal channel in a
vertical configuration.

The amount of EtNH3* in the heptagonal channel was
estimated by CHN elemental analysis. The obtained C/H/N
value of MoVBIO was 1.00/0.62/0.52 wt %. Since MoVO
contained no C species (MoVO: C/H/N = 0.00/0.65/0.95 wt
%), the observed C value of MoVBIO should be derived from
EtNH3" as observed by IR and TPD. According to the results
of TPD and N2 adsorption, EtNH3" should be occluded in the
heptagonal channel. Thus, the chemical composition of
MoVBiO can be calculated. If we assume that the C species of
MoVBIO is all attributed to EtNH3", the weight percent of C,
H, and N can be calculated on the basis of the composition of
EtNH3" to be C/H/N = 1.00/0.38/0.58 wt %. The calculated
C/N value was almost the same as the experimentally obtained
C/N value, though H was clearly in excess (0.65-0.38 = 0.27
wt %). This excess H might be derived from physically
adsorbed H20 since desorption of H2O was observed in TPD
in the temperature range of 100~200 °C, temperature at which
physically adsorbed species desorb
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(Figure S5). It was shown that MoVBIO has the same structural
framework as that of MoVO and contains Bi in the hexagonal
channel. The structural framework composition can thus be
calculated to be M030.5V9,5Bi1.20112 by using the results of
ICP. When the composition of MoVBIO was assumed to be
Mo030.5V9.5Bi1.20112(EtNH3)x-yH20, where x and y are the
numbers of EtNH3+ and H20, x and y were calculated from the
results of C/H/N analysis to be 2.4 and 8.2, respectively. The
number of EtNH3" in the unit cell (2.4) is clearly smaller than
the numbers of heptagonal channels in the unit cell (4), and the
occupancy of EtNH3" was calculated to be 60%. This agrees
with our assumption that EtNH3" is located at the heptagonal
channel with a vertical configuration because the longer length
of EtNH3" (0.49 nm) than the c direction of the unit cell (0.40
nm) prevents a periodic array of EtNH3* along the layer.
However, theoretically, one positive charge is needed per
heptagonal channel to compensate the charge balance.>?
Possibly, H' is incorporated together with EtNH3" into the
heptagonal channel, which would compensate the charge
balance in the heptagonal channel.

On the basis of these results, the structural model of MoVBIO
was obtained. In order to confirm the validity of our proposed
structural model, Rietveld refinement was carried out. In
accordance with the XPS spectra (Figure S8), the oxidation state
of Mo and V in MoVO and MoVBIiO was comparable, implying
that the charge balance change caused by the introduction of Bi
inside the crystal structure is compensated by Bi (3+ as implied by
XPS) and coordinating anions. In this time, since we could not
represent the coordination of Bi accurately, we added Bi as
cations in the Rietveld refinement. Figure 7 shows the results of
Rietveld refinement. In this

Intensity /a.u.

20 /degree (Cu-Ku)

Figure 7. Left: Structural model obtained by Rietveld refinement.
Mo, light green; V, gray; O, red; dark gray, C; blue, N; white, H.
Right: Difference (black), calculated (blue line), and observed
(red e) patterns from Rietveld refinement obtained by using XRD
data of MoVBIO at room temperature. XRD peaks of 27.8°~28.8°,
47°~48°, 56°~56.5°, 69°~69.5°, and 76°~77° were attributed to
powdered Si added in order to remove orientation effects and
were excluded in Rietveld refinement. The inset shows the XRD
pattern in the range of 12°~18°.

experiment, the XRD pattern was measured with powdered Si
as an external standard to correct the peak positions and to
exclude an orientation effect. The XRD peaks of Si were
excluded from the refinement. The experimentally obtained
pattern (red) and the simulated pattern (blue) matched well,

and the Rwp value, which represents the difference between

these patterns, was 4.9%. This fitting strongly supports the
validity of our proposed structure (Figure 7A). On the basis of

these results, we concluded that MoVBIO contains EtNH3*
inside the heptagonal channel with a vertical configuration
and 60% occupancy and contains Bi inside the hexagonal
channel with 30% occupancy.

So far, orthorhombic MoVBIO containing Bi periodically
inside the crystal structure has not been reported. Ammonium
ions, typical counter cations in traditional syntheses of Mo-V-
based materials, are considerably smaller than the size of the
heptagonal channel (NH4+, 0.28 nm; heptagonal channel, 0.40

nm). Therefore, it might be difficult for NH4" to accommodate
and stabilize the heptagonal channel during the formation of
MoVO when Bi is present and lead to the formation of different
thermodynamically favored crystal phases (MoO3 and

(NH4)2.8Ho.9[e-VMo09.4V2,6040Bi2]). Accordingly, we consider
that the use of a countercation with a larger size than that of

NH4" is crucial for the formation of MoVBIO. In order to
assess this hypothesis, MoVBIiO was synthesized using
different Mo sources, metylammonium heptamolybdate

(MAHM, counter-cation: CH3NH3+) and dimethylammonium

trimolybdate (DMATM, countercation: (CH3)2NH2+).52 The
synthesized materials are abbreviated as MoVBIiO (MAHM)-
fresh and MoVBIO (DMATM)-fresh, respectively. The size of

CH3NH2 was calculated to be 0.25 nm in a vertical
configuration (minimum) and 0.37 nm in a horizontal
configuration (maximum) and the size of (CH3)2NH was
calculated to be 0.37 nm in a vertical configuration (minimum)
and 0.49 nm in a horizontal configuration (maximum) (Figure
S7). XRD patterns of the obtained materials are shown in
Figure S9. The use of these Mo sources led to the formation of
MoVBIiO as well as EATM and differed from AHM. These
results strongly support our hypothesis that the size of the
countercation is critical for the formation of MoVBIO. Thus,
we concluded that counter cations of appropriate sizes can
work as structure-directing agents for the formation of
MoVBIiO by accommodat-ing and stabilizing the heptagonal
channel during the crystal formation process. This concept
may be the fundamental principle for introduction of an
additional metal into the MoV O structure.

Selective (amm)oxidation of Light Alkanes. First,
selective oxidation of ethane using MoVO and MoVBIO was
carried out. For the reaction, MoVO and MoVBIO were heat-
treated at 400 °C for 2 h under 50 mL min™! of N2 flow
(MoVO-NT and MoVBIO-NT). After the heat treatment, the
countercation species were removed as confirmed by IR
spectroscopy (Figure S6).15 No XRD peaks related to
impurities were observed in either of the catalysts before and
after the reaction, indicating a high thermal stability of these
materials during the reaction (Figures S4 and 8.10).15 In
addition, characteristic changes in XRD peak intensity caused
by the introduction of Bi inside the hexagonal channel were
observed after the reaction, indicating that Bi was being
located at the hexagonal channel during the reaction. Figure 8
shows ethane conversion and product selectivity over MoVO-
NT and MoVBIO-NT as a function of reaction temperature.
For MoVO-NT, the ethane conversion increased with an
increase in reaction temperature and the conversion at 300 °C
was 27.3%. The observed products were ethylene, COx, and
acetic acid. The selectivity of ethylene was over 90% when the
reaction temperature was below 300 °C. At temperature above
300 °C, the selectivity of COx increased gradually with a
decrease in ethylene selectivity. The selectivity of acetic acid was
always less than 3% regardless of the reaction temperature. In the
case of MoVBIiO-NT, almost the same ethane conversion
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Figure 8. (A) Conversion and (B) selectivity changes as a function of
reaction temperature in oxidative dehydrogenation of ethane over
MoVO-NT and MoVBIiO-NT. (A) Rates of ethane conversion over
MoVO-NT (black e) and MoVBIiO-NT (red e) are plotted. (B)
Product selectivities over MoVO-NT (closed symbols) and MoVBIiO-

NT (open symbols) are plotted. Reaction conditions: catalyst amount,

0.5 g; gas feed, C2HE/02/N2 = 5/5/40 mL min™~.

and product selectivity as those with MoVO-NT were
observed at all reaction temperatures. We have reported
that ethane was converted to ethylene inside an empty
heptagonal channel of the structure and that almost no
conversion occurred over the catalyst surface in our

examined temperature range.zl_zg'53 MoVBIO has empty

heptagonal channels as confirmed by N2 adsorption, and
almost the same catalytic activity was therefore observed
regardless of the introduction of Bi inside the structure.

For the ammoxidation of propane, MoVO-NT and MoVBIiO-
NT were used as catalysts as well as for ethane oxidation. The
catalysts were heat-treated at 420 °C for 0.5 h under reaction
conditions prior to the reaction. After the catalytic reaction, no
XRD peaks related to impurities were observed (Figure S10). In
this case, characteristic changes in XRD peak intensity caused by
the introduction of Bi inside the hexagonal channel were observed
after the reaction, indicating placement of Bi in the hexagonal
channel during the reaction. Figure 9 shows propane conversion
and product selectivity as a function of reaction temperature over
MoVO-NT and MoVBIO-NT. Figure 9A shows the catalytic
activities of MoVO-NT and MoVBIiO-NT with the same catalyst
amounts (0.2 g). Both the propane conversion and oxygen
conversion of MoVBIO-NT were much higher than those of

MoVO-NT at all reaction temperatures. Higher CO2 selectivity
was observed in MoVBIO-NT than in MoVO-NT at all reaction
temperatures due to the high rates of propane and oxygen
conversion. Therefore, product selectivities were compared at the
same rate of conversion by changing the amount of the catalyst
(Figure 9C and D). For this purpose, 0.3 g of MoVO-NT and 0.1 g
of MoVBIO-NT were used. As can be seen in Figure 9C, the rate
of propane and oxygen conversion over these catalysts were
almost the same at all reaction temperatures. Since 0.1 g of
MoVBIiO-NT showed the same catalytic activity as that of 0.3 g of
MoVO-NT, the catalytic activity of MoVBIiO-NT is almost 3-
times higher than that of MoVO-NT. Table 2 shows the results for
N2 and propane adsorption over MoVO-NT and MoVBIO-NT
after propane ammoxidation (MoVO-amm and MoVBiO-amm,
respectively). The adsorption isotherms are shown in Figures S11
and S12, respectively. After the reaction, the external surface
areas of MoVO-amm and MoVBiO-amm were slightly increased
t0 6.7 and 10.7 m? g’l, respectively. There was only a 1.6-times
difference between their external surface areas, and the catalytic
activity per unit cell of MoVBIO-
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Figure 9. (A) and (C) Conversion and (B) selectivity, (D) changes as a
function of reaction temperature in propane ammoxidation over
MoVO-NT and MoVBIO-NT. (A and C) Rates of propane conversion
(solid symbols) and oxygen conversion (open symbols) are plotted.
MoVO-NT, black; MoVBIO-NT, red. (B and D) Product selectivities
of propylene (C3Hs, circle), acrylonitrile (AN, square), acetonitrile
(AceN, lozenge), CO (triangle), and CO2 (inversed triangle). MoVO-
NT, closed symbols; MoVBIiO-NT, open symbols. (A and B)
Reaction conditions: catalyst amount, 0.2 g; gas feed,
C3Hg/O2/NHs/He = 3.0/ 9.0/4.0/34.0 mL min~>. (C and D) Reaction
conditions: catalyst amount, 0.3 g (MoVO-NT) and 0.1 g (MoVBIO-
NT): gas feed, C3Hg/O2/NHa/He = 3.0/9.0/4.0/34.0 mL min™>.

Table 2. Results of N2 and Propane Adsorption of MoVO
and MoVBIO after Propane Ammoxidation

micropore volume
203 cmigh

catalyst external surface area® (m2 g'l) N2 propaneb
MoVO-amm 6.7 5.0 8.1
MoVBiO-amm 10.7 11.0 14.3

aMeasured by N2 adsorption at lig. N2 temperature and estimated

by the t-plot method. bMeasured by propane adsorption at 25 °C
and estimated by the DA method.

NT is thus 1.9-times higher than that of MoVO-NT. In order to
understand the increased catalytic activity of MoVBIiO-NT, the
microporosity of MoVO-amm and MoVBiO-amm derived from
the heptagonal channel was evaluated since it has been reported
that the heptagonal channel is strongly related to the activation of
propane.22 The micropore volume of MoVO-amm estimated by

N2 adsorption was 5.0 x 107 cm® g'l, which was clearly lower
than that observed prior to the reaction. The decreased micropore
volume of MoVO-amm compared with that prior to the reaction is
due to the reduction state change during the reaction, as the
reduction state of MoVO strongly affects the micropore size,
resulting in the prevention of access of N2 to the micropore.54’65
On the other hand, MoVBiO-amm showed micropore adsorption
even after the reaction, and the estimated micropore volume was
11.0 x 107° cm® g'l. UV spectra indicated that the reduction
states of MoVO-amm and MoVBiO-amm were comparable
(Figure-S13). These results imply that the intrinsic heptagonal
channel size of MoVBIO is sufficient to accept N2 even after the
decrease in micropore size due to the change in the reduction
state. Propane adsorption
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was also carried out in order to evaluate the accessibility of
propane into the heptagonal channel.>* Figure S12 shows propane
adsorption isotherms of MoVO-amm and MoVBiO-amm. The
amount of propane adsorption of MoVBiO-amm was clearly
larger than that of MoVO-amm, and the micropore volumes

estimated by the DA method were 8.1 x 107 and 14.3

x 107 cm® g‘1 for MoVO-amm and MoVBiO-amm,
respectively (Table 2), indicating that the filling rates of propane
inside the heptagonal channel were 36% and 64%, respectively.

The difference in micropore volumes estimated by N2 or propane
adsorption is due to the difference in adsorption temperature (N2
adsorption, —196 °C; propane adsorption, 25 °C), which affects
the diffusion of molecules.>*% The molecular size of propane
has been reported to be 0.43 nm, which is slightly larger than that

of the heptagonal channel (0.40 nm).54 The increase in propane
adsorption capacity in MoVBiO-amm also supports the
assumption that the heptagonal channel size was expanded by the
introduction of Bi. Therefore, we suggest that the introduction of
Bi into the hexagonal channel expanded the size of the heptagonal
channel by partial modification of the lattice size (note: lattice
parameters were increased as indicated by XRD), which led to
strong interaction between the heptagonal channel and propane,
resulting in an increase of the propane conversion. As shown in
Figure 9D, the propylene selectivity over MoVO-NT was ca.
54.6% at 385.4 °C and the value was decreased with an increase
in reaction temperature, reaching 20.9% at 444.7 °C. With a
decrease in propylene selectivity, the selectivities to acrylonitrile
(AN), CO, and CO2 increased. The AN selectivity at 385.4 °C
was 12.9% and increased with an increase in reaction temperature,
reaching 21.1% at 427.3 °C. Further increase in the reaction
temperature decreased the AN selectivity, and it was 18.6% at
444.7 °C. Acetonitrile (AceN) selectivity was almost unchanged
with increase in reaction temperature, and it was ca. 2—3%. For
MoVBIO-NT, the selectivity of propylene at 387.9 °C was 44.5%
and it was lower than that for MoVO-NT at a similar reaction
temperature. With increase in the reaction temperature, propylene
selectivity decreased. However, the decrease in selectivity was
moderate compared with that MoVO-NT, and propylene
selectivity at 441.6 °C was 24.9%. AN selectivity over MoVBIO-
NT was slightly higher than that over MoVO-NT at all reaction
temperatures, and AN selectivities were 18.2% at 387.9 °C and
25.5% at 428.9 °C. A striking effect of Bi on AN selectivity was
observed at high temperatures. Although a decrease in AN
selectivity was observed at high temperatures in MoVO-NT
(427.3 °C, 21.1%; 444.7 °C, 18.6%), AN selectivity of MoVBIiO-
NT was maintained almost at the same level even at high
temperatures (428.9 °C, 25.5%; 441.6 °C, 24.6%). The effect of a
Bi promoter on an MoV TeNbO catalyst was recently studied by
Andrushkevich et al., and they reported that the addition of Bi
resulted in the maintenance of acrylonitrile selectivity in a range

in which the propane conversion was high (over 80%).50 They
suggested that the addition of Bi decreased the acidity of the
catalyst due to the high basicity of Bi, which facilitated easy
desorption of AN from the catalyst surface since AN has a basic
nature. Therefore, the decomposition of AN was suppressed by
the addition of Bi, resulting in high AN selectivity. On the basis of
this perspective, we evaluated the acid—base characters of MoVO-
amm and MoVBiO-amm by ammonia TPD. Figure S14 shows the
results of ammonia TPD for MoVO-amm and MoVBiO-amm.
The acid concentration of MoVBiO-amm was lower than that of
MoVO-amm (MoVBIiO-

amm, 0.131 mmol g~1; MoVO-amm, 0.207 mmol g™2). We
now consider that the introduction of Bi increased the
surface basicity over the catalyst, which suppressed the
decomposition of AN, resulting in high AN selectivity,
especially at high rates of propane conversion.

When AN selectivity is compared with other crystalline
Mo- V-M-0 catalysts (M = Te or Sb), AN selectivity
over MoVBIiO was apparently low (AN selectivity:
MoVTeO, 38.8% at 47.7% CsHg conversion (410 °C);
MoVShO, 48.9% at 42.5% C3Hsg conversion (410 °C)),

although the experimental conditions were different.2% In
our case, the Bi occupancy in the hexagonal channel was
not so high (30%) which might enshroud the catalytic
function of Bi. We are now trying to increase the Bi
occupancy in MoVBIO for the deep understanding of the
catalytic role of Bi for propane ammoxidation.

We conclude that although almost no difference was
observed in the catalytic activities of MoVO-NT and
MoVBIO-NT for selective oxidation of ethane, propane
conversion in the ammoxidation of propane was
significantly enhanced by the introduction of Bi, possibly
due to the expanded micropore size, and the introduction of
Bi affected the acid—base property of the catalyst, resulting
in an increase in AN selectivity.

B concLusions

We successfully synthesized orthorhombic Mo-V-Bi oxide
(MoVBIO) having the same crystal structure as that of

orthorhombic Mo3VOx (MoVO) for the first time by using

ethylammonium cation (EtNH3+) as a structure-directing
agent. Structural analysis clearly demonstrated that Bi is

located at the hexagonal channel and that EtNH3" is located at
the heptagonal channel. The catalytic activity of MoVBIO for
selective oxidation of ethane was comparable to that of
MoVO. However, for ammoxidation of propane, the rate of
propane conversion over MoVBIO was much higher than that
over MoVO. Expansion of the heptagonal channel by the
introduction of Bi enhanced the interaction between propane
and the heptagonal channel, which might have resulted in the
increase in propane conversion. A comparison of product
selectivities at comparable conversion rates revealed that the
introduction of Bi enhanced acrylonitrile selectivity, especially
at high temperatures (ca. 440 °C). The introduction of Bi
potentially increases the surface basicity over the catalyst,
which can accelerate the desorption of acrylonitrile, resulting
in enhanced selectivity. The results demonstrate a successful
strategy to design crystalline Mo-V-based mixed oxide
catalysts by the use of structure-directing agents. Furthermore,
this strategy will enable multifunctionalization of a catalyst by
the introduction of additional metals inside the crystal
structure, periodically, at a nanoscale.
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