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Abstract
Activities and structures of metal oxide catalysts significantly rely on the synthesis procedures and conditions. In this study, 
a novel solvent-free mechanochemical method was employed to prepare catalysts for the ammoxidation of propylene. Mul-
ticomponent oxide catalysts containing bismuth, iron, cobalt, and molybdenum were successfully synthesized using a ball 
mill mixer and zirconia jars without the use of nitric acid. The mechanochemically synthesized catalysts exhibited higher 
catalytic performance than traditional catalysts prepared by coprecipitation (CP) and rotary evaporation (RE) methods in 
propylene ammoxidation. The synergistic effect of the mechanochemical method was investigated using various analyses, 
such as inductively coupled plasma atomic emission spectroscopy (ICP-AES), X-ray diffraction (XRD), scanning electron 
microscopy, energy-dispersive X-ray spectroscopy (EDS), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS). 
ICP-AES analysis revealed that the ball-mill-based catalysts contained metal elements in designated amounts more accu-
rately than those prepared by the CP or RE methods. Propylene ammoxidation reactions with ball-milled catalysts showed a 
synergistic effect and improved acrylonitrile yield, especially at a 50:50 wt% ratio of  Bi2Mo3O12 to  Fe0.36Co0.64MoO4. Com-
prehensive analyses, including XRD, SEM–EDS, Raman spectroscopy, and XPS, support the conclusion that the improved 
performance of the mechanochemically synthesized catalysts can be attributed to the increased interaction between different 
phases prepared under mechanical forces, leading to a favorable change in the oxidation state of iron.

Keywords Propylene ammoxidation · Acrylonitrile production · Bismuth–iron–cobalt molybdate · Ball milling · Physical 
mixing

Introduction

The production of acrylonitrile (AN) by propylene ammoxi-
dation is one of the largest and most commercially signifi-
cant applications of metal oxide catalysts [1], constituting a 
global market exceeding ten billion USD. Initially commer-
cialized by the Standard Oil Company of Ohio (SOHIO), the 
propylene ammoxidation process, also known as the SOHIO 
process, has its roots in research dating back to the 1950s and 

was first industrialized in the 1960s. [2, 3]. Over time, the 
SOHIO process has evolved into sophisticated multi-element 
metal oxide catalyst systems, incorporating an increasing 
number of metallic elements to improve efficiency and yield. 
The latest commercialized catalysts contain at least seven 
metallic elements, often as many as ten. Companies that 
have contributed to the commercialization and advancement 
of the SOHIO process include SOHIO [4], Asahi Kasei [5, 
6], Mitsubishi Rayon [7], and INEOS [8]. AN, as a funda-
mental organic compound, serves as a monomer to produce 
valuable chemicals, such as acrylic fibers and engineering 
plastics. To produce AN, α-phase bismuth molybdenum-
based metal oxides are well-known catalysts because of 
their outstanding activity and stability for multifunctional 
selective oxidation [9–11] in the catalysis field. However, 
the quest for a more efficient and eco-friendly approach for 
developing bismuth–molybdenum-based catalysts remains 
a persistent challenge.
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One way to synthesize metal oxide catalysts is a chemical 
approach in which multiple metal precursors are dissolved 
in an acidic solvent in the preparation of catalysts. Licht 
et al. reported a coprecipitation method to investigate the 
mechanism of propylene ammoxidation catalysts [12], and 
House et al. proposed an evaporating-to-dryness method to 
control the metal ratios within the catalysts precisely [13]. 
Although these conventional methods can be used to synthe-
size high-quality metal oxide catalysts, they involve the use 
of nitric acid as a solvent, which can cause severe damage to 
the environment and biota. In addition, the coprecipitation 
method is prone to errors in the metal ratio owing to the dif-
ference in solubility between the metal elements depending 
on the pH conditions. In the evaporation method, the pH of 
the acid solution changes during the drying process, which 
can lead to problems such as the catalyst initially obtained 
from the wall of the flask being different from that later 
obtained from the bottom of the flask.

Several studies have reported the effective synthesis of 
various catalysts, including bulk metals, single-metal oxides, 
multi-metal mixed oxides, supported metals, and bimetal-
lic alloy nanoparticles, using mechanochemical methods 
[14]. Among them, the α-bismuth molybdate catalyst sys-
tem is known to possess a scheelite  (CaWO4) structure 
[15]. Mechanochemical synthesis of catalysts with simi-
lar scheelite structure or molybdate components has been 
reported for various applications such as photocatalysis 
e.g.,  (BiVO4 [16–18],  BaMoO4 [19, 20], ZnO/αFe2O3 [21], 
 Ca12Al14O33 [22]), methanol oxidation to formaldehyde 
 (Fe2(MoO4)3 [23]), and oxidative dehydrogenation of etha-
nol  (Fe2(MoO4)3 reactions. However, no mechanochemical 
synthesis of bismuth–molybdenum-based multi-metal cata-
lysts has been reported for propylene ammoxidation yet. In 
this research, we propose a new mechanochemical approach 
to synthesize bismuth–molybdenum-based metal oxide cata-
lysts using a ball mill. Preparing multi-metal oxide catalysts 

using the ball milling method could eliminate the need for 
harmful acidic solvents [23]. The ball-mill-synthesized cata-
lysts exhibited excellent performance in propylene ammoxi-
dation and maintained a more stable structure than conven-
tionally synthesized catalysts. Thus, the mechanochemical 
approach has proven to be practical in catalysis.

Experimental Section

Catalyst Preparation

A series of multi-metal molybdate catalysts were prepared 
using ball milling equipment, as shown in Fig. 1. Bismuth 
molybdate, a one-pot ball milling (BM) catalyst, was syn-
thesized using a mechanochemical method. To achieve the 
Bi:Mo molar ratio of 2:3, specific proportions of bismuth 
nitrate pentahydrate (Bi  (NO3)3·5H2O) and ammonium 
heptamolybdate tetrahydrate ((NH4)5Mo7O24·4H2O) were 
weighed and added to a 25 mL zirconium oxide jar. A 15 mm 
zirconium oxide ball was placed in the jar, then ball-milled 
at a frequency of 20 Hz for 30 min using a Retsch MM400 
mixer mill. The resulting material was dried overnight and 
calcined at 530 °C for 5 h in the air to obtain the catalyst. 
The prepared catalyst was designated as  Bi2Mo3O12 one-pot 
BM. Similarly, an iron–cobalt molybdate one-pot ball mill-
ing (BM) catalyst was also synthesized to meet the Fe:Co: 
Mo molar ratio of 0.36:0.64:1.00. Specific proportions of 
iron nitrate nonahydrate (Fe  NO3)3·9H2O), cobalt nitrate 
hexahydrate (Co  (NO3)3·6H2O) and ammonium heptamolyb-
date tetrahydrate ((NH4)5Mo7O24·4H2O) were weighed and 
added to a 25 mL zirconium oxide jar. A 15 mm zirconium 
oxide ball was placed in the jar which was then ball-milled 
at a frequency of 20 Hz for 30 min using a Retsch MM400 
mixer mill. The resulting material was dried overnight and 

Fig. 1  Preparation procedures of one-pot ball milling (BM), shaking, physically mixed by hand (PM hand) and physically mixed by ball milling 
(PM BM) methods
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then calcined at 530 °C for 5 h in the air. The catalyst was 
designated as  Fe0.36Co0.36MoO4 one-pot BM.

The shaking catalyst was prepared by shaking the 
 Bi2Mo3O12 one-pot BM catalyst and  Fe0.36Co0.36MoO4 one-
pot BM without grinding. Subsequently, the first physically 
mixed catalyst was prepared by grinding and shaking the 
catalyst using an aluminum oxide mortar and pestle for 
10 min. The catalyst was designated as PM hand and physi-
cally mixed manually. The second physically mixed catalyst 
was prepared by ball milling the shaking catalyst at a fre-
quency of 20 Hz for 30 min. The catalyst was designated as 
PM BM and physically mixed by ball milling. The mixing 
ratios were designated according to the name of the catalyst. 
For example, a 50:50 PM hand catalyst was physically mixed 
with a hand catalyst in the ratio of 50 wt%  Bi2Mo3O12 one-
pot BM and 50 wt%  Fe0.36Co0.36MoO4 one-pot BM.

A multi-metal one-pot catalyst was synthesized using a 
mechanochemical method. Specific proportions of metal 
precursors were weighed and added to a 25 mL zirconium 
oxide jar. A 15 mm zirconium oxide ball was placed in 
the jar, and the ball was milled at a frequency of 20 Hz for 
30 min using an MM400 mixer mill. The resulting material 
was dried overnight and calcined at 530 °C for 5 h in the air 
to obtain the catalyst. This prepared catalyst was designated 
as a 50:50 one-pot BM.

Multi-metal molybdate catalysts have also been synthe-
sized using conventional methods, such as coprecipitation 
(CP) and rotary evaporation (RE). Conventional synthetic 
methods are shown in Fig. 2.

To prepare the catalysts using the coprecipitation method, 
specific proportions of the metal precursors were weighed 
and added to deionized water. A small volume of nitric 
acid was then added to the solution, and the mixture was 
stirred using a magnetic bar and an agitator until it became 
transparent. The pH of the solution was adjusted using a 
pH meter, and ammonia solution was gradually added to 
the acidic solution until the desired pH was reached. The 
precipitated material was filtered using a vacuum filtration 
apparatus, dried overnight, and calcined at 530 °C for 5 h in 
the air to prepare the catalyst. The prepared catalysts were 
designated as CP pH x (x = 1, 4, 7, and 10).

To prepare the catalysts using the rotary evaporation 
method, specific proportions of the metal precursors were 

weighed and added to deionized water. A small volume of 
nitric acid was added to the solution and stirred using a mag-
netic bar and an agitator until the solution became trans-
parent. The solution was heated to 80 °C, and the pressure 
dropped below 0.3 bar. The material was dried overnight and 
calcined at 530 °C for 5 h in air to obtain the catalyst. The 
prepared catalyst is referred to as RE.

Characterization

Inductively coupled plasma atomic emission spectroscopy 
(ICP-AES) was conducted using an Optima 8300 (Perki-
nElmer) instrument with an SCD detector. X-ray powder 
diffraction (XRD) patterns were obtained using a SmartLab 
(Rigaku) instrument with a 3 kW Cu target X-ray generator 
(40 kV, 40 mA). X-ray photoelectron spectroscopy (XPS), 
also known as electron spectroscopy for chemical analy-
sis (ESCA), was performed using an AXIS Supra (Kratos) 
instrument with a monochromatic Al X-ray gun. Schottky 
field emission scanning electron microscopy (FE-SEM) 
and energy-dispersive X-ray spectroscopy (EDS) were per-
formed using a JSM-7800F Prime (JEOL). Raman spec-
troscopy was performed using a DXR2xi (Thermo Fisher 
Scientific) with a 532 nm laser and an electron-multiplying 
charge-coupled detector (EMCCD).

Propylene Ammoxidation

The synthesized catalysts were tested in the propylene 
ammoxidation process using a continuous-flow fixed-bed 
reactor. The catalyst (0.5 g or 1.0 g) was loaded into a quartz 
reactor along with glass beads weighing twice the amount 
of the catalyst to prevent overheating from the highly exo-
thermic reaction. The catalyst was preheated to 400 °C in 
a flow of nitrogen (20 mL/min) to eliminate residual water 
for 30 min and then heated to 430 °C in the flow of reac-
tants  (C3H6:NH3: Air = 1:1.2:9.5), internal standard (Ne) and 
carrier gas  (N2). The total gas flow rate was maintained at 
20 mL/min (SATP conditions). Reactions were performed at 
430 °C for at least 6 h under atmospheric pressure. The prod-
ucts were analyzed using a gas chromatograph (ChroZen, 
YOUNGIN Chromass) equipped with a flame ionization 
detector (FID) and thermal conductivity detectors (TCD). 

Fig. 2  Preparation procedures of coprecipitation (CP) and rotary evaporation (RE) methods
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Molecular sieve 13X, Porapak N, and HP PLOT-Q columns 
were used for gas chromatography analysis. Propylene con-
version, product selectivities, and acrylonitrile yield were 
calculated using the following equations: The flow rates 
were calibrated using an inert internal standard gas (Ne).

Fi flow rate of i, Si selectivity of i.

Results and Discussion

Acrylonitrile Production by the Ammoxidation 
of Propylene

To successfully achieve the multifunctionality required 
in partial oxidation reactions, metal oxide catalysts must 
sequentially and seamlessly perform a complex process 
consisting of H-abstraction, O or N insertion, reduction of 
oxygen gas to lattice oxygen, lattice oxygen transfer, and 
reoxidation of H-abstraction sites [12, 24, 25]. There are 
various reports in the literature that utilize physical mixing 

(1)

Propylene conversion =
Fpropylene,in − Fpropylene,out

Fpropylene,in

× 100,

(2)

S
i
(%) =

F
i

Fpropylene,in − Fpropylene,out

×
(number of carbon atoms in i)

(number of carbon atoms in propylene})
× 100,

(3)
AN yield (%) = {Propylene conversion (%)}

×
{

SAN(%)
}

÷ 100,

[26–28]. By determining the optimal conditions for physi-
cal mixing, we can obtain the catalysts that outperform each 
catalyst alone. Physical mixing was performed to confirm 
the synergistic effect in the propylene ammoxidation reac-
tion. The α-Bi2Mo3O12 phase, known as the most effective 
catalyst for propylene amination reactions [29–31], was 
selected as phase 1. Furthermore, the propylene ammoxi-
dation reaction follows the Mars–van Krevelen mechanism 
[32] in association with the lattice oxygen ions [33] in the 
metal oxide catalyst. Therefore, molybdates composed of Fe 
and Co, the transition metal species known to enhance the 
catalyst activity by improving redox performance through 
the lattice oxygen transfer [31, 34–38], were selected as 
phase 2.

Figure 3a shows propylene conversion, oxygen conver-
sion, and AN yield. Figure 3b shows the selectivities of the 
products, which are acrylonitrile (AN), acrolein (ACR), ace-
tonitrile (ACT), hydrogen cyanide (HCN), carbon monoxide 
(CO) and carbon dioxide  (CO2).

The activities of the PM BM catalysts with different mix-
ing ratios ranging from 0:100 to 100:0 wt% were tested. 
Since the  Bi2Mo3O12 catalyst was selected as phase 1 and 
 Fe0.36Co0.64MoO4 as phase 2, the 0:100 ratio corresponds 
to 100 wt%  Fe0.36Co0.64MoO4 catalyst (pure phase 2), and 
the 100:0 ratio corresponds to 100 wt%  Bi2Mo3O12 catalyst 
(pure phase 1). When the  Fe0.36Co0.64MoO4 catalyst was 
physically mixed with the  Bi2Mo3O12 catalyst and then used 
in propylene ammoxidation, the conversion of propylene and 
the selectivity for AN increased compared to when each cat-
alyst was used individually. Therefore, the physical mixing 
technique was empirically confirmed to induce synergistic 
interactions between the metal oxide phases.

Fig. 3  (a) Conversions and yields with varying mixing ratio of PM BM catalysts. (b) Products’ selectivities of PM BM catalysts (x = 0: pure 
 Fe0.36Co0.64MoO4, x = 100: pure  Bi2Mo3O12). *Catalysts loading: 1.0 g
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The reaction activity of the physically mixed catalysts 
varied depending on the physical mixing ratio. Upon physi-
cal mixing, the propylene conversion ranged from 79 to 84% 
at 10:90, 30:70, and 50:50 wt% ratios. At higher percent-
ages of  Bi2Mo3O12 catalyst, which are 70:30 and 90:10 wt% 
ratios, the propylene conversion decreased rapidly, while the 
AN selectivity remained high at approximately 75%. There-
fore, it can be inferred that the production and supply of 
lattice oxygen are enhanced when the proportion of phase 
2 increases. This is also confirmed by the activity results, 
which show that a higher proportion of phase 2 increases the 
conversion. This is at the expense of the selectivity for other 
oxides and partial oxides, especially CO,  CO2, and HCN. In 
addition, the change in the ratio revealed that the 50:50 ratio 
was the most optimal, with the highest AN yield as both 
the AN selectivity and propylene conversion remained high.

As the reaction progressed, the catalyst performance 
increased, and the  O2 conversion reached 100%, reaching 
the detection limit. Instead of altering the  O2 ratio condition, 
further reaction experiments were conducted by reducing the 
contact time as well as reducing the catalyst loading from 
1.0 g to 0.5 g while maintaining a uniform gas composi-
tion. The ratio of phase 1 to phase 2 was fixed at a 50:50 
mass ratio, and the phases were prepared in several ways by 
changing the synthesis method. The reaction results for the 
catalysts prepared by various methods, such as CP under 
different pH conditions, RE, shaking, PM hand, PM BM, 
and one-pot BM, are summarized in Fig. 4.

Comparing the activity of the 50:50 PM and BM method 
with the same ratio preparation method in Figs. 3 and 4, the 
propylene conversion decreased significantly from 82.8 to 
54.3% as the catalyst amount decreased from 1.0 to 0.5 g, 
while the AN selectivity remained almost unchanged from 
decreasing slightly from 75.0 to 74.3%. Therefore, reduc-
ing the contact time by adjusting the catalyst amount only 
affected the conversion rate and did not significantly affect 
AN selectivity, which was the main goal of this study within 
this contact time range.

As shown in Fig. 4, the best-performing catalyst was the 
50:50 one-pot BM, followed by CP at pH 7. However, for the 
CP synthesis method, the decrease in catalyst performance 
with the change in pH was large, and the loss of metal ele-
ments was high as shown in Table 1. The RE method had 
a relatively high AN selectivity of 70.5%, although the AN 
yield was low because of the low propylene conversion rate 
compared to other catalysts, such as PM hand, PM BM, and 
one-pot BM. The lowest-performing catalyst was obtained 
with the 50:50 shaking, presumably because no external 
force was applied after shaking the catalysts. In contrast to 
the PM and one-pot BM catalysts, no direct interaction was 
observed between phases 1 and phase 2 in a 50:50 shak-
ing catalyst. Despite the high temperature of about 430 °C, 
required for the propylene ammoxidation reaction, the 50:50 
shaking catalyst did not exhibit any synergistic effect when 

Fig. 4  Propylene conversions, AN selectivities and AN yields of 
50:50 catalysts with different synthesis methods. *Catalysts loading: 
0.5 g

Table 1  Catalysts' compositions 
measured by ICP-AES

Catalysts Fe atom ratio 
(STANDARD)

Bi atom ratio Co atom ratio Mo atom ratio

Designated ratio 2.50 3.37 4.45 12.00
CP pH1 2.50 4.10 0.02 12.91
CP pH4 2.50 3.41 0.72 9.67
CP pH7 2.50 3.23 3.97 6.23
CP pH10 2.50 2.56 0.68 1.26
RE 2.50 3.06 4.21 10.26
50:50 shaking 2.50 3.63 4.69 11.95
50:50 PM hand 2.50 3.41 4.60 11.61
50:50 PM BM 2.50 3.36 4.54 11.37
50:50 one-pot BM 2.50 3.14 4.28 11.00
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the catalysts were simply shaken together at that tempera-
ture, resulting in a low conversion of 19% and AN selectivity 
of 52.7%. When phase 1 and phase 2 were physically mixed 
by hand (PM hand) in a 50:50 ratio, the propylene conver-
sion increased significantly to 46.8% and the AN selectiv-
ity to 73.5% compared to the 50:50 shaking. When the PM 
method was performed using a ball mill instead of hands, 
the AN selectivity was nearly identical at 73.7%, whereas 
the propylene conversion increased slightly to 54.3%. For 
the one-pot BM catalyst, the propylene conversion was 
approximately the same as PM BM at 54.5%, whereas the 
AN selectivity increased significantly to 80.9%, resulting in 
the highest AN yield.

ICP Analysis of the Catalysts

Inductively coupled plasma atomic emission spectroscopy 
was performed to determine whether the metal species were 
precisely introduced into the prepared catalysts as intended. 
Table 1 summarizes the metal ratios in the catalysts. Iron 
was used as the standard for calculation to compare the 
metal species ratios.

All catalysts listed in Table  1 were prepared with 
the expectation that they would have an identical 50:50 
phase ratio, which corresponds to a Fe:Bi:Co:Mo ratio of 
2.50:3.37:4.45:12.00. For the CP catalysts, large amounts 
of Co were lost at pH1, pH4, pH10. At pH7, the Co content 
remained relatively constant although the Mo content was 
significantly lower than the specified ratio. The RE catalyst 
retained the metal species relatively well compared to the CP 
catalyst, although it did not retain the metal species as effec-
tively as the ball-mill-based prepared catalyst. Conversely, 
the ball-mill-based prepared catalysts, including 50:50 shak-
ing, PM hand, PM BM, and one-pot BM, retained the metal 
species much better, with minimal loss. Overall, ball-mill-
based catalysts retained metal species much better than those 
prepared with RE.

Crystalline Structures of the Calcined Catalysts

XRD analysis was performed to investigate the crystalline 
structures of the metal oxide catalysts. XRD patterns were 
obtained and identified using a crystal information file (. cif) 
from the Crystallography Open Database (COD) [39]. The 
chemical formulas and the COD ID are listed in Table 2.

Figure 5 shows the XRD patterns of the CP pH1, pH4, 
pH7, pH10, and RE catalysts. Each catalyst exhibits its own 
pattern, composed of mixed metal oxide phases. The CP 
pH1 and pH4 catalysts were mainly composed of  Bi2Mo3O12 
and  Fe2Mo3O12 phases. The CP pH 7 catalyst was mainly 
composed of  Fe0.3Co0.7MoO4 and  Bi3FeMo2O12 phases. CP 
pH10 catalyst was mainly composed of  BiMoO6, the γ-phase 
of bismuth molybdate, and did not show any sign of Fe or 

Co-related pattern. The RE catalyst exhibited four phases: 
 Bi2Mo3O12,  Fe2Mo3O12,  Fe0.3Co0.7MoO4, and  Bi3FeMo2O12. 
The results showed that the multimetallic complex oxide cat-
alyst system can be represented by a combination of several 
phases, including  Bi2Mo3O12,  Fe0.3Co0.7MoO4,  Fe2Mo3O12, 
and  Bi3FeMo2O12.

Figure  6 shows the XRD patterns of  Bi2Mo3O12, 
 Fe0.36Co0.64MoO4, and the 50:50 mixed catalysts.  Bi2Mo3O12 
catalyst showed the same pattern as the theoretical calcula-
tions and reported data [45, 46].  Fe0.36Co0.64MoO4 catalyst 
showed almost an identical pattern to the theoretical calcu-
lation result for  Fe0.3Co0.7MoO4 with a small addition of 
the  Fe2Mo3O12 pattern. Four 50:50 mixed catalysts showed 
almost the same pattern as that of the RE catalyst. Although 
the types of phases in the 50:50 catalysts are the same, their 
proportions differ slightly. The main difference in the pattern 
is approximately 28.6°.

To analyze the XRD patterns in more detail, Rietveld 
refinement or its extensions, such as Rietveld texture analy-
sis (RITA) and Rietveld stress texture analysis (RISTA) tech-
niques, were used [47, 48]. The phase quantification results 
of the 50:50 catalysts from in-depth analysis using RITA/
RISTA techniques are shown in Table 3. The analyses were 
performed by material analysis using diffraction (MAUD) 
software [49] and structures with COD IDs, as shown in 
Table  2. The analysis showed that among the catalysts 
prepared using the ball mill, the catalysts with higher AN 
selectivity had a higher proportion of  Bi3FeMo2O12 phase, a 
single phase between Bi-Fe-Mo.  Bi3FeMo2O12 is known to 
form as a single phase upon the introduction of iron into the 
scheelite structure of α-Bi2Mo3O12 [50].  Bi3FeMo2O12 can 
promote the regeneration of depleted surface oxygens during 
the reoxidation cycle [31] and has been reported to exhibit 
similar activity to Bi–Mo–O phase for selective (amm)oxida-
tion [51]. Grasselli, Burrington, and Brazdil have previously 
reported in mechanistic studies that  Bi3FeMo2O12 shows the 
same or similar mechanism as bismuth molybdate [52]. In 
multicomponent bismuth molybdates system with a common 
formula of  Ma

2+Mb
3+BixMoyOz, there are also papers show-

ing a similar mechanism where bismuth activates propene 
and Mo inserts N or O into the activated allylic intermediate 
[53]. In these earlier studies,  Bi3FeMo2O12 showed lower 

Table 2  Chemical formulas and COD ID of the molybdate-based 
mixed oxides in XRD patterns

Chemical formula COD ID References

Fe2Mo3O12 1524203 Chen [40]
Bi2MoO6 1537010 Zemann [41]
Fe0.3Co0.7MoO4 2088874 Ehrenberg et al. [42]
Bi2Mo3O12 7223785 Zhang et al. [43]
Bi3FeMo2O12 7232465 Li et al. [44]
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Fig. 5  Powder XRD patterns of 
CP prepared with different pH 
conditions and RE catalysts

Fig. 6  Powder XRD patterns of 
 Bi2Mo3O12,  Fe0.36Co0.64MoO4 
and 50:50 mixed catalysts
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activity than bismuth molybdate because  Bi3FeMo2O12 was 
the only phase used in the catalytic reaction. However, our 
findings in this work suggest that  Bi3FeMo2O12 has a posi-
tive synergistic effect when physically mixed with other 
phases. Moreover, it can be concluded that the increased 
interaction between phase 1 and phase 2 due to the applica-
tion of external forces is a major factor in the improvement 
of the catalyst performance.

Further Characterizations of the Catalysts 
Synthesized by Ball Milling Method

Figure S1 (Online Resource 1) shows the scanning elec-
tron images of the ball-milled catalysts. Fig. S2 (Online 
Resource 1) shows a more detailed electron micrograph 
and EDS images of the 50:50 shaking catalyst. In the 50:50 
shaking catalyst, in which no external force is applied, 
the metal elements are located on specific particles. For 
instance, Bi atoms are located on the  Bi2Mo3O12 particles 
but not on the  Fe0.36Co0.64MoO4 particles. In contrast, in 
the PM and one-pot BM catalysts, the metal elements are 
well dispersed and mixed on the same particle.

Figure S3 (Online Resource 1) shows the Raman 
spectra of ball-milled catalysts. Raman spectra show 
that the  Bi2Mo3O12 phase and  Fe0.36Co0.64MoO4 phase 

Table 3  Phase quantification results using Rietveld refinement of mixed catalysts

Sample Fe2Mo3O12 (wt%) Fe0.3Co0.7MoO4 (wt%) Bi2Mo3O12 (wt%) Bi3FeMo2O12 (wt%) Total sum (wt%)

50:50 shaking 13.7 26.1 60.2 0.0 100.0
50:50 PM hand 12.5 24.3 61.3 1.9 100.0
50:50 PM BM 8.4 18.2 68.1 5.3 100.0
50:50 one-pot BM 19.3 31.9 35.2 13.6 100.0

Fig. 7  XPS spectra of Fe 2p regions of catalysts; (a)  Bi2Mo3O12, (b)  Fe2Mo3O12, (c) 50:50 shaking, (d) 50:50 PM hand, (e) 50:50 PM BM and 
(f) 50:50 one-pot BM
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are successfully incorporated into the 50:50 mixed 
catalysts. In 50:50 mixed catalysts, peaks at 75, 118, 
195, 368, 814, and 900  cm−1 clearly show the trace of 
 Bi2Mo3O12 phase, and peaks around 777 and 935  cm−1 
show  Fe0.36Co0.64MoO4 phase.

XPS analysis was also conducted to investigate the 
atomic states of the metal components on the surfaces 
of the 50:50 mixed catalysts. Figure 7 shows the XPS 
measurements of the 2p region of Fe, which plays a 
vital role in the inter-element interactions described in 
Fig. 6 and Table 3. The binding energy was calibrated 
using the C 1s peak (284.8 eV [54]) for all the spectra. 
Table 4 lists the ratio of Fe +3 to +2 oxidation states, 
calculated from the XPS 2p region. For the case of the 
 Bi2Mo3O12 catalyst, no Fe-related signal was measured. 
For the  Fe0.36Co0.64MoO4 catalyst, the ratio of Fe 3+ to 2+ 
oxidation states was 0.91. For the 50:50 shaking catalyst, 
introducing the  Bi2Mo3O12 catalyst reduced this value, but 
not quantitatively, by exactly half. The physically mixed 
catalysts showed an increase in the 3+ oxidation state 
compared to  Fe0.36Co0.64MoO4. Although PM BM had a 
slightly higher ratio of Fe3+ to 2+ oxidation states, PM 
hand, and PM BM had almost similar values with ratios 
of 1.09 and 1.12, respectively. In the one-pot BM catalyst, 

the ratio was 1.53, which is an apparent increase in the 
 Fe3+ oxidation state ratio compared to previous catalysts. 
Therefore, it can be inferred from the XPS measurements 
that the change in the oxidation state of Fe has a positive 
effect on the AN selectivity.

Combined with the previous XRD patterns, it is evident 
that not only the AN selectivity but also the  Bi3FeMo2O12 
phase ratio correlates with the Fe 2p oxidation state in the 
50:50 ratio catalysts. Figure 8 shows the AN selectivities 
(Fig. 4) and  Bi3FeMo2O12 phase ratios (Table 3) as func-
tions of the Fe oxidation state ratio (Table 4) for the catalysts 
prepared by ball milling. For the 50:50 PM hand catalyst, 
which had more interactions between phases than the 50:50 
shaking catalyst, the  Bi3FeMo2O12 ratio increased from 
0.0 to 1.9%, and the AN selectivity increased from 52.7 
to 73.5%. In the 50:50 PM BM catalyst, the  Bi3FeMo2O12 
ratio increased to 5.3%, and the AN selectivity increased to 
73.7%. Finally, the 50:50 one-pot BM catalyst exhibited the 
highest value of  Bi3FeMo2O12 ratio of 13.6% and AN selec-
tivity of 80.9%. Therefore, we confirmed that the increase in 
the  Fe3+ oxidation state measured by XPS and the increase 
in the Bi–Fe–Mo interaction phase ratio measured by XRD 
had a positive synergistic effect on the AN selectivity of the 
catalyst.

Consequently, both the physical mixing and ball mill-
ing methods can be effectively used for the preparation of 
multicomponent metal oxide catalyst systems. Compared to 
traditional synthesis methods that promote metal element or 
ion exchange in aqueous solutions or require high-tempera-
ture or high-pressure conditions, mechanochemical synthesis 
methods are economical and environmentally friendly. In 
conventional multicomponent metal oxide synthesis meth-
ods, large amounts of nitric acid are required to mix metal 
precursors, such as Bi, Fe, Co, and Mo. In comparison, 
mechanochemical synthesis does not require harmful nitric 
acid and consumes less energy by stirring or rotating instead 
of heating. However, controlling the particle size of catalysts 
prepared by mechanochemical methods and exploring the 
mechanism of chemical changes caused by physical colli-
sions between particles remain major challenges.

Conclusion

The ICP-AES analysis results indicate that the ball-mill-
based catalysts are more effective in retaining metal ele-
ments than those prepared by the CP and RE methods. The 
ball-milled catalysts were then tested in propylene ammoxi-
dation reactions. The physical mixing of  Bi2Mo3O12 with 
 Fe0.36Co0.64MoO4 resulted in a synergistic effect owing to 
interactions between the phases. While simple shaking in a 
50:50 ratio showed no synergistic effect, catalysts that were 
physically mixed or prepared in one pot by ball milling 

Table 4  Oxidation state ratio of Fe from 2p region of XPS analysis

Chemical formula Fe3+/Fe2+ ratio

Fe0.36Co0.64MoO4 0.91
50:50 shaking 0.79
50:50 PM hand 1.09
50:50 PM BM 1.12
50:50 one-pot BM 1.53

Fig. 8  Changes in AN selectivity and  Bi3FeMo2O12 weight ratio of 
catalysts plotted as a function of  Fe3+/Fe2+ ratio



2550 C. Han et al.

exhibited significant improvement in performance. Each 
catalyst exhibited distinct XRD patterns, revealing compo-
sitions, such as  Bi2Mo3O12,  Fe0.3Co0.7MoO4,  Fe2Mo3O12, 
and  Bi3FeMo2O12. Furthermore, Rietveld refinement and 
texture techniques indicated that catalysts with higher acry-
lonitrile selectivity had more of the  Bi3FeMo2O12 phase, 
suggesting enhanced catalyst performance through increased 
interactions between different phases under external forces. 
SEM–EDS analysis showed that the metal elements were 
located on specific particles in the 50:50 shaking catalyst, 
whereas in the PM and one-pot BM catalysts, the metal ele-
ments were uniformly dispersed and mixed. Raman spec-
troscopy confirmed that the two phases were mixed in an 
oxidized state in the mixed catalyst. X-ray photoelectron 
spectroscopy (XPS) analysis was employed to assess the 
atomic states of the metal components on the surfaces of 
the 50:50 mixed catalysts, focusing on the Fe 2p region. The 
XPS results indicated that the mechanochemical method led 
to an increase in the ratio of the 3+ to 2+ oxidation states of 
Fe, suggesting a positive correlation between the change in 
the Fe oxidation state and increased acrylonitrile selectivity.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11814- 024- 00218-x.
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