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ABSTRACT The key issues to improve the performance of photocatalysts for selective oxida-
tion of toluene are promoting the migration and separation of charge carrier, and enhancing 
the generation of active oxygen species. It is known that the construction of compact hetero-
junction is an efficient protocol to inhibit photogenerated electron-hole recombination. In this 
work, a 2D-2D [Bi6O6(OH)3](NO3)3·1.5H2O-Bi2MoO6 (denoted as BBN-BMO) composite hetero-
junction has been prepared by one-step hydrothermal method for the first time. The tetragonal 
phase BBN in the composite plays the role of transferring electrons from the visible light acti-
vated orthorhombic phase BMO and promoting the generation of active •O2

-, the holes left in 
BMO are used to activate toluene and produce benzyl radical, thus greatly improving the photo- 
catalytic performance for selective oxidation of toluene. The toluene conversion rate of BBN-
BMO is 3466 μmol·g-1·h-1, which is three times that of pure BMO. The selectivity to benzalde-
hyde is 94.2%. In addition, reasonable mechanism has been speculated based on a series of control experiments. 
Keywords: Bi2MoO6, basic bismuth nitrate, heterojunction, photocatalysis, selective oxidation of toluene 
 

n INTRODUCTION 
Toluene has been mainly obtained from crude oil through petro-
chemical process, which is commonly used as solvent in chemical 
processes. However, it can also act as a resource in organic syn-
thesis. For example, selective oxidation of the C(sp3)-H bond of 
toluene to generate benzyl alcohol, benzaldehyde or benzolic 
acid has been an effective route to elevate the economic value of 
toluene.[1,2] Among them, benzaldehyde has been widely used in 
the synthesis of fine chemicals and materials, including pharma-
ceuticals, spices, pesticides, detection reagents and so on.[3,4] 
However, the traditional processes for benzaldehyde production 
are suffering from organochloride residual or harsh reaction con-
ditions, such as high temperature and high pressure, which limits 
the application of benzaldehyde product and improves the cost of 
production.[5,6] Therefore, it is of great significance to prepare ben-
zaldehyde from toluene in a mild and eco-friendly way. The photo- 
catalytic protocol has been proved to be a promising alternative, 
because of its utilization of oxygen as green oxidant. In addition, 
high selectivity of benzaldehyde can be achieved at mild condi-
tion.[7-11] Until now, many kinds of catalysts have been reported in 
this field, including TiO2,[12] CdS,[13] halide perovskite,[14] BiOX,[15,16] 
Bi2WO6,[17] metal organic frameworks (MOFs)[18], etc. However, 
there are still shortcomings, such as insufficient light utilization ef-
ficiency, poor stability, low conversion rate of toluene, and unsatis- 
factory selectivity of benzaldehyde.[19-23] 

Aurivillius Bi2MoO6 (BMO), with good visible light absorption ca-
pacity and suitable band gap structure, has shown potential ap-
plications in photocatalytic oxidation of toluene into benzalde-
hyde.[24,25] However, the photocatalytic performance would be 

greatly limited by the serious charge carrier recombination and 
insufficient active sites on the surface.[26] In order to solve these 
problems, some strategies have been developed, such as ele-
ment doping, defect engineering and heterojunction construc-
tion.[27-29] Among them, the construction of appropriate heterojunc-
tion can achieve the rapid migration of photogenerated electrons 
or holes, thus effectively inhibiting the recombination of photo- 
generated carriers. In addition, the redox capacity of catalytic ma-
terials can be effectively regulated.[30-32] In our previous work, Bi 
ion self-doped Bi2MoO6-Bi2Mo3O12 heterojunction was fabricated 
by a one-step hydrothermal method with Bi3.64Mo0.36O6.55 as the 
precursor.[24] The compact heterojunction improved the separa-
tion efficiency of optical carriers, and the doped Bi adjusted the 
redox capacity of each component. Meanwhile, 0D/2D hetero-
junction was constructed by adding appropriate TiO2 nanoparti-
cles to trap photogenerated electrons from BMO, so as to improve 
its photocatalytic activity.[33] [Bi6O6(OH)3](NO3)3·1.5H2O (BBN) is a 
product of incomplete hydrolysis of bismuth nitrate, which is of 
benefit for the construction of compact heterojunction with other 
Bi-containing semiconductors.[34,35] Therefore, the construction of 
[Bi6O6(OH)3](NO3)3·1.5H2O-Bi2MoO6 (BBN-BMO) compact hetero- 
junctions by one-pot method is assumed to be reasonable, in 
which the BBN will act as electron trap according to its unique 
band gap structure. 

In this work, a series of 2D-2D compact BBN-BMO heterojunc-
tion materials were prepared by a simple hydrothermal method, 
with adjusted ratio of Bi(NO3)3·5H2O and molybdenum sources. 
Attributed to its in-situ grown heterostructure, photogenerated 
electrons can be easily transferred by BBN for reducing adsorbed 
O2 into active •O2

-. The optimal BBN-BMO-160 can achieve ex- 
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cellent performance for benzaldehyde formation.  

n RESULTS AND DISCUSSION 
[Bi6O6(OH)3](NO3)3·1.5H2O-Bi2MoO6 composites (BBN-BMO-x, x 
= 140, 160 and 180) were prepared by a hydrothermal method 
(Scheme 1), using MoO3 and Bi(NO3)3·5H2O as resources. From 
the XRD patterns, one can see that all diffraction peaks of ob-
tained BBN and BMO match well with those of tetragonal phase 
BBN (PDF#53-1038) and orthorhombic phase BMO (PDF#21-
0102), respectively, without other detected impurity (Figure 1a). In 
the diffraction pattern of BBN-BMO-160, we can clearly see the 
characteristic peaks belonging to BBN (10.2°, 25.4°, and 31.3°) 
and BMO (28.1°), respectively, thus confirming the formation of 
BBN-BMO heterojunction. From the diffraction patterns of BBN-
BMO samples prepared at different temperatures, the crystallinity 
of BBN is found gradually increased with the rising temperature 
(Figure 1b). Disclosing with their photocatalytic performance, we 
speculate that appropriate crystallinity of BBN might be more con-
ducive to the photocatalytic performance for toluene oxidation 
(vide infra). 

X-ray photoelectron spectroscopy (XPS) was applied to study 
the chemical states of elements on the surface of prepared sam-
ples. All elements (Bi, Mo, O, N) belonging to BMO and BBN in 
BBN-BMO-160 can be found (Figure 1c-f). The Bi 4f spectrum of 
BBN-BMO-160 can be divided into four obvious peaks (158.42, 

159.42, 163.79, and 164.71 eV) and two small peaks (157.46 and 
163.16 eV). The two peaks located at 158.42 and 159.42 eV are 
assigned to Bi 4f7/2, and the other two at 163.79 and 164.71 eV 
are corresponding to Bi 4f5/2 of Bi3+, respectively. The two small 
peaks (157.46 and 163.16 eV) indicate the low state of dangling 
Bi, which may be related to the oxygen vacancy on the surface of 
the material.[36] The spectrum of O 1s can be divided into three 
peaks at 529.78, 530.83 and 532.97 eV, corresponding to the lat-
tice oxygen of Bi-O layer,[34] the adsorbed oxygen, and the NO3

- 
contained in the catalytic material, respectively.[37] In the Mo 3d 
pattern of BBN-BMO-160, a pair of strong peaks located at 235.66 
and 232.69 eV correspond to the oxidation state of Mo6+ reported 
in the literature, while the other two peaks (231.67 and 234.94 eV) 
are assigned to the low-valence state of Mo.[36] The N 1s peak at 
406.11 eV in BBN-BMO shows a slight shift compared with that in 
BBN.[34] As can be seen from these figures, the binding energies 
of Bi 4f, O 1s, and Mo 3d in BBN-BMO-160 shift positively com-
pared to that of pure BMO, while the Bi 4f, O 1s and N 1s have a 
certain negative displacement relative to BBN. It indicates strong 
interaction between BBN and BMO in the composites and the fac-
ile transfer of electrons from BMO to BBN at the interface of the 
heterojunction.[38,39] 

Field emission scanning electron microscopy (FE-SEM) and 
high-resolution transmission electron microscopy (HR-TEM) were 
used to determine the morphology and microstructure of the pre-
pared catalyst. As can be seen from Figure 2a-c, BBN presents a 
micro-size block structure, while BMO exhibits uneven nanoflake 
structure with relatively smooth surface. The BBN-BMO-160 pre-
sents as uniform nanosheet with rough surface, which is smaller 
than that of BMO, indicating the exposure of more active sites. 
The TEM images further confirm the small sheet-like structure of 
BBM-BMO-160 (Figures 2d and e). From the HR-TEM image, the 
lattice spacing measured at 0.328 nm corresponds to the lattice 
fringe of the (131) crystal plane of BMO,[31] while the different lat-
tice spacing at 0.288 nm is contributed by the lattice fringe of the 

Scheme 1. The preparation process of BNN-BMO and SEM image of 
BBN-BMO-160. 

Figure 1. (a) XRD patterns of BBN, BMO, and BBN-BMO-160. (b) XRD patterns of BBN-BMO samples prepared at different temperatures. High resolution 
XPS spectra of (c) Bi 4f, (d) O 1s for BBN, BMO and BBN-BMO-160; (e) Mo 3d for BMO and BBN-BMO-160; (f) N 1s for BBN and BBN-BMO-160. 
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(006) crystal plane of BBN.[34] Clearly, there is a close interface 
between BBN and BMO (named as heterojunction), which can ef-
fectively promote the migration and separation of photogenerated 
carriers.  

According to the UV-vis diffuse reflectance spectroscopy (UV-
vis DRS), the BMO can absorb visible light, while BBN can only 
absorb ultraviolet light. BBN-BMO-160 has a slight red shift rela- 
tive to BMO (Figure 3a), indicating its good absorption capacity of 
visible light. The band gap of the samples is calculated by the Ku-
belka-Munk equation[13], and the Eg values of BBN and BMO are 
3.52 and 2.75 eV, respectively (Figure 3b). Mott-Schottky (M-S) 
plots show positive slopes in the linear region, indicating that both 
BBN and BMO are n-type semiconductors (Figures 3c and d). Im-
portantly, the flat band potentials of BBN and BMO are -0.12 and 
-0.25 V (vs. Ag/AgCl), respectively. The conversion potential of 
the conduction band (CB) (vs. Ag/AgCl) from the flat band (vs. 
Ag/AgCl) is generally considered to be ~0.30 V.[13,40-42] Therefore, 
the CB positions of BBN and BMO are -0.42 and -0.55 V (vs. 
Ag/AgCl), respectively. The corresponding CB positions are -0.22 

and -0.35 V after conversion to standard hydrogen electrode (vs. 
NHE), which can meet the reaction potential of O2/•O2

- (-0.13 
V).[17,43] Moreover, it can be speculated that photogenerated elec-
trons could flow from BMO to BBN, thus promoting the migration 
and separation of carriers, which is consistent with the results of 
XPS analysis. Obviously, the valence band (VB) potentials of BBN 
and BNN are 3.30 and 2.40 eV (vs. NHE), as calculated by the 
formula (EVB = ECB + Eg).  

The separation of photogenerated electron and hole is the key 
to achieve good photocatalytic performance. To verify the charge 
carrier migration and separation ability of photocatalysts, the pho-
toluminescence (PL) of the sample was tested with an excitation 
wavelength of 280 nm. As can be seen from Figure 4a, the emis-
sion peak intensity of BBN-BMO-160 is significantly weaker than 
that of BMO, indicating that the formation of BBN-BMO hetero-
junction can effectively inhibit the recombination of photogenera- 
ted carriers. In order to further analyze the carrier migration effi-
ciency, photoelectrochemical measurements of the samples (Fig-
ure 4b) show that BBN-BMO-160 has a higher photocurrent re-
sponse than that of its two components. In addition, BBN-BMO-
160 has a smaller impedance diameter as can be seen from the 
electrochemical impedance (ESI) graph (Figure 4c). These re-
sults indicate that, the formation of BBN-BMO heterojunction is 
beneficial to separate electron and accelerate its migration in the 
composite sample. 

Photocatalytic selective oxidation of toluene under visible light 
was used to evaluate the performance of photocatalytic materials 
(Figure 5). As can be seen, BBN-BMO-160 displays the best pho-
tocatalytic performance, with the benzaldehyde formation rate of 
3265 μmol·g-1·h-1 and the selectivity of 94.2%. The formation rate 
of BBN-BMO-160 is about three times that of BMO, which is su-
perior to most of the reported photocatalysts without solvent to 
data (Table S1). Because BBN can’t utilize visible light, only trace 
amount of benzaldehyde is detected. It is shown that, light, O2 and 
photocatalyst are indispensable for the selective oxidation of tol-
uene. When pure O2 is replaced by air as oxidant, the toluene 
conversion rate is decreased, further confirming that O2 is oxidant 
in the reaction process. When the irradiation light is extended to 
UV region, the activity is increased, suggesting that exciting BBN 

Figure 2. SEM images of (a) BBN, (b) BMO and (c) BBN-BMO-160. TEM (d, e) and HR-TEM (f) images of BBN-BMO-160. 

Figure 3. (a) UV-vis DRS spectra of BBN, BMO and BBN-BMO-160. (b) 
Tauc plots of BBN and BMO. Mott-Schotty (M-S) plots of (c) BBN and (d) 
BMO.  
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will enhance the generation of charge carriers. In addition, whether 
the hydrothermal temperature is increased or decreased, the ac-
tivity of prepared composite is reduced. Based on the results of 
PL, photocurrent response and ESI, we believe that the formation 
of BBN-BMO compact heterojunction is the key to improve the 
photocatalytic toluene oxidation performance of BBN-BMO-160, 
which effectively inhibits the efficiency of photogenerated carrier 
recombination. 

We studied the stability of BBN-BMO-160 catalyst. There is still 
high photocatalytic activity for toluene oxidation after three reac-
tion cycles (Figure 6a). At the same time, we used XRD to mark 
the catalysts before and after reaction. There is no significant 
change in the crystal phase before and after reaction (Figure 6b). 
Therefore, we speculate that the slight decrease in activity might 
be caused by the inactivation of partial active sites of BBN-BMO-
160.[17,34,38] To study the active species in the photocatalytic selec-
tive oxidation of toluene, control experiments were conducted. We 
conduct the reaction in presence or absence of oxygen, and add 
various trapping agents to capture the free radicals in the system. 
Then, the formation rate is determined (Figure 6c). In the vacuum, 
there is neither benzaldehyde nor benzyl alcohol detected, indi-
cating that O2 is indispensable in the selective oxidation process 
of toluene. When 2,2’,6,6’-tetramethylpiperidine-1-oxyl (TEMPO) 
was added into the reaction system to quench all free radicals,[9,44] 
the photocatalytic activity is quenched obviously, indicating that 
the photocatalytic selective oxidation of toluene is a free radical-
dependent process. When adding ammonium oxalate (AO) and 
potassium persulfate (K2S2O8) as hole and electron trapping 

agents,[13,17,45] the catalytic activity is also greatly reduced, indicat-
ing both hole and electron are important for the reaction. It is 
known that the photogenerated electrons could reduce adsorbed 
O2 into superoxide anion radicals (•O2

-), which can act as active 
oxygen species.[13,17] The formation of •O2

- during the reaction was 
determined by electron spin resonance (ESR) (Figure 6d), using 
5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a trap agent.[11,46] No 
signal belonging to DMPO-•O2

- is detected in dark, however, typi- 
cal peaks appear after BBN-BMO-160 is exposed to light for 10 
min, indicating that BBN-BMO-160 produces •O2

- under aerobic 
and light conditions. However, when mannitol is added as the •OH 
catcher in the reaction,[25,47] there is almost no effect on the reac-
tion, indicating that •OH is not involved in this process. 

Based on the results discussed above, we propose a possible 
mechanism of photocatalytic selective oxidation of toluene over 
BBN-BMO-160 (Figure 7). As illustrated, the CB and VB of BBN 
and BMO are -0.22, 3.30 eV and -0.35, 2.40 eV, respectively. 
When BBN-BMO-160 catalyst is exposed under visible light, only 
BMO can be excited to generate electron-hole pairs. The elec-
trons (e-) in the CB of BMO are migrated to BBN along the he- 
terojunction, and then combine with oxygen to generate •O2

- be-
cause of their different CB potentials. Due to their difference of CB 

Figure 4. (a) PL spectra of BMO and BBN-BMO-160. (b) Transient photocurrent response and (c) ESI of BBN, BMO and BBN-BMO-160. 

Figure 5. Performance of photocatalysts for toluene selective oxidation. 
Reaction condition: toluene (2 mL), photocatalyst (10 mg), O2 (1 mL min-1), 
light irradiation (300 W Xe lamp, λ > 400 nm), reaction time (3 h); a replac-
ing O2 by air; b light irradiation (300 W Xe lamp, λ > 330 nm); c without 
irradiation; d under vacuum. 

Figure 6. (a) Recycle property of BBN-BMO-160. (b) XRD patterns of 
BBN-BMO-160 before and after reaction. (c) Quenching experiments of 
toluene oxidation using 2,2’,6,6’-tetramethylpiperidine-1-oxyl (TEMPO), 
mannitol, ammonium oxalate (AO), or potassium persulfate (K2S2O8) as 
scavenger, respectively. (d) The 5,5-dimethyl-1-pyrroline N-oxide (DMPO) 
spin-trapping ESR spectra of BBN-BMO-160 for •O2- under visible-light ir-
radiation for 10 min.  
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potentials, the electrons (e-) in the CB of BMO are migrated to 
BBN along the heterojunction, and that of BBN is -0.22 V, which 
meets the reduction potential of O2/•O2

- (-0.13 V).[17,43] Thus it can 
combine with oxygen to form •O2

-. At the same time, the hole (h+) 
left in the VB of BMO dehydrogenates the adsorbed toluene mole- 
cules to form benzyl radicals, which then forms benzaldehyde 
through two pathways. Most of the benzyl radicals react with •O2

- 
directly to generate benzaldehyde, while a small fraction reacts 
with oxygen to produce benzyl alcohol, which further reacts with 
h+ and •O2

- to form benzaldehyde.[8,13,48,49] 
Some toluene derivatives were selected to further explore the 

substrate universality of BBN-BMO-160 as photocatalyst. As can 
be seen from Figure 8, BBN-BMO-160 reports a good to excellent 
activity towards all these substrates. For -CH3 or -Cl at different 
substitution position, the benzaldehyde formation rate varies, and 
the highest activity is observed at the para-substituted one. By 
changing the para-substitution groups from -F, -Br, -CH3O, -OH,  
-NO2 to -CN, we find that the electron-giving groups can promote 
the oxidation of toluene to a certain extent, while the electron- 
absorbing groups can partially inhibit the reaction. The result is in 
agreement with the reported works, suggesting the breaking of 
C(sp3)-H bond of toluene is the rate-determining step.[8,19]  

n CONCLUSIONS 
In this work, BBN-BMO photocatalyst with 2D-2D compact he- 
terojunction was prepared for the first time and applied in photo-
catalytic selective oxidation of toluene. Attributed to the formation 
of compact heterojunction, photogenerated electrons of BMO can 
be easily transferred to BBN, and then reacted with adsorbed O2 
to produce active species (•O2

-). Thus, under the irradiation of visi- 
ble light with oxygen as oxidant, the formation rate of benzalde-
hyde of 3265 μmol·g−1·h−1 is achieved. This work provides a ref-
erence for the facile one-pot synthesis of heterojunction photo-
catalysts. 

n EXPERIMENTAL 
Material and Reagents. Na2MoO4·2H2O (99%), Bi(NO3)3·5H2O 
(99%), and HCl (36-38 wt%) were purchased from Sinopharm 
Chemical Reagent Co., Ltd., and used without further purification. 
Deionized water (homemade) was used throughout the experi-
ment. 

Preparation of the MoO3 Nanobelts. The MoO3 nanobelts were 

prepared according to the reported method.[50] In a typical experi- 
ment, 10 mmol Na2MoO4·2H2O was added to 50 mL water and 
stirred for 5 min to completely dissolve, followed by the addition 
of appropriate amount of HCl to adjust the pH to 1. After stirring 
for 20 min, the mixture was transferred to a 100 mL Teflon-lined 
autoclave and reacted at 180 ℃ for 12 h. After being cooled 
down to room temperature, the product was collected by centri-
fuging, washed with deionized water for 4 times, and then dried in 
oven at 80 ℃ for 24 h. 

Preparation of the BBN-BMO-x Photocatalyst. First, 1 mmol 
MoO3 was added to 50 mL of water and ultrasound was performed 
for 15 min to form a uniform suspension. Then 2.5 mmol 
Bi(NO3)3·5H2O was added and stirred for 30 min. Afterwards, the 
mixed solution was transferred to a 100 mL Teflon-lined autoclave 
and reacted at different temperatures for 24 h.[51] After being 
cooled to room temperature, it was collected by centrifuging, 
washed with deionized water for 4 times, and then dried in an 
oven at 80 ℃ for 24 h. The achieved samples were named as 
BBN-BMO-x, where x indicated the reaction temperature (140, 
160 and 180 ℃). 

Preparation of the BMO Photocatalyst. First, 1 mmol MoO3 was 
added to 50 mL of water and ultrasound was performed for 15 min 
to form a uniform suspension, then 2 mmol Bi(NO3)3·5H2O was 
added and stirred for 30 min. The mixed solution was then trans-
ferred to a 100 mL Teflon-lined autoclave and reacted at 160 ℃ 
for 24 h. After being cooled to room temperature, it was collected 
by centrifuging, washed with deionized water for 4 times, and then 
dried in an oven at 80 ℃ for 24 h. 

Preparation of the BBN Photocatalyst. 2.5 mmol Bi(NO3)3·5H2O 
was added to 50 mL of water and stirred for 30 min. Then the 
mixed solution was transferred to a 100 mL Teflon-lined autoclave 
and reacted at 160 ℃ for 24 h. After being cooled to room tem-
perature, it was collected by centrifuging, washed with deionized 
water for 4 times, and then dried in oven at 80 ℃ for 24 h. 

n CHARACTERIZATION  
The Characteristics. The phase structure of samples was char-
acterized using the D8 Advance X-ray diffractometer with mono-
chromatized Cu-Kα radiation (λ = 0.15406 nm). XPS spectra were 
collected by using a monochrome Al Kα (hν = 1253.6 eV) X-ray 
source with Nexsa apparatus to characterize the types of ele- 

Figure 7. Proposed reaction mechanism for the photocatalytic oxidation 
of toluene over BBN-BMO-160.  

Figure 8. Substrate scope for the photocatalytic oxidation of aromatic al-
kanes. (Fr: formation rate in μmol·g-1·h-1, Sel: selectivity) 
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ments on the surface and the oxidation states of the correspond-
ing elements. All spectra were calibrated by using a contaminant 
carbon (C 1s = 284.8 eV) as a reference. The FE-SEM (JSM-
7610FPlus) and HR-TEM (JEOL, JEM-2100Plus) were used to 
detect the morphology and structure of catalysts. ESR spectra 
were conducted at room temperature over a Bruker A200 spec-
trometer to test the production of reactive oxygen species during 
photocatalytic reactions. The UV-vis diffuse reflectance spectra 
(UV-vis DRS) of the catalyst powder state were collected using a 
Cary-100 spectrophotometer (Shimadzu, Japan). PL spectra 
were acquired on a Hitachi F-4600 spectrometer. All electroche- 
mical measurements including transient photocurrent, Mott-
Schottky (M-S) plots, and EIS was performed in a conventional 
three-electrode system using 0.5 M NaSO4 as electrolyte. The 
samples coated with FTO (square 1 cm2), Ag/AgCl (KCl), and plati- 
num wire were used as working electrode, reference electrode, 
and counter electrode, respectively, and were collected in an elec-
trochemical workstation (CHI660E, Chenhua Co. Ltd., Shanghai, 
China) at room temperature. 

Photocatalytic Performance Evaluation. Briefly, 2 mL of tolu-
ene and 10 mg of photocatalyst were added to a 25 mL two-
necked round-bottom flask fitted with a condensing reflux unit, 
and the oxygen flow (1 mL·min-1) was circulated into the mixture. 
In order to achieve the adsorption and desorption balance be-
tween the substrate and catalyst, as well as fully dissolving oxy-
gen in the substrate, dark treatment was performed for 30 min 
before illumination. A 300 W Xe lamp (PLS-SXE 300 C, Perfect-
light) with a 400 nm cut off filter was used as irradiation source. 
After 3 h of reaction at room temperature, the mixed solution was 
centrifuged to recover the solid catalyst, and the upper layer was 
analyzed by Shimadzu GC-2010Plus with a capillary SH-Rtx-
1701 column, using n-decane as internal standard. 

 Conversion rate = 
moles of toluene reacted

time of reaction × mass of catalyst 

Formation rate = 
moles of corresponding product

time of reaction × mass of catalyst 

        Selectivity (%) = 
moles of corresponding product

moles of toluene reacted ×100% 
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