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a b s t r a c t 

Designing high-efficiency catalyst for the oxidation of toluene (TOL) into value-added products like benzyl 

alcohol, benzaldehyde and benzoic acid is of great significance in chemical industry. Herein, four type of 

ZIF-67 with different morphology (ZIF-67-6, ZIF-67-12, ZIF-67-18, and ZIF-67-24) are prepared by tuning 

the concentration of precursor. About 90% of TOL conversion is obtained in the presence of ZIF-67-24 

(0.1–0.2 μm, polyhedrons) by using O 2 ( > 99.9%, 1 atm) as oxidant at 40 °C after 4 h of reaction. Excellent 

performance of ZIF-67-24 could be attributed to two reasons: (I) The good crystallinity and smaller size 

with larger BET surface (2037 m 

2 g −1 ). (II) The electron deficient Co in ZIF-67-24 may be responded to 

the fast initiation of radical chain process of TOL oxidation. The research may provide a promising concept 

for oxidation of C-H under mild condition. 

© 2020 Published by Elsevier B.V. 
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. Introduction 

Oxidation of toluene (TOL) is an important component of C-H 

ctivation. Its products (benzyl alcohol, benzaldehyde and benzoic 

cid) are in great demand in the chemical industry [1] . Although 

he oxidation of TOL has been industrialized as early as the mid- 

0th century, some problems exist in the catalytic system, such as 

sing corrosive fatty acids as the solvent, using bromide as the ini- 

iator, and over-oxidation to deep oxidation products (such as CO x ) 

2] . Hence, high-performance catalyst for oxidation of TOL is still 

n an urgent need. 

Past decades have witnessed a rapid development in oxidative 

ctivation of C-H bonds, and the transition metals with half-full 

uter electron orbitals such as V, Cr, Mn, Fe, Co, Ni, Cu, Ce were

ne of the research hot spots. These transition metals and their 

xide were selected as the active components to form metallopor- 

hyrin [3] , layered bimetallic hydroxide [4] , heteropoly acid [5] and 

o on. Besides, supported catalysts (MnO x /SBA-15 [6] , MnO x /ZSM-5 

7] , FeO x /SBA-15 [8] , NiO x /SBA-15 [9] , CeO 2 /Al 2 O 3 [10] , CuO/ZSM-5

11] , VOHPO 4 /KIT-6 [12] , CuCr 2 O 4 [13] , CoCuO x [14] , and V-Mo-Fe-

 [15] , etc) were widely reported, too. Due to the half-filled outer 
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lectron orbitals, the superoxide intermediates accumulated dur- 

ng chain growth can be rapidly decomposed by such catalytic sys- 

ems via the Haber-Weiss cycle [ 16 , 17 ]. However, the catalytic ac- 

ivity are greatly influenced by their morphology and dispersion 

18–20] . Generally, well-dispersed active components with suitable 

orphology can efficiently stimulate the lattice oxygen of metal- 

ic oxide to participate in the reaction (mars-van krevelen redox 

eaction mechanism) [ 18 , 21 ]. Thus the formation of reactive oxy- 

en species is accelerated, which can react with TOL by hydro- 

en extraction. As a result, the oxidation of TOL is facilitated. Re- 

ently, an important progress was made by Pappo’ s group [22] . 

ver 90% of conversion with 90% of selectivity to benzaldehyde 

as achieved in the oxidation of TOL using a cobalt acetate (cat- 

lyst)/ N-hydroxyphthalimide (NHPI, initiator)/ molecular oxygen 

oxidant)/ 1,1,1,3,3,3-hexa-fluoropropan-2-ol (HFIP, solvent) system. 

owever, the separation of homogeneous catalyst from reaction 

ystem is a obstacle for its further application in industry. 

Metal-organic frameworks (MOFs) are inorganic-organic com- 

ounds with high surface areas and well-developed pores, which 

an afford them excellent performance in gas adsorption and sep- 

ration [ 23 , 24 ], new energy production [25] , catalysis [ 26 , 27 ] and

o on. the properties of MOFs are significantly affected by a series 

f important factors, including the composition, morphology, de- 

ects and crystalline state [28] . However, one of the key doubts of 
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tilizing MOFs in catalysis is their stability during the reaction pro- 

ess. Zeolitic imidazolate frameworks (ZIFs), a new class of MOFs 

hat have exceptional chemical and thermal stability [29] , are suc- 

essfully applied in many reactions including oxidation of benzylic 

-H bonds [30] . 

In this work, four type of ZIF-67 with different morphology are 

repared by tuning the concentration of precursor. The catalytic 

ctivity of ZIF-67 (0.1–0.2 μm, polyhedrons) can be comparable 

ith a homogeneous catalyst in the oxidation of TOL. The possi- 

le mechanism involved in the oxidation is also discussed. 

. Experimental 

.1. Catalysts preparation 

The synthesis of ZIF-67 was similar to the previous literature 

ith some modification [31] . Briefly, 3.75 mmol of Co(NO 3 ) 2 ·6H 2 O 

nd 7.5 mmol of 2-methylimidazole (Hmim) were dissolved in V 

L (V = 6, 12, 18, 24) methanol to form clear solution, respectively. 

hen the two precursor solutions were mixed together under ul- 

rasonic treatment for 5 min. After that, the mixture was main- 

ained at room temperature for 24 h. The resulting samples were 

solated via suction filtration, washed thoroughly with methanol, 

nd finally dried in an oven at 70 °C overnight. The as-prepared 

roducts were marked as ZIF-67-V. 

.2. Catalysts characterization 

Transmission electron microscopy (TEM) images were obtained 

y using a JEOL JEM-2010-TEM to determine the morphology of 

amples. X-ray diffraction (XRD) patterns of the catalysts were 

ecorded with a Bruker D8 using Cu K α radiation. X-ray photo- 

lectron spectroscopy (XPS) was performed by using an ULVAC PHI 

uantera microscope. BET surface areas and pore structure were 

onducted with N 2 adsorption-desorption on a Micromeritics ASAP 

010 micropore analysis system. Electron paramagnetic resonance 

EPR) spectra were collected by using a Bruker A300. 

.3. General procedure for toluene oxidation 

The reaction was carried out in a head-space bottle (10 mL) 

ith magnetic stirring at 25–40 °C under an O 2 ( > 99.9%, 1 atm) or

ir atmosphere. Firstly, 0.01 mmol catalysts were introduced into 
Fig. 1. TEM images of ZIF-67-6 (a), ZIF-67-1

2 
he head-space bottle before screw the lid. After that, O 2 or air was 

umped into the bottle for 5 min with two hollow needles. Then 

.50 mmol of toluene (TOL), 0.5 mL of 1,1,1,3,3,3-hexafluoropropan- 

-ol (HFIP) with 0.025 mmol N-hydroxyphthalimide (NHPI) were 

njected into the bottle, following by 1 min of ultrasonic treatment. 

fter the reaction was finished, the catalysts were separated by 

entrifugation. The reaction mixture was analyzed by an Agilent- 

820A with a HP-5 capillary column and a flame ionization detec- 

or (FID), using ethylbenzene as an internal standard. 

. Results and discussion 

.1. Morphological and structural characterization 

Fig. 1 shows that the morphology of ZIF-67 is depended by 

recursor concentration. A gradual change from flower-like nanos- 

ructure to polygon nanoparticles can be observed due to the di- 

ution of Co(NO 3 ) 2 ·6H 2 O and Hmim solutions by methanol simul- 

aneously. As shown in Fig. 1 a, the size of flower-like ZIF-67–6 is 

stimated about 1–2 μm, which is made up by smooth nanosheets 

SEM images are presented in Fig. S1, Electronic supplementary in- 

ormation). Irregular blocks (ca. 1–2 μm) with nanosheets (100 nm 

n size) on the surface is presented from ZIF-67–12 ( Fig. 1 b). ZIF-

7–18 is consisted by ~2 μm polyhedrons ( Fig. 1 c). Furthermore, 

ig. 1 d shows that the size of polyhedrons in ZIF-67–24 decreases 

o only 0.1–0.2 μm with reducing precursor concentration. 

The XRD patterns of the as-prepared ZIF-67 with different pre- 

ursor concentration are shown in Fig. 2 a, matching well with pre- 

ious report [32] . Higher crystallinity could be observed as a result 

f lower precursor concentration. As shown in Fig. 2 b, photoelec- 

ron peaks of C, N, and Co elements are detected. The peak of O 

lements could be assigned to the absorbed water. The results of 

EM, XRD and XPS confirm the successful preparation of the ZIF-67 

amples. 

As shown in Fig. 3 a and b, according to IUPAC classification, 

ypical IV type isotherm with a distinct hysteresis loop could be 

een in ZIF-67–6 and ZIF-67–12, indicating the existence of meso- 

ore (inserts in Fig. 3 a and b, which may be resulted by the 

anosheets structure). However, the curves in Fig. 3 c and d are 

ore closer to type I nitrogen isotherm, suggesting the presence 

f micropore structure (inserts in Fig. 3 c and d). Moreover, other 

btained data, including BET surface areas, total pore volumes and 

ore sizes, are summarized in Table 1 . 
2 (b), ZIF-67-18 (c) and ZIF-67-30 (d). 
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Fig. 2. XRD pattern (a) and XPS survy spectra (b) of ZIF-67-6, ZIF-67-12, ZIF-67-18, and ZIF-67-24. 

Fig. 3. N 2 adsorption-desorption isotherms of ZIF-67-6 (a), ZIF-67-12 (b), ZIF-67-18 (c), and ZIF-67-30 (d). 

Table 1 

BET surface areas, total pore volumes, and pore sizes for the synthesized samples. 

Sample BET surface area (m ² g −1 ) Total pore volume (cm 

3 g −1 ) Average pore diameter (nm) 

ZIF-67-6 800 0.436 2.18 

ZIF-67-12 1722 0.649 1.51 

ZIF-67-18 1719 0.709 1.65 

ZIF-67-24 2037 0.779 1.53 

3

o

d

S

N

o  

b

2

8

a

.2. Catalytic performance 

The as-prepared ZIF-67 was employed as catalysts for the aer- 

bic oxidation of TOL. The influence of various technological con- 

itions on TOL catalytic oxidation reaction was summarizes in Fig. 

2 (Electronic supplementary information). As shown in Table 2 , 
3 
o apparent oxidative products is observed in a blank experiment, 

r in the presence of Co(NO 3 ) 2 ·6H 2 O (Co(NO 3 ) 2 ·6H 2 O could not

e dissolved in HFIP) or Hmin, respectively. However, with ZIF-67–

4 as catalyst, high-performance in catalytic efficiency is observed. 

7.9% and 63.1% of TOL conversion are detected by using O 2 or air 

s oxidant, respectively (entry 4 and 5), which can be compara- 
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Table 2 

Aerobic oxidation of TOL catalyzed by various catalysts [a] . 

Entry Catalysts Conv. (%) Select. (%) 

Benzyl alcohol Benzaldehyde Benzyl acid 

1 Blank trace – – –

2 Co(NO 3 ) 2 ·6H 2 O trace – – –

3 Hmim trace – – –

4 ZIF-67-24 87.9 7.8 66.9 25.3 

5 [b] ZIF-67-24 63.1 20.4 70.7 8.9 

6 [c] ZIF-67-24 72.4 11.3 68.7 20.0 

7 [d] ZIF-67-24 54.1 18.1 64.2 17.7 

8 [e] Co(II)TPP trace – – –

9 [f] Co(OAc) 2 ·4H 2 O 91 9 90 1 

10 [g] CoO x /SiO 2 91.2 8.4 68.8 20.3 

[a] Reaction conditions: TOL (0.5 mmol), NHPI (0.025 mmol), catalysts (0.01 mmol), 

O 2 ( > 99.9%, 1 atm), HFIP (0.5 mL), 40 °C, 4 h. 
[b] Use air as oxidant. 
[c] Reuse the catalysts from entry 4. 
[d] Reuse the catalysts from entry 5. 
[e] Use Co(II) meso-Tetraphenylporphine as catalyst. 
[f] Reference [21] . 
[g] Reference [2] . 

Fig. 4. Conversion efficiency of TOL oxidation catalyzed by ZIF-67-6, ZIF-67-12, ZIF- 

67-18, and ZIF-67-24. Reaction conditions: TOL (0.5 mmol), NHPI (0.025 mmol), cat- 

alysts (0.01 mmol), O 2 ( > 99.9%, 1 atm), HFIP (0.5 mL), 40 °C, 4 h. 
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le with a homogeneous catalyst (Co(OAc) 2 ·4H 2 O, entry 8) [22] or 

 heterogeneous catalyst (CoO x /SiO 2 , entry 9) [2] in similar condi- 

ions. Unfortunately, the catalytic stability of ZIF-67-24 is dissatis- 

actory, nearly 40% of loss in conversion efficiency is observed af- 

er three consecutive runs. The poor stability may be caused by 

he exposion to benzoic acid, which coud destroy the coordination 

tructure of ZIF-67. This phenomenon is also found in other acid 

such as acetic acid). 

Generally, the catalytic behavior is greatly influenced by the 

orphology of catalyst. Hence, It is necessary to investigate the 

orphology of ZIF-67 with more effective for this oxidation pro- 

ess. As shown in Fig. 4 , the conversions of TOL catalyzed by ZIF-

7-6, ZIF-67-12, ZIF-67-18 and ZIF-67-24 are 16.4%, 51.8%, 62.2% 

nd 87.9% after 4 h of reaction, respectively. Higher catalytic ac- 

ivity of ZIF-67-24 is obtained compared to that of ZIF-67-6, ZIF- 

7-12, and ZIF-67-18, implying that this oxidation process is facili- 
4 
ated by good crystallinity and smaller size with higher BET surface 

2037 m 

2 g −1 ). 

.3. Study of probable mechanism 

According to the earlier literature, the oxidation of TOL is in- 

olved in a free radical reaction, and the central atom Co(II) in 

IF-67 is proposed as the catalytic site. Fig. 5 a shows the typical 

haracteristic peaks of PINO (a free radical generated from NHPI) 

33] . It is clear that the signal intensities have a good agreement 

ith the catalytic performance. Fig. 5 b shows the XPS spectra of 

o 2p for ZIF-67-6, ZIF-67-12, ZIF-67-18 and ZIF-67-24. Compar- 

ng to the binding energy of Co 2p in ZIF-67-6, positive shifts in 

arying degrees are observed in ZIF-67-12 ( � E = 0.2 eV), ZIF-67- 

8 ( � E = 0.4 eV) and ZIF-67-24 ( � E = 0.4 eV), respectively. This

henomenon may be a result that less Co exist in the outer sur- 

ace of ZIF-67-18 and ZIF-67-24, so their crystal structure is more 

omplete (see Fig. 2 a). As a result, the electron of Co may be dis-

erse by its connected ligand. This electron deficient Co in ZIF-67- 

8 and ZIF-67-24 may have d-orbital vacancies, which will increase 

he donation to O 2 bonding orbital of the adsorbed O 2 formed dur- 

ng oxidation of TOL. Consequently, the bond between Co and O 2 

s reinforced, which will do good to the formation of Co(III) com- 

lexes. As a result, the generation of PINO radical is facilitated by 

he reaction between Co(III) complexes and NHPI, which will speed 

p the initiation of radical chain process of TOL oxidation. 

Based on the experimental results and the most accepted mech- 

nism for the aerobic autoxidation reaction of methylarene by the 

HPI/Co(OAc) 2 system proposed by Pappo’s group [22] , we con- 

lude a possible reaction mechanism for catalytic oxidation of TOL 

ver ZIF-67 ( Fig. 6 ). This free radical reaction begins with the ox- 

dation of Co(II) by molecular oxygen to afford Co(III) complexes 

Step 1), which further react with NHPI to generate PINO radical 

Step 2), so that the radical chain process is initiated. After that, 

enzyl radical is generated from hydrogen abstraction by the PINO 

adical (Step 3), readily reacts with molecular oxygen to eventually 

orm benzyl peroxy radical (Step 4). In the step of chain termi- 

ation (Step 5), benzyl alcohol and benzaldehyde, which could be 
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Fig. 5. ESR signals of the PINO (a), and XPS spectra of Co 2p (b) for ZIF-67-6, ZIF-67-12, ZIF-67-18, and ZIF-67-24. Reaction condition: 0.5 mmol of TOL, 0.025 mmol of NHPI, 

0.01 mmol of catalysts, 1 atm of O 2 , 0.5 mL of HFIP, 40 °C, 1 h. 

Fig. 6. The proposed mechanism for the aerobic catalyzed NHPI/ZIF-67 system of TOL. 
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urther oxidized to benzyl acid, are formed by the mutual destruc- 

ion of two benzyl peroxy radical. 

. Conclusion 

In summary, by adjusting the concentration of precursor, a se- 

ies of ZIF-67 (ZIF-67-6, ZIF-67-12, ZIF-67-18, and ZIF-67-24) with 

ifferent morphology are prepared for TOL oxidation. Nearly 90% 

onversion of TOL is obtained in the presence of ZIF-67-24 by using 

 2 ( > 99.9%, 1 atm) as oxidant at 40 °C after 4 h of reaction. Ex-

ellent performance of ZIF-67-24 could be attributed to the good 

rystallinity and smaller size with higher BET surface (2037 m 

2 

 

−1 ), and more importantly, the initiation of radical chain process 

f TOL oxidation may be accelerated by the electron deficient Co 

n ZIF-67-24. The research may propose a promising concept for 

xidation of C-H under ambient condition. 
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