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Abstract: Metal−organic frameworks (MOFs) are important functional materials. MOF-5 (IL) (Zn4O(BDC)3 (BDC=1,4-benzene- 
dicarboxylate) was in situ synthesized by the electrochemical method using a tunable ionic liquid (IL), 1-butyl-3-methylimidazolium 
chloride, as template. The crystallization of distinctly spherical MOF-5 (IL) synthsized in ionic liquid by the electrochemical method 
is attributed to π−π stacking effect, ionic bond, and coordination bond. The analysis results show that the product MOF-5(IL) exhibits 
better crystallinity and higher thermal stability than MOF-5 generated using the solvothermal method. The cyclic voltammetry 
reveals that the electrosynthesis reaction is irreversible and controlled by the diffusion. The experiments on methylorange 
degradation show that the unique structure characteristics of MOF-5(IL) can enhance the photocatalytic ability of BiOBr. Therefore, 
MOFs can replace noble metals to improve the photocatalytic properties of bismuth oxyhalide. 
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1 Introduction 
 

Metal–organic frameworks (MOFs) are some of the 
most rapidly developing new materials over the last 
decade and are considered as an important class of 
nanomaterials, along with zeolites. The self-assembled 
supramolecular porous network structure of MOFs is 
formed through metal–ligand complexation between 
organic ligands and metal ions [1]. In recent years, 
MOFs have gained widespread attention in fields of gas 
storage [2], catalysis [3], sensors [4] and separation [5] 
because of their unique design and porous structure. 

MOFs are mainly synthesized through diffusion, 
hydrothermal and solvothermal methods [6]. In recent 
years, sonochemical [7], microwave-based [8] and 
mechanosynthesis [9] methods have also been  
introduced. However, these methods have the 
shortcomings of complex processes, high-energy 
consumption, requirement of advanced equipment, long 
reaction time, introduction of unwanted anions with the 
use of metal salts, and difficult process regulation. 
Therefore, a mild, clean synthesis method that can 
overcome the above disadvantages is critical to the 
advancement of the field. Electrochemical methods 

possess several advantages over traditional methods, 
including mild reaction conditions, simple operation and 
simple cleaning processes. Meanwhile, metal ions can be 
produced in situ by anodic oxidation, which avoids the 
use of problematic anions such as nitrates (from metal 
salts). DENAYER et al [10] electrochemically 
synthesized thin HKUST-1 layers on a copper mesh 
without using metal salts as the metal-ion source. 
Similarly, GASCON et al [11] prepared archetypical Zn2+, 
Cu2+ and Al3+ MOFs using the electrochemical method. 
SENTHIL et al [12] reported the optimum conditions for 
the electrochemical synthesis of Cu3(BTC)2. These and 
other studies have extensively gained the interest of 
scientists in electrochemically synthesizing MOFs. 

In the synthesis of MOF, conventional solvents, 
such as N,N-dimethylformamide (DMF),  N,N-diethyl- 
formamide (DEF), 1-methyl-2-pyrrolidone, water/ 
ethanol mixtures, are widely used to dissolve both 
inorganic and organic precursors. In contrast to 
conventional solvents, ionic liquids (IL), which are 
entirely composed of anions and cations under ambient 
conditions [13], are tunable solvents with desirable 
properties. Such properties are essential zero vapor 
pressure, wide electrochemical window, nonflammability, 
high thermal stability and extensive liquid range [14]. 
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More importantly, ionic liquid can be used as a template 
to induce the porous structure of nanomaterials. These 
characteristics make ionic liquid very suitable for using 
as electrolyte in the electrochemical preparation of 
MOFs. 

MOF-5 is a typical MOFs material [15]. In this 
study, the in situ electrochemical synthesis of MOF-5 
was carried out in a new ionic liquid which also serves as 
a template. Compared with conventional synthesis 
methods, the electrochemical synthesis can significantly 
reduce the reaction time and the requirements of 
synthesis apparatus. As shown in Scheme 1, a fraction of 
Zn2+ ions prepared by anodic oxidation are transferred to 
Zn deposited onto the cathode surface. Another fraction 
of Zn2+ ions occupy the nodal positions in the MOF 
skeleton. The π−π stacking effect of ionic liquid leads to 
the loop arrangement of Cl− [16]. The ionic bond 
between Cl− and Zn2+ makes Zn2+ the second loop layer. 
The coordination bond leads to the crystallization of 
MOF-5 around Zn2+ loops, followed by the 
layer-by-layer formation of an infinite network 
configuration. Each of the two oxygen atoms of the 
carboxylic acid of BDC (BDC=1,4-benzene- 
dicarboxylate) is connected to a zinc atom, thereby 
forming a carboxylate bridge between two zinc atoms. 
Three oxygen atoms from three carboxylates (from three 
molecules of BDC) are linked to one zinc atom. Four 
zinc ions share one oxygen (O2−) in the core, forming the 
[Zn4O(COO)6] structural unit (Scheme 2). Each zinc ion 
is in a four-ligand tetrahedral configuration in this 
well-defined oxide-centered cluster. Meanwhile, each 
structural unit constitutes an octahedron configuration of 
secondary building units. These structural units are 
connected through an organic moiety in the interval 
between two carboxylic acid ion groups. 
 

 
Scheme 1 Mechanism of MOF-5 synthesis through 
electrochemical method in ionic liquid 
 

Bismuth oxyhalide (BiOX, X=Cl, Br, I) is a type of 
important semiconductor with adjustable light- 
responsive property of the halide [17]. Although pristine 
BiOX possesses visible-light photocatalytic activity, due 
to the low conduction band position of BiOBr, resulting 
in no sufficient potential energy to induce the reduction 

 

 
Scheme 2 [Zn4O(COO)6] structural unit and connection 
schematic diagram of two [Zn4O(COO)6] structural units 
 
of photo-generated electrons, limiting the photocatalytic 
degradation efficiency. Meanwhile, there is very limited 
interspace between the BiOX particles synthesized 
without microstructure modulations, leading to the fairly 
low accessible surface area of this material. Hence, there 
are two methods can maximize the potential of BiOX for 
photocatalytic application, one is the effective separation 
of the photogenerated electrons and holes, the other is 
the increase of accessible surface area for more contact 
of target molecules. The reported method of improving 
the BiOX photocatalytic activity mainly involves doping 
noble metals [18,19], due to the fact that the surface 
plasmon resonance property of noble metal can improve 
the separation efficiency of photogenerated carriers. But 
the use of other non-precious metal materials to improve 
the photocatalytic activity of BiOX has not yet been 
reported. MOF is an inorganic−organic hybrid material, 
having characteristics of both inorganic materials and 
organic materials and exhibiting extremely high surface 
areas, as well as tunable pore size and functionality, and 
can act as hosts for a variety of guest molecules. SHA 
and WU [20] reported that UiO-66, a zirconium-based 
MOF, can improve the photocatalytic activity of BiOBr 
by increasing the accessible BiOBr surface to contact 
with RhB molecules. ZHAO et al [21] reported that 
Nd-doped ZnO can improve the separation efficiency of 
electrons and holes. ZnO is the node of the framework of 
MOF-5(IL). So, in this work, MOF-5(IL) which was 
electrochemically synthesized was selected as a modified 
agent to replace noble metals and improve the 
photocatalytic activity of BiOBr. 
 
2 Experimental 
 
2.1 Electrochemical synthesis process of MOF-5 

A zinc tablet (99.98%, 80 mm × 10 mm × 0.5 mm) 
was polished with sand paper (600 grit) to remove the 
oxide layer on the surface, washed with ethanol and 
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distilled water. Terephthalic acid (H2BDC, 0.5 g,       
3 mmol) was dissolved in 45 mL DMF. Zinc nitrate 
hexahydrate [Zn(NO3)2·6H2O] (1.3 g, 4 mmol) was then 
added into the solution to serve as the conductive 
medium. After the addition of the ionic liquid, 1-butyl-3- 
methylimidazolium (Bmim) chloride (2.5 g), into this 
solution, the mixture was stirred with a magnetic agitator 
for 0.5 h. The electrochemical synthesis was initiated 
using a direct current (DC) power source with the 
polished zinc as the anode and a titanium sheet as the 
cathode and adjusting the current density to 0.025A/cm2. 
As the reaction proceeded, the generation of a white 
flocculent substance was observed. After 2 h, the product 
was filtered and washed firstly with DMF (2 times) and 
then with chloroform (2 times). The sample was dried at 
80 °C in an oven. The sample was named MOF-5(IL). 
For the sake of comparison, MOF-5 was synthesized by 
the solvothermal method reported by LI et al [22]. 
 
2.2 Preparation of BiOBr/MOF-5 composite 

BiOBr was prepared by the hydrolysis of BiBr3 

according to Ref. [23]. 
0.2 g MOF-5 and 0.2 g MOF-5(IL) were seperately 

mixed with 0.2 g BiOBr in 20 mL ethanol, after 
ultrasonic treatment for 2 h and magnetic stirring for  
24 h, the precipitated product was filtered and then with 
vacuum drying at 120 °C for 12 h, BiOBr/MOF-5 and 
BiOBr/MOF-5(IL) composite were obtained. 
 
2.3 Characterization 

To prepare samples for SEM analysis, the samples 
were calcined at 250 °C for 4 h to remove any retained 
guest molecules. The SEM images were acquired using a 
JSM−7001F system (Jeol, Japan) operating at 10 kV. The 
X-ray diffraction (XRD) data were recorded on a Rigaku 
D/max−2500 (Rigaku, Japan) power diffractometer using 
Cu Kα radiation (40 kV, 100 mA) at a rate of 8 (°)/min. 
Infrared (IR) spectrum analysis was performed using a 
FTIR−8400S (Shimadzu, Japan) Fourier-transform 
infrared system. Thermogravimetric analysis (TGA) was 
carried out on a SDTA851 (Mettler, Toledo) in a N2 
atmosphere with a heating rate of 10 °C/ min. Cyclic 
voltammetry (CV) measurements were performed on a 
CHI660D electrochemical workstation (Chenhua 
Instrument Company, Shanghai, China). The UV−Vis 
diffuse reflectance spectra (DRS) of samples were 
obtained over a UV−Vis spectrophotometer (Cary300). 
The spectra were recorded from 200 to 800 nm at room 
temperature in air. 

The degradation of methyl orange was used to 
evaluate the photocatalytic activity of the as-synthesized 
samples. A 350 W Xe lamp was used as simulated   
solar light source. All experiments were carried out in   
a photocatalytic reactor at 30 °C. In a typical 

photocatalytic process, 0.040 g photocatalyst was 
dispersed into 100 mL of 10 mg/L methyl orange 
solution. Prior to illumination, the adsorption−desorption 
equilibrium was achieved between methyl orange and 
catalysts. Then, the solution was exposed to the 
simulated solar light irradiation under magnetic stirring. 
At certain interval, 3 mL reactive solution was 
withdrawn and centrifuged to remove the catalyst before 
being analyzed by a Cary 50 spectrophotometer. The 
characteristic absorption peak of phenol was measured to 
determine the extent of phenol degradation. The 
degradation efficiency (R) of phenol was calculated by 
the following equation: 
 
R=(C0−Ct)/C0                                (1) 
 
where C0 and Ct are the initial phenol concentration and 
the phenol concentration in aqueous solution at t min, 
respectively. 
 
3 Results and discussion 
 
3.1 SEM result 

MOF-5 synthesized by the solvothermal method has 
a regular cubic structure with 1 µm in length, whereas 
MOF-5(IL) synthesized by the electrochemical method 
in Bmim chloride has a spherical structure with 2 µm in 
diameter (Fig. 1). The comparison of images illustrates 
that the differences in synthesis methods greatly 
influence the morphology of the material. With 
electrochemical energy, the conventional cubic 
configuration of MOF-5 is distorted significantly. The 
changes in the orientation of Zn2+ and BDC2− result from 
the directional movement of ions because of the applied 
electric field. Thus, the use of electric current during 
MOF synthesis can generate new configurations of 
anions and cations that cannot be achieved using other 
synthesis methods. Meanwhile, the ionic liquid Bmim 
chloride also plays an important role in the formation of 
the distinct spherical structure. The cations of ionic 
liquids often function as templates and the direct 
framework structure [24]. However, the optimum ionic 
liquid concentration has to be determined. Higher ionic 
liquid concentrations lead to a decline of solution 
conductivity, which reduces the influence of current on 
the morphology of synthesised MOFs. 
 
3.2 XRD analysis 

The XRD pattern of MOF-5(IL) is very similar to 
that of MOF-5 (Fig. 2). The overlap of the four main 
peaks (6.8°, 9.7°, 13.7° and 15.4°) illustrates that MOF-5 
can be successfully prepared in an ionic liquid through 
the electrochemical method. The sharp peak confirms 
that the product has good crystallinity [13]. In contrast  
to the XRD pattern of MOF-5, there is a distinct split at 
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Fig. 1 SEM images of MOF-5 (a, c) and MOF-5 (IL) (b, d) 
 

 
Fig. 2 XRD patterns of MOF-5 and MOF-5 (IL) 
 
9.7° in that of MOF-5(IL). This split is the likely result 
of the distortion in conventional cubic symmetry 
structure [25], which is consistent with the SEM images 
which show a spherical structure for MOF-5(IL). The 
peaks at 31.5°, 34.6° and 36.1° in the XRD pattern of 
MOF-5 show the presence of trace amount of ZnO. 
There is no spectral evidence for the presence of ZnO in 
MOF-5(IL). These observations indicate that MOF 
synthesized by the electrochemical method in ionic 
liquids shows higher purity than that prepared through 
the solvothermal method. 
 
3.3 FT-IR analysis 

The FT-IR spectra of MOF-5 and MOF-5(IL) are 
shown in Fig. 3. Irrespective of the peak shape and wave 

 

Fig. 3 IR spectra of MOF-5 and MOF-5(IL) 
 
number, the similarity of the two spectra illustrates that 
MOF-5 can be successfully synthesized by the 
electrochemical method in ionic liquids. The peaks at 
1501 and 1588 cm−1 are due to the asymmetric  
stretching, while that at 1388 cm−1 is due to the 
symmetrical stretching vibration of carboxylic acid 
groups in BDC [26]. The peak at 1640 cm−1 can be 
ascribed to the hydroxyl group (moisture in KBr pellets). 
The peaks in the 1284−730 cm−1 range can be attributed 
to the in-plane vibrations of BDC. The 1,4-substitution 
pattern of the phenyl ring is highlighted by two out-of- 
plane aromatic C—H bending peaks (800−750 cm−1). At 
1588 cm−1, the peak shape of MOF-5(IL) is less sharp 
than that of MOF-5, which is mainly due to the template 
effect of ionic liquid. 
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3.4 Thermal stability analysis 
The TG curve of MOF-5(IL) displays two obvious 

mass loss processes (Fig. 4). The first loss in mass occurs 
at 190−295 °C while the second loss is observed in the 
380−580 °C range. The mass loss (∼16.5%) during the 
first process can be attributed to the release of small 
molecules that are adsorbed in the holes of MOF-5(IL). 
The larger decline in mass (35.6%) after 380 °C is 
mainly due to the disruption in the skeleton of MOF-5 
(IL) and its decomposition at high temperature. Above 
540 °C, the mass of sample is essentially unchanged, 
with the final product being ZnO. The thermal stability 
temperature range of MOF-5(IL) is 295−380 °C. 
 

 
Fig. 4 TG curve of MOF-5(IL) 
 
3.5 N2 adsorption−desorption test of MOF-5 and 

MOF-5(IL) 
From the nitrogen adsorption and desorption 

isotherms (Fig. 5), it can be calculated that the BET 
(Brunauer, Emmett and Teller) specific surface areas of 
MOF-5 and MOF-5(IL) are 627.3 and 914.7 m2/g, 
respectively. The isotherms of MOF-5 is typical Ι type 
adsorption curve, but that of MOF-5(IL) belongs to   
IV type adsorption curve. This illustrates that the  
 

 
Fig. 5 Nitrogen adsorption and desorption isotherms of MOF-5 
and MOF-5(IL) 

electrochemical synthesis method could not destroy the 
porosity of MOFs material, it can keep the complete pore 
structure of MOFs and improve its specific surface area. 
 
3.6 Process of electrosynthesis reaction 

To study the electrochemical synthesis of 
MOF-5(IL), cyclic voltammetry is performed using 
standard electrochemical equipment within the scan rate 
range of 50 to 350 mV/s and potential range of −3 to 3 V, 
where the reference electrode is saturated calomel 
electrode (Fig. 6). The oxidation peak is observed at  
0.3 V, indicating that Zn electrode is oxidized to Zn2+. 
The oxidized zinc is released into the electrolyte and 
supplements the Zn2+ consumed in the coordination with 
organic ligand to form MOFs, thereby maintaining Zn2+ 
balance in the reaction system [27]. The distinct 
reduction peak at −1.54 V can be attributed to the 
cathodic reduction of Zn2+ to Zn. The redox peaks 
suggest that the reaction involves two consecutive 
two-electron processes at Zn centers [28]. The ratio of 
oxidation peak current to reduction peak current is far 
less than 1, and the results show that the reaction is 
irreversible. Furthermore, the peak potentials gradually 
change with increasing the scan rates, the cathodic peak 
potential shifts to the negative direction, and the 
corresponding anodic peak potentials shift to the positive 
direction. 
 

 
Fig. 6 Circulation voltammetry (CV) curve in ionic liquid 
system at different scan rates 
 

The relationship between the redox peak current and 
scan rate (v1/2) is shown in Fig 7. It is evident that the 
oxidation peak current and v1/2 are in an linear relation- 
ship, y=−3.7005+0.71452x. The linear relationship 
between reduction peak current and v1/2 is expressed by 
y=0.72241−0.26924x, which illustrates that the reaction 
is controlled by the diffusion controlled steps [29]. 
 
3.7 Photocatalytic activity 

The photocatalytic activities of samples are 
evaluated by the decomposition of methyl orange (MO) 
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in aqueous solution under simulated solar-light 
irradiation. The photolysis test shows that MO could not 
be degraded under simulated solar-light irradiation 
without catalysts, indicating that MO is a stable molecule 
and the photolysis can be ignored. 
 

 
Fig. 7 Relationship between redox peak current and v1/2:     
(a) Oxidation peak; (b) Reduction peak  
 

As shown in Fig. 8, pure BiOBr has limited 
photocatalytic activity, and the MO degradation ratio 
(c/c0, c is the current concentration, c0 is the initial 
concentration) is 58.1% after 150 min of simulated solar 
light irradiation. The MO degradation ratio increases to 
65.44% and 87.9% when BiOBr combines with MOF-5 
and MOF-5(IL), respectively. However, pure MOF-5 and 
MOF-5(IL) cannot degrade MO. This phenomenon 
illustrates that both MOF-5 and MOF-5(IL) can increase 
the degradation ability of BiOBr for MO, and  
MOF-5(IL) increases more. Thus, the use of different 
synthesis methods and morphologies of the same 
substance can lead to different properties. This may be 
attributed to MOF-5 and MOF-5(IL) which can increase 
the accessible surface area and contact more MO 
molecules, and the ZnO node of the framework can 
promote the effective separation of the photogenerated 
electrons and holes [20,21], which is consistent with the 
N2 adsorption and desorption result (Fig. 5). Compared  

 

 

Fig. 8 Photocatalytic activities of BiOBr, BiOBr/MOF-5 and 
BiOBr/MOF-5(IL) composite for degradation of methyl orange 
under simulated solar light irradiation 
 
with the results reported in Refs. [18,19], MOF-5(IL) 
almost has the same enhancement effect as the noble 
metals (Ag and Pt) on the BiOBr photocatalytic ability. 
This finding may be attributed to the synergistic effect of 
MOF-5(IL) and BiOBr which promotes the separation of 
electron and hole (h+) and produces more hydroxyl 
radicals. The porous of MOF-5(IL) can enrich the 
dissolved O2 in the degradation system and accelerates 
the formation of ·O2

–, thereby improving the 
photocatalytic ability of BiOBr. The results show that 
MOFs can replace noble metals in improving the 
photocatalytic properties of BiOX photocatalytic 
materials. 

To study the photocatalytic mechanism of 
BiOBr/MOF-5(IL) composite for the MO degradation, 
the potential roles of the three main active species 
(h+, ·OH and ·O2

–) during the degradation are 
investigated. Ammonium oxalate (AO), isopropyl 
alcohol (IPA) [30,31] and N2 are introduced into the 
process to attempt to trap h+, ·OH and ·O2

–, respectively. 
In this study, the AO concentration is about 10 mmol/L, 
the volume of IPA is 2 mL, and the speed of N2 is 
controlled to maintain the good suspension state of the 
reaction system. As shown in Fig. 9, IPA is added as 
a ·OH scavenger. However, the degradation rate 
decreases only by the insignificant value of 7.87%, 
suggesting that ·OH is not the dominant active species 
involved in the degradation. However, the MO 
degradation rate is significantly restrained in the 
presence of AO, which can suppress h+ activity. The 
presence of N2, which can restrain ·O2

– formation, also 
has a similar negative effect on the degradation rate. The 
conclusion that ·O2

– and h+ are the two main active 
species in the BiOBr-based photocatalyst system has 
been confirmed by other research groups [20]. The 
contribution of the three main active species of the 
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BiOBr/MOF-5(IL) composite in the MO degradation 
decreases in the order h+ > ·O2

– > ·OH. 
 

 
Fig. 9 Effects of different scavengers on degradation of MO in 
the presence of BiOBr/MOF-5(IL) under simulated solar light 
irradiation 
 
4 Conclusions 
 

1) The crystallization of distinctly spherical 
MOF-5(IL) is attributed to π−π stacking effect, ionic 
bond and coordination bond. The results show that the 
product MOF-5(IL) has a distinctly spherical 
morphology with 2 µm in diameter and better 
crystallization than that generated using the solvothermal 
method. The thermal stability temperature range of 
MOF-5(IL) is 295−380 °C. The cyclic voltammetry 
shows that the electrochemical redox reaction is 
irreversible and controlled by the diffusion. 

2) The degradation experiments of MO show that 
the unique structure characteristics of MOF-5(IL) can 
enhance the photocatalytic ability of BiOBr. The analysis 
of the photocatalytic mechanism of BiOBr/MOF-5(IL) 
composite indicates that h+ and ·O2

– are the main active 
species involved in the MO degradation. Therefore, 
MOFs can replace noble metals to improve the 
photocatalytic properties of BiOX. 
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MOF-5 的原位电化学合成及其 
在提高 BiOBr 光催化活性方面的应用 
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摘  要：金属有机骨架材料(MOFs)是一种重要的功能材料，通过原位电化学合成方法在离子液体 1-丁基-3-甲基

咪唑氯盐作为模板剂的条件下合成 MOF-5(IL)(Zn4O(BDC)(BDC=1,4-苯二甲酸)。π−π 堆叠作用、离子键和配位键

的相互作用使得 MOF-5(IL)形成球状结晶。分析结果表明：通过电化学法在离子液体中合成的 MOF-5(IL)比传统

溶剂热法合成的 MOF-5 表现出更好的结晶性和更高的热稳定性。循环伏安曲线显示该电化学合成反应是一个扩

散控制的不可逆过程。对甲基橙的降解实验表明，MOF-5(IL)独特的结构特征可以提高 BiOBr 的光催化活性。因

此，MOFs 材料可以取代贵金属来提高卤氧铋的光催化性能。 

关键词：MOF-5；离子液体模板剂；原位电化学合成；BiOBr；光催化 
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