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ABSTRACT 

The bimetallic Zn/Co-ZIF MOFs with different Zn:Co ratio were produced by microwave-

assisted solvothermal synthesis. The morphological, structural and electronic properties of 

the obtained materials were probed with different experimental techniques (XRD, TEM, 

TGA, BET, UV-Vis, IR, Co and Zn K-edge XANES. The result of the overall 

characterization study evidences that: (i) for all Zn:Co ratio Zn/Co-ZIFs are isostructural 

to ZIF-8; (ii) Zn and Co occupy the same crystallographic site having the same local 

environment; (iii) increasing Co content results in the decrease of solvent and iodine 

amount adsorbed on the surface of the crystals, while the amount adsorbed inside the pores 

is almost constant. The Zn/Co-ZIF MOFs were tested for iodine and chlorine sorption. 

 

Keywords: MOF, microwave synthesis, ZIF-8, ZIF-67, bimetallic, iodine adsorption, 

iodine capping   

 

1. Introduction 

Metal-organic frameworks (MOFs) are relatively new porous materials that have already 

found applications in several different areas such as gas: storage, separation, sensors, 

catalysis [1-20]. MOFs have a modular structure that can be divided into inorganic clusters 

with metal ions, and organic linkers coordinating them into a 3-dimentional crystal 

framework [21]. The type of inorganic cluster and linkers strongly influences the topology 

of the framework, the physicochemical properties of the MOF and, consequently, its 

efficiency in various applications [22-26]. Most MOFs studied over the past decades are 

based on a single type of metal site and on a single linker [18, 19, 27-38]. In this work we 

will not discuss MOFs synthesized with different linkers [39-51] while we will focus on 

MOFs synthesized with different metals in the secondary building unit (SBU). The 

presence of two or more different metals in the same structure can lead not only to the 

summation of properties, but to have a synergistic effect [52-58]. For example, the mixture 

of Zn and Co metals provides the fluorescent properties to Co2Zn5(OH)8(DTA)3H2On [56]. 

The Zn-doped structure of Cu3-xZnx(BTC)2 (BTC = benzenetricarboxylate) exhibits 

improved magnetic properties in comparison to the initial Cu3BTC2 compound [54]. The 

most common strategy for obtaining the mixed MOFs is based on the insertion of a second 
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metal in the primary MOF structure by means of immersion, metal exchange or core-shell 

methods [59-62]. Direct synthesis of mixed MOF is the most convenient and obvious 

technique; however, it seems to be still a challenging task since it is difficult to evaluate 

the mechanism of introduction of the second metal. In some cases, each metal can 

independently form distinct, mono-metallic, MOF crystals without bounding the SBUs 

containing the other metal. Alternatively, some examples of post-synthesis 

functionalization with a second metal of an already formed MOFs are also been reported 

in the literature [55, 57, 58]. In this regard, the MOFs allowing to obtain a mixture of metals 

within a single crystal structure, attracts special attention. Such compounds include, in 

particular, the MOF of the ZIF family (ZIF-zeolitic imidazolate frameworks). Their 

properties, such as high porosity, thermal (550 in N2) and chemical stability, make them 

attractive in several applications such as gas sorption and storage, separation, catalysis [50, 

63-77]. Among many ZIF structures, ZIF-8 is the most studied structure because of its 

potential application for gas separation and selective iodine adsorption [68, 69, 78-81]. 

This MOF consists of the Zn2+ ions coordinated tetrahedrally by nitrogen from the 

imidazole ring of the 2-methylimidazole linker (MIm). More recently, it has been found 

that Zn2+ ions in the ZIF-8 lattice can be partially or completely replaced by the Co2+ ions, 

which have the same charge and are close in size, providing materials with new properties. 

The endmember specimen with only cobalt has been named ZIF-67. At present, various 

methods for the production of bimetallic Zn/Co-ZIF-8 are described in the literature [82-

86]. 

Kaur et al. [82] described bimetallic Zn/Co-ZIF-8 and noted an increase in the pore volume 

and active surface area in comparison with the initial ZIF-8. Also, recently, Wang et al. 

[87] described the realization of Zn/Co-ZIF-8 membranes for propane/propylene 

separation founding that the selectivity of the membranes to propylene increases with the 

increase of the Co2+/Zn2+ ratio in the bimetallic ZIF structure. It was demonstrated that 

doping of ZIF-8 by Co2+ enhances the photodegradation of methylene blue dye under 

visible light irradiation without hydrogen peroxide [77]. ZIF-8 shows better performance 

for I2 adsorption than ZIF-67, it means that the reactive metal site plays a role in the I2 

adsorption [88]. Electrodeless quartz crystal microbalance was used for investigating the 

adsorption kinetics of iodine onto ZIF-8 and ZIF-67 films; the study revealed a high iodine 

capacity for both materials (2.4 g/g - ZIF-8 and 4.4 g/g - ZIF-67) [89-91]. 

The last two are relevant points, as one of the most remarkable specific applications of ZIF-

8 is iodine adsorption [78]. It should be noted, that for the iodine capping during the past 

decades, a list of materials was applied. Part of them physically adsorbed iodine gas, like 

activated carbons and graphene [92-94], polymers [95-98], cements [99, 100], zeolites 

[101, 102], hydrotalcites [103] etc. Other materials were functionalized with active species; 

this is the case e.g. of silver or bismuth particles or ions in the matrix of alumina [104], 

silica [105] or zeolites [106, 107], which can chemically interact with iodine. Also a large 

list of MOFs was tested for this application [108-121]. All these materials have advantages 

and disadvantages in this specific application; among others ZIF-8 combines high iodine 

capacity with high temperature of iodine evacuation.  

The iodine adsorption is facilitated by the favorable interactions between I2 and MIm 

linker. Later report proved that ZIF-8 framework strongly binds iodine molecules, while I2 

located on the surface of ZIF-8 are restrained by traditional iodine−organic complexes 

[122]. The strong interaction is driven by the ideal geometry of the ZIF-8 cage, allowing 
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the formation of the two iodine−organic bonds per I2 molecule. The small pore aperture to 

the cage combined with strong I2 - cage binding energy resulted in the retain of iodine up 

to framework collapse[122]. Comparison of three ZIFs with different linkers (ZIF-4, ZIF-

8 and ZIF-69) reported in 2013 proved that ZIF-8 is the best option for sorption and 

retaining of iodine [123]. Large pore apertures (like in ZIF-69) enhance the iodine uptake 

but reduce the retaining properties. It was demonstrated that the amortization of the ZIFs 

using ball-milling or high-pressure significantly increases the temperature at which I2 is 

retained [123, 124]. Molecular modeling demonstrates that, at low pressure, MOFs with 

small pore volumes are more qualified for iodine capture; however, at normal pressure, 

MOFs with high pore volumes are desired [125]. To enhance iodine sorption properties 

composite materials could be envisaged. A flexible nanocomposite consisting of bacterial 

cellulose and ZIF-8 nanoparticles was applied for reversible iodine adsorption both from 

gas phase and I2/KI solution [126]. High iodine uptake (1.9 g/g from the vapor and 1.3 g/g 

from the solution) was demonstrated. Composite materials constructed from thin films of 

ZIF-8 and a glassy Matrimid or a rubbery polyurethane matrix demonstrated higher iodine 

affinity resulted in better absorptive and retention capabilities than the single phase ZIF-8 

material [127]. Specific adsorption of iodine by ZIF-8 could have additional applications 

such as: (i) electrical detection of the iodine vapor [128]; antimicrobial action [129].  

Examples of bromine and chlorine sorption by MOFs, such as the reversible sorption of 

Cl2 and Br2 by cobalt-based MOF [130], are rare in the literature. In 2016 high bromine 

vapor capacity for ZIF-8 films grown on the surface of quartz was revealed [131].  

In the present work, we report a fast microwave (MW) assisted synthesis technique 

allowing to obtain bimetallic Co2+/Zn2+ ZIFs with ZIF-8 structure type. Moreover, 

comprehensive characterization of the obtained materials is provided. Obtained ZIFs were 

successfully applied for iodine sorption. Interaction of ZIFs with aggressive chlorine gas 

was performed too. 

 

2. Experimental details 

 

2.1. Reagents and characterization methods 

Reagents Zn(NO3)2·6H2O, Co(NO3)2·6H2O, triethylamine (TEA) and dimethylformamide 

(DMF) were purchased from Sigma-Aldrich. Ultra-pure water (18 MΩ∙cm) was produced 

by SimplicityUV (Millipore) from distilled water.  

Laboratory MW system Mars6 (CEM) was employed for the synthesis.  Powder X-ray 

diffraction (PXRD) of samples were collected using D2 Phaser (Bruker) X-ray 

diffractometer with Cu Kα radiation. The Fullprof program was used for the Rietveld 

refinement of the diffraction patterns of the as-prepared samples. Diffuse reflectance (DR) 

UV–Vis spectra were collected on UV-2600 (Shimadzu) spectrophotometer with 2 nm step 

by using integrating sphere accessory with BaSO4 blank. The measured %R values were 

converted into absorbance on instrument’s software. Transmission electron microscopy 

(TEM) was performed on FEI Tecnai G2 Spirit TWIN transmission electron microscope 

operated at an accelerating voltage of 80 kV. Particle size distribution histogram was build 

based on graphical analysis of 100 NPs in ImageJ software. The experimental XANES 

spectra of Co K-edge (7709 eV) and Zn K-edge (9659 eV) were measured for Zn1-

xCoxC8H10N4 samples using in-house X-ray spectrometer Rigaku R-XAS Looper. A 

tungsten cathode and a Ge (311) crystal monochromator were used. X-ray tube voltage was 
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20 kV and current was 70 mA during Co K-edge measurements, while for Zn K-edge 

measurements voltage were reduced down to 11 kV. A gas-filled proportional counter 

(argon gas at a pressure of 300 mbar) was used to register the intensity of the incident 

radiation, while a scintillation detector was used to register transmitted radiation. 

 

2.2. Synthesis of bimetallic Zn/Co-ZIF 

The bimetallic Zn/Co-ZIFs were synthesized according to the previously reported 

technique [132]. Briefly, zinc and cobalt nitrates hexahydrates and 2-methilimidazole 

were dissolved separately in the equal volumes of DMF. Then TEA was added to the 

linker and both solutions were transferred into the glass vessel, closed hermetically and 

placed into the MW oven (see  

Table 1). Then reaction mixture was heated at 140 °C for 15 min. After cooling down to 

room temperature, a precipitate was collected by centrifugation, washed two times with 

DMF and once with methanol and dried at 60 °C overnight (photos of obtained powders 

are provided in the SI – Fig. S1). 

 

Table 1. Molar ratio of the initial substances and the labels for the Zn/Co-ZIF samples. 

Sample 

designation 
Sample formula 

Molar ratio 

Zn Co MIm TEA DMF 

100Zn0Co ZnC8H10N4 1 0 4 2.6 289 

95Zn5Co Zn0.95Co0.05C8H10N4 0.95 0.05 4 2.6 289 

75Zn25Co Zn0.75Co0.25C8H10N4 0.75 0.25 4 2.6 289 

50Zn50Co Zn0.5Co0.5C8H10N4 0.5 0.5 4 2.6 289 

0Zn100Co CoC8H10N4 0 1 4 2.6 289 

 

2.3. Iodine and Chlorine sorption tests 

For Iodine adsorption experiments the respective Zn/Co-ZIF sample was pressed into a 

thin tablet of about 25-50 mg. The tablet was placed in a glass vessel filled with iodine 

crystals. The glass vessel was tightly closed and heated up to 110 °C. After iodine full 

sublimation the sample was held in the iodine atmosphere for 1 h. Finally, the vessel was 

gently opened to release an excess of iodine (Figure S2). The resulting samples were 

designated as 100Zn0Co-I, 95Zn5Co-I, 75Zn25Co-I, 50Zn50Co-I, and 0Zn100Co-I.  

For Chlorine adsorption experiment we used three initial Zn/Co-ZIF samples: 100Zn0Co, 

50Zn50Co, 0Zn100Co. Chlorine gas was obtained by the reaction of HCl acid with KMnO4 

(Figure S3). Each sample was treated with the Cl2 gas at room temperature for 50 min. 

These samples were designated as 100Zn0Co-Cl, 50Zn50Co-Cl, 0Zn100Co-Cl.  

Although, we did not experience any problems in performing the tests, care must be taken 

while operating with halogens. 

 

3. Results and discussion 

3.1. Bimetallic Zn/Co-ZIF 

The powder XRD patterns are shown in Figure 1. All samples are highly crystalline and 

isostructural to ZIF-8. No crystalline impurities are detected in the Rietveld refinement (see 

Fig. S4 and Table S1 for details), and all reflections can be indexed using the cubic space 

group (I -4 3 m). The correspondent FTIR spectra (Fig. S5) match well too, evidencing 
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chemical purity of the samples. Both XRD and FTIR data are in a good agreement with 

reported by other groups [77, 133]. 

 
Figure 1. XRD patterns of the synthesized Zn/Co-ZIF samples. See Table 1 for 

designation. 

 

Thermal stability was investigated by a combination of TGA and XRD techniques (Figure 

2 and Fig. S6). It was observed that sample 0Zn100Co have slightly lower temperature of 

decomposition in the air – about 350 °C, while all other compounds were stable upon the 

heating up to 400 °C. The products of decomposition are ZnO for 100Zn0Co sample, 

Co3O4 for 0Zn100Co sample and their mixture for the 50Zn50Co sample. The TGA curves 

of the samples with high zinc content had greater first weight loss associated with the 

amount of adsorbed solvent (Figure S7).  
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Figure 2 (a) TGA curves of the 100Zn0Co, 50Zn50Co and 0Zn100Co samples measured 

in air flow. Vertical dotted lines represent selected temperatures used for XRD 

measurements. (b), (c), (d) XRD profiles obtained in the high temperature chamber at 

different temperatures (provided in the right part of figure) for samples 100Zn0Co, 

50Zn50C0 and 0Zn100Co, respectively. 

 

As all samples were treated identically after synthesis, we suppose that this solvent is 

absorbed by the surface of the crystals during the sample preparation before measurements. 

This fact is in good agreement with the nitrogen adsorption measurements (Figure 3).  As 

it could be observed, isotherm of the 100Zn0Co sample has large hysteresis loop at high 

relative pressure region, while the adsorption/desorption branches of the 0Zn100Co 

isotherm are almost merged. This indicates a second porosity on the external surface of the 

samples with high zinc content [134] in good agreement with external surface area, 

calculated from the nitrogen adsorption data (Table 2). Moreover, the same effect could be 

attributed to the decrease of structure flexibility with increase of cobalt content due to 

higher stiffness of Co-N bonds in comparison with Zn-N ones [83, 135]. The specific 

surface areas of the obtained samples are consistent with each other (Table 2). The N2 

adsorption isotherms are all of type-I suggesting the microporous nature for the samples 

(Figure S8). 



8 
 

 
Figure 3 N2 adsorption – desorption isotherms of the samples 100Zn0Co and 0Zn100Co. 

Filled markers represents adsorption branches of isotherms, while opened ones – 

desorption. 

 

The totally random Zn/Co distribution in the sample 75Zn25Co was determined by the 

SEM-EDS mapping (Figures S9-10, Table S2). The Zn/Co ratio in the synthesized samples 

was measured by XRF method (Table 2). Slightly lower cobalt content than it was expected 

from the initial masses of zinc and cobalt salts could be assigned to the stronger interaction 

between Zn2+ and MIm than that between Co2+ and MIm [136]. Moreover it was reported 

that incorporation of  Zn2+ ions  is  thermodynamically  more  favored  than  that  of  Co2+  

in  the  ZIF structure [77]. 

 

Table 2 Surface areas and XRF data for obtained ZIF samples 

Sample 

designation 

Specific surface area, m2/g t-Plot External 

Surface Area, 

m2/g 

Molar ratio 

(XRF) 

BET Langmuir Zn Co 

100Zn0Co 1553 1871 27.2 - - 

95Zn5Co 1479 1781 18.8 96.8 3.2 

75Zn25Co 1523 1835 21.3 78.5 21.5 

50Zn50Co 1528 1840 8.4 55.0 45.0 

0Zn100Co 1567 1887 4.0 - - 

 

TEM images of all samples revealed hexagonal crystals with the diameter ranged from 

35.07 to 59.4 nm. Data for samples 100ZnoCo, 50Zn50Co and 0Zn100Co is provided in 

the Figure 4 and for the all other samples with the particle size distribution in the Figure 

S11. 
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Figure 4 TEM image of the samples 100ZnoCo (a), 50Zn50Co (b) and 0Zn100Co (c). 

 

The optical properties of Zn1-xCoxC8H10N4 play an important role for practical 

applications. UV-vis spectra were measured in the diffuse reflectance mode using 

Shimadzu UV-2600 spectrophotometer. Absorption as a function of incident wavelength 

for the series of Zn1-xCoxC8H10N4 powder samples are shown in Figure 5 and figure S12. 

The Zn1-xCoxC8H10N4 reveals an UV-vis absorption with three well separated bands at 200, 

570 and 1200 nm. Absorption peak at 200 nm corresponds to the π → π* transition of the 

aromatic sp2 domains, as pointed out previously [137]. Intensity of this feature decreases 

upon increased Co ratio. Two wider and weaker adsorption peaks were observed at 308 

and 359 nm. which might arise from the trapping of the excited state energy of the surface 

states, which can lead to strong fluorescence, as suggested by Chen et al. [138].  

While for the pure ZIF-8 the only absorption band is located in the UV region 

cobalt-doped samples show two additional absorption bands. The first, structured 

absorption band centered at 580 nm with clear three components is due to d-d transition 

(4A2 → 4T1(P)) of the tetrahedral cobalt(II) ions [139-141]. The second d-d band is found 
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in the near-infrared region at 1125 nm from 4A2 → 4T1(F) transition. Inspection of the 

former band shows decrease of intensity of ‘middle’ component and slight shifting to 

longer wavelengths of the maximum of this transition with increasing concentration of 

cobalt(II) ions. A probable explanation for these observations is connected with the 

decrease of relative amount of surface cobalt(II) ions with increasing size of nanoparticles.  

 
Figure 5 UV-vis absorption spectrum of the Zn1-xCoxC8H10N4 nano-powders 

 

X-ray absorption near edge spectroscopy (XANES) is element-specific and local bonding-

sensitive technique, which provide information on oxidation state and near-neighbours 

surrounding of absorption atoms.  Figure 6 (a, b) shows that the experimental XANES 

spectra measured for 95Zn5Co, 75Zn25Co and Z50Zn50Co have common features in 

comparison with the spectra of initial ZIF structures.  This fact allows us to conclude that 

the local environment around Zn and Co atoms in the structure of bimetallic ZIFs is similar 

to the structure of monometallic 0Zn100Co and 100Zn0Co. There are not observed 

chemical shifts between position of white lines of Co K-edge and Zn K-edge XANES 

spectra, so it means that Zn1-xCoxC8H10N4 samples contain divalent zinc and cobalt ions. 
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Figure 6 The experimental (a) Zn K-edge and (b) Co K-edge XANES spectra of 

Zn1−xCoxC8H10N4 samples compared with theoretical spectra, calculated for 0Zn100Co, 

100Zn0Co and 50Zn50Co for using FDMNES software   

 

A pre-edge feature (~7,700 eV) on the XANES spectra of the 0Zn100Co and other Co1-

xCoxC8H10N4 materials (Figure 6b) attributed to 1s→3d electronic transition and clearly 

indicates that the local environment of cobalt atoms is not centrally symmetric and 

confirms the tetrahedral symmetry [142, 143]. Accordingly, Cobalt ions in 95Zn5Co, 

75Zn25Co and 50Zn50Co samples occupy partially zinc positions with tetrahedral 

coordination. 

XANES spectra reported in Figure 6 (a,b) were simulated using the finite difference 

method implemented in FDMNES [144] software. To simulate the XANES spectra for 

0Zn100Co and 100Zn0Co we used crystallographic data available in Crystallography Open 

Database. As input geometry we used cluster centered on one of the Zn (for 100Zn0Co) or 

Co (for 0Zn100Co) atoms with a radius of 6 Å around it. To prove that the local 

environment of the metal ions in 0Zn100Co and 100Zn0Co does not change after adding 

another metal to the structure we calculated the XANES spectra for bimetallic 50Zn50Co. 

For simulations we used the previously described atomic clusters, but metal atom closest 

to the absorber was substituted by a different one. As it presented in Figure 6 (a, b), 

theoretical spectra for the monometallic 0Zn100Co and 100Zn0Co structures and 

bimetallic 50Zn50Co do not have any differences.  
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3.2. Iodine and chlorine adsorption 

XRD and FTIR analysis of the samples after iodine sorption did not revealed any 

significant changes. (Figure 7, Figure S13-14).  

 
Figure 7 XRD of ZIF samples before and after iodine treatment.  

 

TGA curves of the ZIF samples before and after iodine saturation are presented in the  

Figure 8 and Figure S15. It could be observed that first low-temperature weight loss (below 

350 °C) increased after I2 treatment. It could be assigned to the iodine molecules, adsorbed 

on the surface of the crystals. This fact is in good agreement with the increase of a second 

porosity on the external surface of the initial ZIF samples with the increase of zinc content 

[134]. Growth of the second weight loss (after 350-400 °C) after iodine saturation could be 

attributed to the I2 molecules inside the pores, which could be evacuated only after 

decomposition of ZIF matrix [78]. This hypothesis is in good agreement with XRF data 

(Table S3). After iodine treatment the molar ratio I:metal varies from 0.4 up to 1.7 for the 

different samples and values measured in the different areas of the one sample could varies 

in wide range. It could be attributed to the sorption of iodine by the external surface of the 

crystals. After heating at 250 °C the molar ratio I:metal decreases to 0.4-0.6 and values  

measured in the different areas of the one sample are almost the same. We suppose that 

after heating iodine molecules from the surface of the crystals were evacuated and the rest 

of the iodine molecules are located in the pores of the material.   
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Figure 8 TGA curves of the obtained ZIF samples: 100Zn0Co (a), 50Zn50Co (b) and 

0Zn100Co (c) before Iodine treatment (full lines) and after it (dotted lines).  

 

XRD analysis of the ZIF samples after chlorine treatment revealed decomposition of the 

initial crystal structure (Figure 9).  
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Figure 9 XRD profiles of ZIF samples before and after interaction with Cl2 gas.  

 

It was also confirmed by spectroscopic investigation. FTIR spectra revealed significant 

changes in the linker structure. The part of spectra from 600 to 1500 cm-1 could be 

attributed to the vibrations of imidazole ring [133]. It is obvious that the spectrum after 

chlorine treatment changed (Figure 10). The low-frequency part of spectra demonstrates 

that modes from Zn-N bonds vanished after chlorine treatment (Figure S16). So we can 

conclude that after reaction with chlorine gas zinc – linker bonds were distracted, imidazole 

ring was decomposed.  According to FTIR spectra local structure of the amorphous 

0Zn100Co-Cl product and crystallin 100Zn0Co product are nearly the same.  XRF data 

revealed close values of chlorine content in respect to metal – about 2:1 (Table S3). 

Therefore, we can conclude that chlorine treatment results in the decomposition of the 

linker with formation of the same products independently from the metal content in ZIF. 

 
Figure 10 FTIR spectra of samples 100ZnoCo and 0Zn100Co before (full lines) and after 

(dotted lines) with chlorine gas. 
 

4. Conclusions 

Summarizing, MW synthesis technique, which we developed previously for ZIF-8 

synthesis [132], could be successfully applied for obtaining ZIF-67 and bimetallic ZIFs 

with any Zn/Co ratio. Moreover, it allows to synthesize high crystalline samples with 
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specific surface area about 1500 m2/g (BET). These samples were comprehensively 

characterized using wide range of techniques, such as XRD, microscopy, XANES, FTIR. 

Additionally, stability of obtained samples to halogens was investigated. It was revealed 

that chlorine initiate decomposition of ZIF structure due to strong oxidizing properties, 

while iodine could be adsorbed without any significant changes in the crystal structure of 

ZIF matrix. Cobalt doping decreases external surface of the ZIFs in good agreement with 

data reported previously [134]. It results in localization of adsorbed iodine molecules inside 

the pores instead of the surface of the crystals. It could be important for many applications, 

because I2 molecules from the surface could be easily removed by heating while iodine 

from the pores evacuated only with decomposition of ZIF structure (temperature higher 

than 350 °C).  
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Zn/Co ZIF family: MW synthesis, characterization and stability upon halogen 
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The bimetallic Zn/Co-ZIF MOFs with different Zn:Co ratio were produced by 

microwave-assisted solvothermal synthesis. Samples were comprehensively 

characterized. The Zn/Co-ZIF MOFs were tested for iodine and chlorine sorption. 

 


