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Abstract 

While metal-organic frameworks (MOFs) exhibits excellent potential in extensive 

catalytic reactions, predictably synthesizing MOF nanoparticles (NPs) with desired and 

uniform sizes remains a great challenge. Here, a mild and efficient ultrasound-assisted 

synthetic method has been developed to prepare ZIF-8, ZIF-67, and Co/ZIF-8 with well-

designed particle size and morphology. By adjusting the cobalt content doped into a 

heterometallic ZIF-8 structure, tunable particle sizes ranging from 35 nm to over 300 nm 

have been achieved, resulting from the differences in nucleation and growth rates of zinc 

and cobalt ZIFs. Impressively, this as-obtained bimetallic Zn/Co-ZIF shows modified 

physicochemical properties, leading to a change of nitrogen adsorption-desorption 

characteristics. In addition, when used as a heterogenous catalyst, the bimetallic Co-

doped ZIF-8 is demonstrated to have both enhanced catalytic performance for the 

activation of peroxymonosulfate (PMS) in organic dye degradation compared to pure 

ZIF-8, as well as superior structural stability, when compared to monometallic ZIF-67. 

This work provides a novel strategy for the predictable design and controlled fabrication 

of bimetallic MOF nanostructures with desired structures and compositions. 

Keywords: Zeolitic-imidazolate frameworks, bimetallic ZIF-8, tunable particle size, 

hierarchical porosity, heterogeneous catalysis. 
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1. Introduction 

Recently, metal-organic frameworks (MOFs) have been regarded as promising materials 

for gas storage and separation[1-4], catalysis[5-7], drug delivery[8, 9], sensing[10] and 

other application areas[11] due to their high permanent porosity, ultrahigh surface area 

and diverse chemical functionalities. Zeolitic-imidazolate frameworks (ZIFs) are a sub-

class of MOFs, in which metal ions (e.g., Co, Zn, Cu) are tetrahedrally bonded to the N 

atoms of imidazolate linkers[12-14]. ZIF-8 (Zn(MeIM)2, MeIM = 2-methylimidazole) is 

a prototypical ZIF material where Zn(II) is linked with MeIM with sodalite (SOD) 

topology[15]. It has attracted huge attention owing to its remarkable performances in sorts 

of applications including catalysis[16, 17], clean energy[18-20], and drug delivery[21]. 

Interestingly, doping Co(II) or Cu(II) into a ZIF-8 framework can supply an efficacious 

platform for integrating different functionalities into a single particle[22, 23]. Such 

mixed-metallic ZIFs structures can be achieved using various methods including 

solvothermal methods[24], microwave assisted methods[25], and coordination 

modulation synthesis[23, 26]. In particular, bimetallic Zn/Co-based ZIFs have been 

demonstrated to have enhanced performance compared to monometallic ZIF-8 and 

ZIF-67 (Co(MeIM)2). For instance, Gurpreet et al. reported the enhancement of CO2 and 

H2 uptake by Co75Zn25-ZIF-8 over pure Zn-ZIF-8, which was attributed to its higher 

surface area and larger pore volume[27]. Furthermore, Roshan et al. demonstrated that 

Zn/Co-ZIF, as a catalyst, possesses excellent selectivity compared to ZIF-67 and greater 

structural stability than ZIF-8 in the CO2-epoxide cycloaddition reaction[28]. Based on 
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the aforementioned features, bimetallic Zn/Co ZIFs have shown to be advantageous for a 

broad range of catalytic reactions, such as CO2 conversion[29, 30], hydrogenation[31] 

and dye degradation[32], compared to their undoped counterparts. 

In addition to doping, other key factors underpinning the catalytic properties of MOFs are 

their crystal size and morphology[33, 34]. Notably, smaller crystals have larger external 

surface area and potentially larger numbers of defects or coordination sites, which would 

enhance catalytic activity[17, 35]. Meanwhile, the morphology is intimately correlated 

with the exposed crystal facets, which has implications for catalytic performance[36, 37]. 

Hence, rapid and predictable preparation of uniform MOF nanoparticles (NPs) with 

desired size and well-defined surface chemistry, while challenging, is extremely 

important for catalysis. Cravillon et al. reported that particle sizes of ZIF-8 can be tailored 

by employing the bridging bidentate ligand or modulating ligands to produce particles 

~10 nm, 65 nm and 1 µm in size[38]. Recently, Saliba et al. reported a facile reaction-

diffusion framework (RDF) method to regulate the size of ZIF crystals in agar gel and 

verified that Co doping is significant in controlling the optical and photocatalytic 

activities of ZIFs[39]. To date, the control over the size has been achieved by using 

additives such as surfactants, modulating ligands, or other surface functionalized ligands, 

and requires several hours up to days of synthesis time, which is challenging for scale up. 

Herein, we rationally design a rapid, low-cost, and straightforward method to synthesize 

hierarchical porous ZIF-8, ZIF-67 and bimetallic Co/ZIF-8 via ultrasound-assisted 

synthesis which is a powerful tool for effectively facilitating nucleation and limiting the 
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particle size to the nanoscale region. It is noted that a monotonic increase in particle size 

can be achieved with gradual cobalt doping in ZIF-8. The nucleation and growth 

mechanisms of ZIF-8, ZIF-6, and Co-doped ZIF-8 crystals were also investigated and 

characterized. Impressively, nucleation and Ostwald ripening dominate the crystal 

formation of ZIF-8, whereas nanoparticle growth governs the synthesis of ZIF-67, leading 

to the possibility of rational design of bimetallic MOFs with tailored particle size based 

on different nucleation and growth kinetics of metal salts. The series of hierarchical 

porous Zn/Co-ZIFs also process high surface areas and large pore volume. Finally, as one 

of the efficient routes to generate reactive sulfate radicals is the combination of 

peroxymonosulfate (PMS) with cobalt[40], the Co/ZIF-8 nanoparticles show both 

enhanced water stability compared to pure ZIF-67 and optimized catalytic activity in 

Rhodamine B (RhB) degradation when compared to monometallic ZIF-8. 

 

2. Experimental 

2.1. Materials 

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98%), cobalt nitrate hexahydrate 

(Co(NO3)2·6H2O, 98%), 2-methylimidazole (99%) and other chemicals used in the 

experiments without special mention were all supplied from Sigma-Aldrich. Methanol 

(99.99%, AR Grade) was purchased from Fisher UK. The Milli-Q water was obtained 

from a Milli-Q System. All the materials were used without further purification. 
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2.2. Synthetic Method 

For synthesis of ZIF-8, 3.75 mmol of Zn(NO3)2·6H2O and 7.5 mmol of MeIM were added 

into 15 ml methanol, respectively. The two mixtures were directly placed in an 

ultrasonication bath (Branson 5510E-MT) for 5 min at room temperature for complete 

dissolution of precursors. Following this, a 7.5 ml aliquot of zinc precursor was added 

into the MeIM in methanol solution by syringe over 2 min and kept under ultrasound for 

another 2 min. Addition of a 2nd aliquot of 7.5 ml of zinc precursor was added over 2 min 

and synthesized under ultrasonication for another 10 min. The as-obtained powder was 

collected by centrifuge and then washed with methanol 3 times. The synthesis procedure 

for Co-doped ZIFs was the same as that of ZIF-8, except a fixed ratio of Zn(NO3)2·6H2O 

(i.e., 25%, 50%, 75% or 100%) was substituted by Co(NO3)2·6H2O. 

2.3. Characterization Methods 

Powder X-ray diffraction (PXRD) patterns of ZIF particles were collected on a Bruker 

D8 Advance XRD using Cu-Kα radiation. Thermogravimetric analysis (TGA) of the 

powder was conducted in N2 gas from 30 °C to 900 °C (10 °C/min) using TA instruments 

Q500. The N2 uptake isotherms and specific surface area measurements were obtained 

using a Micromeritics ASAP 2020 analyser at 77 K, and the samples were degassed at 

120 °C for 12 h before the measurements. The morphology, size and elemental analysis 

of the NPs were examined using a field emission scanning electron microscope (FESEM 

JEOL 7600F) with an Oxford detector for energy-dispersive X-ray (EDX) analysis and 

with a transmission electron detector (TED) at 30 kV. For size estimation, a sample size 
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of 100 particles was considered on SEM micrographs. The particle and interior structure 

were studied with a transmission electron microscope (TEM JEOL 2010). The EDX 

mapping of ZIF particles was obtained using a scanning transmission electron microscope 

(STEM JEOL 2100F) with an Oxford EDX detector. The UV-Vis-NIR diffuse reflection 

profile was recorded on a Lambda 950 UV-Vis NIR Spectrophotometer. Fourier 

Transform Infrared (FT-IR) spectra were performed on a Perkin Elmer Frontier 

Spectrometer. For study of density of ZIF particle in synthetic solution, Dynamic Light 

Scattering (DLS) analysis was conducted on a Malvern Nanosizer instrument. 0.5 ml of 

synthetic solution was collected by 30 s time interval and then added into 25 ml of 

methanol to dilute for DLS analysis. 

2.4. Catalytic Testing 

In the degradation reaction of Rhodamine B (RhB), peroxymonosulfate (PMS) is used as 

an oxidizing agent and ZIF particles are treated as a heterogeneous catalyst for PMS 

activation to generate free sulfate radicals. First, 15 mg of PMS was added to 100 ml of 

a solution of RhB in deionized water with an initial RhB concentration (C0) of 50 mg/L. 

Subsequently, 2.5 mg (25 mg/L) of ZIF particles was added to activate the PMS. To 

determine the residual RhB concentration, 1 ml of sample aliquot was taken from the 

reactor and filtered with a syringe filter (pore size: 0.22 µm). 1 ml of methanol was then 

added into the sample aliquots as a reaction inhibitor and the mixed solution was tested 

using a UV-Vis Spectrophotometer (Shimadzu UV-2700). All degradation reactions were 

repeated at least twice. 
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3. Results and Discussion 

3.1. Synthesis and Characterization of ZIF-8 and ZIF-67 

Here, a facile, simple, and efficient method was developed to obtain ZIF NPs with 

controlled size. Schematic diagram of the synthetic procedure is present in Fig. 1a. ZIF-8 

and ZIF-67 with SOD topology (Fig. 1b) were synthesized using an ultrasonic bath for 

16 min at room temperature. Zn-ZIF and Co-ZIF are known to be isostructural, having 

typical reflection peaks of (110), (200), (211) and (222) planes at ca. 7.3, 10.4, 12.7 and 

18.0 degrees. The XRD of as-synthesized powders matched the simulated ZIF-8 and 

ZIF-67 structure well (Fig. 1c). The broadening peaks of ZIF-8 are indicative of the 

formation of nanosized particles, which is also supported by SEM and TEM observations. 

From the thermogravimetric analysis (TGA) results (Fig. 1d), ZIF-8 maintains thermal 

stability up to 500 ℃ while mass loss of ZIF-67 starts c.a. 400 ℃, thus, ZIF-8 has slightly 

higher stability than ZIF-67. From SEM and TEM images (Fig. 1e-h), ZIF-8 NPs seem 

to have no obvious facets, whereas ZIF-67 particles show rhombic dodecahedral shape, 

which is a stable equilibrium morphology of ZIF-8/67[41], with a visibly porous inner 

structure. Both ZIF samples have a narrow distribution of particle sizes (roughly 35 nm 

for ZIF-8 and 360 nm for ZIF-67, respectively). EDX spectra (Fig. S1) further 

demonstrate the successful formation of pure phase ZIF-8 and ZIF-67. These results show 

that ZIF particles with uniform particle size distribution and a high degree of crystallinity 
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can be obtained, which makes ultrasound-assisted synthesis a very useful and effective 

tool for rapidly generating MOF NPs with well-defined particle size. 

3.2. Cobalt Doped ZIF-8 and Particle Size Distribution 

Based on the remarkable difference in size of pure ZIF-8 and ZIF-67 synthesized via 

ultrasound-assisted method, it was expected that by combining the ultrasound approach 

with doping of the ZIF-8 structure with various content of Co, the range of particle sizes 

of the final products could be further tuned. Therefore, the influence of cobalt ion doping 

on particle size was investigated through the synthesis of a systematic series of cobalt-

doped ZIF-8 materials with different Co ratios, namely: ZIF-8 (Co: 0%), Co25/ZIF-8 (Co: 

25%), Co50/ZIF-8 (Co: 50%), Co75/ZIF-8 (Co: 75%) and ZIF-67 (Co: 100%). 

PXRD patterns of all samples show that the bimetallic Co-doped ZIFs are isostructural to 

monometallic ZIF-8 and ZIF-67, evident from well matched PXRD patterns (Fig. 2a), 

indicating that heterogeneous nucleation occurs during the synthesis. The broadening of 

PXRD signals from typical diffraction peaks for (110), (200), (211) and (222) crystal 

planes shows an increasing trend of grain size from ca. 28 nm to 74 nm with increasing 

cobalt ratios (Table S1), as estimated based on Scherrer equation[42]. TGA curves also 

reveal the high thermal stability of Co-doped ZIF-8 (Fig. S2) which is between that of 

pure ZIF-8 and ZIF-67. Moreover, the UV-Vis-NIR diffuse reflection spectra show 

characteristic bands for tetrahedrally-coordinated Co(Ⅱ) at 540 nm and 584 nm (Fig. 2b), 

proving the incorporation of Co(Ⅱ) into the Zn-ZIF. FT-IR was also used to study the 

coordination relationship in ZIF structure (Fig. S3). The presence of MeIM results in one 
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wide and strong band in the range of 2200-3300 cm-1 owing to vibration of N-H···N 

hydrogen bond and one N-H stretching vibration at 1846 cm-1. These two resonances fully 

vanish in the as-obtained ZIF NPs, suggesting that the N-H groups of the MeIM linkers 

are completely deprotonated upon bonding with metal ions. In addition, a new absorption 

band at 421 cm-1 is assigned to the Zn-N stretching or Co-N stretching, which is in 

agreement with the previous reports[43, 44]. Due to the similar ionic radii of Zn2+ and 

Co2+ (0.74 Å and 0.72 Å respectively) in tetrahedral coordination, substitution of Zn2+ 

with Co2+ has a low energy penalty[45]. Furthermore, the STEM-EDS mapping of Co-

doped ZIF-8 particles exemplifies the uniform elemental distribution of Zn and Co (Fig. 

2c-k), which validates the incorporation of both Zn and Co within the same framework. 

Hence, according to the above results, it is obvious that Zn and Co are incorporated 

simultaneously to form bimetallic Zn/Co-ZIF NPs. 

To clarify the molar ratio of cobalt in ZIF NPs keeps the same level as that of cobalt 

nitrate in the precursor solution, EDX analysis was carried out on two separate batches of 

Zn/Co-ZIF samples (Table S2). It shows a nearly linear correlation by plotting the 

experimental Co atomic percentage from EDX analysis versus the synthetic molar 

percentage of cobalt precursor (Fig. S4), which confirms that the cobalt doping ratio can 

be closely controlled via the synthetic methods described in this work. To further illustrate 

the advantage of ultrasound-assisted synthesis in effectively doping Co into ZIF-8 

framework, a comparison experiment was conducted, in which 25% Co-doped ZIF-8 was 

directly fabricated under the same synthetic procedure without use of an ultrasonic bath 
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(i.e., Co25/ZIF-8-No US). Through EDX analysis, only 21.2 ± 1.5% of cobalt was doped 

into the ZIF-8 framework (Table S2 and Fig. S5). Therefore, the above results 

demonstrate the ultrasound-assisted synthesis is needed to facilitate effective and efficient 

doping of Co ions into ZIF-8 framework to rapidly form bimetallic Co-doped ZIF-8 

structures at room temperature. 

Furthermore, morphology, particle size and elemental distribution of as-synthesized ZIF 

powders were characterized in detail by SEM and TEM. Co-doped ZIF-8 NPs possess 

rhombic dodecahedral shape and uniform particle size with a porous inner structure (Fig. 

3a-e and Fig. S6). Compared with the solid nature of Co25/ZIF-8-No US (Fig. S5a), this 

indicates that ultrasound can induce hierarchical porous structure within ZIF particles. 

Particle size analysis is based on the SEM images, and the average diameters of all 

samples are listed in Table S1. A statistical evaluation of ZIF particles brings in a mean 

diameter of 35 ± 4 nm, 57 ± 7 nm, 119 ± 15 nm, 222 ± 30 nm, and 360 ± 40 nm 

corresponding to ZIF-8, Co25/ZIF-8, Co50/ZIF-8, Co75/ZIF-8, and ZIF-67. The 

corresponding plot of mean diameter of NPs as a function of molar percentage of cobalt 

content is presented in Fig. 3f. By fitting a polynomial function through these points, the 

plot shows a purely binomial formula y = 35.08 + 0.09x + 0.03x2 (where y represents the 

mean diameter of NPs, while x represents the molar percentage of cobalt(Ⅱ) precursor 

used for synthesis), which promotes us to predict the estimated average size of Co/ZIF-8 

NPs for any given molar ratio of Co(II) in precursor solution. 
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Recently, Zaręba et al. reported the heterometallic Co/ZIF-8 of tunable particle sizes 

using different ratios of cobalt doped directly via room temperature synthesis over a 

45 min period[46]. The plotting of particle size versus the cobalt content could be 

expressed using a biexponential formula. The particle size grows from 60 nm to over 

500 nm with the cobalt dopant concentration only from 60% to 100%. In striking contrast, 

the particle size is gradually tunable in different levels from 0% to 100% of cobalt doping 

in this work. Moreover, coefficient of variations (CV) is defined as the ratio of the 

standard deviation to the mean diameter. The smaller value of CV in this case represents 

narrower particle size distribution. CV of particle sizes for ZIF-8, 50% Co/ZIF-8 and 

ZIF-67 prepared by Zareba et al. are 19.0%, 18.8% and 25.6% respectively. However, 

the particles obtained via ultrasound-assisted synthesis method show highly uniform 

particle size distribution (i.e., CVZIF-8 = 11.4%, CVCo50/ZIF-8 = 12.6%, CVZIF-67 = 11.1%) 

in this work. Thus, it is demonstrated that combining the ultrasound approach with doping 

of the ZIF-8 structure shows greater fine control over the particle sizes in the range of 0% 

to 100% of cobalt doping. 

3.3. Growth Mechanism of Zn/Co-ZIF NPs 

In order to study the nucleation and growth mechanism of ZIF-8, ZIF-67 and Co-doped 

ZIF-8 via this ultrasound-assisted method, the crystals were extracted from the synthesis 

solution at various times (i.e., 30, 60, 90 and 120 s). PXRD results of ZIF-8, Co75/ZIF-8, 

and ZIF-67 particles at the first two minutes are consistent with the corresponding 

simulated structures, indicating the fast crystallization of ZIF crystals (Fig. S7). Moreover, 
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to better understand the change of the density of particle versus time during the synthetic 

process, ZIF-8 as an example, nuclei concentration change versus time is plotted in Fig. 

S8, which follows the LaMer mechanism of burst nucleation and subsequent growth[33, 

47]. The SEM Transmission Electron Diffraction (TED) images (Fig. 4) reveal the 

formation of ZIF particles at early stage of reaction, in agreement with the PXRD results. 

A large number of small ZIF-8 seeds (ca. 12 nm) appear at ~30 s (marked by red arrows 

in Fig. 4a), while the size of Co75/ZIF-8 seeds (Fig. 4d) is about 39 nm and the size of 

ZIF-67 seeds (ca. 82 nm) (Fig. 4g) is about 7 times larger than that of ZIF-8. It is worth 

mentioning that distinctly fewer nuclei of ZIF-67 form at 30 s. In this case, it is apparent 

that the small seeds diminish while the larger particles grow (Fig. 4b, e, h), which suggests 

an Ostwald ripening process[41, 48]. Impressively, some particles with hollow structure 

appear at ~90 s (Fig. 4c, f, i), suggesting that nucleation and growth may happen at the 

liquid-air interface due to ultrasound induced acoustic cavitation[49]. Thus, it can be 

proposed that nucleation dominates the crystal formation of ZIF-8, whereas in case of 

ZIF-67, rapid growth leads to the generation of larger ZIF-67 particles during the 

synthetic process, which is consistent with reported results[38, 39]. The different rates of 

nucleation and growth kinetics for Zn(II) and Co(II) in ZIF framework may result in the 

formation of a series of controllable and relatively monodisperse particle sizes with 

different levels of Co dopant. 

3.4. Gas Sorption 
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To explore the change of surface area and pore volume of ZIF particles upon different 

doping levels of Co, N2 adsorption/desorption experiments were conducted (Fig. S9). The 

surface areas of ZIF NPs were calculated as up to 1400 m2/g using the Brunauer-Emmett-

Teller (BET) model (Table 1). In contrast to results from Kaur et al. that Co75Zn25-ZIF-8 

exhibited highest surface area and pore volume among Co-doped ZIF-8 particles[27], 

Co/ZIF-8 NPs in our experiments manifest negligible difference in surface area, while 

ZIF-67 displays slightly higher surface area (1482 m2/g) and t-Plot micropore volume 

(0.678 cm3/g). However, the nanosized character of these ZIFs is expressed in the 

measured external surface area. External surface area for ZIF-8 oversees 16% from all 

surface area, and for Co25/ZIF-8 it decreases to 9%, however for ZIF-67 it is negligible 

(2.4%) (Table 1). The external surface area has high relevance to catalytic performance, 

as demonstrated by previous reports[16, 17]. Fig. S10 represents the analyzation of 

Barrett-Joiner-Halenda (BJH) adsorption pore volume. The as-synthesized ZIF powders 

process hierarchical porosity from 1 nm to ~180 nm, which is in accordance with the 

proposed TEM analysis (Fig. 3a-e). Noticeably, Co25/ZIF-8 displays the highest pore 

volume (1.031 cm3/g), which is 1.3 times than that of ZIF-8 and even 16 times than that 

of ZIF-67. The high surface area and hierarchical porosity properties of the series of Co-

doped ZIF-8 may contribute to enhanced gas storage capabilities for e.g. CO2 and CH4 

sorption, which will be further investigated in future studies. 

3.5. Water Stability and Catalytic Properties of ZIF NPs 
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For the environmental applications of ZIFs, water stability is of high relevance to 

recovery of heterogenous ZIF catalysts in the degradation of organic pollutants in water. 

Although ZIF-67 is unstable in water, it is obvious that both the crystallinity and structure 

of Co-doped ZIF (with Co content of 25%, 50% and 75%) particles were preserved after 

being kept in water for 24 h, as proven by PXRD results (Fig. 5a), which demonstrate that 

the presence of Zn(Ⅱ) in the framework can dramatically increase the chemical stability 

of Co-doped ZIF materials. 

As a proof of concept, degradation of Rhodamine B in water was conducted to assess the 

catalytic properties of ultrasound assisted synthesized ZIF nanocrystals. By calculating 

the decrease in the absorbance band of RhB (about 554 nm) to determine the decrease of 

the RhB concentration, the rate and extent of RhB degradation are shown in Fig. 5b. The 

control solution containing pure RhB with PMS presents a slight degradation (about 5%) 

after 1.5 h, indicating that PMS alone is ineffective for decolorizing RhB in water (Fig. 

S11). Moreover, when pure ZIF-8 is added into RhB solution with PMS, no obvious 

decolorization of RhB is observed (ca. 9%) (Fig. S12a). In contrast, after introducing 

Co-doped ZIF-8 (25 mg/L) into the degradation reaction, concentration of RhB is reduced 

to 15% after 90 min (Fig. S12b-d), indicating that the existence of Co(II) in ZIF-8 can 

facilitate RhB degradation in water by effectively activating PMS to generate sulfate 

radicals. 

To further investigate the influence of Co doping ratio and relative nanoparticle size on 

the catalytic performance, 25 mg/L of Co25/ZIF-8, Co50/ZIF-8 and Co75/ZIF-8 were added 
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into RhB solution with PMS, respectively. The kinetic data and rate constants of Co/ZIF-8 

are shown in Table S3 (0.175 ± 0.028, 0.263 ± 0.037 and 0.297 ± 0.058 min-1, for 

Co25/ZIF-8, Co50/ZIF-8 and Co75/ZIF-8, respectively). This result indicates that a higher 

amount of Co-doping can enhance the degree of PMS activation and afterwards promote 

the degradation of RhB. Interestingly, the equilibrium C/C0 of these three degradation 

reactions is comparable, indicating that even Co25/ZIF-8 can achieve efficient catalytic 

process. Moreover, since ZIF-67 is chemically unstable which would lead to the leaching-

out of the cobalt ion, it cannot be used in such applications. Thus, the experimental results 

prove the prospects that low Co doping can greatly enhance the catalytic performance of 

ZIF-8 with low catalyst loading and better water stability. 

4. Conclusions 

In this work, we synthesized and systematically characterized ZIF-8 and ZIF-67 particles 

via an ultrasound-assisted method. Based on the disparity in particle size of ZIF-8 and 

ZIF-67, size distributions were also investigated as a function of cobalt level in Co-doped 

ZIF-8 frameworks, and thus a purely binomial formula was established to fit the average 

diameter of ZIF NPs versus the molar percentage of cobalt content. Moreover, the 

nucleation and growth of ZIF NPs at early stages of reaction suggest that a mechanism of 

nucleation and subsequent Ostwald ripening govern the crystal formation of ZIF-8, while 

the growth dominates in the synthesis of ZIF-67. Finally, the catalytic properties of the 

Co/ZIF-8 crystals were appraised by investigating the capability to activate PMS for RhB 

degradation. Co doping is demonstrated to be of great importance in tuning the particle 
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size, physicochemical properties, and catalytic activity of ZIF-8 as a heterogenous 

catalyst, which paves the way to rational design and synthesis of novel porous MOF 

nanostructures for potential heterogeneous catalysis. 
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Table 1. Comparison of BET surface area (SBET), external surface area (Sext), microporous volume 

(Vt-plot micro), and BJH cumulative pore volume (VBJH) for ZIF NPs. 

Sample SBET (m2/g) Sext (m2/g) Vt-plot micro (cm3/g) VBJH
a (cm3/g) 

ZIF-8 1414 221 0.560 0.786 

Co25/ZIF-8 1456 130 0.622 1.031 

Co50/ZIF-8 1452 73 0.647 0.290 

Co75/ZIF-8 1459 49 0.662 0.155 

ZIF-67 1482 36 0.678 0.063 

aVBJH is the Barrett-Joiner-Halenda (BJH) adsorption cumulative volume of pores between 

1.700 nm and 300.000 nm diameter. 
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Figure Captions 

Fig. 1. (a) Schematic diagram of ultrasound-assisted synthesis of ZIFs. (b) Schematic diagram of 

crystal structure of ZIF-8, Co-doped ZIF and ZIF-67, respectively (blue and purple tetrahedra 

represent tetrahedrally-coordinated zinc and cobalt, respectively). (c) PXRD patterns of ZIF-8, 

ZIF-67, and simulated ZIF-8/67. (d) Thermogravimetric analysis of ZIF-8 and ZIF-67. SEM and 

TEM images of (e, g) ZIF-8 and (f, h) ZIF-67. 

Fig. 2. (a) PXRD patterns and (b) UV-Vis-NIR diffuse reflection spectra of Co-doped 

nanoparticles. STEM image and EDX mapping of (c-e) Co25/ZIF-8, (f-h) Co50/ZIF-8, and (i-k) 

Co75/ZIF-8, respectively. 

Fig. 3. TEM images along with particle size distribution histograms for (a) ZIF-8, (b) Co25/ZIF-8, 

(c) Co50/ZIF-8, (d) Co75/ZIF-8 and (e) ZIF-67, respectively. (f) A plot of average diameter of NPs 

as a function of molar ratio of cobalt. In the polynomial formula, y represents the average diameter 

of NPs expressed in nanometers, while x represents the molar concentration of cobalt(Ⅱ) in 

precursor solution. The error bars show the standard deviation of average NP size. 

Fig. 4. Nucleation and growth kinetics of ZIFs particles: SEM TED images of ZIF-8 after 

reactions for (a) 30 s, (b) 60 s, and (c) 90 s, respectively. SEM TED images of Co75/ZIF-8 after 

reactions for (d) 30 s, (e) 60 s and (f) 90 s, respectively. SEM TED images of ZIF-67 after 

reactions for (g) 30 s, (h) 60 s and (i) 90 s, respectively. 
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Fig. 5. (a) PXRD of Co-doped ZIF-8 in the presence of 0%, 25%, 50%, 75% and 100% of Co(Ⅱ), 

after being kept in water for 24 h. (b) Catalytic performance of ZIF-8 and Co-doped ZIF-8 to 

activate PMS in RhB degradation (ZIF = 25 mg/L, PMS = 150 mg/L, RhB = 50 mg/L). 
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Fig. 1. (a) Schematic diagram of ultrasound-assisted synthesis of ZIFs. (b) Schematic diagram of 

crystal structure of ZIF-8, Co-doped ZIF and ZIF-67, respectively (blue and purple tetrahedra 

represent tetrahedrally-coordinated zinc and cobalt, respectively). (c) PXRD patterns of ZIF-8, 

ZIF-67, and simulated ZIF-8/67. (d) Thermogravimetric analysis of ZIF-8 and ZIF-67. SEM and 

TEM images of (e, g) ZIF-8 and (f, h) ZIF-67. 
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Fig. 2. (a) PXRD patterns and (b) UV-Vis-NIR diffuse reflection spectra of Co-doped 

nanoparticles. STEM image and EDX mapping of (c-e) Co25/ZIF-8, (f-h) Co50/ZIF-8, and (i-k) 

Co75/ZIF-8, respectively. 

  



30 
 

 

Fig. 3. TEM images along with particle size distribution histograms for (a) ZIF-8, (b) Co25/ZIF-8, 

(c) Co50/ZIF-8, (d) Co75/ZIF-8 and (e) ZIF-67, respectively. (f) A plot of average diameter of NPs 

as a function of molar ratio of cobalt. In the polynomial formula, y represents the average diameter 

of NPs expressed in nanometers, while x represents the molar concentration of cobalt(Ⅱ) in 

precursor solution. The error bars show the standard deviation of average NP size. 
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Fig. 4. Nucleation and growth kinetics of ZIFs particles: SEM TED images of ZIF-8 after 

reactions for (a) 30 s, (b) 60 s, and (c) 90 s, respectively. SEM TED images of Co75/ZIF-8 after 

reactions for (d) 30 s, (e) 60 s and (f) 90 s, respectively. SEM TED images of ZIF-67 after 

reactions for (g) 30 s, (h) 60 s and (i) 90 s, respectively. 
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Fig. 5. (a) PXRD of Co-doped ZIF-8 in the presence of 0%, 25%, 50%, 75% and 100% of Co(Ⅱ), 

after being kept in water for 24 h. (b) Catalytic performance of ZIF-8 and Co-doped ZIF-8 to 

activate PMS in RhB degradation (ZIF = 25 mg/L, PMS = 150 mg/L, RhB = 50 mg/L). 


