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Abstract: Zeolitic imidazolate frameworks (ZIFs) have potential for various gas and ion separations 
due to their well-defined pore structure and relatively easy fabrication process compared to other 
metal-organic frameworks. As a result, many reports have focused on preparing polycrystalline and 
continuous ZIF layers on porous supports. In this study, we investigated how humidity and 
chamber temperature influence the structure of a ZIF-8 layer prepared by the hydrothermal method. 
We controlled the chamber temperature (ranging from 50 °C to 70 °C) and relative humidity 
(ranging from 20 % to 100 %) using a thermos-hygrostat chamber. We found that as the chamber 
temperature increased, ZIF-8 preferentially grew into particles rather than forming a continuous 
polycrystalline layer. By measuring the temperature of the reacting solution based on chamber 
humidity, we discovered that the heating rate of the reacting solution varied with humidity, even 
at the same chamber temperature. At higher humidity, thermal energy transfer was accelerated as 
water vapor delivered more energy to the reacting solution. Therefore, a continuous ZIF-8 layer 
could be formed more easily at low humidity ranges (ranging from 20 % to 40 %), while micron ZIF-
8 particles were synthesized at a high heating rate. Our findings suggest that controlling the heating 
rate of the reacting solution is critical to preparing a continuous ZIF-8 layer, particularly for future 
scale-up of ZIF-8 membranes. 

Keywords: zeolitic imidazolate framework; membrane; nucleation; relative humidity; solution 
heating rate 

 

1. Introduction 

Metal-organic frameworks (MOFs) are a promising class of porous materials for separation 
applications, such as adsorbents and membranes, due to their well-defined crystalline pore structure 
[1–3]. Compared to other porous nanomaterials like zeolites, MOFs can be fabricated into membranes 
using a relatively mild fabrication process without additional pore activation [4,5]. Among the 
subclasses of MOFs, the zeolitic imidazolate framework (ZIF) has received widespread attention 
because ZIF has a similar topology to zeolites with tetrahedral transition metal ions linked to 
imidazole-based ligands [6]. In particular, ZIF-8, which is constructed from Zn2+ and 2-
methylimidazole, is the most extensively studied ZIF material because its aperture size is suitable for 
hydrocarbon separation and hydrogen extraction and the aperture size can be easily tuned by ligand 
exchange or nanomaterial hybridization [7–10]. Therefore, significant efforts have been made to 
fabricate continuous ZIF-8 membranes such as in-situ synthesis (hydrothermal or solvothermal), 
contra-diffusion synthesis, epitaxial synthesis, oxide conversion, electrochemical deposition, and 
fluid processing [11–17]. 

Among the aforementioned preparation methods, in-situ synthesis (hydrothermal or 
solvothermal) is one of the common methods used for the synthesis of ZIF membranes due to its 
simplicity, scalability, and reproducibility [18–21]. In this method, a mixture of precursor solutions 
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containing metal ions and organic ligands is placed in a bottle and heated at elevated temperatures 
in the presence of water or other solvents. The resulting conditions create an environment that 
promotes the formation and growth of ZIF crystals on a porous substrate, which serves as the support 
for the ZIF membrane [21]. When the nucleated crystals are merged into a polycrystalline layer, 
membrane fabrication is achieved. However, even if the fabrication process is simple, the quality of 
the grown ZIF is highly sensitive to growth conditions, and the presence of small defects results in 
poor gas separation performance. 

Previous research has identified several factors that affect the microstructure and quality of 
synthesized ZIF-8 membranes, such as the nature of the zinc precursors (e.g., zinc nitrate, chloride, 
and acetate), solvent types (including polarity and precursor-solvent interactions), concentrations 
and molar ratio of metal ion/organic ligands [22–26]. In addition to these factors, we investigated the 
effect of relative humidity and chamber temperature on the structure of ZIF-8 layers formed during 
hydrothermal growth. We used a thermo-hygrostat chamber to control the temperature and relative 
humidity while conducting hydrothermal growth of ZIF-8 for one hour, recording the heating rate of 
the reacting solutions. We analyzed the morphology, crystallinity, and size distribution of the 
synthesized ZIF-8 particles under various reaction temperatures and relative humidity conditions. 

2. Materials and Methods 

2.1. Materials 

Zinc nitrate hexahydrate (Zn(NO3)·6H2O, 98 %, Sigma-Aldrich) and 2-methylimidazole (2-MIM, 
99.0 %, Sigma-Aldrich) were used as the metal and ligand sources. Glass substrate (Duran, 18 * 18 
mm) was used for ZIF-8 growth. All the chemicals and materials were used as purchased without 
further purification.  

2.2. Synthesis of ZIF-8 Layer with Different Humidity and Temperature 

To synthesize a ZIF-8 layer, zinc nitrate hexahydrate (5.5 g) and 2-MIM (105.5 g) were dissolved 
separately in 1 L of DI water to obtain zinc ion and 2-MIM solutions, respectively. Then, 100 mL of 
each solution was mixed at room temperature in a molar ratio of 1:45, which has been widely reported 
as optimal for continuous ZIF membrane growth [7,8]. We like to note that solvent can change the 
growth kinetics and morphology of ZIF particles, therefore, only water was used for this study. The 
mixed solution was placed in a thermo-hygrostat chamber as shown in Scheme 1, where temperature 
and relative humidity were precisely controlled. The temperature of the precursor solution was 
measured using a thermometer. The glass substrate was then immersed in the solution for 1 hour to 
allow ZIF-8 growth. Afterward, the substrate was immersed in DI water to remove any unreacted 
precursors and overgrown ZIF-8 particles. 

 

Scheme 1. Schematic for the experiment set-up for ZIF-8 growth. 
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2.3. Characterization 

The morphology of ZIF-8 crystal was observed using scanning electron microscopy (SEM, 7610F-
PLUS, JEOL) and x-ray diffraction (XRD) patterns by a film XRD system (Ultima IV, Rigaku, 3 kW 
sealed Cu Kα X-ray source, λ = 1.5406 Å). Fourier Transform Infrared Spectroscopy (FT-IR, ALPHA 
II, USA, Bruker) was used to determine the chemical bonding of the ZIF-8 films or particles. 

3. Results and Discussions 

3.1. Morphology of ZIF-8 Crystal Depending on Chamber Temperature and Relative Humidity 

The hydrothermal method is widely used to synthesize ZIF-8 membranes due to its ability to 
provide controlled growth conditions, resulting in high-quality crystals. It is a scalable and 
reproducible method that is relatively simple and cost-effective compared to other methods. ZIF-8 
membranes with excellent separation performance have been reported using the hydrothermal 
method [7,8]. In this study, we focused on the growth of ZIF-8 and the effect of growth conditions, 
specifically the relative humidity and temperature of the chamber, while keeping other growth 
conditions identical. Water was used as a solvent to avoid the solvent effect on the nucleation and 
growth of ZIF-8. We used a cover glass substrate for ZIF-8 growth, which was chosen for its simplicity 
and convenience in the ZIF-8 fabrication, as well as its similar chemical structure to conventional 
ceramic substrates such as alumina and silica with oxygen groups [27]. Firstly, ZIF-8 growth on a 
glass substrate was observed at 50 °C by varying the relative humidity from 20 % to 100 %, and the 
morphology and crystal structure were investigated (Figure 1). Our results showed that ZIF-8 films 
were continuous and highly crystalline at relative humidities between 20 % and 40 % (Figure 1a–c). 
However, at higher relative humidities, ZIF-8 crystals formed as island particles rather than a 
continuous film (Figure 1d–f). Notably, we observed large and highly crystalline ZIF-8 particles at 60 
% relative humidity, while small ZIF-8 particles were present above 80 % relative humidity. 

 
Figure 1. (a-f) SEM images, (g) XRD patterns and (h) FT-IR spectra of ZIF-8 crystals depending on 
relative humidity (20, 30, 40, 60, 80, and 100 %). The temperature of the chamber was 50 °C. 
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The crystal structure of ZIF-8 layer or particles was investigated using XRD, showing the major 
XRD six peaks of ZIF-8 within 20 degrees without clear differences (Figure 1g). The FT-IR 
investigation of ZIF-8 film or particles was also performed. ZIF-8 peaks, such as the stretching 
vibration of Zn-N bond at 426 cm-1, the aromatic sp2 bending of 2-MIM at 678 and 737 cm-1, and the 
stretching C-N bond at 1310 cm-1, were observed [28]. These results indicate that the morphology of 
grown ZIF-8 is highly influenced by the relative humidity of the chamber while other conditions were 
identical. However, their crystalline structure with various relative humidity were identical at 50 °C 
of the chamber temperature. 

In order to investigate the effect of temperature and relative humidity during the ZIF-8 growth, 
the chamber temperature was increased from 50 °C to 60 °C with relative humidities ranging from 
20 % to 40 % (Figure 2). Continuous ZIF-8 layers were not formed at 60 °C, with particle size varying 
depending on the relative humidity of the chamber. At 60 °C and 20 % humidity, ZIF-8 particle size 
was around 400 - 500 nm (Figure 2a). Increasing the relative humidity led to a significant increase in 
particle size, up to 1 μm (Figure 2b,c). Unlike ZIF-8 particles with high relative humidity at 50 °C, 
these ZIF-8 particles at 60 °C exhibited high crystallinity and chemical bonding with distinct facets of 
ZIF-8, possibly due to their large size (Figure 2d,e). It is known that deprotonation of 2-MIM can be 
facilitated at higher temperatures [29], leading to more nucleation of ZIF-8 seeds. However, the 
growth of relatively larger ZIF-8 particles at higher temperatures can be attributed to more facilitated 
particle growth than nucleation. 

 

Figure 2. (a-c) SEM images, (d) XRD patterns and (e) FT-IR spectra for the ZIF-8 grown on the 
substrates depending on relative humidity (20, 30, and 40 %) at chamber temperature of 60 °C. 

ZIF-8 particles were synthesized at 70 °C under relative humidity conditions ranging from 20 % 
to 40 % to investigate their growth at higher temperatures (Figure 3). Uniform and micro-sized 
particles were observed at 20 % relative humidity, as shown in Figure 3a. In contrast, ZIF-8 particles 
synthesized at 30 % and 40 % relative humidity appeared as clusters with low crystallinity, and the 
grain boundary of the ZIF-8 crystal was not observed clearly in Figures 3b and 3c. Interestingly, the 
XRD peaks of ZIF-8 particles synthesized at 20 % relative humidity were very sharp with a 
preferential (110)-orientation. While the reason is not clear at this point, the preferential orientation 
of ZIF-8 is interesting. Because this study is not focused on crystalline orientation, further study will 
be reported soon. The diffraction of 2-MIM for the ZIF-8 particles synthesized at 30 % and 40 % was 
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strongly observed near 18 degrees, indicating the growth of ZIF-8 particles by combining with 2-
MIM, as shown in Figure 3d. Notably, several FT-IR spectra in Figure 3e for ZIF-8 were observed at 
this temperature and relative humidity, indicating no significant change in the chemical bonding of 
ZIF-8. 

 

Figure 3. (a-c) SEM images, (d) XRD patterns and (e) FT-IR spectra for the ZIF-8 grown on the 
substrates depending on relative humidity (20, 30, and 40 %) at chamber temperature of 70 °C. 

3.2. Particle and Grain Size Distribution 

The effects of different temperature and relative humidity conditions on the size of ZIF-8 grains 
or particles are summarized in Figure 4. For polycrystalline ZIF-8 coating (sky blue area), most of the 
grain sizes ranged from 500 - 1200 nm, and no significant changes in grain size were observed. 
However, at a constant temperature of 50 °C, an increase in relative humidity (60 %) led to an increase 
in the grain size of ZIF-8 particles, reaching several micrometers from nanometers, followed by a 
dramatic decrease in grain size ranging from 300-700 nm, particularly at 80 % and 100 % relative 
humidity. Moreover, the particle size of ZIF-8 increased (yellow area) to several micrometers at 60 °C 
and 70 °C, regardless of the relative humidity. Notably, the ZIF-8 particles at 70 °C consistently had 
a large particle size of about 3 μm with a highly oriented crystal structure. Since the ZIF-8 layer used 
for the membrane fabrication is very thin (sub-micrometer thickness), the formation of micrometer-
scale particles is not suitable for producing a continuous polycrystalline ZIF-8 layer. Therefore, the 
importance of optimizing conditions such as temperature and relative humidity might be increased. 

To investigate the relationship between relative humidity and the growth mechanism of ZIF-8, 
the temperature profiles of the growth solution were measured at a chamber temperature of 50 °C 
for several humidity ranges. The temperature in the reacting solution was measured using a portable 
thermometer (Scheme 1). Figure 5a shows that the temperature of all solutions increased in the first 
15 minutes and then stabilized, indicating two different heating rate trends. The heating rate 
depending on the relative humidity was calculated in Figure 5b, which was determined from the 
slope of Figure 5a. The heating rate was similar at low humidity (20 – 40 %), ranging from 1 – 2 
°C/min, but it dramatically increased at high humidity (60 – 100 %), ranging from 2.5 – 3.5 °C/min. 
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Figure 4. ZIF-8 grain (or particle) size distribution depending on the temperature and relative 
humidity. Because crystallinity of ZIF-8 was not high at the relative humidity (30 and 40 %) and 70 
°C, the grain size was not measured. 

 
Figure 5. (a) Temperature profile and (b) the heating rate graphs of the reacting solutions during ZIF-
8 growth at 50 °C for different relative humidities. (c) A schematic diagram of the growth mechanism 
of ZIF-8 crystals depending on the heating rate of the reaction solution. 
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The presence of water vapor in the air can enhance thermal energy transfer due to the increased 
heat capacity of water molecules compared to dry air. This means that water molecules require more 
energy to raise their temperature, which can then be transferred to other objects or surfaces through 
convection or conduction. Therefore, even if the chamber temperature is the same, the real 
temperature of the reacting solution can significantly differ depending on the number of relative 
humidity. Due to that, competitive reactions between nucleation and crystal growth of ZIF-8 are 
occurred in the reacting solution, leading to different growth mechanisms and kinetics. Based on 
previous studies on ZIF-8 particle growth in solution, sometimes increasing the growth temperature 
can lead to an increase in the size of ZIF-8 particles because higher temperatures can increase the 
growth rate of ZIF-8 crystal [29]. On the other hand, high temperature can also facilitate the 
deprotonation of 2-MIM, which is favorable to form nuclei, leading to small particle size [30,31]. In 
addition, excessively high temperatures (above 70 °C) may not be suitable for ZIF-8 crystal formation. 
Therefore, continuous ZIF-8 coating process is highly complicated with various factors. 

To summarize, at a fixed temperature of 50 °C, the formation of enough ZIF-8 nuclei resulted in 
the formation of a polycrystalline film with a uniform grain size of 500 - 1200 nm at low heating rates 
of the reacting solution. However, at high heating rates (Figure 5c), insufficient ZIF-8 nuclei were 
formed, leading to island growth of ZIF-8 crystals with varying particle sizes. Furthermore, island 
growth with low crystallinity was also observed at higher temperatures of 60 °C and 70 °C. The 
precise relationship between growth temperature and particle size can vary depending on other 
factors such as precursor concentration, solvent, reaction time, and even by substrate [32,33]. 
Therefore, the critical temperature and relative humidity range suitable for membrane fabrication 
may differ based on experimental conditions and environmental factors. Nonetheless, our 
observations highlight the significance of considering chamber temperature and relative humidity, 
which have not been given much importance previously. 

4. Conclusions 

We demonstrated that the morphology of ZIF-8 can be dramatically influenced by the relative 
humidity and temperature of the chamber that is used for hydrothermal synthesis. Generally, the 
temperature of the chamber is considered as the growth condition, but in reality, the temperature 
change of the growth solution has a significant impact on the growth of ZIFs rather than the 
temperature of the chamber. To explore the impact of different parameters on ZIF-8 growth, we 
employed a well-controlled thermo-hygrostat chamber during the ZIF-8 growth reaction. During the 
in-situ growth of ZIF-8 in this chamber, we observed the ZIF-8 nucleation in the early stages, but the 
number of ZIF-8 nuclei varied depending on the temperature and relative humidity. As a result, 
different types of ZIF-8 films or particles formed. In particular, the heating rate of the reacting 
solutions varied accordingly, therefore, it is highly important to manipulate the heating rate or 
relative humidity for specific applications. Our study provides the first comprehensive report on the 
relationship between relative humidity and ZIF-8 growth tendencies. In particular, this phenomenon 
is crucial for the future manufacturing of large-area membranes. For large-scale synthesis, it is 
necessary to uniformly control the solvent temperature to ensure a reproducible membrane 
manufacturing process. Although the observed growth conditions are limited to the hydrothermal 
process, it implies that humidity and temperature control may also be important in other fabrication 
methods. 
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