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Abstract 

Zeolitic-imidazolate-frameworks (ZIFs) are crystalline microporous materials that have already shown 

promising application potential in areas such as gas adsorption and catalysis. Further research advances 

include studies on integrating ZIFs into nanodevice concepts. In detail for the application e.g. of electron-

beam-assisted structural modifications or patterning, there is a need to understand potential structural 

degradation processes caused by such electron beams.  

Advanced transmission electron microscopy (TEM) has demonstrated its ability to study structures at the 

nanoscale. Here, we systematically investigated electron-beam-induced loss in crystallinity in ZIF-8 under 

various experimental conditions, using as measure the attenuation of the intensity and the relative 

displacement of electron diffraction Bragg spots with increasing cumulative electron dose. The intensity 

and the fading of the {110} Bragg spots indicate the overall stability of the ZIF-8 unit-cell structure, while 

the {431} Bragg spots are a measure of the stability of ZIF-8’s micropore structure. We considered a 

relative loss of Bragg spot intensity of 37% as the threshold for the critical total electron dose, which was 

found to be different for different Bragg planes, with 35.6 ± 8.4 e-Å-2 for {110} and 11.4 ± 3.0 e-Å-2 for 

{431}. However, the critical dose per breakage of Zn-N bonds in a ZnN4 tetrahedra per different Bragg 

plane was found to be ~ 3 e-Å-2. This indicates continuous, simultaneous breakage of Zn-N bonds 

throughout the crystal, confirming radiolysis as the dominant damage mechanism.  

In addition, we investigated the effects of TEM experiment parameters, including acceleration voltage, 

electron dose rate, cryogenic sample temperature, in-situ sample drying, as well as change in conductivity 

of the sample substrate (e.g., graphene). Our results unravel the degradation mechanisms in ZIF-8 and 

provide threshold parameters for maximizing resolution in electron-beam-assisted experiments and 

processes. 
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1. Introduction 

Zeolitic-imidazolate-frameworks (ZIFs) constitute a novel category of microporous materials, 

demonstrating significant crystallinity within the broader class of metal-organic frameworks (MOFs) [1]. 

For example, ZIF-8, characterized by a sodalite (SOD) topology, has attracted widespread attention due to 

its well-defined structure and versatile applications in areas such as gas adsorption, separation, storage, and 

heterogeneous catalysis [2] [3]. With a framework formula of [Zn(mim)2] (mim = 2-methylimidazolate) 

and an I43m space group, ZIF-8 is a typical case of a microporous material with pores of comparably small 

size (around 1 nm) and a size of the pore’s opening aperture of around 3.4 Å [4].  

Despite its crystalline nature, MOF crystals inherently exhibit local, non-periodic structural aspects in 

surfaces and interfaces (i.e. disorder), which play a crucial role in influencing properties related to mass 

transport through the pores, molecule ad-/de-sorption rates, as well as to catalytic activity and selectivity 

[5] [6]. For example, the deliberate introduction of defects offers a means to manipulate the structure 

locally, e.g. its porosity, and generate active open metal sites within MOFs, enabling precise engineering 

of specific functions [7] [8]. Additionally, guest species, including atoms, few-atom clusters, nanoparticles, 

and molecules, can accommodate themselves in the ideal frameworks of MOF crystals, giving them 

stability through heterogenization of the guest species to enhance their properties for particular applications 

[9] [10] [11] [12] [13].  

For example, structure patterning using an electron beam (for example in e-beam lithography, EBL) is a 

promising approach for designing functional components that include ZIFs in various applications such as 

sensors, low-k dielectrics, and coatings[14] [15]. The benefits of using an electron beam for patterning ZIFs 

include high spatial resolution, the ability to create complex patterns, and the overall compatibility with 

standard micro- and nanofabrication processes. Controlled application of an electron beam enables a 

controlled local structural rearrangements within the ZIF crystals down to the unit cell level, i.e. controlled 

manipulation of the long-range order while retaining short-range structure [16], allowing tailor-made 

patterning of ZIF/MOF materials [14] [15]. However, to understand the structural changes, stability, and 

amorphization behavior of ZIFs, a detailed knowledge about the underlying mechanism of sequential loss 

of crystallinity of ZIFs under electron beam irradiation is required. Furthermore, this can contribute to the 

development of new synthesis methods, improved materials design, and enhanced performance of ZIF-

based applications. 

Fortunately, such insights can be gained through detailed studies using advanced transmission electron 

microscopy (TEM). TEM is a very valuable tool for investigating local structures, structural 

transformations, and MOF stability during the exposure of electron beams on the nanoscale [17] [18] [19]. 

Recent developments in TEM, such as the flexibility in selecting the appropriate acceleration voltage, the 

utilization of low electron doses, and observing the material at low sample temperatures, have been pivotal 

in minimizing the effect of the electron beam on the beam-sensitive MOFs [20] [21]. For example, several 

low electron dose techniques have been developed, including three-dimensional electron diffraction 

(3DED) [22], imaging through direct-detection electron-counting (DDEC) cameras [23], and Integrated 

Differential Phase-Contrast Scanning Transmission Electron Microscopy (iDPC-STEM) [24].  

These approaches enable the exploration of MOFs with increased resolution and precision in TEM 

experiments without structural perturbations. In their study, Zhu et al. preserved the structural integrity of 

ZIF-8 during the experiment by capturing TEM images on a DDEC camera using an exceptionally low dose 

of 4.1 e-Å-2 [8]. The resulting image conveyed structural details up to 2.1 Å, enabling the resolution of 

individual atomic columns within the Zn and imidazole linkers of the framework. Notably, they observed 

that ZIF-8 experiences a rapid loss of crystallinity, transitioning to an amorphous state when the 
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accumulated dose reaches approximately 25 e-Å-2, and complete loss in crystallinity occurs at a cumulative 

total dose of 75 e-Å-2. The assessment of crystallinity loss was based on the fading intensity of Bragg 

diffraction spots, yet a quantitative measurement correlating the cumulative dose to the extent of 

crystallinity loss was not provided. However, to understand the relationship between cumulative dose and 

achievable TEM imaging resolution, a measurement of the cumulative dose up to which the structural 

integrity is preserved, known as critical dose, should be measured for various lattice (Bragg) planes. 

Li et al. used cryogenic electron microscopy (cryo-EM) to stabilize the structure and resolved the atomic 

surface of ZIF-8 and investigated its interaction with guest CO2 molecules [25]. They observed that ZIF-8 

becomes amorphized at an accumulated dose of around 50 e-Å-2 at room temperature when using an 

acceleration voltage of 300 keV. The sample, when kept at -170 ℃ during the cryo-EM experiment, showed 

partial loss of crystallinity at a cumulative dose of 90 e-Å-2, determined by measuring the fading of 

normalized intensity of spots in the fast Fourier transform (FFT) pattern obtained from HRTEM images. 

They reported that imaging ZIF-8 under cryo temperature at 300 keV improves the damage tolerance by a 

factor of two, as compared to imaging at room temperature. The effect of cryo temperature at lower 

accelerating voltage on the damage tolerance and the critical dose is still unexplored. 

Patterson et al. used liquid cell TEM (LC-TEM) to understand the self-assembly and growth of ZIF-8 under 

different synthetic conditions and its effects on particle size [26]. The relationship between dynamics of 

particle growth of ZIF-8 was established with synthetic conditions at different electron dose rate and total 

accumulated dose, as well as at different accelerating voltages. Therefore, it is also important to investigate 

the accelerating voltage's effect on the measured critical dose and the electron dose rate in e-Å-2 s-1, i.e. how 

many electrons interact with ZIF-8 per Angstrom area in 1 sec. Further, in the quantitative and accurate 

measurement of critical dose it is very important to distinguish between dose dependent crystal damage vs 

structural changes introduced due to external stimuli during in-situ TEM experiments such as temperature. 

Jain et al. explored the influence of cryogenic temperatures, accelerating voltage, graphene as the TEM 

substrate material and studied their effects on prolonging the lifetime of the PbPc crystal structure during 

the TEM investigation[27]. Since ZIF-8 is non-conducting, using conducting substrate, such as graphene, 

could potentially reduce the sample charging effect during TEM imaging. The effect of conducting substrate 

on the critical dose for ZIF-8 has not been studied so far. 

The electron beam-induced degradation of ZIF-L, another ZIF structure, was studied using fading of Bragg 

spot intensities in electron diffraction (ED) pattern as well as shifts in bond energies using electron energy 

loss spectroscopy (EELS). They reported a two-stage degradation process when exposed to the electron 

beam: a structural damage up to a full amorphization of ZIF-L, and, second, a molecular breakdown of the 

organic 2-methylimidazole linker[28]. The mechanism of damage of unit cell and the loss of crystallinity 

during the first stage of structural damage has not been studied further. 

Here, we systematically investigated the effect of electron beam exposure under various experimental 

conditions on the crystallinity state of ZIF-8, using as quantitative measure the attenuation (i.e. fading) of 

the intensity and the relative displacement of ED Bragg spots with increasing cumulative electron dose. 

Bragg spots corresponding to low index planes such as {110}, {211}, {220} and {200} as well as high 

index planes such as {400} and {431} are used as indicators of the stability of structural features in ZIF-8 

crystals (e.g. of ZnN4 tetrahedra). For example, the intensity and the fading of the {110} Bragg spots in the 

ED pattern provide information about the stability of the overall ZIF-8 unit-cell structure, while the 

continuous presence of {431} Bragg spots indicates that ZIF-8’s pore aperture is still intact.  

The measurement of the critical electron doses for such intensity fading and for relative displacement of 

different crystal planes provides insights about the sequential loss in ZIF-8’s crystallinity as a function of 
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critical cumulated electron dose and allows to elucidate the underlying damage mechanism. The individual 

critical doses for all of the above-mentioned Bragg planes were quantitatively determined at the point where 

the Bragg spot lost 37 % in intensity, which interestingly coincides with the observed relative displacement 

of Bragg planes by 37% [27] [29] [30].  

It is significant to quantify the critical electron dose limit specifically for the {431} Bragg planes, as this is 

a measure of the limit in electron beam exposure up to which the pore structure remains intact. And this 

directly affects ZIF-8’s applications, as the interconnected gates with definite aperture size play a crucial 

role in gas adsorption[31] and gas separation[32].  

We investigated the effects of TEM experiment parameters, including acceleration voltage, electron dose 

rate, as well as change in conductivity of the sample substrate (e.g., using graphene) as protective measures 

to further elucidate on their effects on the damage caused by the electron beam. Further, the effect of 

temperature was investigated, such as cryo temperature and sample drying at 125°C in vacuum. 

The effect of the critical cumulative dose obtained from the ED studies were confirmed in a high-resolution 

TEM (HRTEM) experiment showing lattice fringes in an HRTEM image of a ZIF-8 particle.  

 

2. Materials and Methods 

2.1. ZIF-8 synthesis: 

ZIF-8 MOF was synthesized using wet chemical synthesis method mentioned elsewhere [13]. A solution 

containing 775 mg of 2-methylimidazole (9.44 mmol) dissolved in 10 mL of methanol (MeOH) was mixed 

with a solution of 350 mg of Zn(NO3)2·4H2O (1.34 mmol) in 10 mL of MeOH at 50 °C. The resulting 

suspension was stirred for 5 minutes and aged for 10 minutes. The suspension was then centrifuged, washed 

with tetrahydrofuran (THF) (3×10 mL), and then dried in vacuum. The final product was a white powder 

with a weight of 66 mg. 

2.2. TEM sample preparation: 

For TEM sample preparation, 1mg of quantity of ZIF-8 powder was dispersed in 2ml of ethanol solution 

(70 wt.%) and ultrasonicated for 30 mins to obtain a colloidal solution. The solution was dropcasted on 

holey carbon (AGS147) and graphene coated Cu grid purchased from Agar Scientific (AGS179-GO4, 

suspended monolayer Graphene on TEM grid Quantifoil R2/4).  

2.3 Electron Diffraction experiment: 

The electron diffraction (ED) experiments at 300 keV were performed using a ThermoFisher Titan 

microscope equipped with a field emission gun. The microscope was operated in spot size 3 and the dose 

rate was tuned by adjusting the electron beam current using monochromator focus (gun lens) while keeping 

the exposure time and the illuminated sample area constant. The beam current was measured by capturing 

an image without the sample (vacuum) using a Gatan OneView camera with exposure time of 1 sec and 

then determining the average number of electrons per pixel. The dose rates were calculated by dividing 

beam currents by area of a pixel. Different dose rates such as 0.33, 0.5, 1 and 2 e-Å-2s-1 were used for the 

experiment as shown in Table 1. The screening of the TEM sample to locate the ZIF-8 particles was done 

in imaging mode at 10000x magnification with an exposure time of 40 µsec. The particle size is in the range 

of 150 nm to 230 nm with an average size of 180 nm. ZIF-8 has a cubic crystal structure (space group I43m, 

lattice parameter = 16.99Å) with large pores of 11.6 Å. The particles are homogeneously distributed with 

minimal overlap. As soon as the particles were observed, the beam was blanked, and the microscope was 
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switched to diffraction mode. The exposure time and camera length were set to 1 sec and 1.5 mm, 

respectively. The series of ED patterns were recorded at a constant dose rate until all the Bragg rings 

disappeared. All the experiments were repeated three times for better statistics. The ED patterns were 

recorded in 2k x 2k size with pixel size of 0.0069 1/nm.  

The diffraction experiment at 200 keV was performed using a ThermoFisher Tecnai G2 microscope with 

LaB6 gun. The microscope was operated in spot size 9 keeping the exposure time of 1 sec and beam diameter 

of 2µm constant. The beam current was measured using screen readout calibrated using a Faraday cup. The 

dose rates of 1 e-Å-2s-1, used for the experiment, were calculated by dividing beam current of 0.050 nA with 

an area of a beam with radius of 1µm. The sample screening was done in imaging mode at 11000x 

magnification with an exposure time of 40 µsec. As soon as the ZIF-8 particles were in the field of view, 

the beam was blank, and the microscope was switched to diffraction mode. The exposure time and camera 

length were set to 1 sec and 1.5 mm, respectively. The series of ED patterns were recorded using a TVIPS 

camera at a constant dose rate until all the Bragg rings disappeared. All the experiments were repeated three 

times for better statistics. The diffraction patterns were recorded in 768 x 768 size with pixel size of 0.024 

1/nm.  

2.4. HRTEM imaging: The HRTEM imaging was performed at 300 keV using a ThermoFisher Titan 

microscope with field emission gun and monochromator. The search for the best sample area was done in 

real space at a dose rate of 0.01 e-Å-2s-1 at 5000X. A well faceted ZIF-8 particle with hexagonal shape, 

presuming oriented along [111] zone axis, was selected for HRTEM imaging. Magnification was increased 

to 87000X, the ZIF-8 particle was imaged with an approx. electron dose rate of 0.5 e-Å-2s-1. The beam was 

blanked at any intermediate stage. At last, the magnification was increased to 145 kX, the HRTEM was 

acquired at a dose rate of 5.2 e-Å-2s-1 with an exposure time of 3 seconds. The total cumulative dose of the 

HRTEM imaging was around 19 e-Å-2. The power spectrum is calculated from the modulus of the complex 

Fast Fourier Transform (FFT) from the HRTEM image.  

2.5. Cryo experiment: The ZIF-8 particles were drop casted on a Cu TEM grid and then loaded on a Gatan 

626 cryo holder at room temperature. Cryo TEM experiments were done using a ThermoFisher Tecnai 

microscope operated at 200 keV and a ThermoFisher TITAN operated at 300 keV respectively. After 

inserting the holder into the microscope, the sample was cooled down to -176 ºC using liquid N2. After 

waiting for 30 mins to stabilize the temperature, the ED series acquisition process is the same as described 

in the diffraction experiment. The dose rate and exposure time were kept constant at 1 e-Å-2s-1 and 1 sec 

respectively for both experiments. 

2.6. Heating experiment: The ZIF-8 particles were drop-casted on a Cu TEM grid with holey amorphous 

carbon support. The heating experiment was performed in a ThermoFisher Titan microscope operated at 

300 keV using a Gatan INCONEL heating holder. The sample was heated from room temperature to 125°C 

at a heating rate of 1 °C per sec and then the temperature was held for 1 hour. Then the diffraction series 

acquisition was carried out. Later, the sample was cooled down to room temperature and again diffraction 

series acquisition was done. The dose rate and exposure time were kept constant at 1 e-Å-2s-1 and 1 sec, 

respectively, in both experiments. 

2.7. Data analysis: 

The indexing of Bragg rings in the electron diffraction pattern of ZIF-8 was done using Gatan Digital 

Micrograph GMS 3.5 software. The measurement of radial averaging of intensity of Bragg planes was done 

using a MATLAB script. To measure the relative peak intensities of the Bragg planes in the series, the last 

diffraction pattern of the series (i.e. with no Bragg spots present anymore) was used as the background for 

all diffraction patterns in the series. To obtain the peak intensities of the Bragg planes of the first diffraction 
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pattern, as shown in fig. 1(f), the intensities in the last diffraction pattern were considered as the background 

(i.e. the red curve was subtracted from the blue curve). The same process was applied to all the diffraction 

patterns as a function of cumulative dose, while keeping the dose rate constant. The maximum radial 

average intensity of selected Bragg planes and their position in reciprocal space were measured vs. 

cumulative dose. The fading of relative intensity of Bragg planes were measured to estimate the critical 

dose. Also, the expansion in the diameter of the Bragg rings in reciprocal space with cumulative dose (i.e. 

the shrinkage in the Bragg planes in real space) was measured. The mean and standard deviation of the 

critical dose are calculated from three different diffraction experiments.  

 

 

3. Results: 

Fig. 1(a) shows the low magnification 300 kV TEM image of multiple ZIF-8 particles supported on holey 

amorphous carbon using low dose rate condition of 1 e-Å-2s-1. The particle size is in the range of 150 nm to 

230 nm, with an average size of 180 nm. The left inset in fig. 1(a) shows the HRTEM image of single ZIF-

8 particle acquired at a dose rate of ca. 5.2 e-Å-2s-1, with an exposure time of 3 sec and a total accumulated 

dose of around 19 e-Å-2. The right inset in fig. 1(a) shows the power spectrum from the ZIF-8 particle, 

oriented along [111] direction. The {110} and {211} Bragg spots are resolved. Fig. 1(b) shows the ring 

electron diffraction (ED) pattern of several ZIF-8 particles recorded with electron dose rate of 1 e-Å-2s-1 and 

an exposure time of 1 sec. Details about estimating the applied electron dose rate is described in the Methods 

section. The highest spatial frequency obtained from the diffraction pattern is 7 nm-1 marked with green 

circle in fig. 1(b), which corresponds to a spatial resolution of ~1.4 Å. The Bragg planes with increasing 

spatial frequency are marked with red dotted circles in fig. 1(b) as follows: {110}, {200}, {211}, {222}, 

{400}, and {431}.  

We have also observed the same trend in the loss of crystallinity of ZIF-8 as reported in [8], from the fading 

of intensity of Bragg rings, as shown in fig. S1(a-c).  

ZIF-8 has a cubic crystal structure (space group I43m, lattice parameter = 16.99Å) with large pores of 11.6 

Å, the perspective view and top view along {111} direction is shown in fig. 1(c) and 1(d) respectively. The 

location of the Bragg planes (that are marked with red circles in fig. 1(b)) are indicated in the model of a 

ZIF-8 unit cell in fig. 1(c) and 1(d), respectively. The pores in the unit cell are interconnected using the 

gates with aperture size of 3.4 Å shown (with a yellow circle) in fig. 1(d), which is represented by {431} 

planes, shown by the larges red circle in the ED pattern in fig. 1(b).  

The radial averaging of the intensity of the Bragg planes is plotted in fig. 1(e) as a function of spatial 

frequency measured from the center of the diffraction pattern. Blue and red curves represent the average 

radial intensity profile of the first and last diffraction pattern, respectively. The first diffraction pattern (blue 

curve) exhibits the average intensities of the Bragg rings due to elastic scattering whereas the last diffraction 

pattern (red curve) shows the average intensities of the background caused by inelastic electron scattering 

on the now fully amorphous ZIF-8. The subtracted radial intensity profile of the first and second last 

diffraction pattern is shown in fig. 1(f), which signifies that a complete loss of crystallinity has occurred at 

the end of the diffraction pattern time series. 

 

https://doi.org/10.26434/chemrxiv-2024-v3w9x ORCID: https://orcid.org/0000-0001-5201-8972 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-v3w9x
https://orcid.org/0000-0001-5201-8972
https://creativecommons.org/licenses/by/4.0/


 

https://doi.org/10.26434/chemrxiv-2024-v3w9x ORCID: https://orcid.org/0000-0001-5201-8972 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-v3w9x
https://orcid.org/0000-0001-5201-8972
https://creativecommons.org/licenses/by/4.0/


Fig. 1. (a) low magnification phase contrast TEM image of the ZIF-8, supported on holey amorphous 

carbon, at 300 keV (inset, left: HRTEM lattice image of ZIF-8 particle; inset, right: power spectrum from 

the lattice image along [111] zone axis). (b) electron diffraction (ED) pattern of several ZIF-8 particles (at 

an electron dose rate of 1 e-Å-2s-1) showing the Bragg planes with red rings. (c, d) Crystal structure of ZIF-

8 generated using VESTA software [33] showing perspective view and along [111] direction respectively. 

The Bragg planes such as {110}, {200}, {400}, {211}, {222} and {431} are shown in fig. 1(c) and 1(d) 

respectively. The pore aperture of 3.4 Å is shown with yellow circle in fig. 1(d). (e) Plot showing radial 

averaging of the intensity of Bragg planes as a function of spatial frequency from the center of the 

diffraction pattern of first and last diffraction pattern of the series. (f) Plot showing the subtracted radial 

intensity profile of first and second last diffraction pattern with marked Bragg planes. 

 

The critical dose is now measured by analyzing the amount of fading of the subtracted peak intensity of the 

Bragg rings as a function of cumulative dose. It is reported in literature that a cumulative dose is considered 

as the critical dose when the relative intensity of the Bragg ring decreased by 1/e (i.e. by 37 %) [27] [29] 

[30]. The peak maxima of {110} and {431} Bragg rings are measured and relative intensities of the {110} 

Bragg rings are plotted as a function of cumulative dose in fig. S1(d). Along with the fading of the relative 

intensity, it was noticed that the radius of the Bragg rings also increases with increasing cumulative dose, 

which is observed by the outward shift of the position of the peak maxima on a linear scale as shown in fig 

S1. The displacement in the reciprocal lattice parameters of different Bragg planes such as {110}, {200}, 

{211}, {222} and {431} as a function of cumulative dose is shown in fig. S1(e-i) respectively. This increase 

in spatial frequency is a measure of the shrinkage in the lattice spacing in real space. The initial and final 

real-space lattice parameter of {110} Bragg plane is measured as 12.2 Å and 11.0 Å respectively, and the 

total lattice plane shrinkage is measured as 1.2 Å, as shown in fig. S1(d). Relative displacement as a function 

of cumulative dose is measured as the ratio of displacement of Bragg plane at certain accumulated dose and 

total displacement. The relative intensity and relative displacement of {110} Bragg ring as function of 

cumulative dose is plotted in fig. 2(a) using a blue and a red curve, respectively. 

The critical dose for the {110} Bragg plane is considered when the relative {110} intensity drops by 1/e 

(37 %). Therefore, the critical dose for the {110} in ZIF-8 is around 35 e-Å-2, as marked by a blue line in 

fig. 2(a).  

As mentioned, we observed a simultaneous shrinkage in the ZIF-8 unit cell size. The lattice parameter of 

{110} Bragg plane at the beginning of the experiment was 12.20 ± 0.07 Å. As the cumulative dose increases, 

the lattice parameter of {110} Bragg plane starts decreasing and reaches the final value of 11.00 ± 0.12 Å. 

The total shrinkage in the {110} Bragg plane was 1.25 ± 0.14 Å. 

Interestingly, when we now consider the critical dose for {110} Bragg plane as the cumulative dose at 

which the Bragg plane is simultaneously displaced relatively by 1/e (a shrinkage by 37%), then the critical 

dose for the {110} in ZIF-8 is around 33 e-Å-2, marked by red line. The 37 % shrinkage at the critical dose 

was measured with 0.41 ± 0.05 Å. This indicates that the ZIF-8 is considered to maintain crystallinity if the 

shrinkage in 110 Bragg plane is less than 0.4 Å.  
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Fig. 2 (a) Fading of relative intensity and relative displacement of {110} Bragg plane with cumulative dose; 

blue and red arrow shows the (1/e) times relative intensity and relative displacement of {110} Bragg plane 

respectively, measured as critical dose. (b) Comparison of measured critical dose from fading of relative 

intensity and relative displacement respectively. 

Statistical analysis in fig. 2(b) shows that the critical dose calculated from the Bragg spot's fading intensity 

and the lattice plane's relative displacement in fact coincide, within the limits of standard deviations. 

 

 

Fig. 3 (a) Bar plot showing measured critical dose of different Bragg planes in ZIF-8 from low-index planes 

to high-index planes at dose rate of 1 e-Å-2s-1 (at 300 keV). (b) Comparison of critical dose of {110} and 

{431} Bragg planes with varying dose rates. 

Fig. 3(a) shows the measured critical dose for different Bragg planes, from low-index planes to high-index 

planes, at an electron dose rate of 1 e-Å-2s-1 and an accelerating voltage of 300 keV. It indicates that the 

critical dose of high index planes, such as {400}, {431} etc., is lower compared to the critical dose of low 

index planes, such as {110}, {200}, {211} and {222} etc.  
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The critical dose of {431} Bragg plane is 11.4 ± 3.0 e-Å-2 as the threshold up to which the ZIF-8 pore 

aperture stays intact. In HRTEM imaging beyond this critical dose, the crystalline porous structure cannot 

be resolved. As an example, the phase-contrast TEM image of ZIF-8 in fig 1(a) (left inset) was acquired 

with cumulative dose larger than 11 e-Å-2, hence, the {431} Bragg plane is already affected by the electron 

beam and is therefore absent in the corresponding FFT pattern. Detailed analyses show that the critical dose 

for {400} Bragg plane is 4.0 ± 1.2 e-Å-2. The {222} Bragg plane, which represents half of the body diagonal 

of the cubic ZIF-8 (see fig 1c, d), collapses when the critical dose exceeds 12.6 ± 5.6 e-Å-2. The {200} 

Bragg plane collapses as the critical dose exceeds 17.5 ± 7.4 e-Å-2, followed by the {211} Bragg plane with 

a critical dose of 24.0 ± 6.4 e-Å-2. At last, the {110} Bragg plane loses its crystallinity beyond the critical 

dose of 35.6 ± 8.4 e-Å-2.  

Table 1: Calculation of varying dose rates.  

S. No Average 

(e-/pixel) 
Std dev 

(e-/pixel) 
Pixel size 

(Å) 
Exposure 

time (sec) 
Area of pixel 

(Å
2
) 

Dose rate 
(e-Å

-2
s

-1
) 

1. 956.873 21.95 22.23 1 494.17 1.93±0.04 
2. 568.087 16.64 22.23 1 494.17 1.08±0.03 
3. 245.017 11.05 22.23 1 494.17 0.49±0.02 
4. 163.75 9.34 22.23 1 494.17 0.33±0.02 

 

Further, the effect of the electron dose rate on the critical dose of the ZIF-8 has been investigated.  

The TEM images of the electron beam in the vacuum region with varying beam current and corresponding 

line profiles of electron counts are shown in fig. S2(a-d) and S2(e-h), respectively. The average electron 

counts per pixel, pixel size and exposure time required for calculation of dose rates are given in table 1. 

Fig. S3(a-d) shows the diffraction patterns of ZIF-8 acquired at different electron dose rates of 2, 1, 0.5 and 

0.3 e-Å-2s-1, respectively, recorded with an exposure time of 1 sec. 

Further, in Fig. S4(a-c) the fading of relative intensity and the relative displacement of {110} Bragg plane 

as a function of cumulative dose is plotted for varying dose rates of 2.0, 0.5 and 0.33 e-Å-2s-1, respectively. 

The results of varying electron dose rate (0.33, 0.5, 1.0, and 2.0 e-Å-2s-1 on the critical dose of {110} and 

{431} Bragg plane is plotted in fig. 3(b). Interestingly, the critical dose for the {110} and the {431} Bragg 

plane do not change significantly when varying the electron dose rate between 0.33 and 2.0 e-Å-2s-1.  

In fig. 4, the effect of further experimental TEM parameters on the loss of crystallinity or critical dose is 

presented, such as incident electron energy (i.e. acceleration voltage), of the choice of TEM substrate 

material and sample temperature. Fig. 4(a) shows the effect of reducing the accelerating voltage from 300 

kV to 200kV and of changing the substrate material from holey carbon to conductive graphene (see Methods 

for details) on the critical dose of {110} and {431} Bragg plane at fixed dose rate of 1 e-Å-2s-1. A low 

magnification TEM image and ED pattern of the ZIF-8 particles supported on holey carbon are shown in 

fig. S5(a) and S5(b), respectively.  

While there is only a slight decrease in the critical dose of {431} Bragg plane from 11.4 ± 3.0 e-Å-2 to 8.7 

± 1.2 e-Å-2 when lowering accelerating voltage from 300 keV to 200 keV, whereas the decrease in the 

critical dose of the {110} plane is more severe from 35.6 ± 8.4 e-Å-2 to 12.7 ± 3.3 e-Å-2. For comparison, 

the fading of relative intensities of {431} and {110} Bragg rings at 200 keV is shown in fig. S5(c). Note: 
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The local peak maxima in the relative intensities of Bragg rings are results of particle reorientation during 

the exposure of electron beam at room temperature (RT) [34] [35] as well as at cryo-temperature [36] [37].  

 

Fig. 4(a) Comparison of varying accelerating voltage on the critical dose of 110 and 431 Bragg plane of 

ZIF-8 at dose rate of 1 e-Å-2s-1. (b) Bar plot showing effect of conducting substrate and cryogenic 

temperature on the loss of crystallinity of 110 and 431 Bragg plane of ZIF-8 at 200 keV with dose rate of 1 

e-Å-2s-1. 

To investigate the effect of the choice of the material to support ZIF-8 on the TEM grid (= substrate), the 

material was change from the standard holey carbon to single layer graphene with a better electron 

conductivity [27]. 

Fig. 4(a) shows the effect of switching to graphene as substrate on the loss of crystallinity of {110} and 

{431} Bragg plane of ZIF-8, at 200 keV and at 300 keV with a constant dose rate of 1 e-Å-2s-1. There is no 

significant effect on the critical dose of different planes when using graphene as TEM substrate material. 

In detail, a low magnification TEM image of ZIF-8 on graphene and the corresponding diffraction patterns 

are shown in fig. S6(a, b). Fig. S6(c, d) shows the diffraction patterns of ZIF-8 supported on graphene 

substrate at 300 and 200 keV, respectively. Fig. S6(e, f) shows the fading of relative intensity of {431} and 

{110} Bragg rings at 300 and 200 keV, respectively.  

At last, we examined the effect of the TEM sample temperature on the critical dose tolerance limit of ZIF-

8. The ZIF-8 is cooled down to cryogenic temperature and the critical dose of {431} and {110} Bragg 

planes are measured at 200 and 300 keV as shown in fig. 4(b). Fig. S7 (a, b) show the diffraction patterns 

of ZIF-8 cooled down to cryo temperature at 300 and 200 keV, respectively. Fading of relative intensity of 

{431} and {110} Bragg ring at 300 and 200 keV, respectively, under cryo temperature is shown in fig. 

S7(c, d). The critical dose of {431} and {110} Bragg planes at 200 keV were determined as 10.7 ± 2.5 e-Å-

2 and 19.7 ± 3.8 e-Å-2, respectively, which increased at 300 keV to 17.7 ± 2.6 e-Å-2 and 57.0 ± 9.2 e-Å-2, 

respectively. 

We also investigated if there is an effect of any potential presence of a residual volatile substance in the 

pores of ZIF-8, e.g. water/moisture or other solvents, which might cause additional interaction with the 

electron beam. To evaporate such substances in the TEM vacuum, the ZIF-8 sample was heated in the TEM 

to 125°C for 1 hour using an in-situ heating holder and subsequently cooled down back to RT. Fig. S8 (a, 

b) show diffraction patterns of ZIF-8 at 300 keV at 125°C and after it has been cooled down to RT, 

respectively. In fig. S8 (c, d), the fading of relative intensity of {431} and {110} Bragg ring, at 125°C and 
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at RT, is plotted. The critical dose of {431} and {110} Bragg plane at 125°C was measured as 7.3 ± 1.2 e-

Å-2 and 26.0 ± 0.8 e-Å-2, respectively, and plotted in fig. 4(b). After cooling down to RT, the critical dose 

for {431} and {110} Bragg plane was again around 10.0 ± 0.8 e-Å-2 and 34.0 ± 2.2 e-Å-2, respectively, close 

to the values at RT measurements (fig. 1).  

Table 2: Critical dose of {431} and {110} Bragg plane under different conditions. 

S. 

No 
Substrate 

Dose rate 

(e-Å-2s-1) 

Accelerating 

voltage 

(keV) 

Temperature 

(°C) 

Critical dose 

431 Bragg plane 

 (e-Å-2) 

Critical dose 

110 Bragg plane 

 (e-Å-2) 

1. 
Holey 

carbon 
1 200 RT 8.66 ± 1.24 12.66 ± 3.29 

2. Graphene 1 200 RT 9 ± 0.81 14 ± 2.44 

3. Graphene 1 200 -176 10.66 ± 2.49 19.66 ± 3.85 

4. 
Holey 

carbon 
1 300 RT 11.4 ± 3 35.6 ± 8.38 

5. 
Holey 

carbon 
2 300 RT 12 ± 2 37 ± 4.71 

6. 
Holey 

carbon 
0.5 300 RT 11.25 ± 3.11 31 ± 4.84 

7. 
Holey 

carbon 
0.33 300 RT 11 ± 0.81 35.33 ± 4.64 

8. Graphene 1 300 RT 10.66 ± 0.94 34.33 ± 4.027 

9. 
Holey 

carbon 
1 300 -176 17.66 ± 2.62 57 ± 9.20 

10. 
Holey 

carbon 
1 300 125 7.33 ± 1.24 26 ± 0.81 

11. 
Holey 

carbon 
1 300 Cooled to RT 10 ± 0.81 34 ± 2.16 

Table 2 summarizes the values of calculated critical doses of {431} and {110} Bragg planes when varying 

the electron dose rate, the substrate material, as well as the sample temperature. 

Discussion: 

To decode the mechanism of loss of crystallinity of ZIF-8 due to electron beam irradiation, we first need to 

understand the structure of ZIF-8 crystal itself. The fundamental building block of ZIF-8 comprises a single 

zinc atom linked with four imidazolate units, forming a tetrahedral structure. This arrangement, 

characterized by N–Zn bonds and N–Zn–N angles, embodies a composite framework integrating organic 

and inorganic components. The N-Zn bond is considered as weakest in ZIF-8 structure[38][39], which has 

the bond dissociation enthalpy of 353 KJmol-1[40]. Utilizing the flexible ZnN4 tetrahedra, a conceptual 

model featuring two fully adaptable gates emerges, including a 4-membered ring (4MR) and a 6-membered 

ring (6MR). Notably, the 6MR gate, with size of 3.4 Å, acts as the primary entry point for guest molecules, 

facilitating their transfer between adjacent cavities[41]. The 6MR gate or aperture size is represented by 

{431} Bragg plane. 

As the ZIF-8 crystal is exposed to the electron beam, the fading of intensity and displacement of Bragg 

planes indicates that the electron beam affects the structural integrity. The fading of intensity of Bragg plane 

indicates defect formation and bond breaking in the crystal, whereas the displacement in the Bragg plane 
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signifies volume shrinkage. The results of fig. 3(a) indicate that the high index planes (such as 400 and 431) 

fade faster as compared to low index planes (such as 110, 211 and 222). Fig. 5 also shows the relative 

displacement of different Bragg planes indicating that high index planes collapse first as compared to low 

index planes (at 300 keV). 

We have divided the loss of crystallinity of ZIF-8 into several steps depending upon the sequence of 

collapse of different Bragg planes. The left inset within the relative displacement vs cumulative dose plot 

in fig. 5. shows the pristine ZIF-8 unit-cell viewed along [110] directions featuring 4MR and 6MR. 

In step I, the relative intensity of {431} starts fading as shown in fig. S1(c) but there is no relative 

displacement observed up to a cumulative electron dose of 9 e-Å-2. The N-Zn bonds start breaking, leading 

to the formation of several point defects such as dangling linker (DL) and linker vacancy (LV) 

defects[42][43]. When the cumulative dose is below 9 e-Å-2, point defect density is low as well, and no 

lattice displacement has been observed. It is safe to assume that crystallinity is still intact, with just a few 

point defects present (as indicated with red lightening shape in Fig 5). 

 

Fig. 5 Schematic representing the step-by-step (step I to step VI) of loss in crystallinity of ZIF-8 with 

increasing cumulative dose. 

In step II, the increasing number of introduced point defects begins to lead to the formation of clusters of 

defects, such as defect-pairs or defect-triplets. First principal calculations have shown that the defect-triplet 

has lower formation energy as compared to defect-pairs[44]. The {431} Bragg planes, marked with blue 

lines in 6MR ring, start shrinking as the cumulative dose increases beyond 9 e-Å-2 and completely collapse 
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as the cumulative dose reaches a value of 25 e-Å-2. The formation of defect cluster surrounding the ZnN4 

tetrahedra causes the displacement of ZnN4 tetrahedra, leading to the shrinkage in the {431} planes. The 

total displacement of {431} planes was 0.1 Å before it completely collapsed, as shown in fig. S1(i), and the 

rate of change in relative displacement per unit dose was 0.047 (1/e-Å-2s-1) as measured from fig. S9(a), 

presented in table 3.  

In step III, as the 6MR gate or the aperture has collapsed, the displacement of {222} plane is still in progress. 

Displacement in {222} plane signifies the change in the interplanar spacing of ABC stacking along the 

body diagonal of the ZIF-8 unit cell. Each stacking contains 6 ZnN4 tetrahedra per unit cell as compared to 

3 ZnN4 tetrahedra in {431} planes. Therefore, a higher cumulative dose is required to break all these N-Zn 

bonds. As the cumulative dose exceeds 35 e-Å-2, the {222} plane has completely collapsed. The total 

displacement of {222} planes, before it completely collapsed, was 0.2 Å, as shown in fig. S1(h), and the 

rate of change in relative displacement per unit dose was 0.033 (1/e-Å-2s-1) as measured from fig. S9(b), 

presented in table 3.  

In step IV, the {211} plane collapses, which holds the 4MR with the 6MR. First principle calculations 

suggest that the formation of defect-triplet is more favorable in 6MR, whereas defect-pair formation are 

preferred in 4MR. There are 8 ZnN4 tetrahedra present in each {211} planes per unit cell, which is more 

then they are present in the {222} plane. Therefore, {211} planes undergo total displacement of 0.6 Å 

before collapse at cumulative dose greater than 45 e-Å-2, as shown in fig. S1(g). The rate of change in 

relative displacement per unit dose was 0.026 (1/e-Å-2s-1) as measured from fig. S9(c), presented in table 3. 

In step V, the 3D network or structure of the pore cavity, represented by the {110} planes, fully collapses. 

It contains 12 ZnN4 tetrahedra, which requires significantly higher cumulative dose as compared to other 

planes. The total displacement of {110} planes before it collapsed was 1.2 Å, as shown in fig. S1(e), and 

the rate of change in relative displacement per unit dose was 0.023 (1/ e-Å-2s-1) as measured from fig. S9(d). 

Beyond a cumulative dose of 55 e-Å-2, the amorphization of the ZIF-8 particle takes place. The bonds 

present in the imidazolate linker are stronger than the N-Zn bonds, therefore the imidazole units remains 

unaltered during the loss of crystallization process[28][40]. The sequence of loss of crystallinity of Bragg 

planes calculated from the rates of relative displacement in fig. S9 matches well with the fading of relative 

intensity of Bragg planes in fig. 3(a).  

Step 

No. 

Bragg 

Plane 

No. of 

ZnN4 

tetrahedra 

Total 

displacement 

(Å) 

Relative 

displacement 

per unit electron 

dose (1/e-Å-2s-1) 

Critical dose 

(e-Å-2s-1) 

Critical dose per 

ZnN4 tetrahedra 

(e-Å-2s-1) 

II 431 3 0.1 0.047 11.4 ± 3.0 3.0 ± 0.9 

III 222 6 0.2 0.033 12.6 ± 5.6 2.1 ± 0.9 

IV 211 8 0.6 0.026 24.0 ± 6.4 3.0 ± 0.8 

V 110 12 1.2 0.023 35.6 ± 8.4 3.0 ± 0.7 

Table 3: Comparison of critical dose per ZnN4 tetrahedra and relative displacement per unit electron dose 

of different Bragg planes. 

Comparing the critical dose and relative displacement of different Bragg planes (see Table 3) suggests that 

the critical dose required to break the Zn-N bonds in a ZnN4 tetrahedra is almost the same for all the Bragg 

planes, namely about 3.0 ± 0.9 e-Å-2, which means the breaking of Zn-N bonds occurs simultaneously 

throughout the crystal under the influence of an electron beam. Bragg rings of high index planes such as 

{431} fade and shrink in the beginning due to a smaller number of ZnN4 tetrahedra, whereas Bragg rings 
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of low index planes such as {110}, {211} and {222} with a higher number of ZnN4 tetrahedra fade slower. 

This degradation behavior of the crystal justifies the radiolysis damage mechanism [45]. 

The resolution achievable in HRTEM imaging of the ZIF-8 depends upon the total dose used in the 

experiment, and therefore the critical dose has a significant effect on the achievable resolution. If the 

cumulative dose is below 7 e-Å-2, high frequency planes can be resolved with achievable real space 

resolution of 2.1 Å [8]. The high-resolution porous network distinguished by two Zn triplets with spatial 

resolution 3.3 Å represented by {431} Bragg plane can be resolved up to cumulative dose of 11 e-Å-2. The 

{211} Bragg plane with a spatial resolution of 6.5 Å could be resolved up to cumulative dose of 24 e-Å-2. 

The HRTEM image shown in the left inset in fig. 1(a) shows {211} Bragg spot with a spatial resolution of 

6.5 Å with cumulative dose around 19 eÅ-2, which is much below the critical dose of the {211} Bragg 

plane. Hence, the critical dose estimated from the fading of relative intensity of Bragg planes such as {110} 

and {211} from our diffraction studies matches well with the Bragg planes resolved in experimental 

HRTEM imaging. The SNR ratio of the HRTEM image of ZIF-8 is relatively poor due to the limitation of 

the sensitivity of the camera. The use of DDEC camera with high sensitivity and low SNR has shown 

improved HRTEM image resolution when imaging ZIF-8 [8].  

Lowering the dose-rate during the HRTEM imaging process is one of the best practices to protect the sample 

from electron beam damage. Different materials respond differently with varying dose rates. In dose-rate 

dependent materials, the electron-beam-induced damage increases with increasing dose rate. Radiolysis, 

heating, and charging are common damage mechanisms in case of MOFs, zeolites, and organic 

compounds[45]. In ZIF-8 we didn’t find a dose-rate dependency of the critical dose, at least in the range of 

dose rates from 0.33 to 2 e-Å-2s-1 studied here, as shown in our results in fig. 3(b). The number of electrons 

interacting with the sample in unit time seems not to affect the damage mechanism in ZIF-8. The cumulative 

dose on the material is more significant. Once the cumulative dose exceeds a threshold value, the ZIF-8 

loses its crystallinity[28]. The smaller current density over a long exposure will have the same effect as 

high current density over a short exposure. Hence, the dose rate around 0.1 e-Å-2s-1 can be used during any 

pre-imaging process in the HRTEM experiment to keep the cumulative dose low. The pre-imaging process 

consists of three stages; 1. Initial TEM sample screening in low magnification to find the right particle, 2. 

Zone axis alignment in diffraction space and 3. Focusing for taking the HRTEM image. The high dose over 

short exposure time should be used during image acquisition with a dose rate of around 1-5 e-Å-2s-1.  

Our study shows that higher accelerating voltage is more suitable in mitigating beam induced damage. The 

critical dose of {431} and {110} Bragg planes improves by a factor of 1.29 and 2.79 by increasing the 

accelerating voltage from 200 to 300 keV. The interaction cross-section is smaller at higher accelerating 

voltage, which helps in reducing the radiolysis damage[45][46]. 

ZIF-8 is non-conducting in nature which could lead to sample charging and heating in a TEM experiment. 

To reduce the effect of charging, conducting substrates such as single layer graphene can be used. A 

graphene substrate or a graphene encapsulation can lower the electronic excitation generated by the 

interaction of the incident electrons with the materials, which leads to reduction in electron beam damage 

[27][47]. We also used holey carbon [48] and single layer graphene substrate to investigate the effect of the 

substrate material on the loss in crystallinity of ZIF-8. In our experiments, no significant effect of using 

graphene substrate has been observed. The probable reason could be a minimal adhesion between the ZIF-

8 and the graphene substrate [49].  

Cooling at cryogenic temperature improves the critical dose of {431} and {110} Bragg plane by a factor of 

1.5 and 1.6 as compared to room temperature measurement at 300 keV. Whereas the improvement at 200 

keV is 1.1 and 1.4 times for {431} and {110} Bragg planes. Lowering the temperature is effective in 
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enhancing dose tolerance as it mitigates the impact of sample heating. By reducing the diffusion of 

secondary radicals generated during electron beam interaction, cooling helps minimize the underlying 

damage mechanism[50][45]. The formation of thick ice crystals can induce sample drift and also reduce 

signal-to-noise during imaging[23]. On the other hand, increasing the temperature to 125°C decreased the 

critical dose of {431} and {110} Bragg plane by a factor of 0.64 and 0.73, respectively, as compared to RT 

measurement at 300 keV. The contribution from the higher lattice vibration at elevated temperatures 

promotes bond breaking and leads to a reduction in the critical dose [46]. No significant effect of sample 

drying in vacuum was observed.  

Conclusion: 

In this study, we quantitatively investigated the critical dose tolerance of ZIF-8 using fading intensity of 

Bragg spots in diffraction space and verified with displacement of Bragg planes method. Measurement of 

the critical dose of {110} Bragg plane from both methods provides relatively close values. The 

measurement of the critical doses and relative displacement of different planes measurement provides 

further information about the mechanism of loss of ZIF-8’s crystallinity as a function of critical cumulated 

electron dose. The high index planes, such as {431} with a lower number of ZnN4 tetrahedra per unit cell, 

collapse twice as fast compared to {110} planes. The critical dose to break Zn-N bonds in one ZnN4 

tetrahedra is consistent across Bragg planes at about 2.96 ± 0.85 e-Å-2, indicating simultaneous bond rupture 

throughout the crystal, confirming that the radiolysis damage mechanism will be dominate in TEM imaging 

experiments as well as in other electron-beam processes such as EBL. The critical dose limit to resolve 

6MR gate or aperture during HRTEM imaging without introducing any lattice displacement is around 9 e-

Å-2. ZIF-8 seems to be a dose-rate independent material. Once the cumulative dose exceeds a threshold 

value, ZIF-8 loses its crystallinity.  

Hence, for HRTEM image acquisition an electron dose rate of about 1-5 e-Å-2s-1 over short exposure time 

of few seconds should be used. A higher accelerating voltage, preferably 300 keV is more suitable for 

reducing beam-induced damage. No significant effect of using graphene as a conducting substrate was 

observed at any accelerating voltage. Using cryo temperatures seems to mitigate the electron beam induced 

damage and improves the critical dose considerably, as compared to room temperature measurement at 300 

keV. No significant effect of sample drying in vacuum has been observed.  
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Fig. S1 (a-c) Diffraction patterns of ZIF-8 acquired at a dose rate of 1 e-Å-2s-1 with cumulative dose of 1, 

25 and 75 e-Å-2, respectively. (d) Plot showing the fading of relative intensity of 431 and 110 Bragg ring as 

a function of cumulative dose at 300 keV at dose rate of 1 e-Å-2s-1. (e-i) Average reciprocal lattice spacing 

of 110, 200, 211, 222 and 431 Bragg plane as a function of cumulative dose. 

 

 

 

 

Fig. S2(a-d) Phase contrast images of the electron beam in the vacuum region with varying beam current 

and corresponding dose rates of 2, 1, 0.5, 0.33 e-Å-2s-1, respectively. (e-h) The corresponding line profiles 

of electron counts per sec or beam currents.  
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Fig. S3(a-d) Electron diffraction patterns of ZIF-8 acquired at different electron dose rates of 2, 1, 0.5 and 

0.3 e-Å-2s-1 respectively at 300 keV. 
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Fig. S4 (a-c) Fading of relative intensity and relative displacement of 110 Bragg plane with cumulative 

dose with varying dose rates of 2, 0.5 and 0.33 e-Å-2s-1 respectively at 300 keV. 
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Fig. S5(a) Low magnification phase contrast TEM image of the ZIF-8 particles with a beam diameter of 2 

µm and beam current of 0.050 nA at accelerating voltage of 200 keV. (b) Electron diffraction pattern of 

ZIF-8 supported on holey carbon (c,d) Comparison of fading of relative intensity of 431 and 110 Bragg 

rings at 200 keV. Critical doses of 431 and 110 planes are represented by the blue and the orange arrow 

respectively. 
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Fig. S6(a) Low magnification phase contrast TEM image of the ZIF-8 particles on graphene substrate. (b) 

Electron diffraction pattern showing Bragg spots of graphene film with hexagonal symmetry. (c, d) 

Diffraction pattern of ZIF-8 supported on graphene substrate at 300 and 200 keV respectively. (e, f) Fading 

of relative intensity of 431 and 110 Bragg ring at 300 and 200 keV, respectively. Critical doses of 431 and 

110 planes are represented by the blue and the orange arrow respectively. 

 

Fig. S7 (a, b) Electron diffraction patterns of ZIF-8 under cryo temperature at 300 and 200 keV 

respectively. (c, d) Fading of relative intensity of 431 and 110 Bragg ring at 300 and 200 keV respectively 

under cryo temperature. Critical doses of 431 and 110 planes are represented by the blue and the orange 

arrow respectively. 
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Fig. S8 (a, b) Electron diffraction patterns of ZIF-8 at 125°C and cooled down to RT at 300 keV, 

respectively. (c, d) Fading of relative intensity of 431 and 110 Bragg ring at 125°C and cooled back down 

to RT. Critical doses of 431 and 110 planes are represented by the blue and the orange arrow respectively. 
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Fig. S9(a-d) Plot of relative displacement of 431, 222, 211 and 110 Bragg plane respectively with linear 

fitting. The slope determines the rate of change of relative displacement of Bragg planes per unit dose. 

 

 

 

https://doi.org/10.26434/chemrxiv-2024-v3w9x ORCID: https://orcid.org/0000-0001-5201-8972 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-v3w9x
https://orcid.org/0000-0001-5201-8972
https://creativecommons.org/licenses/by/4.0/

