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ABSTRACT 

Metal-organic frameworks (MOFs) represent a unique platform for fabrication of nanoparticles (NPs) 

of diverse composition and crystallinity. The growth of NPs from constituent parts of MOFs is usually 

initiated by external stimuli such as temperature, light and electron irradiation. Herein, the kinetics 

and NP growth mechanisms remain unexplored. Here, we utilized electron irradiation to initiate the 

nucleation and growth of crystalline Cu NPs of tunable size from several nanometers to hundreds of 

nanometers inside MOF as a precursor. Simultaneously, the process of the NPs growth, captured in 

real time using transmission electron microscope, demonstrates the evolution of their size, shape and 

spatial distribution. We also analyze the NP growth by the classical kinetic theory taking into account 

a phase transformation. Our results contribute to crystal engineering and developing of functional 

MOF-based nanocomposites. 



1. Introduction 

Metal-organic frameworks (MOFs) hold a special place in material science and crystal engineering [1]. 

Over the last two decades, such materials have attracted increasing attention of researchers in 

chemistry, biology and physics [2–4]. Belonging to a class of porous coordination polymers, MOFs 

consist of metal-containing nodes connected by multi-topic organic linkers. As a result, they are 

characterized by hierarchical structure with high porosity, chemical versatility and flexibility, which 

allow them to demonstrate advanced adsorption, catalytic, mechanical and radiative properties [2–7]. 

The development of synthetic approaches and post-processing methods brings MOFs closer to 

commercial applications [8]. On the one hand, the compatibility of MOFs with chemical vapour 

deposition technology [9], plasma synthesis [10], and thin film growth [11] supports their integration 

into microelectronic devices. On the other hand, the post-processing of MOFs by heat [12], light [13,14] 

and electron irradiation [15–18] highlights their application as optical glasses and active optical 

elements in nanophotonics. Indeed, such post-processing initiates the deformation of framework 

backbone and breaking of chemical bonds [19] leading to formation of amorphous glassy compounds 

[12], nanocomposites [20] and nanoparticles (NPs) with different optial properties [13,14,21]. Herein, 

compared to investigating mechanisms of nucleation and growth of initial MOFs [1] and different 

inorganic NPs [22–24], the kinetics of formation of NPs from constituent parts of MOFs remain 

unexplored. 

In this work, we report on exposure of MOFs to focused electron beam (e-beam) of transmission 

electron microscope (TEM, Fig. 1a) to initiate the nucleation and growth of crystalline metallic NPs with 

tunable size from ⁓2 nm to ⁓100 nm. The process of the NPs growth, captured in real time, 

demonstrates the evolution of their size, shape and spatial distribution and can be analyzed by classical 

kinetic theory taking into account the phase transformation [23,24]. 

2. Results and discussion 

As a model compound, we have utilized the commercially available HKUST-1, Basolite® C 300 produced 

by BASF (Fig. 1b). This is highly porous three-dimensional compound, Cu3BTC2, composed of Cu (II) 

ions and benzene-1,3,5-tricarboxylate (BTC) linkers [25]. HKUST-1 is also a representative class of MOFs 

that are easy to grow on different surfaces following a layer-by-layer approach [26], which makes it 

promising for applied research. Moreover, the compound has been recently investigated to reveal the 

mechanism of electron-induced decomposition and the reason for NPs formation [15–18]. 

The composition of HKUST-1 and its cubic space group Fm m have been confirmed by Raman 

spectroscopy and powder X-ray diffraction, respectively, in a recent article of ours [27]. TEM 

experiments on initiation and simultaneous analysis of the NPs growth have been carried out using 

MET - ACCEL ARM 200 F operating at 200 kV (emission 15 μA and various current density). For this, the 

powder of HKUST-1 has been placed on carbon TEM grids. Fig. 1d–k represents distinctive TEM 

micrographs captured in time with defferent magnification (60 and 80 k). In contrast to previous results 

[28,29], demonstrating that MOFs begin to lose their crystallinity when the cumulative electron dose 

reached 10–20 e− Å−2 with 300 kV-accelerated electron beam, the pores of HKUST-1 are not 

observable under our conditions. This is due to possible instability of the crystal structure under 

vacuum and electron irradiation with a higher electron density. 

Comprehensive analysis of in situ e-beam initiation of the NPs growth inside the HKUST-1 single 

crystals and the dynamics of the growth reveal the following: 



(i) Highly crystalline NPs can grow inside HKUST-1 under focused e-beam (Fig. 2). Energy dispersive X-

ray (EDX) analysis with a JEOL Centurio, 1 sr detector, shows the exclusive presence of Cu within the 

NPs after electron irradiation (Fig. 3). This observation is confirmed by the fact that measured 

interplanar distances (<dhkl> = 0.207 ± 0.004 nm) are in excellent agreement with the (111) interplanar 

distance of Cu (d111 = 0.2087 nm). Based on the previous results on the effect of e-beam on the chemi 

cal bounding of MOFs [15–18] and similar reason for growth of Pt and Au NPs from organometallic 

precursors [30,31], the possibility of the growth of the NPs from the constituent parts of HKUST-1 is 

due to breaking of bonds between copper and organic part. Moreover, the growth of pure Cu NPs 

instead of its oxide form is explained by a lower oxidation potential of Cu and relatively weak Cu COO 

bond energy, which promote the metallic state [15]. 

(ii) The growth process begins mainly on the MOF’s surface, and then propagates throughout the 

whole volume (SI, video 3). It should be noted that full conversion of MOF to the nanocomposite can 

be observed after several minutes (Fig. 4a and b). Herein, the time threshold of the detection of small 

NPs (5 and 11 s for 60 and 80k magnification) in TEM is observed (Fig. 5a and b), which confirms the 

relatively slow free Cu atom movement process to form a nucleus of 1−3 nm in diameter with other 

free atoms. 

(iii) The rates of the NPs growth (Fig. 1d–k) strongly depend on the parameters of focused e-beam, 

such as magnification (60 and 80 k at a constant electron energy), determining the electron density. 

Indeed, an increase of magnification from 60 to 80k leads to a 7-fold increase in rate (Fig. 5a and b), 

i.e. 9-nm NP can be created in 40 and 5.5 s, respectively. 

(iv) Increase in electron density (magnification) also results in the growth of NPs with larger diameter 

until the saturation of this process is observed (Fig. 5a and b). The maximal diameters of the NPs 

observed are ~50 and ~144 nm after 2 min e-beam irradiation with 60 and 80 k magnification, 

respectively. 

(v) The evolution of the number of Cu NPs does not follow a monotonic trend over the e-beam 

exposure time (Fig. 5a and b). This reflects the coexistence of two phenomena: NPs nucleation and 

growth, that contribute to increasing their number, and NPs coa lescence that decreases their surface 

energy, which, in turn, decreases the number of the NPs with an increase of their size. The competition 

between these two phenomena is indeed more noticeable for smaller size of NPs (i.e. beginning of e-

beam exposure) which are closer and more mobile than the larger one, and therefore, more subject 

to coalescence (Fig. 4c and d). For larger NPs, the surface-to-volume energy ratio becomes much more 

favorable to the volume energy and therefore to the NPs growth. In other terms, a newly formed free 

Cu atom is much more likely to be adsorbed by large NPs rather than to form a nucleus with other free 

atoms, and even in this case, the phenomenon of Ostwald ripening would rapidly make the nucleus be 

absorbed by the larger NPs, probably before the nucleus could even be detected. 

(vi) Finally, the shape of the growing NP can also vary due to coalescence (Fig. 4e and f) [24]. As a result, 

spherical NPs with ⁓100 nm in diameter can be observed. In turn, smaller NPs demonstrate well-

defined faceted shape that is commonly encountered for crystalline Cu NPs [32]. Since the larger NPs 

come from the assembling of several smaller NPs, they are more likely to be polycrystalline and 

therefore closer to an overall spherical shape. Smaller NPs are more likely to be single crystals and 

therefore the growth is more likely to follow lower energy directions. 

Based on experimental results, we then model the kinetic of phase transformation. The nucleation and 

growth can be modelled by either the Gualtieri or Johnson-Mehl-Avrami-Kolmogorov (JMAK) models. 

Van Vleet et al. have demonstrated that the Gualtieri model is more ap propriate for the prediction of 

MOF nucleation and growth [1]. However, in the present case, the phase transformation corresponds 



to a solid – solid one (MOF → Cu NPs + glassy phase). Moreover, by separaVng the nucleation and the 

growth process, the Gualtieri model requires input parameters of both steps. In the present case, the 

determination of nucleation input parameters is challenging due to detecting of the NPs with a 

minimum diameter of ⁓2 nm (Fig. 5a and b). Hence, we model the growth of Cu NPs using classical 

growth theory with JMAK equation [33]: 

  (1) 

Where VNP is the volume of Cu NP formed, VCu
max the maximum volume of Cu that can be formed, K 

and n the JMAK coefficients [23]. The first JMAK coefficient K is expressed by: 

  (2) 

with dN/dt the nucleation rate (number of new nuclei per unit of volume per unit of time) and the 

linear growth rate. The later can be estimated from the experimental data as 0.22 nm s−1 and 1.25 nm 

s−1 for magnification of 60k and 80k, respectively (Figs. 5a and b, and S1). is estimated by the following 

equation [34]: 

  (3) 

where d is the NP size (Fig. 5a and b). The parameter n accounts for the dimensionality of the 

transformation, the nucleation and the growth type (interface or diffusion limited). If the nucleation 

rate is nonzero and time-independent, n = m + 1, where m is equal to the dimensionality of the phase 

transformation for the interface-limited growth and one-half of the dimensionality for diffusion-

limited growth [1]. Therefore, n has been chosen as equal to 4. This choice is first sustained by relatively 

small size of the NPs as compared to MOF crystal thickness varying from 0.1–10 μm (atomic force 

microscopy analysis, Fig. 1c), allowing a three dimensional growth of the crystals. Moreover, the 

evolution of the growth rate over time is linear (Fig. 5a and b), while parabolic evolution is expected 

for a diffusion-driven transformation. Rather than a diffusive process, the nucleation and growth of 

the NPs is attributed to breaking of the chemical bonding by the e-beam, leading to free Cu atoms 

precipitate into the NPs. This is supported by the fact that some NPs are facetted (Fig. 2d) which tends 

to show that, while Cu is growing, attachment kinetics is the limiting process. This can be illustrated by 

the JMAK model predicting a transformation time of 60 s and 25 s for 60 k and 80 k magnification, 

respectively (Fig. 5c and d). Therefore, it is possible to tune the quantity of Cu NPs before this time. 

Once the transformation is completed, the exposure time allows one to control the NP number and 

size thanks to the coalescence phenomenon. Fig. 5c and d also demonstrates the comparison of the 

experimental data and JMAK modelling of the time evolution of the NPs volume inside MOF, Eq. (1). 

As in case of the complicated process of growth of the crystals [23], one can observe a good agreement 

between the growth theory and the experimental results. This allows us to speculate on relatively 

classical microscopic-level processes of the crystalline NP growth inside MOF from its constituent parts 

due to breaking of the bonds between metal ions and organic linkers. 

3. Conclusion 

In summary, we experimentally analyzed and modeled the growth of crystalline Cu NPs of tunable size 

from ⁓2 nm to ⁓100 nm from the constituent parts of MOFs. For this, we utilized focused electron 

beam to initiate the nucleation and growth of NPs inside HKUST-1. The process of growth, captured in 

real time using transmission electron microscope, demonstrated the evolution of NP size, shape and 



spatial distribution. The experimental results are in a good agreement with the classical kinetic theory 

of the NP growth using JMAK model taking into account a phase transformation. Our results contribute 

to crystal engineering and developing of functional MOF-based nanocomposites.  
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Fig. 1. (a) Schematic illustration of exposure of HKUST-1 single crystal to focused electron beam in TEM 

chamber for initiation and controll the growth of Cu NPs. (b,c) Optical image and atomic force 

microscopy (AFM) micrograph of HKUST-1 single crystal. Scale bars, 20 μm and 10 μm. Inset (c): AFM 

cross section of single crystal representing the heigth/length ration as 1/4,6. (d-g) Bright field TEM 

micrographs illustrating the dynamics of the NP growth inside HKUST-1 under magnification of 60 k. 

Scale bar, 200 nm. Corresponding video is in SI, video 1. (h-k) Dynamics of the NP growth inside HKUST-

1 under magnification of 80 k. Scale bar, 100 nm. Corresponding video is in SI, video 2. 



 

Fig. 2. (a–d) Bright field TEM micrographs of crystalline Cu NPs inside HKUST-1 obtained after 40 s of 

irradiation with 60 k magnification. (a) Interplanar distances measured < dhkl> = 0.207 ± 0.004 nm. 

Scale bars, 5 nm (a,c), and 10 nm (b,d). 



 

Fig. 3. (a,b) STEM-EDX map of HKUST-1 before focused e-beam irradiation confirming the 

homogeneous redistribution of the elements (C, Cu, O). Scale bar, 300 nm. (c,d) STEM-EDX map of 

HKUST-1 after focused e-beam irradiation. Cu NPs are represented in Red. Scale bar, 250 nm. 

Overlapping of Cu and O is represented in (b,d) demonstrating homogenity and inhomogeneity of Cu 

redistribution, respectively. 



 

Fig. 4. (a,b) Bright field TEM micrographs of HKUST-1 after full conversion to the nanocomposite in 2 

min upon focused e-beam with magnification of 60 k. Scale bars, 200 nm (a) and 500 nm (b). (c,d) 

Coalescence of the NPs from (c) in 30 s (d) upon focused e-beam with magnification of 60 k. Scale bar, 

40 nm. (e,f) Changes of the NP shape (e) during coalescence in 4 s (f) upon focused e-beam with 80 k 

magnification. Scale bar, 60 nm. 



 

Fig. 5. (a,b) Analysis of the dynamics of the NP growth (size and the number of NPs) under focused e-

beam irradiation with magnification of (a) 60 k and (b) 80 k. Irradiation started at t = 0 s, while the NPs 

with a minimal size of 2.5 nm have been detected by TEM in 11 and 5 s, respectively. (c,d) Time 

evolution of the Cu NP volume under e-beam irradiation with magnification of (c) 60 k and (d) 80 k. 

JMAK model (Eq. (1)) represents the red curve, while experimental data (the volume of growing NPs) 

are represented in squares. Dashed lines are the error of the JMAK model based on the correct analysis 

of the volume of MOF and the NPs 


