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Abstract: Metal-organic frameworks (MOFs) are a family of porous solids combining organic and inorganic moieties 

with tunable porosity. Their particular structural parameters have converted MOFs into suitable compounds for gas 

storage or drug delivery. However, despite the excellent crystallinity they tend to exhibit their analysis through 

transmission electron microscopy is extraordinarily complicated due to the high instability under the electron beam 

irradiation. In here, high-resolution Cs-corrected STEM imaging has been used for the observation of the building units 

of MIL-100(Fe) paying special attention to the electron beam current. In addition, MIL-100(Fe) has been reacted with 

AgNO3 through a solid-state reaction technique, which has resulted into the formation of metal nanoparticles on the 

surface. The incorporation of Ag into the porous network has been also investigated.   

Introduction 

Metal–organic frameworks (MOFs) is a fairly recently new family of hybrid organic–inorganic crystalline porous 

solids with tunable porosity, structure, composition and properties; they can be generally described as metal ions 

or clusters connected by organic bridges to finally produce a bi- or three dimensional porous network[1]. MOFs 

can be prepared by a variety of methodologies which are continuously being explored with the intention of 

producing new materials under more economically demanded and sustainable circumstances[2]. Their 

extraordinary high surface areas, together with their structural features have converted MOFs materials into 

potential candidates for gas storage and conversion [3], catalysis[2c, 4] or drug delivery[5]. In this sense, an advance 

and precise characterization of the MOF materials particularly that focused on their crystal growth, porous 

system, connectivity and crystallographic features becomes essential to evaluate the potential applications of 

MOF materials. Like in other porous frameworks, the crystallographic structures have been mainly studied by X-

ray diffraction methods[6]. Despite the valuable information that can be extracted by means of this technique, 

there are numerous cases where additional structural knowledge needs to be acquired. Maybe the most evident 

example is the structural defects in MOFs (surfaces, interfaces, disorders, linker and/or metal vacancies, etc.), 

which are deliberately ignored by crystallographic techniques but can strongly affect the physicochemical 

properties of the material and their subsequent role/behavior in certain applications [7]. 

In this context, transmission electron microscopy (TEM) can offer an elegant solution because, when combined 

with the electron diffraction and with the modern spherical aberration correctors atomic resolution data can be 

produced allowing a clear visualization of structural defects of inorganic solids [8]. This technique, especially after 

the implementation of the spherical aberration correctors[9], has been of crucial importance on the development 

of material science in general and on the characterization of metals at atomic scale in particular[10]. In order to 

achieve such high-resolution and good signal-to-noise ratio images, the metallic nanoparticles tended to be 

deposited on lighter and stable supports allowing a strong beam current to be used. This mode of operation has 

resulted on the possibility of acquiring images of isolated metal atoms or even obtaining chemical information 

through spectroscopic analyses (which require high dose and longer exposure times). Unfortunately, a similar 

approach cannot be undertaken when the supports suffer from severe beam damage, as due to the interaction of 

the electron beam with the material, the structure of the host would collapse resulting on the agglomeration of the 

metals incorporated.   

For the particular case of porous structures, 

there have been a high number of works 

dealing with the effect of the electron beam 

as it tend to quickly damage their 

framework[11]. Many aspects have been 

investigated in order to extend the lifetime of 

such beam sensitive materials under the 

electron beam, from reducing the 

accelerating voltage[12] to working under 

liquid nitrogen temperature[13], although it 

has been recently proved that the most 
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crucial factor is the electron dose that interact with the material. By a careful control of this parameter, both the 

beam current and the dwell time can be minimized and atomic resolution can be reached. This approach has 

been mainly undertaken in a spherical aberration (Cs-corrected) in Scanning Mode (STEM) using a High Angle 

Annular Dark Field (HAADF) detector when Z contrast was necessary[8c, 14] or an Annular Dark Field Detector 

(ADF) when it was intended to increase the signal to noise ratio[15] while minimizing the electron dose, or even a 

combination of both[16]. This kind of studies on MOFs materials are scarcer due to their higher beam sensitivity 

compared to zeolites although in the last years impressive results on the framework observation are being 

achieved through Cs-corrected STEM and TEM[2c, 2d, 15a, 17]. Another great advantage of electron microscopy 

compared with other characterization methods consists in the ability of imaging guest species incorporated onto 

the porous system of the MOFs[17a, 18]. This characteristic would be of crucial interest in order to develop 

functional materials with controllable porosity and tunable properties coming from the metallic nanoparticles 

incorporated into the frameworks. The major difficulties that one could encounter in comparison with metals 

supported in other more stable supports[19] would be retaining the porous structure while obtaining enough 

signal-to-noise ratio images that allow identifying the guest species. 

In the present work we have intended to obtain ultrahigh resolution images of the widely-investigated MOF MIL-

100(Fe) that has a cubic arrangement of mesocages making more complicated its image interpretation due to 

the large number of atoms on the projected image. In addition, silver species have been attempted to be 

supported either outside of the crystals or into the cavities and observed by Cs-corrected STEM analysis. 

 

Results and Discussion 

MIL-100(Fe) crystals tend to exhibit faceted morphology where in many cases structural defects such as twin 

planes can be found. Figure 1a exhibits the low-magnification image of a structural defect in a MIL-100 crystal. A 

closer look of the twin plane (forming an angle of 130 °) is shown inset. The crystal structure consists of a cubic 

system with Fd-3m space group and lattice constants a = b = c = 73.34 Å[20]. The structure has been described 

as an iron carboxylate where iron octahedra are linked through sharing a common vertex μ3-O forming trimers. 

Figure 1b displays the schematic representation of the material orientated along the [110] zone axis, presenting 

a 2-fold symmetry, where the iron cations are represented as red octahedra, while the carbon appears in blue 

(for simplicity oxygen atoms have been omitted).  Due to the low stability of ordered porous materials in general 

and MOF in particular, obtaining high resolution images of the framework has been extraordinary difficult 

minimizing the spatial resolution that can be achieved. Therefore imaging these materials have been the result of 

a compromise between number of electrons and enough signal-to-noise ratio. If low-dose technique are applied 

images are virtually inexistent due to the high amount of noise; on the contrary, if the beam current is increased 

the material becomes irreversibly damaged giving no information of the structure. By using an ADF (Annular 

Dark Field) detector the signal to noise ratio can be increased in comparison with the pure HAADF mode of 

operation, facilitating the reduction of the electron dose in order to reduce the beam damage. In the former mode 

the inner collection angle is smaller than for HAADF mode, 15 mrad versus 70 mrad, collecting more electrons 

and therefore increasing the contrast of the experimental images. This technique is particularly useful to image 

crystalline frameworks, including even the location of light compounds [2c, 15a, 16-17, 21]. Although it is still a dark field 

image affected by the atomic number, it is less affected by this parameter than for the HAADF case as it contains 

more diffraction effects.  

Figure 2 presents the Cs-corrected images of MIL-100(Fe) along the [110] zone axis. Figures 2a and 2b 

correspond to the simultaneously recorded high-magnification images of MIL-100(Fe) using two detectors 

situated at different positions which allowed recording pure HAADF data (Figure 2a) and ADF data (Figure 2b). 

Both images were recorded over 6 μs per pixel using an image resolution of 1024 x 1024 pixels giving a pixel 

size in this case of 0.068 nm x 0.068 nm and the beam current was set to 2 pA. The signal to noise ratio is very 

low in Figure 2a, which was registered using a detector with an inner angle of 70 mrad. The Fast Fourier 

Transform (FFT) extracted from this image is shown in Figure 2c. It indicates an information transfer of 8.10 Å. 

Under the same conditions but using a dark field detector (15 mrad inner angle) the image contains clearer 

features with a better contrast giving an information transfer of 5.63 Å (Figure 2d) and the measured unit cell 

assuming Fd-3m symmetry was a = b = c = 71.54 Å. The reasons behind the slight underestimation of the cell 

parameters by this technique in comparison with those giving by X-ray crystallographic solving, are discussed 

elsewhere[2c, 15a].  

With the intention of gaining better contrast and in order to improve image resolution, images were FFT filtered 

(Figure 3). Figures 3a and 3b show a HAADF and an ADF images respectively, giving a clearer image of the 

framework. Still, due to the high complexity of this framework that contains a great number of atoms on the 

projected image (as depicted in the model from Figure 1b) where heavier elements such as Fe is connected 

through lighter ones, C, O and H, image interpretation is more complex compared to those of the other MOF 

frameworks[15a, 17b], where empty channels can be clearly visualized. In addition, the fact that the unit cell is 



significantly smaller than that of the MIL-101 material, also studied by this approach elsewhere[17a], makes that 

our study requires higher magnification image recording resulting in a faster beam damage of the material. By 

analysing the raw images along the [110] through CRISP software[22], the lattice was refined using the  (1-11) 

and the (-111) reflections and the electrostatic projected potential maps can be obtained by imposing P2 

symmetry (Figures 3c and 3d for HAADF and ADF respectively). Despite the weak signal obtained for the 

HAADF data the extracted potential map allows a clear visualization of the structure similar to the data obtained 

by ADF imaging suggesting that still lower beam current could be employed in order to record high-resolution 

images while preserving the framework structure intact. The model, where Fe appears as red spheres and C 

appears in blue, has been superimposed for better understanding of the images obtained and to corroborate the 

high quality of the data reported. Figures 3e and 3f show a magnified region of the image and of the model 

where the iron trimers that lead into the formation of the so-called supertetrahedra are marked by orange circles.  

Many of the potential applications of metal organic frameworks rely on their capability to act as host of different 

metals, which can provide properties additional  to the intrinsic ones due to their porous nature [23]. Silver has 

been attempted to be introduced in MIL-100 through a simple method based on a solid-state reaction. The 

intention was to generate both external Ag0 (nano)particles or nanoclusters of Ag0 within the MIL-100(Fe) 

cavities. AgNO3 was deeply mixed with MIL-100(Fe) using a mortar and pestle in a similar manner as it has been 

done for zeolites[24] and heated up to 150 ºC for 12 hours. Under these conditions, the Ag species resulted 

mainly reduced to Ag0 according to the powder XRD patterns (Figure 4) due to the spontaneous reduction of Ag+ 

to Ag0 as observed in some other MOFs[25]. 

Three different Ag loadings were studied based on the Fe to Ag molar ratios being 10:1, 5:1 and 1:1 Fe:Ag. In 

every case the MIL-100(Fe) structure was preserved regardless of the AgNO3 amount. Even though we are 

working well below the AgNO3 melting point it seems that the MIL-100(Fe), probably due to water content inside 

the pores, act as a solvent as no silver nanoparticles were found separated from the MOF crystallites, suggesting 

that the salt may penetrate through the porous network to some extent to finally diffuse through the cavities onto 

the outer surface growing the metal nanoparticles. The XRD analyses (Figures 4a and 4b) and the N2 isotherms 

and pore size distribution (Figures S1 and S2 and Table S1) corroborated the good crystallinity of the MIL-

100(Fe) after being reacted as well as the increment of the diffraction peaks corresponding to Ag0 when the 

amount of salt was increased (denoted by asterisks in Figure 4a). Interestingly, this simple loading method has 

yielded highly dispersed metal particles supported on the surface of MOF crystals. Low-magnification images 

depicted in Figures 4c, 4d and 4e illustrated the presence of silver nanoparticles on the surface of the MIL-

100(Fe). From these images it can be concluded that lots of silver is coating the surface of the porous material 

for 1:1 Fe:Ag sample forming larger aggregates of metal marked by red circles. The presence of silver particles 

obviously decreases in the 5:1 sample observing even smaller dispersed Ag0 particles. However, it is of 

particular interest the material with lower amount of Ag, 10:1 Fe:Ag, shown in Figure 4e, in which very small (< 8 

nm) and homogeneous particles are observed, dispersed on the surface of the MIL-100(Fe). This effect is rather 

remarkable since there is no charge in the MOF framework that may drive the uptake of silver such as the case 

of zeolites, in which the cation exchange triggers the metal loading. A closer look to the low angle X-ray 

diffraction patterns shows the inversion of the relative intensities of the 220 and 311 reflections upon loading[24] 

(Figure 4b). As we mentioned earlier, the diffusion of the silver salt could be explained by the presence of the 

water inside the MOF that, while temperature increases, releases it back in a controlled manner due to the 

porous network yielding the formation of small Ag0 nanoparticles.  

A closer inspection of areas with less density of Ag suggests that some metal may go inside the pores. Figure 5a 

corresponds to a MIL-100(Fe) orientated along the [110] direction where cavities can be identified. The material 

with the same Fd-3m symmetry than the parental MIL-100 presented a unit cell value of a = 70.69 Å, maintaining 

the same lattice constants as the Ag-free MIL-100(Fe). In this case a different contrast can be observed pointed 

by red arrows in Figure 5b. These images were recorded using a beam current of 2 pA, with a dwell time of 6 μs 

per pixel and a 1024 × 1024 pixels per image. In this case the micrograph shown in Figure 5b was recorded right 

after Figure 5a and although it is possible to record two consecutive high-magnification images under this beam 

current, the damage begins to be appreciated. The convergence semi-angle was kept at 17 mrad, while the inner 

collection angle was ≈ 10 mrad. With this configuration the image contrast is a less affected by the atomic 

number, but still heavier elements can be identified as it is shown in Figures 5a and 5b. Trying to corroborate the 

presence of silver in the form of Ag nanoparticles, Figure 5b was Fourier filtered in order to remove the periodic 

display; the inverse image of the non-periodic FFT revealed the existence of ca. 3-4 nm Ag nanoparticles (Figure 

5c, pointed by red arrows). The fact that some of the silver nanoparticles could become larger than the 

mesoporous cages of MIL-100, which have been reported to be 25 and 29 Å[20], suggests that the Ag may 

occupy more than one cage. The occupation of the cages may also be confirmed by the lower overall intensity of 

the XRD profiles, together with the inversion of the 220 and 311 reflections (Figure 4b). In the 10:1 sample the 

overall profile shows lower intensity as well as a notable increase of the 311 intensity as compared to the parent 

MIL-100(Fe) suggesting that the pores are being filled or impregnated by the silver salt. Further decrease of the 

Fe to Ag ratio leads to an excess of silver that tends to agglomerate forming larger crystalline particles outside 

the MIL-100(Fe) yielding sharp diffraction peaks. The partial fill of the MIL100(Fe) mesocages by Ag species 

could also be suggested by the appearance of low intense peaks in PSD curves of the Ag-impregnated samples, 



right below the main PSD maxima (Figure S2). The nanoparticles formation mechanism could be the result of the 

diffusion of the molten AgNO3 salt in its liquid state through the interior of the porous structure, helped by the 

presence of some water within the MIL-100(Fe) pores, followed by the auto-reduction of the metal in order to 

finally grow metal nanoparticles.  

In summary, Cs-corrected STEM HAADF and ADF can be employed to characterize in detail highly beam 

sensitive materials which present complex topologies as it is the case of MIL-100(Fe) material. By using low-

dose techniques, minimizing the beam current and using low exposure times, in combination with an appropriate 

selection of the electron detectors, the building units of these types of materials can be elucidated. Even, under 

ADF conditions and low beam current metallic, Ag clusters can be located within the cavities making clear the 

benefits of electron microscopy methods for the characterization of metal loaded porous frameworks.  

The results achieved in this study are of special significance considering the importance of metal nanoparticles 

loaded onto porous supports in the catalytic field and the relevant role of Ag nanoparticles in biomedical 

applications and the biocompatible character of the MIL-100(Fe) materials, which can be considered as BioMOF. 

Experimental Section 

Materials synthesis and characterization 

MIL-100(Fe) was synthesized at room temperature and in water, following a procedure described elsewhere [5]. A clear solution 

of trimesic acid (1.676 g, 7.6 mmol) in 23.72 g of 1 M NaOH (22.8 mmol) aqueous solution was added dropwise over another 

solution formed by 2.26 g (11.4 mmol) of FeCl2·4H2O and 97.2 g of water. That addition produces the immediate precipitation of 

a solid. The mixture, whose molar composition was 1.5 Fe/1.0 H3BTC/3.0 NaOH/880 H2O, was magnetically stirred at room 

temperature for 24 h. The solid was recovered by centrifugation at 3700 rpm, and then it was washed three times with water and 

one more time with ethanol, and dried at 70 ⁰C. Finally, the amount of Fe wass estimated using thermogravimetric analysis, 

certifying that the residual sample was pure Fe2O3 . 

Samples Ag@MIL-100(Fe) were prepared with three different Ag loadings calculated from the Fe content of the MIL-100(Fe) 

and AgNO3 using 1:1, 5:1 and 10:1 Fe:Ag. In a typical experiment, for instance 1:1 solid state reaction, 0.201 g of MIL-100(Fe) 

of brown-orange color and 0.101 g of white powder AgNO3 were mixed as solids in a mortar and pestle for a few minutes until 

the sample becomes visually homogeneous in a light brown color. Then, the samples were heated in a muffle furnace at 150 ⁰C 

for 12h using a heating ramp of 2 ⁰C/min. After the thermal treatment the recovered samples show a darker-brown color 

indicating that the silver atoms may be successfully mixed with MIL-100(Fe).  

Powder X-ray diffraction patterns were collected using an X-Ray polycrystalline X’Pert Pro PANalytical diffractometer using Cu 

Kα radiation (λ = 1.5406 Å), with accelerating voltage and current of 45 kV and 40 mA, respectively. TG analyses were 

registered in a PerkinElmer TGA7 instrument from 25 to 900 ⁰C at a heating rate of 20 °C/min under air flow. 

Electron Microscopy observations 

Electron microscopy observations were performed using a FEI TITAN XFEG operated at 300 kV. The microscope is equipped 

with a CEOS spherical aberration corrector for the electron probe which was aligned prior every experiment using a gold 

standard sample. The typical aberration values obtained were: A1 = 1.10 nm; A2 = 12.6 nm; B2 = 8.87 nm; C3 = 416.4 nm; A3 = 

663.6 nm; S3 = 340.9 nm assuring a 0.8 Å resolution under normal circumstances. The beam current employed was set 

between 1 and 2 pA, with total exposure time of 6 seconds.  
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Figure 1. Low-magnification Cs-corrected STEM-HAADF image of MIL-100(Fe), where a twin plane defect is market by a white arrow. A 

closer look of the twin boundary is shown inset. b) Schematic representation of the structure orientated along the [110], in red the Fe 

octahedra and in blue the C linkers. 

 

Figure 2. Cs-corrected STEM images of MIL-100(Fe). a) Using pure HAADF conditions; b) ADF conditions. c) and d) FFT patterns of the 

HAADF and ADF images respectively. 



 

Figure 3. Experimental Cs-corrected STEM images recorded along the [110] orientation. a) HAADF FFT filtered image. b) FFT filtered 

ADF image of the same crystal region. c) Electronic potential map obtained from the raw HAADF image. d) Electronic potential map 

obtained from the raw ADF image. In both cases the MIL-100(Fe) model has been superimposed. e) Closer observation of the MIL-

100(Fe) structure obtained from figure 3d. The orange circle indicates the supertetrahedra forming the cavities. The signals in the corner 

of the projected triangle correspond to 3 Fe cations. f) MIL-100(Fe) model showing the same units as presented in figure 3e. 



 

Figure 4. a) Powder XRD diffractograms of 1:1 (red); 5:1 (black); 10:1 (blue) Fe:Ag, as well as the parent MIL-100(green). The 
diffractions peaks marked with an asterisk correspond to Ag

0
. b), c) and d) Cs-corrected STEM-HAADF images of 1:1; 5:1 and 10:1 

Fe:Ag. 

 

Figure 5. a) Cs-corrected STEM-ADF images of silver loaded MIL-100(Fe). a)  High-magnification image of the porous structure, with the 

FFT diffractograms shown inset. b) Closer observation of the MIL-100(Fe) with the features with stronger contrast are pointed by red 

arrows. c) FFT filtered image with the periodic arrangement removed for a better visualization of the Ag particles.  
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