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A B S T R A C T

We demonstrate the iterative phase retrieval of DUT-8(Ni) metal-organic framework (MOF) nanocrystals using 
high-resolution electron diffraction data. The reconstructed images show contrast features associated with the 
crystal structure, revealing well-resolved metal-containing rows with interpretable shifts. These shifts correspond 
to previously reported crystal structure disorder within the MOF. Furthermore, electron diffraction patterns 
display modulations in the low-resolution region, indicative of the rectangular crystal shape. Based on these data, 
we also successfully reconstructed the crystal shape image, which closely matched the observed form of the 
crystal.

1. Introduction

Extracting structural images directly from electron diffraction patterns 
offers several advantages, such as avoiding resolution compromise due 
to lens aberration and implementing a smart electron dose distribution 
for beam-sensitive materials. However, a fundamental challenge arises 
in the absence of phase information necessary for image reconstruction. 
Coherent Diffraction Imaging (CDI) (Miao et al., 1999) addresses this issue 
by employing an iterative phase retrieval algorithm (Gerchberg and 
Saxton, 1972; Fienup, 1982; Marchesini et al., 2003; Latychevskaia, 
2018) on diffraction patterns to reconstruct the phase. The iterative 
algorithm involves propagating the wavefront back and forth between 
the sample and the detector planes, applying constraints in both planes, 
and iteratively finding the missing phases. The recovered sample 
structure is uniquely defined when the following conditions are met: the 
object under study is isolated, and the size of the reconstructed field of 
view exceeds the size of the object by at least twice in each direction 
(oversampling condition) (Miao et al., 1998). CDI has been successfully 
demonstrated with light, X-rays, electrons, and other waves. Although 
CDI is typically realized with X-rays, where no lenses are available, it has 

also been demonstrated for electrons. The superior resolution provided 
by CDI has been demonstrated by Zuo et al., who recovered the structure 
of a double-walled carbon nanotube (DWCNT) at atomic resolution from 
a diffraction pattern acquired using TEM with a nominal point resolu
tion of 2.2 Å for normal imaging at the Scherzer focus conditions (Zuo 
et al., 2003). CDI is particularly challenging for imaging of nanocrystals, 
where the reconstructed structure can be non-uniquely defined (Wu 
et al., 2005). To solve this issue, any additional data that provides 
low-resolution information can serve as an initial model, allowing the 
diffraction pattern to enhance the high-resolution information of the 
reconstructed structure (Latychevskaia et al., 2012).

Electron ptychography has been demonstrated to achieve atomic 
resolution of 0.4 Å from a 4D-STEM dataset (Jiang et al., 2018) from a 
twisted bilayer MoS2, which is known to be a material that can with
stand relatively large radiation doses without significant radiation 
damage. Biological samples were imaged by electron ptychography at a 
resolution of 5 Å by placing the sample at a defocus that allowed to 
reduce the radiation dose (Zhou et al., 2020). In the experiments re
ported in this study, no beam scanning was employed, so that the sample 
structure was reconstructed from two single-shot intensity distributions: 
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the diffraction pattern of the crystal and the image of the crystal in the 
probe beam. This allowed to minimize the radiation dose during the first 
acquisition (diffraction pattern), making the approach potentially suit
able for biological materials. We demonstrate what information about 
the sample structure can be recovered from these data.

For our study, we selected metal-organic framework (MOF) nano
crystals with a regular morphology. MOFs consist of inorganic building 
units, typically metal ions or metal clusters, interconnected by organic 
molecules (linkers) to form a framework. This architecture creates 
intrinsic voids, typically filled with solvent molecules used in the syn
thesis (Kaskel, 2016). Metal-containing vertices typically exhibit strong 
contrast and can be easily imaged in TEM, while the positions of organic 
linkers are often less resolved. MOFs, especially those able to change the 
crystal structure upon the influence of external stimuli such as adsorp
tion/desorption of the guest molecules, often called flexible MOFs or soft 
porous crystals (Horike et al., 2009; Schneemann et al., 2014; Krause 
et al., 2020), are particularly interesting systems for TEM imaging, both 
for applications and methodological studies (Wiktor et al., 2017; Liu 
et al., 2020, Parent et al., 2017; Liu et al., 2019; Li et al., 2019).

The goal of this study is to compare structural information obtained 
for an electron beam-sensitive material through direct transmission 
electron microscopy TEM imaging (i) and by iterative reconstruction of 
diffraction patterns (ii).

2. Materials and methods

2.1. Synthesis of the sample

The [Ni2(ndc)2(dabco)]n nanocrystals (DUT-8(Ni), DUT – Dresden 
University of Technology) (Klein et al., 2010; Bon et al., 2015; Ehrling 
et al., 2021) were synthesised as described by Kavoosi et al. (2017). Ni 
(NO3)2⋅6 H2O (0.434 g, 1.50 mmol), 2,6-naphthalene dicarboxylic acid 
(H2ndc) (0.294 g, 1.36 mmol), and 1,4-diazabicyclo-[2.2.2]-octane - 
dabco (0.336 g, 3.00 mmol) were mixed and sonicated in 30 mL of N, 

N-dimethylformamide (DMF) for 10 min. After mixing of all the chem
icals, a cloudy suspension was obtained, which was transferred to a 
Teflon-lined autoclave, placed into a preheated oven at 408 K, and held 
at that temperature for 72 h. The resulting material was washed with 
30 mL DMF twice and suspended in fresh DMF. The phase purity of the 
product obtained was proven by powder X-ray diffraction.

2.2. On the crystal structure of DUT-8(Ni)

DUT-8(Ni) consists of Ni-based dimers coordinated by four μ2- 
bridging carboxylic groups (generally called paddle wheel building 
units), interconnected by 2,6-naphtalene into 2D layers. They are linked 
by 1,4-diazabicyclo-[2.2.2]-octane (dabco) by the coordination of the 
axial positions of the paddle wheels into a 3D framework (Senkovska 
et al., 2023). Two different regular crystal structures (polymorphs) are 
known for DUT-8(Ni) – polymorph A (tetragonal P4/nmm, CSD 
1989709) and polymorph B (monoclinic C2/m, CSD 1989708) (Petkov 
et al., 2019). Fig. 1a shows a < 110 > projection of the tetragonal 
structure (green arrows indicate positions of nickel-dabco containing 
rows), Fig. 1b shows the corresponding projection of the monoclinic 
structure. The two crystal structures A and B differ in the relative 
orientation of the naphthalene linkers. Depending on the solvent present 
in the pores, crystals with different amounts of both structural fragments 
are produced (Ehrling et al., 2021). Fig. 1c shows a section of a disor
dered model, showing possible atomic arrangement in the real structure. 
The distance between the metal-containing rows is preserved and is 
equal to 13.0 Å, while the arrangement of atoms within the rows and the 
layers and their mutual shift differ. Since all layers can have individual 
atomic arrangements, their sequence cannot be regarded as stacking 
faults, being a special form of “semi-crystalline” order.

2.3. TEM data collection

Samples for TEM investigations were prepared by dropping the DMF 

Fig. 1. DUT-8(Ni) crystal structure viewed along [110] direction of the polymorph A (tetragonal) (a) and polymorph B (monoclinic) (b). Ni2(COO)4 paddle wheel 
unit is indicated by the red frame. [Ni2(ndc)2]n layers are indicated by a yellow frame. Dabco molecules connect the layers into 3D framework. The green arrows 
indicate the positions of metal-containing rows (blue frame). When viewed along the [110] direction, the metal-containing rows appear as layers, yet they also 
contain organic linkers oriented normally to the image plane. To prevent any confusion, we refer to them as "rows" (blue frame). Here, the crystallographic axis c runs 
along the rows. (c) A model of a disordered crystal as suggested in Ehrling et al., (2021). Ni in green, C in gray, O – in red. H atoms are omitted for clarity.
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suspension of DUT-8(Ni) powder onto a carbon-coated copper grid and 
dried on air. TEM studies were performed using a Thermofisher TITAN 
TEM operated at 300 kV with an objective-side Cs-corrector, equipped 
with a Gatan Ultrascan 1000XP CCD camera.

2.3.1. TEM images
TEM images were collected at a nominal magnification of 69’000, at 

an electron dose of 11 e/Å2. An objective aperture with a diameter of 
100 μm, cutting reciprocal space information beyond 1.5 Å, was used. 
The TEM images were collected using a Digital Micrograph (GATAN, 
Pleasanton, USA) script, shifting the TEM stage in a regular grid, thus 
ensuring data collection from a fresh, previously unexposed area. A 
delay was built into the script after the stage shift before the exposure in 
order to minimize the stage-movement induced sample drift. The Digital 
Micrograph script is available at doi.org/10.5281/zenodo.12649027.

2.3.2. Diffraction patterns
Electron diffraction patterns were collected in nano-beam geometry 

using a 50 µm C2 condenser aperture and an electron beam of approx
imately 200 nm in diameter using the same Digital Micrograph 
(GATAN) script. The electron dose was 12.6 e/Å2. After a diffraction 
pattern was collected, an image of the crystal was recorded by a second 
exposure. Second-shot images obtained at a nominal magnification of 
27’000, after a diffraction pattern, were used to spot additional crystals 
in the illuminated area and to provide a low-resolution image for 
creating a mask support constraint in the phase retrieval procedure.

The data acquisition sequence was as follows: (1) recording the 
diffraction pattern; switching to imaging and (2) recording a low- 
resolution image of the crystal within the probe beam. As a result, for 
each sample, a pair of images was available for reconstruction - a 
diffraction pattern and a low-resolution image of the crystal.

Because of the high electron beam sensitivity of the sample, electron 
diffraction patterns later used for phase reconstruction and direct TEM 
images (nominal magnification of 69’000) could not be recorded from 
the same crystal. Consequently, direct comparisons between the struc
tural features in a reconstructed image and those in a direct TEM image 
were not possible.

In the study, we used the complete diffraction patterns for recon
struction, as well as the central part of the diffraction pattern around the 
primary beam. In this context, we refer to the entire pattern as “high- 
resolution diffraction”, while the central part is called “low-resolution 
diffraction data”.

2.3.3. Characteristic electron dose
The resolution, both in images (via Fourier transformation) and in 

diffraction patterns, corresponds to the highest observed frequency. As 
longer exposures are used, lattice damage propagates, causing a shift of 
the highest visible frequency to lower scattering angles. The critical or 
characteristic electron dose Dc is defined as the dose at which a diffrac
tion peak is reduced by a factor of e (2.72) (corresponding to 37 % 
reduction) of its initial value (Egerton, 2012). Consequently, each res
olution shell can be associated with its own characteristic electron dose.

The characteristic electron dose Dc of the material was measured 
from a series of diffraction patterns acquired sequentially from the same 
sample area with the dose rate of 0.07 e/Å2s. The estimated Dc was 2.5 
e/Å2 for 2 Å reflections, 7.7 e/Å2 for 3 Å reflections, and 9.8 e/Å2 for 4 Å 
reflections.

Electron diffraction patterns were simulated in eMAP software 
(AnaliTex, Stockholm, Sweden).

2.4. Computational details

The distribution of the projected potential was calculated as follows 
(Latychevskaia et al., 2022). The input data consisted of an array of the 
coordinates of all the atoms 

(
xn, yn

)
. The transmission function of a 

monolayer was calculated as: t(x, y) = exp[iσvz(x, y) ⊗ l(x, y) ], where 
vz(x, y) is the projected potential of an individual atom, l(x, y) is the 
function describing positions of the atoms in the lattice, and ⊗ denotes 
convolution. The projected potential of a single atom was simulated as 
vz(r) = 4π2a0e

∑3
i=1aiK0

(
2πr

̅̅̅̅
bi

√ )
+2πa0e

∑3
n=1

ci
di
exp

(
− π2r2/di

)
, where 

r =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
x2 + y2

√
, a0 is the Bohr radius, e is the elementary charge, K0(...) is 

the modified Bessel function, and ai, bi, ci, di are parameters tabulated 
elsewhere (Kirkland, 2010). In vz(r), The convolution vz(x, y) ⊗ l(x, y)
was calculated as FT− 1{FT[vz(x, y) ]FT[l(x, y) ] }, where FT and FT− 1 

stand for Fourier and inverse Fourier transforms, respectively. FT[l(x, y) ]
was calculated as a digital summation 

∑
nexp

[
− i

(
kxxn +kyyn

) ]
, where 

(
xn, yn

)
are the exact atomic coordinates. FT− 1{FT[vz(x, y) ]FT[l(x, y) ] }

was calculated by applying an inverse FFT to the product of FT[vz(x, y) ]
and FT[l(x, y) ].

3. Results

3.1. Imaging

Investigated DUT-8(Ni) MOF nanocrystals had a rectangular shape 
with well-developed {001} and {110} facets. No {100} or {010} facets 
were observed, which is dictated by the crystal structure – (001) and 
(110) planes form smooth, relatively densely packed terminal surfaces 
(see Fig. 1). Following the nanocrystal morphology, crystals were found 
to be oriented with < 001 > and < 110 > along the incident beam di
rection. We were primarily interested in the < 110 > orientation, as the 
disorder in the structure could be best seen here (Fig. 1).

A direct image of a DUT-8(Ni) MOF nanocrystal is shown in Fig. 2a. 
This crystal is oriented with its < 110 > direction orthogonal to the grid 
plane. The Fourier transform of the image is shown in Fig. 2b. Here, the 
elongation of reflections along the < 110 > direction, associated with 
the crystal lattice disorder, is visible (Fig. 2b insert).

The peak at the highest resolution seen in the Fourier transform of 
the image corresponds to 330 (Fig. 2b) Bragg reflection with the inter
planar d spacing of 4.34 Å. A simulated electron diffraction pattern of 
the < 110 > zone, matching the orientation of the crystal, is shown in 
Fig. 2c. The electron dose applied during the collection of the TEM 
images was 11 e/Å2. Thus, the minimal interplanar spacing observed 
matches well the resolution shell corresponding to the characteristic 
dose of over 10 e/Å2 (Section 2.3.3).

Lattice fringes, associated with the distance between the Ni- 
containing rows, are clearly seen in the image (Fig. 2a), but neither 
the information on the nickel atoms’ positions within the rows nor the 
linkers’ positions can be distinguished.

3.2. Iterative reconstruction

3.2.1. Low-resolution reconstruction
For CDI reconstructions, images were acquired in pairs – first, an 

electron diffraction pattern, then, as a second exposure, an image of the 
crystal, as shown in Fig. 3a and Fig. 3b. During the acquisition of both 
the diffraction pattern and the image, the sample was illuminated by the 
same probing beam, only the projective lens parameters were changed. 
Thus, the second, direct image allowed judging whether the diffraction 
pattern was recorded from a single crystal and how well the crystal was 
centered within the beam. The crystal image in Fig. 4b exhibits 
concentric fringes due to Fresnel diffraction at the exit condenser 
aperture, which are irrelevant for the reconstruction routine because 
only the crystal shape was used later as a masking support.

The primary characteristic of the magnified central region in the 
diffraction pattern (Fig. 3c) is the vertical elongated area caused by 
detector overexposure. Additionally, two orthogonal bright stripes with 
modulations are evident. This is a typical diffraction pattern for a rect
angular aperture. From the periods of these intensity modulations, the 
lateral crystal size dimensions can be deduced.
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The crystal shape was reconstructed by applying iterative phase 
reconstruction to the central (low-resolution) part of the diffraction 
pattern (Fig. 3c). The overexposed area was masked out. The back
ground signal was obtained by interpolating the signal between the four 
"cross" lines and then subtracted. The diffraction pattern was symmetr

ised as follows: Isym

(
qx, qy

)
=

[
I
(

qx, qy

)
+I

(
− qx, − qy

) ]
/2. This 

procedure represents inversion symmetry averaging of Friedel pairs, 
being a legitimate approach for electron diffraction patterns recorded 
with very short wavelength and, therefore, an almost flat Ewald sphere. 
The symmetrization also neglects the possible intensity mismatch be
tween Friedel pairs caused by dynamical scattering. We can argue that 
the crystals used in this study are sufficiently thin for this effect to be 
neglected, but we must acknowledge that the consequences of ignoring 

Fig. 2. TEM image of DUT-8(Ni) MOF nanocrystals (total dose 11 e/Å2) oriented along < 110 > direction (a), corresponding Fourier transform taken from the 
dashed marked square area in Fig. 2a, is shown in (b). The white circle marks the 330 reflection – the highest-resolution Bragg spot seen in the image (b); and a 
simulated electron diffraction pattern in < 110 > direction (c). For the simulation, the regular polymorph A (tetragonal) structure (CSD 1989709) was used. 
Elongated reflections due to crystal lattice disorder are shown in the insert in (b).

Fig. 3. Electron diffraction pattern of DUT-8(Ni) crystals. (a) Experimental electron diffraction pattern (intensity inverted), and (b) the corresponding image of the 
crystal within the electron beam (second exposure image). Note that the image of the crystal appears to be in focus, the concentric fringes around the nanocrystal are 
due to Fresnel diffraction at the exit aperture edges. (c) Magnified central region of the diffraction pattern shown in (a). Intensity oscillations due to the crystal shape 
are marked by groups of arrows. (d) The shape of the crystal as the amplitude distribution reconstructed from the diffraction pattern shown in (c) by iterative phase 
retrieval. The blurry spots inside the reconstructed crystal in (d) are artifacts due to the extended region of missing signal in the centre of the diffraction pattern (c). 
The crystal is aligned with < 110 > along the incident electron beam.
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Friedel pair differences are uncertain. A thorough analysis of this issue is 
beyond the scope of the manuscript.

The crystal shape was reconstructed from the obtained diffraction 
pattern by applying the hybrid input-output (HIO) algorithm (Fienup, 
1982). In real space, the constraint of masking support was applied, 
where the mask was selected in the form of a perfect rectangular mask 
with dimensions obtained from the periods of the modulations. In the 
Fourier domain, the missing amplitudes blocked by the overexposed 
area were updated at each iteration during iterative phase retrieval 
(Latychevskaia, 2018). 200 iterative runs were made, each for 2000 it
erations. The error was calculated by Miao et al. (1998, 2001); Miao and 
Sayre (2000): 

Error_fk =

{∑
x,y∕∈γ|ǵ k(x, y) |2

∑
x,y∈γ|ǵ k(x, y) |2

}1/2

. (3) 

From 200 obtained reconstructions, 20 reconstructions with the least 
error were selected, aligned, and averaged; the resulting reconstruction 
is shown in Fig. 3d. The reconstructed nanocrystal shape matches that 

recorded in the TEM image, reproducing well the irregular shape of 
edges and the smoothed corners. It should be noted that the irregular
ities of the reconstructed shape obtained are only due to the retrieved 
sample structure and not due to the reconstruction procedure, because 
the masking support had a perfect rectangular shape. The blurry, dark 
spots inside the crystals are artifacts, typically appearing when an object 
of constant amplitude is recovered from its diffraction pattern with a 
significant region of missing signal in the centre.

3.2.2. High-resolution reconstruction
The nanocrystal was imaged so that the conditions for iterative phase 

retrieval were fulfilled: there was only one nanocrystal in the probed 
region (Fig. 3b), and the size of the crystal was at least twice smaller than 
the size of the area not occupied by the crystal (oversampling condition). 
Additionally, the low-resolution shape of the crystal was available from 
the crystal image acquired in a second exposure (Section 3.2.1).

The reconstruction of the sample from its experimental diffraction 
pattern was achieved by applying HIO and error-reduction (ER) iterative 

Fig. 4. Reconstruction images of DUT-8(Ni) MOF nanocrystals: (a), (d) and (g) experimental electron diffraction patterns, (b), (e) and (h) direct TEM images of the 
nanocrystals. (c), (f), (i) reconstructions. All crystals are oriented with < 110 > along the incident electron beam. The arrows in the reconstructions indicate the 
< 110 > crystallographic direction, corresponding to the stacking direction of Ni-dabco containing rows (see Fig. 1). The area marked by a white rectangle in (c) is 
later used for structure interpretation in 3.3.
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phase retrieval algorithms in alternating fashion, with 10 iterations 
each, starting with the HIO algorithm, 200 iterations in total. The con
straints were applied as follows. In the sample plane, the sample dis
tribution was assumed to be real positive, and a tight mask support from 
a real space image was applied.

In the detector plane, the amplitude was set to the square root of the 
intensity distribution with a loose mask selecting the peaks, the ampli
tude in the blocked centre region was updated during the iterative 
reconstruction. The initial phase in the detector plane was assumed to be 
random. 100 reconstructions were obtained for each sample. The results 
shown in Fig. 4 are the obtained reconstructions, which exhibited the 
least error, as calculated by Eq. (3).

Experimental electron diffraction patterns used for the image 
reconstruction are shown in Fig. 4a, d, g. The apparent resolution of the 
data is much higher here than in the TEM image shown in Fig. 2: re
flections of the fifth order are clearly seen along the 110 direction, 
corresponding to 2.6 Å resolution; in the diagonal direction, even 
higher-resolution reflections are seen.

Iteratively reconstructed images do not represent an ultimately 
correct model of the structure, being rather a high-probability repre
sentation of the structure. The reconstructed images clearly show nickel- 
containing rows (orthogonal to <110 >). In some areas, the groups of 
nickel atoms within the rows can be recognized. This, in principle, could 
allow for a local determination of the stacking sequence. A diffraction 
pattern with sharp, distinct Bragg peaks would result in the recon
structed model that exhibits a regular lattice with atoms aligned along a 
certain direction. Additionally to Bragg peaks, the diffraction patterns of 
DUT-8(Ni) nanocrystals exhibit diffuse scattering lines associated with 
deviations of the sample structure from a perfect idealized lattice. The 
diffuse scattering shows up in the reconstruction as contrast variations 
within the nickel-containing rows. Our interpretation of the structural 
features observed in the reconstructed images, as nickel-containing rows 
and groups of atoms within these rows, suggests that the obtained image 
is a sensible representation of the structure.

With the contemporary possibilities of automation of TEM experi
ments, the task of electron diffraction data collection, suitable for iter
ative phase retrieval, should be easily achievable. The crucial points are 
the preparation of the sample with well-separated nanocrystals on the 
TEM grid and the post-processing of a large number of diffraction 
pattern / image pairs. The crystal images recorded as a second exposure 
allow for a simple judgment of the suitability of the pattern for the 
reconstruction (the placement of the crystal within the electron beam 
and the presence of the additional crystals) and can be used as a real 
space constraint.

3.3. Interpretation of the reconstructed images

Reconstructed images of three MOF nanocrystals are shown in 
Fig. 4c, f, i. Here, lattice fringes associated with the metal-containing 
rows are clearly seen. These rows are stacked orthogonal to the 
< 110 > direction (as marked by arrows in Fig. 4c,f,i).

Simulated projected potential for two regular structures – polymorph 
A (tetragonal) and polymorph B (monoclinic) (see Fig. 1a,b,) - viewed 
along < 110 > direction are shown in Fig. 5a and b. These images 
represent the ideal contrast of the crystalline lattices in the absence of 
disorder, noise, and instrumental errors. Fig. 5c shows an enlarged 
central section of the reconstructed image shown in Fig. 4c.

In the reconstructed image (Fig. 5c), the horizontal lines demon
strating the highest contrast were assigned to metal-containing rows 
(one of these rows is marked by a dashed blue line in Fig. 5c and a blue 
frame in Fig. 1b). Within these rows, clearly resolved maxima of in
tensity are observed. These maxima can be interpreted as the positions 
of nickel dimers within a paddle wheel building unit, matching the high- 
contrast areas in the projected potential of the regular structures 
(Figs. 5a, 5b). The rows are stacked in such a way that the metal- 
containing paddle wheel units lie almost above each other, following a 
line (red line in Fig. 5c), almost orthogonal to the direction of the rows 
(blue dashed line). This situation is realized in the polymorph A 
(tetragonal) of DUT-8(Ni), see Fig. 5a. We therefore conclude that in this 
area of the crystal, regular tetragonal stacking dominates. Nickel- 
containing paddle wheel units, lying above each other, are marked by 
red ellipses (Fig. 5c). The ellipse on the top of the region (marked white 
in Fig. 5c) is slightly shifted to the right from the straight line, suggesting 
that there is a shift of the nickel-containing group as a result of the 
crystal disorder. This shift is smaller than that expected for a regular 
monoclinic structure (Fig. 5b), which could easily be explained by the 
smaller shifts observed in the disordered model (Fig. 1c).

Significant intensity variations are observed between the rows, 
which can be assigned to the positions of organic ndc2- linkers. Yet the 
contrast in these regions is smeared, so that no direct interpretation is 
possible.

4. Discussion

DUT-8 (Ni) nanocrystals were selected for this analysis primarily due 
to their morphology, which consists of small, isolated crystals with well- 
defined facets. This allows images and diffraction patterns to be recor
ded with a probe beam size that ensures the field of view is at least twice 
the size of the crystals (oversampling condition) (Miao et al., 1998). 
Additionally, the crystals are sufficiently small to produce 

Fig. 5. Simulated projected potential of the polymorph A (tetragonal) (a) and polymorph B (monoclinic) (b) for DUT-8(Ni) MOF structure viewed along 
< 110 > direction; (c) enlarged central section of the reconstructed image shown in Fig. 4c. Green arrows indicate nickel-containing rows; the distance between the 
rows is 13 Å.
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low-resolution diffraction patterns based on their overall shape. To the 
best of our knowledge, this is the first direct observation of the crystal 
shape effect in electron diffraction.

The electron diffraction patterns obtained from DUT-8(Ni) MOF 
nanocrystals revealed distinct features at both low and high resolutions. 
Low-resolution features were associated with the crystal shape, while 
high-resolution details (beyond 2.6 Å) provided insights into the mate
rial’s crystalline structure. These two regions were separated, enabling 
separate coherent diffraction imaging (CDI) analyses.

The reconstruction from low-resolution data accurately depicted the 
crystal shape, albeit with a blurred contrast due to the extended over
exposed area of the primary beam. Implementing a detector with a 
higher dynamic range could mitigate this effect and potentially enhance 
the quality of the reconstructed crystal image.

The reconstruction from high-resolution diffraction data yielded 
images with meaningful contrast, which could be interpreted on the 
basis of structural features. The high-resolution reconstruction proced
ure used the information on the crystal image as a real space constraint. 
In principle, the low-resolution reconstructed image of the crystal shape 
could serve as this constraint, particularly if recorded with a proper 
detector. Thus, this approach presents a pathway for image recon
struction based solely on diffraction data, eliminating the need for 
additional direct-space images. Although the subsequent image is not 
necessary, it is helpful for ensuring that there was a single object in the 
field of view.

We should note that the resolution of the reconstructed image, cor
responding to the resolution of the diffraction data used, was 2.6 Å. In 
contrast, a direct lattice image recorded at a similar total dose had a 
resolution of 4.34 Å. This comparison indicates a 1.7-fold increase in 
information content achieved through CDI reconstruction. Additionally, 
we did not utilize state-of-the-art high-resolution TEM (HR-TEM) with 
modern detectors. Our primary goal was to demonstrate the feasibility of 
reconstructing the crystal structure solely from diffraction patterns and 
to show that this approach can operate under electron dose conditions 
that are milder, potentially enabling higher-resolution reconstructions 
than traditional direct imaging.

While modern hybrid detectors provide the capability to record data 
with a very high dynamic range (Zambon et al., 2023), enabling analysis 
of the primary electron beam’s shape, the current technology falls short 
in allowing for large-area detectors with seamlessly integrated chips. 
This limitation poses a challenge when requiring well-recorded data 
(without gaps) at both low and high resolutions. We hope that this 
technical challenge will be addressed in future advancements, allowing 
for a full CDI reconstruction to be possible from a single diffraction 
pattern.

5. Conclusions

We have successfully demonstrated the iterative reconstruction of 
DUT-8(Ni) MOF nanocrystals. In addition to capturing high-resolution 
diffraction features associated with the crystal structure, the crystals 
exhibited oscillations in the low-resolution region near the primary 
beam, reflecting the distinct crystal shape. Consequently, we segregated 
the information from these two resolution regions and conducted 
separate reconstruction processes for the crystal shape and crystal 
structure.

Both types of reconstructed images revealed contrast features that 
could be well interpreted. The low-resolution reconstruction generated 
images depicting the crystal shape. Despite being affected by artifact 
contrasts, it faithfully reproduced the crystal shape. The high-resolution 
image reconstruction provided images with interpretable contrast based 
on the structure of DUT-8(Ni): the nickel-containing clusters were well 
resolved, and the shifts in rows could be interpreted in light of the 
complex disorder in the system. The contrast features in the linker areas 
were less interpretable, likely due to beam damage and the intricacies of 
the disordered structure.
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